
November 14, 2017 

Michael Abraczinskas 
Director, Division of Air Quality 
North Carolina Department of Environmental Quality 
217 West Jones Street 
Raleigh, NC 27603 

Via email to: Michael.Abraczinskas@ncdenr.gov 

Re: Petition for Rulemaking to Limit North Carolina’s Carbon Dioxide Emissions to 
Protect a Stable Climate System and Preserve the Natural Resources of North 
Carolina 

Dear Director Abraczinskas: 

We submit to you the attached Petition for Rulemaking on behalf of Youth 
Petitioners Hallie Turner, Arya Pontula, and Emily Liu. Along with the majority of young 
Americans, Hallie, Arya, and Emily strongly support government action to reduce the 
emissions of greenhouse gases and ensure a safe and stable climate system for current and 
future generations.  

An immediate and significant reduction in North Carolina’s carbon dioxide 
emissions is required to have the best chance of limiting atmospheric greenhouse gas 
concentrations such that disruption to the global climate system remains minimal. Delaying 
on this action is not an option; doing so would jeopardize North Carolina’s economy, 
environment, and the health of its citizens.     

The attached Petition requests that the Environmental Management Commission 
promulgate a rule that ensures that statewide carbon dioxide emissions reach zero by the 
year 2050, and outlines a pathway by which the State can reach this goal in a cost-effective 
manner. On behalf of the Youth Petitioners, I thank you for your careful and deliberate 
review of this Petition, and for your continued service to the State of North Carolina, to its 
people, and to your duty as trustee of their public trust resources. 

Please contact me with any questions or concerns. 
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Yours Very Truly 

/s/ 

James P. “Ryke” Longest, Jr. 
Director, Duke Environmental Law & Policy Clinic 

cc via email:  Lois Thomas, EMC Recording Clerk 
Roy Cooper, Governor of North Carolina 
Josh Stein, North Carolina Attorney General 
Dan Forest, Lieutenant Governor of North Carolina 
Kelly Turner, mother of Hallie Turner, 
Hallie Turner, Youth Petitioner 
Aditi Majumdar, mother of Arya Pontula  
Arya Pontula, Youth Petitioner 
Xiaoyu Liu, mother of Emily Liu 
Emily Liu, Youth Petitioner  
Nate Bellinger, Staff Attorney, Our Children’s Trust 
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Executive Summary 
 

North Carolina is legally obligated to protect its natural resources for the benefit of its 
citizens, and mitigate the damaging effects of climate change on its environment and economy. In 
order to compel such action, three youths from North Carolina are petitioning the North Carolina 
Environmental Management Commission (“EMC”) to create a rule that will reduce in-state carbon 
dioxide (“CO2”) emissions to zero by 2050. This action is necessary to secure a healthy 
environment, stable economy, and safe future for all North Carolinians.  
  

Section 1 of this Petition provides an explanation of the proposed rule, and Section 2 
outlines the statutory authority that allows the EMC to adopt the rule. Specifically, state law 
requires the EMC to protect human health, prevent injury to animal and plant life, and ensure that 
the State’s natural resources will be protected and conserved for future generations. Moreover, the 
North Carolina Constitution requires the EMC to “control and limit the pollution of our air and 
water […] to preserve as a part of the common heritage of this State its forests, wetlands, estuaries, 
beaches, historical sites, openlands, and places of beauty.” 
 

Section 3 of the Petition outlines the myriad reasons for adopting the proposed rule. The 
best available science shows that anthropogenic CO2 emissions are threatening to disrupt the global 
climate system. Climate change is already harming forests, wetlands, estuaries, beaches and other 
places of beauty in North Carolina. If not addressed, climate change will continue to negatively 
impact the State’s residents, economy, and environment. The best available science also points to 
technologically-proven, economical methods to reduce CO2 emissions, thereby stabilizing the 
climate system. 
 

The Petition also discusses the effect this rule will have on existing practices in North 
Carolina, including economic costs and benefits of the proposed rule (See Section 6-7). While 
significant costs will be imposed on the electric power sector by this rule, these costs will be 
outweighed by the economic and social benefits that accompany reductions in CO2 emissions and 
the transition away from a fossil-fuel based economy. The costs of inaction include severe negative 
impacts on infrastructure, agriculture, and human health in North Carolina.  
 

The cost of a transition to zero CO2 emissions by 2050 under one possible implementation 
pathway, described in Section 6, is estimated at roughly $327 billion. The economic benefits of 
the transition include electricity cost savings of $139 per person per year, air quality benefits 
averaging $1,382 per person per year, and avoided state climate-related damages of $787 per 
person per year, beginning in 2050. (See Section 6). The cumulative benefits derived from the 
transition to zero CO2 emissions are expected to outweigh the expected costs between three and 
23 years after the transition is complete. However, the payback period for the transition may be 
even shorter than expected due to benefits not included in the cost-benefit analysis, such as job 
creation and avoided agricultural losses due to heat stress, disrupted precipitation patterns, and 
severe storms. 
 

Section 8 provides a description of those most likely to be affected by the proposed rule. 
Entities most likely to incur costs as a result of the rule include the largest fossil fuel-burning utility 
companies, which will ultimately need to replace their fossil fuel generating capacity with 
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renewable energy to comply with the proposed rule. Importantly, beneficiaries of the rule include 
all residents of North Carolina, who will experience reduced impacts from storms and flooding, 
fewer health impacts from extreme heat events and urban smog, lower electricity rates, and more 
in-state job growth.  
 

The time has come for the EMC to act to reduce the harmful effects of climate change on 
the people and natural resources of North Carolina. Delays on prior EMC decisions on climate 
change have violated the State’s duty under the Public Trust Doctrine to protect North Carolina’s 
natural resources for the benefit of all its people. Statutory directives to the EMC, the North 
Carolina Constitution, and the best available climate science demonstrate that the EMC must act 
now to address climate change and provide the best possible chance of avoiding catastrophic 
disruption to North Carolina’s environment and economy. This Petition and the rule it proposes 
restarts a process long overdue. 
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Preamble 

This Petition is brought by three Youth Petitioners from the state of North Carolina whose 
interests are adversely affected by the State’s support and promotion of a fossil fuel based economy 
and failure to enact a greenhouse gas reduction program to address climate change and its 
detrimental impacts. As discussed in this Petition, the best available science demonstrates that 
significant reductions in carbon dioxide (“CO2”) emissions are required to stabilize the global 
climate system for present and future generations, and prescribes a pathway to achieve these 
reductions. Thus, Petitioners submit this Petition on behalf of themselves and present and future 
generations of North Carolinians.  

Youth Petitioner Hallie Turner, age 15, by and through her natural mother and guardian, Kelly 
Turner, is a resident of Raleigh, North Carolina, and strongly supports government action to reduce 
greenhouse gas emissions. Hallie’s involvement in climate action began in the third grade, when 
she learned about the various ways humans harm the environment, and she has since become a 
passionate climate advocate for involving young people in the effort to protect the planet for future 
generations. In 2014, Hallie filed a Petition for Rulemaking with the North Carolina Environmental 
Management Commission to promulgate a rule to reduce CO2 emissions in North Carolina. Hallie 
is filing this second Petition because she knows that immediate action is still needed to reduce 
atmospheric CO2 levels.  

Hallie is concerned that the state government of North Carolina does not realize the severity 
and urgency of climate change, especially for vulnerable communities. As an avid runner and a 
resident who loves the natural wonders of North Carolina, Hallie is concerned that the state’s 
forests, beaches, and mountain ecosystems will be irreparably impacted by further delaying 
climate action. She believes that clean air, clean water, and a stable climate system are the right of 
all North Carolinians, and will continue to fight for a future worth inheriting.  

Youth Petitioner Emily Liu, age 16, by and through her natural mother and guardian, Xiaoyu 
Liu, is a resident of Chapel Hill, North Carolina. For the last three years, Emily has been actively 
engaged in research and outreach involving climate change. Her passion for environmental science 
developed through her participation in the University of North Carolina’s Climate Leadership and 
Energy Awareness program and the Alliance for Climate Education’s Action Fellowship program. 

Emily has spoken at the North Carolina Climate Justice Summit, Raleigh town council 
meetings, and various other climate change symposia to voice her passion for climate change 
action. Emily is especially concerned about the air quality impacts of climate change in North 
Carolina, and has published multiple articles in local newspapers on this subject. Emily envisions 
a future where everyone can breathe freely, and is working to ensure a safe, healthy, and clean 
environment for generations to come. Emily is filing this Petition because she feels strongly that 
North Carolina must take action to address climate change and its impacts on the State’s current 
and future residents.    

Youth Petitioner Arya Pontula, age 17, by and through her natural mother and guardian, Aditi 
Majumdar, is a resident of Raleigh, North Carolina, and is an avid hiker, runner, soccer player, 
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and traveler. Arya first became involved with climate change activism as a sophomore in high 
school through the Alliance for Climate Education’s Action Fellowship. There, she worked with 
other high school students across the state and connected with organizations such as the Sierra 
Club to expand the power of the youth voice in the fight against climate change. Arya spoke at the 
Raleigh hearing for the Clean Power Plan, and has attended many local hearings to encourage the 
city of Raleigh to commit to addressing climate change.  

 
Currently, Arya is helping her high school transition to 100% renewable energy, and 

believes that North Carolina must undergo the same transition to preserve the state’s natural areas 
and protect the health of its residents. Arya is concerned that climate change will impose 
irreversible damage on North Carolina’s ecosystems and impact North Carolina’s future 
generations unless immediate action to reduce CO2 emissions is taken.  
 

These young students ask the North Carolina Environmental Management Commission to 
do what the North Carolina Constitution requires: to conserve and protect the lands and waters for 
the benefit of all North Carolinians. These principles set out in our Constitution are further 
enshrined in North Carolina General Statutes’ requirement that standards of air quality must be set 
to secure for the people the beneficial uses of their natural resources “now and in the future.” This 
petition formally requests what so many North Carolinians, including regulated utilities, have 
previously asked the State and federal government to do—regulate carbon dioxide emissions.1 The 
Petitioners’ proposed rule will establish a plan to reduce North Carolina’s carbon dioxide 
emissions, a step necessary to preserve Petitioners’ and future generations’ ability to enjoy these 
natural resources. Continuing to stall on implementing these measures will only impose greater 
costs, greater burdens, and greater injustice upon North Carolina’s youth and future generations. 

                                                
1 See, e.g., N.C. Dep’t of Envtl. Quality, Div. of Air Res., Report of Proceedings of Public Hearings on Adoption of 15A NCAC 
02D .2700, Standards of Performance for Existing Electric Utility Generating Units under Clean Air Act Section 111(d) (2016), 
available at https://ncdenr.s3.amazonaws.com/s3fs-public/Air%20Quality/rules/hearing/Attachment%20A_Hearing_Record_NC 
_111d_part_1.pdf; https://ncdenr.s3.amazonaws.com/s3fs-public/Air%20Quality/rules/hearing/Attachment%20A_Hearing_Reco 
rd_NC_111d_part_2.pdf;  https://ncdenr.s3.amazonaws.com/s3fs-public/Air%20Quality/rules/hearing/Attachment%20A_Hearin 
g_Record_NC_111d_part_3.pdf; https://ncdenr.s3.amazonaws.com/s3fs-public/Air%20Quality/rules/hearing/Attachment%20A_ 
Hearing_Record_NC_111d_part_4.pdf; https://ncdenr.s3.amazonaws.com/s3fs-public/Air%20Quality/rules/hearing/Attachmen 
t%20A_Hearing_Record_NC_111d_part_5.pdf;  https://ncdenr.s3.amazonaws.com/s3fs-public/Air%20Quality/rules/hearing/Atta 
chment%20A_Hearing_Record_NC_111d_part_6.pdf  (documenting public comments in support of the regulating carbon dioxide 
emissions from power plants);  John Downey, Duke Energy Wants N.C. to Open up Planning for EPA Carbon Mandate, Charlotte 
Business Journal (Jan. 29, 2016), available at https://www.bizjournals.com/charlotte/blog/energy/2016/01/duke-energy-wants-n-
c-to-open-up-planning-for-epa.html; Emily Holden, Energy CEOs Tell EPA Chief They Want Carbon Regulation, Scientific 
American (June 22, 2017), available at https://www.scientificamerican.com/article/energy-ceos-tell-epa-chief-they-want-carbon-
regulation/.  
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1. Provide the text of the proposed rule(s) conforming to the Codifier of Rules’ 
requirements for publication of proposed rules in the North Carolina Register 
 
15A NCAC 02X XXXX DEFINITIONS  

For the purposes of this Subchapter, the definitions in G.S. 143-212 and the following definitions 

apply:  

(1) “Best climate science” means 

(a) the most current scientific knowledge and understanding from qualified climate 

system scientists on safe levels of carbon dioxide and other greenhouse gases and 

their short-term and long-term impacts; 

(b) the most current scientific knowledge and understanding from qualified climate 

system scientists as to the greenhouse gas emissions reductions required to stabilize 

the climate system and preserve a habitable and safe climate system for future 

generations.  

(2) “Carbon budget” means the amount of carbon dioxide emissions that will be released over 

time from sources within the State of North Carolina, to reach zero (0) CO2 emissions by 

2050.   

(3) “Carbon dioxide plan” means the in-boundary carbon dioxide emissions reduction plan 

developed to achieve adopted in-boundary carbon dioxide emissions limits. 

(4) “Climate stabilization” means reducing global atmospheric concentrations of CO2 to no 

more than three hundred and fifty parts per million (350 ppm) by 2100.  

(5) “Commission” means the North Carolina Environmental Management Commission.  

(6) “Division” means the Division of Air Quality.  

(7) “Greenhouse Gas” or “GHG” means any gas that has contributed to anthropogenic global 

warming, including but not limited to carbon dioxide, methane, nitrous oxide, 

hydrofluorocarbons, perfluorocarbons, and sulfur hexafluoride.  

(8) “In-boundary carbon dioxide emissions” means all carbon dioxide emissions produced by 

sources located within the State or by sources located outside the State directly supplying 

power or heat to a business located inside the State.  
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(9) “In-boundary emissions inventory” means the greenhouse gas inventory focused on all 

emissions produced within the State. In-boundary emissions exclude the emissions 

associated with materials and goods produced outside, and imported into, the State. 

15A NCAC 02X XXXX EMISSIONS REDUCTIONS, INVENTORY, AND 

ACCOUNTING   

(1) By July 1, 2018, the Commission shall adopt a carbon dioxide plan to achieve the in-

boundary carbon dioxide emissions limits, according to the following schedule:  

(a) Between 2018 and 2028, statewide carbon dioxide emissions must be reduced by 

at least 6% per year on average to reach 64 million metric tons (“MMT”) by 2028; 

(b)  Between 2028 and 2040, statewide carbon dioxide emissions must be reduced by 

at least 10% per year on average to reach 20 MMT by 2040; 

(c) Between 2040 and 2050, statewide carbon dioxide emissions must be reduced by 

at least 1 MMT annually;  

(d) By 2050, statewide carbon dioxide emissions must reach zero (0).  

(2) Consistent with this directive, the Commission shall take the following actions: 

(a) Publish annual progress reports on in-boundary carbon dioxide emissions on the 

Commission’s website for public review. These reports shall include an accounting 

and inventory for all sources of in-boundary carbon dioxide emissions, without 

exception, and shall organize those sources by sector. This accounting shall be 

verified by an independent, third party. Annual reports shall be posted to the 

Commission’s website and be made publicly available no later than December 31st 

of each year, beginning in the year 2018. 

(b) Adopt a statewide carbon budget using the best climate science in order to meet 

the carbon dioxide targets set forth in subsections (1)(a)-(d) and publish an annual 

report that tracks the State’s progress toward meeting these targets. In the report, 

the Commission shall include an assessment of the effectiveness of past and 

present rules and policies adopted by the State, and identify rules or policies that 

should be adopted in the future. Annual reports shall by posted on the 

Commission’s website and made publicly available no later than December 31st of 

each year, beginning in 2018. 
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(c) Include bi-annual progress reports on full Commission meeting agendas to assess 

options for increasing emissions reductions in order to meet the increasingly 

ambitious targets established in subsections (1)(a)-(d). 

(d) Identify additional resources that it needs to fulfill this section’s requirements and 

seek the Division’s advice in conducting this review.   

(3) By December 31st of each year beginning in 2018, the Commission shall report to the 

Environmental Review Commission the total in-boundary carbon dioxide emissions from 

the energy sector for the preceding year.  

(4) The Division shall enforce the carbon dioxide plan’s requirements starting on July 1, 

2018, and shall enforce any subsequent in-boundary carbon dioxide emissions rules 

adopted by the Commission.  

(5) To the extent that any rule in this section conflicts with any other rule in effect, the more 

stringent rule, favoring full disclosure of emissions and protection of the atmosphere, 

governs.  

 

History Note:  Authority G.S. 143-211; 143-215.107; 143B-282  

   Eff. July. 1, 2018
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2. Provide the statutory authority for the agency to promulgate the rule(s) 
 

The North Carolina Constitution places a constitutional duty upon the State Government 
to protect the State’s air, water, and other natural resources:  
 

It shall be the policy of this State to conserve and protect its lands and waters for 
the benefit of all its citizenry, and to this end it shall be a proper function of the 
State of North Carolina and its political subdivisions to acquire and preserve park, 
recreational, and scenic areas, to control and limit the pollution of our air and water, 
to control excessive noise, and in every other appropriate way to preserve as a part 
of the common heritage of this State its forests, wetlands, estuaries, 
beaches, historical sites, openlands, and places of beauty.2 
 
This constitutional mandate supersedes conflicting statutory provisions and guides the 

interpretation of all statutes touching upon environmental protection.  The North Carolina 
Environmental Management Commission (“EMC”) was duly formed by the Executive 
Organization Act of 1973, codified as Chapter 143B of the North Carolina General Statutes, which 
in relevant part established the EMC’s regulatory powers and duties as a commission of the 
Department of Environmental Quality to protect, preserve, and enhance the State’s water and air 
resources.3 The EMC North Carolina General Statutes Chapter 143, Article 21 further confirms 
that it is North Carolina’s public policy 

 
to provide for the conservation of its water and air resources. Furthermore, it is the 
intent of the General Assembly, within the context of this Article 21A and 21B of 
this Chapter, to achieve and to maintain for all citizens of the State a total 
environment of superior quality. Recognizing that the water and air resources of the 
State belong to the people, the General Assembly affirms the State’s ultimate 
responsibility for the preservation and development of these resources in the best 
interest of all its citizens and declares the prudent utilization of these resources to 
be essential to the general welfare.4  

 
Article 21 continues to direct the EMC to establish air quality standards 

 
designed to protect human health, prevent injury to plant and animal life, to prevent 
damage to public and private property, to insure the continued enjoyment of the 
natural attractions of the State, to encourage the expansion of employment 
opportunities, to provide a permanent foundation for healthy industrial 
development and to secure for the people of North Carolina, now and in the future, 
the beneficial uses of these great natural resources.5  
 

                                                
2 N.C. Const. art. XIV, § 5. 
3 N.C. Gen. Stat. § 143B-282. 
4 N.C. Gen. Stat. § 143-211(a). 
5 N.C. Gen. Stat. § 143-211(c). 
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Article 21B specifies the EMC’s regulatory duties with respect to air quality, and enables it to 
adopt rules necessary to implement the broader policies enunciated in Article 21 and Chapter 
143B.6 Accordingly, the General Statutes direct the EMC to adopt air quality rules to control air 
pollution,7 as defined in N.C. Gen. Stat. Section 143-213.8 The Department of Environmental 
Quality enforces the air quality rules adopted by the EMC pursuant to the EMC’s exclusive 
rulemaking authority.9  

 
In carrying out its rulemaking powers and duties, the EMC also must comply with the 

North Carolina Administrative Procedure Act (“NCAPA”),10 which requires that the EMC follow 
a uniform procedure for adopting air quality rules. N.C. Gen. Stat. Section 150B-19.3 further 
defines the EMC’s rulemaking authority, providing that it  

 
may not adopt a rule for the protection of the environment or natural 
resources that imposes a more restrictive standard, limitation, or 
requirement than those imposed by federal law or rule, if a federal law or 
rule pertaining to the same subject matter has been adopted, unless adoption 
of the rule is required by one of the subdivisions of this subsection. A rule 
required by one of the following subdivisions of this subsection shall be 
subject to the provisions of G.S. 150B-21.3(b)(1) as if the rule received 
written objections from 10 or more persons under G.S. 150B-21.3(b2): 
 

(1) A serious and unforeseen threat to the public health, safety, or 
welfare. 

(2) An act of the General Assembly or United States Congress that 
expressly requires the agency to adopt rules. 

(3) A change in federal or State budgetary policy. 
(4) A federal regulation required by an act of the United States 

Congress to be adopted or administered by the State. 
(5) A court order.11  

 The term “same subject matter” is not defined within the NCAPA, and the EMC has not 
adopted a binding, generally-applicable rule through the NCAPA’s formal rulemaking process that 
defines or interprets this language. Instead, the EMC has applied nonbinding interpretations of 
Section 150B-19.3 as related to its authority to enact rules to limit carbon dioxide emissions. 
 

                                                
6 N.C. Gen. Stat. § 143-215.107. 
7 N.C. Gen. Stat. § 143B-282. 
8 Section 143-213(5) defines “air pollution” as “the presence in the outdoor atmosphere of one or more air contaminants in such 
quantities and duration as is or tends to be injurious to human health or welfare, to animal or plant life or to property or that 
interferes with the enjoyment of life or property.” This section also defines “air contaminant” as “particulate matter, dust, fumes, 
gas, mist, smoke, or vapor or any combination thereof.” N.C. Gen. Stat. § 143-213(2). Per these definitions, carbon dioxide is a 
gaseous air contaminant that contributes to air pollution, and therefore falls within the EMC’s regulatory scope.  
9 N.C. Gen. Stat. § 143B-282. 
10 N.C. Gen. Stat. §§ 150B-1 to -64. 
11 N.C. Gen. Stat. § 150B-19.3(a) (hereinafter referred to as “Section 150B-19.3”).  
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In 2015, the EMC proposed its Clean Air Act Section 111(d) rules (“111(d) Rules”) “to 
satisfy a similar federal requirement” to the Clean Power Plan.12 The “similar federal requirement” 
language refers to the State’s general, delegated authority under the federal Clean Air Act’s Section 
111(d) to enact air emissions rules, rather than the Clean Power Plan’s specific requirements.13 
Therefore, under this nonbinding interpretation, the EMC adopted an interpretation of Section 
150B-19.3’s language to allow that the EMC may adopt carbon dioxide rules pursuant to its 
general, delegated authority under the Clean Air Act. It follows from the EMC’s interpretation of 
its 111(d) authority that the EMC has necessary statutory authority to adopt the rule requested 
herein by petitioners with respect to carbon dioxide-emitting sources.  Such sources are not already 
regulated by federal rule. 
 

Prior to the EMC’s adoption of its 111(d) interpretation of what constitutes the same 
subject matter, the EMC Chair adopted a conflicting interpretation during prior citizen rulemaking 
proceedings. For example, in response to a rulemaking petition submitted by Petitioner Turner in 
2014, then-Chairman Benne Hutson reasoned that the term “same subject matter” refers to carbon 
dioxide emissions rather than the source of those emissions, and therefore the existence of any 
federal carbon dioxide regulation, regardless of the source(s) regulated, wholly prevents the EMC 
from adopting new carbon dioxide rules. Chairman Hutson explained that since there were federal 
regulations on some forms of carbon dioxide emissions, the EMC was powerless to enact rules on 
unregulated sources, thus adopting an overly broad interpretation of the term “same subject 
matter.”14  
 
 Lastly, recent actions by the State of North Carolina and Governor Roy Cooper provide 
direction for all Executive Branch agencies, including the EMC, with respect greenhouse gas 
regulation. Governor Cooper recently confirmed that North Carolina will continue to work to 
reduce greenhouse gas pollution, including carbon dioxide, in accordance with the Paris 
Agreement.15 Equally significant, North Carolina also withdrew from the litigation challenging 
the Clean Power Plan and Carbon Pollution Standards Rule,16 and has joined fourteen other states 
in the bipartisan U.S. Climate Alliance.17 These actions provide explicit and implicit instruction to 
the EMC, as the sole State agency authorized to adopt air pollution rules, to adopt greenhouse gas 
rules.   
 

                                                
12 North Carolina Department of Environmental Quality, Supporting Basis for Determination of Best System of Emissions Reduction 
for Carbon Dioxide (CO2) Emissions from Existing Electric Utility Generating Units B-5 (Oct. 2015).   
13 The EMC’s interpretation thus freed them from having to adopt the Clean Power Plan proposal under the Clean Air Act, and 
clarified that “same subject matter” must be narrowly construed.  
14 Decision on Completeness of Petition for Rulemaking, In re Hallie McKenzie Turner Petition for Rulemaking (Jan. 14, 2015).   
15 CBS North Carolina & Associated Press, North Carolina to Support Paris Climate Accord, Gov. Cooper, WNCN (June 6, 2017), 
http://wncn.com/2017/06/06/north-carolina-to-support-paris-climate-accord-gov-cooper-announces/; Open Letter to the 
International Community and Parties to the Paris Agreement from U.S. State, Local, and Business Leaders, http://wearestillin.com/ 
(last visited Sept. 5, 2017). 
16 Motion to Withdraw as Petitioner, State of West Virginia v. EPA, No. 15-1363 (D.C. Cir. Feb. 23, 2015);  Motion to Withdraw 
as Petitioner, State of North Dakota v. EPA, No. 1381 (D.C. Cir. Apr. 12, 2015); N.C. Dept. of Envtl. Quality, State Seeks to 
Withdraw from Lawsuit against Clean Power Plan (Feb. 23, 2017), https://deq.nc.gov/state-seeks-withdraw-lawsuit-against-clean-
power-plan.    
17 North Carolina Joins 14 States in Bipartisan U.S. Climate Alliance (Sept. 20, 2017), https://governor.nc.gov/news/north-carolina-
joins-14-states-bipartisan-us-climate-alliance.  

A-14



 

Duke Environmental Law & Policy Clinic 10 

3. Provide a statement of the reasons for adoption of the proposed rule. 
 

The impact of greenhouse gases (“GHGs”) including carbon dioxide (“CO2”) on Earth’s 
climate system is evident and undeniable, yet global emissions continue to climb. Since 2000, 
global GHG emissions have increased at a rate of 2.6% annually,18 and as of September 2016, the 
atmospheric concentration of CO2 passed 400 parts per million (“ppm”) and is not expected to 
return below this threshold without human action.19 The rule proposed herein is based on the best 
climate science indicating that atmospheric CO2 concentrations must return to no more than 
350ppm by 2100 to avoid major and irreversible disturbance to the global climate system and 
associated climate “tipping points.”20 Achieving this ambitious reduction in atmospheric CO2 
requires immediate and substantial emissions reductions, such that global CO2 emissions reach 
zero by 2050.21  
  

Limiting atmospheric CO2 concentrations to 350ppm by 2100 has the best chance of 
constraining long-term global warming to 1oC, compared to the pre-industrial global 
temperature.22 In turn, limiting long-term global warming to 1oC will reduce the risk associated 
with extreme climate events and feedback processes that may be triggered at slightly higher 
temperatures. GHG-induced changes to the climate system will severely impact North Carolina, 
as detailed below. As a result, the rule proposed herein recognizes that although reducing 
atmospheric CO2 concentrations will take a concerted global effort, every state, including North 
Carolina, must partake.  

 
North Carolina’s Environmental Management Commission and the Department of 

Environmental Quality’s predecessor agencies were long leaders in forecasting the impact of rising 
CO2 emissions on the State’s natural resources. Collaborative stakeholder processes lead to 
development of a Climate Action Plan Advisory Group, whose work culminated in a report to the 
NC General Assembly in 2008, outlining steps to reduce North Carolina’s CO2 emissions to within 
one percent of 1990 levels by 2020. Since that time, the cost of renewable energy has dropped 
exponentially and the cost of inaction has grown drastically. The time is now to turn the plans into 
rules and the rules into actions. 

 
 
A. The best available science shows that anthropogenic climate change is occurring, 
and threatening the stability of the global climate system. 
 
i. Climate change is caused by anthropogenic activities. 
                                                
18James Hansen, Makiko Sato, Pushker Kharecha, et al., Young People’s Burden: Requirement of Negative CO2 Emissions EARTH 
SYSTEM DYNAMICS 1, 18 (2016). (doi:10.5194/esd-2016-42). 
19 Richard A. Betts, Chris D., Jones, Jeff R. Knight, et al., El Niño and a Record CO2 Rise 6 NATURE CLIMATE CHANGE 806, 807-
809 (2016).  
20 Hansen et al., supra note 18 at 2; “tipping points” refer to amplifying feedbacks that can spur, rapid, runaway climatic changes.  
21 James Hansen, Pushker Kharecha, Makiko Sato, et al., Assessing “Dangerous Climate Change”: Required Reduction of Carbon 
Emissions to Protect Young People, Future Generations and Nature 8(12) PLOS ONE e81648, 10 (2013); Note that Hansen et al. 
emphasize that the best option for achieving 350ppm by 2100 involves a combination of aggressive emissions reductions combined 
with an increase in sequestration (e.g., afforestation) to draw down CO2 from the atmosphere.  
22 Hansen et al. supra note 18 at 2; “Pre-industrial temperature” is generally calculated as the average global temperature between 
~ 1880-1900 (See Manoj Joshi, Ed Hawkins, Rowan Sutton, et al., Projections of when Temperature Change Will Exceed 2oC 
Above Pre-Industrial Levels 1 NATURE CLIMATE CHANGE 407, 411 [2011]).  
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1. As early as 1899, scientists understood that CO2 concentrations in the atmosphere caused 

heat to be trapped on Earth.23 Further, the U.S. has known for at least 50 years that CO2 
released from burning fossil fuels causes climate change.24 The impact of CO2 emitted 
through human activities was noted by President Lyndon B. Johnson’s Scientific Advisers 
in 1965, who stated “pollutants have altered on a global scale the carbon dioxide content of 
the air” through the “burning of coal, oil and natural gas.”25   

 
2. At that time, the Executive Branch warned that “carbon dioxide [gases] are accumulated in 

such large quantities that they may eventually produce marked climate change”26 and 
recommended reducing CO2 pollution because of the “extraordinary economic and human 
importance” of our climate system.27  

 
3. In 1990, scientists recognized that the atmosphere must be stabilized around 350 parts per 

million CO2, which was the atmospheric concentration of CO2 at the time, and that a shift 
away from using fossil fuels was necessary to do so.28 At this time, the U.S. Environmental 
Protection Agency (“EPA”) predicted that “it would take more than 50 years, and possibly 
more than a century, following a cut-off in CO2 emissions for the oceans and other sinks to 
absorb enough carbon to reduce the atmospheric concentration of CO2 halfway toward its 
pre-industrial value.”29  
 

4. To address the need for reducing CO2 and other GHG emissions, the United Nations 
Framework Convention on Climate Change (“UNFCCC”) was ratified on October 15, 1992, 
with the goal to “protect the climate system for the benefit of present and future generations 
of humankind.”30 As a minimal objective, the UNFCCC works towards “stabilization of 
greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous 
anthropogenic interference with the climate system. Such a level should be achieved within 
a time frame sufficient to allow ecosystems to adapt naturally to climate change, to ensure 
that food production is not threatened and to enable economic development to proceed in a 
sustainable manner.”31 

 
5. The EPA states, “the case for finding that greenhouse gases in the atmosphere endanger 

public health and welfare is compelling and, indeed, overwhelming.”32 Further, the EPA 
notes, “the evidence points ineluctably to the conclusion that climate change is upon us as 
a result of greenhouse gas emissions, that climate changes are already occurring that harm 

                                                
23 T.C. Chamberlin, An Attempt to Frame a Working Hypothesis of the Cause of Glacial Periods on an Atmospheric Basis, 7 
JOURNAL OF GEOLOGY, 545, 574-575 (1899).  
24 Envtl. Pollution Panel, President’s Sci. Advisory Comm., Restoring the Quality of Our Environment 112-113 (1965).  
25 Id. at 1 & 9.  
26 Id. at 12. 
27 Id. at 127. 
28 U.S. Envtl. Protection Agency (EPA), EPA Report No. PM-221, Policy Options for Stabilizing Global Climate: Report to 
Congress 1-45 (1990). 
29 Id. at 8. 
30 U.N. Framework Convention on Climate Change (UNFCCC), Article 3, paragraph 1, p. 4. (1992).  
31 Id. at Article 2, p. 4.  
32 Proposed Engangerment Cause or Contribute Findings for Greenhouse Gases under Section 202(a) of the Clean Air Act, 74 Fed. 
Reg. 18886, 18904 (Apr. 24, 2009) (to be codified in 40 C.F.R. Chapter 1). 
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our health and welfare, and that the effects will only worsen over time in the absence of 
regulatory action.”33 

 
6. Life was able to evolve and adapt on Earth because of the unique chemical composition of 

the atmosphere and stable climate, and this climate has allowed humans to expand and 
flourish.34 Earth is a “Goldilocks” planet that has lower atmospheric GHG concentrations 
than Venus (which is too hot for life) and higher GHG concentrations than Mars (which is 
too cold for life).35  

 
7. GHGs act as a blanket in the atmosphere, trapping radiative heat emitted by the sun to warm 

the surface of the planet.36 Without GHGs, the global average surface temperature would 
be 0oF (-18oC) as opposed to 59oF (15oC).37 This fundamental mechanism of global 
warming has been understood by scientists since the late 19th century.38 

 
8. CO2 is naturally removed from the atmosphere through gas exchange at the surface of the 

ocean, chemical weathering of rocks, and biological uptake via photosynthesis.39 These 
processes remove more than half of emitted CO2 within a century, but around 20% of 
emitted CO2 remains in the atmosphere for many millennia.40 As human activities emit more 
CO2 and other GHGs, the slow natural processes that remove these gases from the 
atmosphere are overwhelmed, leading to GHG buildup in the atmosphere. 

 
9. By emitting GHGs, humans have significantly altered the chemical composition of the 

atmosphere, upsetting the balance of gases to which all life on earth is adapted. Currently 
“the rate of emission of CO2 […] greatly exceeds its rate of removal”,41 and this causes 
GHGs to accumulate in the atmosphere. Fossil fuel emissions increased 1.5% per year 
between 1973-2000 and 2.6% per year between 2000-2014.42 At the same time, the rate of 
increase in atmospheric CO2 concentrations has also accelerated, from 0.85 ppm per year 
between 1960-1970 to 2.0 ppm per year between 2000-2010.43  
 

10. Current atmospheric CO2 concentrations are the highest they have been in the last three 
million years (Figure 1).44 In 2013, atmospheric CO2 concentrations exceeded 400 ppm for 

                                                
33 Id.  
34 John Abatzoglou et al., A Primer on Global Climate Change and its Likely Impacts, in CLIMATE CHANGE: WHAT IT MEANS FOR 
US, OUR CHILDREN, AND OUR GRANDCHILDREN 11, 15-22 (Joseph F. DiMento & Pamela Doughman eds., 2007). 
35 James Hansen, STORMS OF MY GRANDCHILDREN 224-225 (2009).  
36 Abatzoglou et al., supra note 34, at 16. 
37 Ibid.  
38 Id. at 17. 
39 Intergovernmental Panel on Climate Change (IPCC), Contribution of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change 824 (Susan Solomon et al. eds., 2007) 
40 Ibid. 
41 Id. at 825. 
42 Dec, of Dr. James E. Hansen, Juliana et al. v. United States et al. No 6:15-vc-01517-TC, (D. Or. Aug. 12, 2015).  
43 Id. at 7.  
44 Id. at 4; Dieter Lüthi et al., High-Resolution Carbon Dioxide Concentration Record 650,000-800,000 Years Before Present, 453 
NATURE 379, 379-381 (2008). 
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the first time in recorded history, and March 2015 marked the first time that concentrations 
were sustained above 400 ppm for an entire month.45 

 
11. Preliminary data from 2017 (January-September) show that atmospheric CO2 

concentrations have remained above 403 ppm for the entire year thus far (Figure 2).46 
Because of the atmosphere’s capacity to retain CO2, atmospheric concentrations of this gas 
many never again fall below 400 ppm in our lifetime, unless there is immediate and 
substantial human action.47 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

12. Humans continue to add GHGs into the atmosphere at a rate that outpaces their removal 
through natural processes.48 The current changes in atmospheric GHG concentrations 
cannot be explained by natural variability alone. The Fourth National Climate Assessment, 
released by the U.S. Global Change Research Program on November 4, 2017, concluded 
that “the magnitude of climate change beyond the next few decades will depend primarily 

                                                
45 National Oceanic and Atmospheric Administration (NOAA), Greenhouse Gas Benchmark Reached, OCEANIC & ATMOSPHERIC 
RESEARCH (May 6, 2015), https://web.archive.org/web/20170710131724/http://research.noaa.gov/News/NewsArchive/LatestNew 
s/TabId/684/ArtMID/1768/ArticleID/11153/Greenhouse-gas-benchmark-reached-.aspx  
46 NOAA, Trends in Atmospheric Carbon Dioxide, Mauna Loa CO2 Monthly Mean Data, EARTH SYSTEM RESEARCH LABORATORY 
GLOBAL MONITORING DIVISION. Data available at https://web.archive.org/web/20170713225144/https://www.esrl.noaa.gov/gmd/ 
ccgg/trends/data.html  
47 Brian Kahn, The World Passes 400 PPM Threshold. Permanently. Climate Central. (Sep. 26, 2016). Available at http://www. 
climatecentral.org/news/world-passes-400-ppm-threshold-permanently-20738  
48 Environmental Protection Agency (EPA), Technical Support Document for Endangerment and Cause or Contribute Findings for 
Greenhouse Gases Under Section 202(a) of the Clean Air Act (2009) [hereinafter TS Endangerment Findings] at ES-2.  

Figure 1. Proxy measurements of atmospheric CO2 levels from ice cores.  

(Source: National Aeronautics and Space Administration (NASA), Global Climate Change, Vital Signs of the 
Planet: Carbon Dioxide. Available at https://climate.nasa.gov/vital-signs/carbon-dioxide/)   
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on the amount of greenhouse gases (especially carbon dioxide) emitted globally,”49 and that 
“human activities, especially emissions of greenhouse gases, are the dominant cause of the 
observed warming since the mid-20th century.”50  

ii. Global temperature is rising. 
 

13. The rapid increase of global surface temperatures on land and at sea is a key observable 
component of climate change. Between 1880-2015, global surface land temperature 
increased by 1.5oF (0.9oC), which is around the maximum warming of the Holocene Era 
(the last 10,000 years), during which human civilization developed.51  
 

14. Over the last century, Earth has warmed at a rate “roughly ten times faster than the average 
rate of ice-age-recovery warming.”52 Because of the immense inertia of the oceans, and the 
fact that it takes centuries for the climate system to fully respond to CO2 in the atmosphere, 
more warming is inevitable.53 The Intergovernmental Panel on Climate Change (“IPCC”) 
states that “warming of the climate system is unequivocal.”54  

                                                
49 D.J Wuebbles, et al., Climate Science Special Report: Fourth National Climate Assessment, Volume I (D.J. Wuebbles, D.W. 
Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K. Maycock, eds.) U.S. GLOBAL CHANGE RESEARCH PROGRAM, 1, 10 
(2017).	
50 Ibid.; Susan Solomon et al., Irreversible Climate Change Due to Carbon Dioxide Emissions, 106 PNAS 1704, 1704 (2009). 
51 IPCC, IPCC Fifth Assessment Report: Climate Change 2013. ch.1.1, p.123 (2013) [hereinafter IPCC AR5]; Dec. of Dr. James 
Hansen, supra note 42.  
52 NASA, How is Today’s Warming Different from the Past?, NASA EARTH OBSERVATORY (July 10, 2017) https://web.archive 
.org/web/20170710193942/https://www.earthobservatory.nasa.gov/Features/GlobalWarming/page3.php    
53 IPCC AR5, supra note 51, at ch.1.2.2, p.128-29.   
54 IPCC AR5, supra note 51, at ch.B, p.4.� 

Figure 2. Measured atmospheric concentrations of CO2 between 1958 and September 2017.  

(Data source: NOAA, Trends in Atmospheric Carbon Dioxide, Mauna Loa CO2 Monthly Mean Data, EARTH SYSTEM RESEARCH 
LABORATORY GLOBAL MONITORING DIVISION. Available at https://web.archive.org/web/20170713225144/https://www.esrl. 
noaa.gov/gmd/ccgg/trends/ data.html) 
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15. The surface of the planet has warmed about 0.12oC per decade since 1951.55 Surface 

temperatures are rising dramatically: ten of the warmest years since 1880 have occurred 
since 2000, with the exception of 1998.56 The years 2014, 2015, and 2016 ranked as the 
warmest years on record,57 marking the first time that three consecutive years were the 
hottest years on record (Figure 3).58  
 

16. Many different aspects of Earth’s climate system are responding to the warming that has 
taken place over the past century. For example, increased GHGs in the atmosphere not only 
cause warmer surface temperatures on land,59 but also lead to warmer oceans,60 increased 
atmospheric moisture levels,61 rising sea levels,62 and changes in atmospheric and ocean 
circulation patterns that affect the global distribution of water and heat.63 

 

17. In addition to land temperature increases, global ocean temperatures have also risen. These 
changes in water temperature affect the circulatory patterns of the world’s oceans, which in 

                                                
55 Id. at ch.B1,  p.5. 
56 NASA. Global Temperature, Global Climate Change: Vital Signs of the Planet (last updated June 26, 2017), http://climate 
.nasa.gov/vital-signs/global-temperature/    
57 Ibid.  
58 Eric Levitz, It’s Been the Hottest Month on Record, for a Full Year Now, N.Y. MAGAZINE (May 18, 2016); D.J. Wuebbles et al., 
supra note 50 at 13.  
59 IPCC AR5, supra note 51, at ch.B.1, p.5. 
60 Id. at ch.B.2, p.8. 
61 Id. at ch.D.3, p.17. 
62 Id. at ch.D.3, p.19. 
63 Id. at ch.B.1, p.5.  
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Figure 3. Global temperature anomalies (oC), compared to average global temperature between 1901-2000.  

(Data source: NOAA, Global Surface Temperature Anomalies, NOAA National Centers for Environmental Information. Available 
at https://www.ncdc.noaa.gov/monitoring-references/faq/anomalies.php)  
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turn impact the climate because the ocean acts as a global heat delivery system.64 Current 
ocean warming extends down to several thousand meters below the ocean surface, despite 
the ocean’s immense ability to absorb and dissipate heat.65   
 

iii. Sea level is rising. 
 

18. Data from satellite observations show that global sea levels rose at an average rate of 3.4 
millimeters per year between 1993-2015.66 This has resulted in almost 200 millimeters of 
sea-level rise since 1870, as noted by coastal tide gauge records (Figure 4).67 Although ocean 
levels have fluctuated along with global temperatures in the past, the rate of sea-level rise 
during the 20th century far surpassed the rate over the past ~3000 years.68  
 

19. Further, the rate of sea-level rise is accelerating.69 While global sea levels varied by up to 
±8 cm over the pre-Industrial Common Era, sea level rose by ~14 cm in the 20th century 
alone.70 The rate of global sea-level rise in the 20th century was more than three times faster 
than the average rate from 1860 to 1900,71 and the rate of sea-level rise since 1993 is more 
than doubled that of the previous century.72 
 

20. Sea-level rise is caused by two main factors: first, warmer ocean and land surface 
temperatures cause global sea ice, polar caps and glaciers to melt, adding water to the 
ocean.73 Second, the thermal expansion of warm water causes the volume of water to 
increase as the oceans warm.74 Scientists estimate that without global warming in the 20th 
century, global sea level would have varied by between -3 cm and +7 cm, while observed 
sea-level rise was much higher at ~14 cm,75 suggesting that warming has played a large 
role.   
 

21. Sea-level rise is currently causing, and will continue to cause flooding in coastal and low-
lying areas.76 The combination of sea-level rise and increasingly severe storms, including 

                                                
64 Id. at ch.E.4, p.24; NASA, A Chilling Possibility, SCIENCE BETA (Mar. 5, 2004), https://web.archive.org/web/20170711142912/h 
ttps://science.nasa.gov/science-news/science-at-nasa/2004/05mar_arctic.   
65 IPCC AR5, supra note 51 at ch.B.2, p.8. 
66 NASA, Sea Level, Global Climate Change: Vital Signs of the Planet (last updated June 26, 2017), http://climat e.nasa.gov/vital-
signs/sea-level/.  
67 John Church, & Neil White. Reconstructed Global Mean Sea Level for 1870 to 2001. v2. CSIRO. Data Collection (2016). 
Available at http://doi.org/10.4225/08/57BF859E3ACE4  
68 Robert E. Kopp, Andrew C. Kemp, Klaus Bittermann et al., Temperature-driven Global Sea-level Variability in the Common 
Era, 113 PNAS E1434, E1434 (2016), Available at doi: 10.1073/pnas.1517056113.  
69 John Upton, Study Reveals Stunning Acceleration of Sea Level Rise, CLIMATE CENTRAL (Feb. 22, 2016), 
https://web.archive.org/web/20170711144939/http://www.climatecentral.org/news/study-reveals-acceleration-of-sea-level-rise-
20055.   
70 Kopp et al,. supra note 68.  
71 Id. at E1435. 
72 John A. Church & Neil J. White, A 20th Century Acceleration in Global Sea-level Rise, 33 GEOPHYSICAL RESEARCH LETTERS 
L01602, L01602 (2006), available at doi:10.1029/2005GL024826.  
73 IPCC AR5, supra note 51, at ch.B.4, p.11. 
74 Ibid.  
75 Kopp et al., supra note 68.   
76 NOAA, Sea Level Rise and Coastal Flooding Impacts. Interactive map available at https://coast.noaa.gov/slr/  
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hurricanes, increasingly overwhelms coastal defenses such as levees, sea walls, and coastal 
wetlands, as experienced during Hurricane Katrina and Hurricane Sandy.77 

 
22. In the U.S., nearly 8 million people live in coastal areas where the annual probability of 

flooding is 1 in 100 or higher (the 100-year floodplain).78 Sea-level rise will increase the 
area of the flood-prone zone, and will also increase the annual likelihood of flooding.79 As 
the coastal floodplain expands, shoreline dynamics and coastal erosion rates will change, 
land inundation will become more frequent, and saltwater intrusion into coastal freshwater 
aquifers will impact drinking water supplies.80 
 

23. The sea level is not rising uniformly around the globe, due to differences in water 
temperature, currents, and the structure of the ocean basins.81 In the U.S., sea-level rise is 
expected to impact the Gulf and Atlantic coasts most immediately, due to the fact that these 

                                                
77 Andrea Thompson, 10 Years Later: Was Warming to Blame for Katrina, CLIMATE CENTRAL (Aug. 27, 2015), 
https://web.archive.org/web/20170711152729/http://www.climatecentral.org/news/katrina-was-climate-change-to-blame-19377; 
Oliver Milman, Hurricae Sandy-level Flooding is Rising So Sharply that it Could Become Normal, THE GUARDIAN (Oct. 11, 2016), 
https://web.archive.org/web/20170711152847/https://www.theguardian.com/environme nt/2016/oct/11/hurricane-flooding-us-
climate-change.   
78 Peter Folger & Nicole T. Carter, CONG. RESEARCH SERV., R44632, SEA-LEVEL RISE AND U.S. COASTS: SCIENCE AND POLICY 
CONSIDERATIONS 2 (2016) [hereinafter CRS Sea-level Rise Report].  
79 Id. at 23. 
80 Id. at 2. 
81 Alex Kirby, Ice Melt Means Uneven Sea Level Rise Around the World¸ CLIMATE CENTRAL (Feb. 22, 2013), 
https://web.archive.org/web/20170711172212/http://www.climatecentral.org/news/ice-melt-means-uneven-sea-level-rise-around-
the-world-15640.  
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Figure 4. Global mean sea level anomalies (mm) between 1993-2016 relative to 1993-2002 average.  

(Data from GSFC. 2015. Global Mean Sea Level Trend from Integrated Multi-Mission Ocean Altimeters 
TOPEX/Poseidon Jason-1 and OSTM/HDR Jason-2 Version 3. Ver. 3. PO.DAAC, CA, USA. Dataset available at 
http://dx.doi.org/10.5067/GMSLM-TJ123)  
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areas are low-lying and coastal land is subsiding (Figure 5).82 Relative sea-level rise is 
currently occurring at a rate of 9-12 millimeters per year along the Mississippi delta near 
New Orleans,83 and a rate of 2-4.5 millimeters per year along the North Carolina coast.84 

  
24. The scientific consensus is that global sea levels will rise several meters this century if CO2 

pollution is not quickly abated.85 In the U.S., scientists predict a rise in global sea level of 
up to 2.5 meters by 2100.86 The melting of Antarctica’s ice sheets alone could contribute 
more than a meter to sea-level rise by 2100, and more than 15 meters by 2500 if GHG 
emissions continue to increase.87 Based on predictions of multi-meter sea-level rise, all 
coastal cities would “los[e] functionality” with “practically incalculable” economic and 
social costs.88 

	
iv. Glaciers, sea ice, and permafrost are melting. 
 

                                                
82 William V. Sweet, Robert E. Kopp, Christopher P. Weaver, et al., NOAA TECHNICAL REPORT NOS CO-OPS 083, GLOBAL AND 
REGIONAL SEA LEVEL RISE SCENARIOS FOR THE UNITED STATES 10 (2017), available at https://web.archive.org/web/2017071115 
5545/https://tidesandcurrents.noaa.gov/publications/techrpt83_Global_and_Regional_SLR_Scenarios_for_the_US_final.pdf.  
83 CRS Sea-level Rise Report, supra note 78, at 1.  
84 North Carolina Coastal Resources Commission (CRC) Science Panel, N.C. Dep’t of Envtl. and Natural Res., North Carolina 
Sea Level Rise Assessment Report: 2015 Update to the 2010 Report and 2012 Addendum 12 (2015) [hereinafter CRC Sea Level 
Rise Report].  
85 James Hansen, Makiko Sato, Paul Hearty, et al., Ice Melt, Sea Level Rise, and Superstorms: Evidence from Paleoclimate Data, 
Climate Modeling, and Modern Observations that 2 oC Global Warming Could be Dangerous, 16 ATMOSPHERIC CHEMISTRY AND 
PHYSICS 3761, 3761 (2016).     
86 Sweet et al., supra note 82, at 13. 
87 Robert M. DeConto & David Pollard, Contribution of Antarctica to Past and Future Sea-level Rise, 531 NATURE 591, 591 (2016).   
88 Hansen et al., supra note 85, at 3762. 

Figure 5. U.S Coastal sea-level rise vulnerability index.  
 
(Source: U.S. Geological Survey (USGS), National Assessment of Coastal Vulnerability to Sea Level Rise (2015). Available 
at https://woodshole.er.usgs.gov/project-pages/cvi)  
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25. Mountain glaciers, an important source of freshwater for millions of people worldwide, are 
receding because of warming temperatures.89 In 2010, Glacier National Park in Montana 
had only 25 glaciers, down from 150 in 1850.90 In the Brooks Range in northern Alaska, 
100% of glaciers are in retreat, while 98% of southeastern Alaska’s glaciers are retreating.91 
Rising temperatures are causing glaciers to melt in other parts of the world as well. For 
example, in the Alps and Himalayas, 99% of glaciers are retreating, while 92% of glaciers 
in Peru and Chile are in retreat.92  
 

26. Glaciers supply drinking water for many different regions around the globe, including 
California, Bolivia, China, and India.93 Because they store water as ice and snow, glaciers 
also prevent flooding - as the extent of glaciers decreases, severe flooding is expected to 
increase.94 
 

27. Arctic sea ice is also thinning,95 which will accelerate global warming. Arctic sea ice plays 
a role in stabilizing the climate because its light color reflects solar radiation back into space 
(high albedo).96 As sea ice melts, the amount of surface area occupied by dark water, which 
absorbs solar radiation, increases. The increased absorbance of dark water (low albedo) then 
accelerates warming, which increases sea ice melting, reinforcing a positive feedback loop 
that exacerbates the warming effect.97  
 

28. Sea-ice levels are at a record low, and continue to fall. In November and December 2016, 
sea-ice extent in the Arctic and Antarctic hit record lows daily (Figure 6).98 The extent of 
Arctic Sea ice in December 2016 averaged 12.1 million square kilometers, the second 
lowest December extent ever recorded.99 In addition, Arctic air temperatures in December 
2016 were more than 3oC above the 1981-2010 average.100 
 

29. As expected, permafrost is also melting. Much permafrost overlays old peat bogs; when it 
melts, large quantities of methane (CH4) and CO2 that are stored in these bogs are 

                                                
89 Early Warning Signs of Global Warming: Glaciers Melting, UNION OF CONCERNED SCIENTISTS (last visited July 11, 2017), 
https://web.archive.org/web/20170711171750/http://www.ucsusa.org/global_warming/science_and_imp acts/impacts/early-
warning-signs-of-global-5.html.  
90 Daniel Fagre & Lisa McKeon, Retreat of Glaciers in Glacier National Park, U.S. Geological Survey (last visited July 11, 2017), 
https://web.archive.org/web/20170711172103/https://www.usgs.gov/centers/norock/science/retreat-glaciers-glacier-national-
park?qt-science_center_objects=0#qt-science_center_objects.   
91 Lonnie G. Thompson, Climate Change: The Evidence and Our Options, 33 BEHAVIOR ANALYST 153, 158 (2010).  
92 Ibid.    
93 Do Glaciers Affect People?, NATIONAL SNOW & ICE DATA CENTER (last visited July 11, 2017), https://web.archive.org/web/201 
70711172914/https://nsidc.org/cryosphere/glaciers/questions/people.html; Jeremy Miller, The Dying Glaciers of California, 
EARTH ISLAND J. (last visited July 11, 2017), https://web.archive.org/web/20170711173216/http://www.earthisland.org/journal/in 
dex.php/eij/article/the_dying_glaciers_of_california/.   
94 TS Endangerment Findings, supra note 48, at 162.  
95 EPA, Climate Change Indicators: Arctic Sea Ice, (last updated Dec. 17, 2016), https://web.archive.org/web/20170711174927/ 
https://www.epa.gov/climate-indicators/climate-change-indicators-arctic-sea-ice.  
96 Aku Riihelä et al., Observed Changes in the Albedo of the Arctic Sea-ice Zone for the Period 1982-2009, 3 NATURE CLIMATE 
CHANGE 895, 895 (2013).   
97 Id. at 898.   
98 National Snow & Ice Data Center (NSIDC), Low Sea Ice Extent Continues in Both Poles, ARCTIC SEA ICE NEWS & ANALYSIS. 
(January 5, 2016). Available at http://nsidc.org/arcticseaicenews/2017/01/low-sea-ice-extent-continues-in-both-poles/  
99 Ibid.   
100 Ibid.   
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released.101 CH4 is a very powerful GHG, and contributes 28-36 times more to global 
warming than CO2 over a 100-year time scale.102 Therefore, as permafrost melts and 
releases CH4, another positive feedback loop is exacerbated: increased CH4 emissions warm 
the atmosphere, which in turn causes more CH4 to be released.103  

 
30. Scientists estimate that around 1,400 gigatons of carbon is stored in permafrost in the form 

of CH4 and CO2, which is almost double the amount of carbon that is already in the 
atmosphere.104 As northern regions continue to warm, permafrost carbon emissions will 
accelerate, causing climate change to progress more rapidly than expected based solely on 
projections of anthropogenic emissions.105 
 

31. Around the world, large icebergs have been breaking up and melting at an accelerated rate. 
For example, a 97-square mile iceberg broke off Greenland in 2010.106 In Antarctica, nine 
ice shelves have collapsed in the last 50 years.107 The Larsen “B” Ice Shelf, which had 
existed for at least 11,000 years, collapsed in 2002.108 The U.S. Geological Survey stated 

                                                
101 E.A.G. Schuur, A.D. McGuire, C. Shädel, et al., Climate Change and the Permafrost Carbon Feedback, 520 NATURE 171, 171 
(2015).  
102 EPA, Understanding Global Warming Potentials, (last updated Feb. 14, 2017), https://web.archive.org/web/20170711181701/ht 
tps://www.epa.gov/ghgemissions/understanding-global-warming-potentials.   
103 Schuur et al., supra note 101, at 171. 
104 Kevin Schaefer, Methane and Frozen Ground, NATIONAL SNOW & ICE DATA CENTER (last visited July 11, 2017), https://web.ar 
chive.org/web/20170711182206/https://nsidc.org/cryosphere/frozenground/methane.html.   
105 Schuur et al., supra note 101, at 171. 
106 NASA Ice Island Calved Off Petermann Glacier, (Aug. 2010), https://web.archive.org/web/20170711182755/https://earthobs 
ervatory.nasa.gov/NaturalHazards/view.php?id=45112&src=eorss-nh.  
107 Alister Doyle, Antarctic Ice Shelf Set to Collapse Due to Warming, REUTERS (Jan. 19, 2009), https://web.archive. 
org/web/20170711183038/http://www.reuters.com/article/us-antarctica-ice-idUSTRE50I4G520090119.   
108 Jane G. Ferrigno, Alison J. Cook, Amy M Mathie, et al., Coastal-Change and Glaciological Map of the Larsen Ice Shelf Area, 

Figure 6. (A) Arctic sea ice extent as of January 2, 2017, along with daily ice extent data for four previous years; 
(B) Average December Arctic sea ice extent from 1978-2016.  

(Source: NSIDC, Sea Ice Hits Record Lows, ARCTIC SEA ICE NEWS & ANALYSIS (December 6, 2016).  Available at 
http://nsidc.org/arcticseaicenews/2016/12/arctic-and-antarctic-at-record-low-levels/)  
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that “during a 35-day period from 31 January to 7 March 2002, there was a sudden and 
complete disintegration of the northern Larsen “B” Ice Sheet.”109 In July 2017, a trillion-
ton iceberg broke away from the Larsen “C” Ice Sheet.110 This 5,800-square km iceberg is 
one of the largest ever recorded, and holds a volume of water twice that of Lake Erie.111 
 

32. In addition, the West Antarctic ice sheet and the East Antarctic ice sheet are at risk of 
collapsing.112 When they do disintegrate, their collapse will result in multi-meter sea-level 
rise.113 The most recent studies that account for potential non-linear melting of these two 
ice sheets predict a sea-level rise of ten feet or more by mid-century if these ice sheets 
disintegrate.114  
 

v. Precipitation patterns are being disrupted. 
 

33. As atmospheric moisture levels increase and air circulation patterns change, precipitation 
systems around the world are altered. Although the atmosphere holds more moisture as it 
warms,115 warmer air temperatures also cause more evaporation in arid regions, making 
them drier.116 This phenomenon, whereby wet areas become wetter and dry areas become 
drier, has already been observed in the U.S.117  
 

34. Three category 4 hurricanes hit the U.S. in 2017, marking the first time that multiple 
Atlantic hurricanes have struck the U.S. in the same year.118 These extremely strong storms 
were a product of warm surface water temperatures in the Atlantic Ocean causing increased 
evaporation, and warm air, which holds a greater amount of moisture.119 Preliminary rainfall 
data from the National Weather Service shows that parts of Texas received over 60 inches 
of rain from Hurricane Harvey, marking the greatest single-storm rainfall totals on record 
in the U.S.120 

                                                
Antarctica: 1940-2005, U.S. GEOLOGICAL SURVEY 10 (2008), https://web.archive.org/web/20170711183945/https://pubs.usgs. 
gov/imap/2600/B/LarsenpamphletI2600B.pdf.  � 
109 Id. at 10.  
110 Swansea University, The One Trillion Ton Iceberg: Larsen C Ice Shelf Rift Finally Breaks Through, SCIENCEDAILY (July 12, 
2017), www.sciencedaily.com/releases/2017/07/170712110527.htm.  
111 Ibid.  
112 James Ayre, East Antarctica Ice Sheet More Vulnerable to Melting “Than Expected”, CLEAN TECHNICA (Jan. 2, 2017), 
https://cleantechnica.com/2017/01/02/east-antarctica-ice-sheet-vulnerable-melting-expected/; NASA, NASA-UCI Study Indicates 
Loss of West Antarctic Glaciers Appears Unstoppable (May 12, 2014), https://web.archive.org/web/20170711184924/https://www. 
nasa.gov/press/2014/may/nasa-uci-study-indicates-loss-of-west-antarctic-glaciers-appears-unstoppable/.  
113 J.S. Greenbaum et al., Ocean Access to a Cavity Beneath Totten Glacier in East Antarctica, 8 NATURE GEOSCIENCE 294, 297 
(2015).  
114 Hansen et al., supra note 85, at 3794. 
115 B. D. Santer, C. Mears, F.J. Wentz, et al., Identification of Human-induced Changes in Atmospheric Moisture Content, 104 
PNAS 15248, 15248 (2007).  
116 TS Endangerment Findings, supra note 48, at 111.  
117 John Walsh et al., U.S. Global Change Program, Ch. 2: Our Changing Climate. Climate Change Impacts in the United States: 
The Third National Climate Assessment 33-34 (Jerry M. Melillo, Terese (T.C.) Richmond, & Gary W. Yohe eds., 2014), available 
at doi:10.7930/J0KW5CXT.  
118 Chris Dolce, Three Category 4 Hurricanes Have Made a U.S. Landfall in 2017, WEATHER.COM (September 20, 2017), 
https://weather.com/storms/hurricane/news/hurricane-maria-irma-harvey-three-united-states-category-4-landfalls  
119 Michael Greshko, Why This Hurricane Season Has Been So Catastrophic, NATIONAL GEOGRAPHIC (September 22, 2017), 
http://news.nationalgeographic.com/2017/09/hurricane-irma-harvey-season-climate-change-weather/  
120 Jason Samenow, 60 Inches of Rain Fell From Hurricane Harvey in Texas, Shattering U.S. Storm Record, WASHINGTON POST 
(September 22, 2019), https://www.washingtonpost.com/news/capital-weather-gang/wp/2017/08/29/harvey-marks-the-most-
extreme-rain-event-in-u-s-history/?utm_term=.ecf7fbd0e7db  
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35. Elsewhere, droughts in arid regions of the Midwest, Southeast and Western U.S. have 

increased in frequency and severity over the past 50 years.121 June-August 2016 was the 
seventh driest summer on record for Wyoming, and the ninth driest for Idaho.122 Although 
California and Nevada had wet years in 2016, these states experienced severe and persistent 
drought between 2011-2016.123 The years 2013-2016 were also the warmest on record for 
California.124 

 
36. Dry, hot conditions in the U.S. have caused an increase in the frequency and intensity of 

forest fires in the West and Southwest states,125 and Alaska.126 In 2015, Alaska had its 
second-worst fire season in history, with over five million acres burned as of August.127 The 
2016 Soberanes fire in California burned for three months, and cost $200 million to fight, 
making it the most expensive fire in U.S. history.128 As of mid-October 2017, a historic 
firestorm raging through Northern California has already killed over 30 people and 
destroyed more than 3,500 homes and other structures.129 These fires rank as the deadliest 
ever recorded in California, and are attributed to a combination of extremely dry conditions, 
hot weather, and strong winds.130 The U.S. wildfire season is expected to become 
increasingly destructive, dangerous, and expensive in coming years as a direct result of 
climate change.131  
 

37. Scientists predict that precipitation events will increase in high latitude regions, and 
decrease in subtropical and mid-latitude regions.132 In the U.S., the northern states are 
expected to experience more precipitation in the winter and early spring, while the 
Southwest will experience less.133 There will also be longer periods between rainfalls, and 
when rainfall events do occur, precipitation will be heavier both globally134 and within the 
U.S.135 

 
                                                
121 TS Endangerment Findings, supra note 48, at 115. 
122 National Centers for Environmental Information, Drought – Annual 2016, NOAA (Jan. 9 2017), https://web.archive. 
org/web/20170711191745/https://www.ncdc.noaa.gov/sotc/drought/201613.   
123 Ibid. 
124 Ibid.  
125 Anthony LeRoy Westerling, Increasing Western US Forest Wildfire Activity: Sensitivity to Changes in the Timing of Spring, 
371 PHIL. TRANS. R. SOC. B 1, 1 (2016).  
126 EPA, Climate Change Impacts: Climate Impacts in Alaska (last updated Jan. 13, 2017), https://web.archive.or 
g/web/20170712132931/https://19january2017snapshot.epa.gov/climate-impacts/climate-impacts-alaska_.html   
127 Asaf Shalev, 2015 Alaska Wildfire Season Now 2nd Biggest on Record, ALASKA DISPATCH NEWS (May 31, 2016), 
https://web.archive.org/web/20170712133557/https://www.adn.com/alaska-news/article/2015-alaska-wildfire-season-now-
second-biggest-record/2015/08/11/.   
128 Rebecca Hersher, After Record Heat, California Fires Burn into the Fall, NATIONAL PUBLIC RADIO (Oct. 2, 2016), https://web 
.archive.org/web/20170712133924/http://www.npr.org/sections/thetwo-way/2016/10/02/496287981/ after-record-heat-california-
fires-burn-into-the-fall.   
129 The Times Editorial Board, The Climate-change Fire Alarm from Northern California LOS ANGELES TIMES  (October 12, 2017), 
http://www.latimes.com/opinion/editorials/la-ed-northern-california-fires-20171012-story.html  
130 Ibid.  
131 U.S. Forest Service, U.S. Dep’t of Agric., The Rising Cost of Fire Operations: Effects on the Forest Service’s Non-Fire Work 
2-3 (2015), available at https://web.archive.org/web/20170712134530/https://www.fs.fed.us/sites/default/ files/2015-Fire-Budget-
Report.pdf.  
132 TS Endangerment Findings, supra note 48, at 34.  
133 Id. at 71; John Walsh et al., supra note 117, at 20.  
134 TS Endangerment Findings, supra note 48, at 43. 
135 Id. at 45.  
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38. Decreasing precipitation at high altitudes and in high latitude regions is causing a reduction 
in snowpack, which can decrease drinking water supply. Globally, 2 billion people face a 
67% risk of decreased drinking water supply by 2060 due to declining snowpack.136 
 

39. From 1955 to 2016, April snowpack declined at more than 90% of sampled locations in the 
western U.S.137 Decreases in snowpack are most pronounced in Washington, Oregon, and 
the northern Rockies.138 Cities in California’s Central Valley, as well as those that rely on 
drinking water from the Colorado River and Rio Grande, will experience decreases in the 
availability of freshwater as snowpack continues to decline.139 

 
vi. The oceans are becoming more acidic. 
 

40. Currently, the world’s oceans absorb around 30% of emitted CO2, and this absorptive 
capacity has greatly mitigated the effects of increased atmospheric CO2

 on the climate 
system.140

 However, their ability to absorb CO2 impacts the oceans in two main ways: First, 
absorbing CO2 changes oceans’ water chemistry, making them more acidic.141 Second, as 
oceans become warmer and more acidic, their capacity to take up additional CO2 is 
reduced.142  
 

41. Over the past 250 years, acidification of the oceans has reduced the pH of seawater from 
8.2 to 8.1, corresponding to a 30% increase in surface ocean acidity.143 Acidity of the oceans 
is currently rising 100 times faster than during any period in the past 100,000 years.144  
 

42. The acidity of the oceans has been higher in the past, but the rate at which acidity increased 
was much more gradual than today.145 Around 55 million years ago, the atmospheric 
concentration of CO2 was 1800 ppm and the pH of the oceans declined by 0.45 units over 
5,000 years.146 This rise in acidity resulted in an extinction event wherein almost half of all 
benthic foraminifera species went extinct over a 1,000-year period.147 By comparison, today 
ocean acidity is rising ten times faster, and is outpacing the ability of the oceans to buffer 
excess CO2.148  
 

                                                
136 Justin S Mankin, Daniel Viviroli, Deepti Singh, et al., The Potential for Snow to Supply Human Water Demand in the Present 
and Future, 10 ENVTAL. RESEARCH LETTERS 1, 8 (2015).  
137 EPA Climate Change Indicators: Snowpack (last updated Dec. 17, 2016), https://web.archive.org/web/20170712135826/https: 
//www.epa.gov/climate-indicators/climate-change-indicators-snowpack.  
138 Ibid.   
139 Mankin et al., supra note 136, at 7.  
140 Ellycia Harrould-Kolieb & Jacqueline Savitz, Acid Test: Can We Save Our Oceans from CO2? OCEANA, 2 (2009). Available at 
https://web.archive.org/web/20170712140343/http://oceana.org/sites/default/files/reports/Acidification _Report1.pdf  
141 Id. at 6. 
142 Id. at 7. 
143 John Raven, Ken Caldeira, Harry Elderfield, et al., THE ROYAL SOCIETY, OCEAN ACIDIFICATION DUE TO INCREASING 
ATMOSPHERIC CARBON DIOXIDE 1 (2005). Available at https://web.archive.org/web/20170712141832/h ttp://www.us-ocb.org/wp-
content/uploads/sites/43/2017/03/Royal_Soc_OA.pdf.  
144 Harrould-Kolieb & Savitz, supra note 140, at 7. 
145 Ibid. 
146 Washington State Blue Ribbon Panel on Ocean Acificiation, Scientific Summary of Ocean Acidification in Washington State 
Marine Waters 9 (2012), https://fortress.wa.gov/ecy/publications/documents/1201016.pdf   
147 Ibid. 
148 Ibid.   
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43. Increased acidity of seawater affects the ability of many marine organisms to form shells 
and skeletons, which are made of calcium carbonate (CaCO3).149 These organisms depend 
on the availability of bicarbonate and carbonate in seawater.150 Unless seawater is saturated 
with these ions, CaCO3 structures will dissolve.151 Seawater is naturally saturated with 
carbonate ions (CO3

-2), but this balance is affected by increased uptake of CO2 from the 
atmosphere.152 When CO2 enters the water, it combines with water molecules (H2O) to form 
carbonic acid (H2CO3).153 Carbonic acid readily dissolves to form H+ ions (an acid) and 
bicarbonate ions (CO3

-2), a base.154 Carbonate reacts with H+ to neutralize the acid, forming 
more bicarbonate.155 As the acidity (availability of H+ ions) increases, this reaction depletes 
the concentration of carbonate in seawater, which can lead to undersaturation of carbonate 
(Figure 7). In turn, seawater that is undersaturated with carbonate causes calcium carbonate 
structures to dissolve.  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

44. The oceans are becoming undersaturated with respect to two calcium carbonate minerals 
used for shell-building: aragonite and calcite.156 Scientists predict that the Southern Ocean 

                                                
149 Raven et al., supra note 143, at 10.  
150 Ibid. 
151 Ibid.  
152 Harrould-Kolieb & Savitz, supra note 140, at 8.  
153 Raven et al., supra note 143, at 1.   
154 Id. at 6.  
155 Ibid. 
156 Id. at 11.  

Figure 7. Diagram of chemical reactions involved in ocean acidification.  

(Source: UK Ocean Acidification Research Programme, http://www.oceanacidification.org.uk/)  
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will be undersaturated with aragonite by 2050, and that this problem will extend to the 
subarctic Pacific by 2100.157  
 

45. At the current rate of acidification, scientists predict that the pH of the oceans may drop 
another 0.5 units by 2100, which is three times lower than ocean pH during pre-Industrial 
years.158 With continuing depletion of carbonate ions, the acidification rate will increase, as 
oceans become unable to buffer CO2 through chemical reaction of H+ with carbonate 
ions.159 
 

46. In addition to the impacts of acidification on shellfish and other marine invertebrates, coral 
reefs are also being affected by changes in ocean temperature and pH.160 Specifically, the 
calcification rate of reef-building corals decreases as carbonate-ion concentrations 
decrease.161 Experimental studies have shown that an atmospheric CO2 concentration of 560 
ppm decreases coral calcification and growth by 40%.162 Coral reef calcification is expected 
to approach zero at atmospheric CO2 concentrations of around 480 ppm.163 
 

47. Reductions in coral growth rates, reproduction, and skeletal density have already been 
observed in the Great Barrier Reef, and these increasingly brittle corals are at greater risk 
of storm damage.164 The growth rate of Porites corals in two regions 450 kilometers apart 
on the Great Barrier Reef decreased 21% between 1991 and 2007.165 A decrease in growth 
of this magnitude is unprecedented in recent centuries, based on growth records from coral 
cores.166 
 

48. Combined with other stressors including warmer water, pollution, and physical impacts 
from tourism, reef ecosystems could exceed their ecological tipping points, changing into 
alternative states that are not dominated by corals.167 The socioeconomic impacts of coral 
reef decline for communities and regional economies that rely on reefs for coastal 
protection, fisheries, and tourism become “unmanageable for [CO2]atm above 500 ppm”.168  
 

vii. Forest and agricultural losses are occurring. 
 

49. Changes in water supply and increases in heat, pests, crop disease, and weather extremes 
will impact the agricultural industry worldwide. Agriculture is highly dependent on the 
climate, and changes in the frequency and severity of droughts and floods threaten food 

                                                
157 James C. Orr, Victoria J Fabry, Olivier Aumont, et al., Anthropogenic Ocean Acidification Over the Twenty-first Century and 
its Impact on Calcifying Organisms, 437 NATURE 681, 681 (2005).  
158 Raven et al., supra note 143, at 9.  
159 Orr et al., supra note 157, at 684 
160 O. Hoegh-Guldberg, P.J. Mumby, A.J. Hooten, et al., Coral Reefs Under Rapid Climate Change and Ocean Acidification, 318 
SCIENCE 1737, 1737 (2007).   
161 Ibid.  
162 Ibid. 
163 Ibid. 
164 Id. at 1739. 
165 Timothy F. Cooper, Glenn De’ath, Katharina E. Fabricus, et al., Declining Coral Calcification in Massive Porites in Two 
Nearshore Regions of the Northern Great Barrier Reef, 14 GLOBAL CHANGE BIOLOGY 529, 529 (2008).   
166 Ibid. 
167 Hoegh-Guldberg et al., supra note 160, at 1739.  
168 Id. at 1741. 
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safety.169 In addition, warming land and water temperatures can impact the distribution and 
availability of fish and shellfish, and can put livestock at risk of heat stress.170 
 

50. Extreme weather is already affecting crop yields and livestock health in the U.S., and these 
impacts will become more common as the frequency of extreme weather events 
increases.171 In 2010 and 2012, high temperatures negatively impacted crop yields across 
the U.S. Corn Belt, and the warm winter in 2012 caused $220 million in losses of Michigan 
cherries.172 In 2011, high temperatures caused over $1 billion in losses from heat-related 
stress in livestock in the U.S.173  
 

51. Many pests, weeds, and fungi thrive under warm, wet conditions. For example, pine beetle 
outbreaks are worse during warmer summers, when they can reproduce more quickly.174 
Between 1990 and 2015, more than 60 million acres of forest in North America were 
devastated by the pine beetle.175 Since the 1990s, pine beetles have killed nearly 60% of 
mature pine trees in British Columbia, Canada, totaling over 700 million cubic meters of 
pine volume, and resulting in millions of dollars lost from timber and tourism revenues.176 
As climate continues to warm, trees will become increasingly drought stressed and even 
less resistant to pine beetle invasions.177  
 

52. Climate change is predicted to reduce crop yields and increase crop prices. Although 
increased CO2 can stimulate plant growth, it reduces the nutritional value of most food 
crops.178 Further, there is an upward temperature cap (about 40oC) above which plant 
growth substantially slows.179 By 2050, decreased calorie availability worldwide is 
expected to cause child malnutrition to rise by 20%.180 As a result, global food security is 
directly threatened by climate change.  

 
viii. Human health is negatively affected by climate change. 
 

                                                
169 EPA, Climate Impacts on Agriculture and Food Supply (last updated Oct. 6, 2016), https://web.archive.org/web/20170712154 
509/https://19january2017snapshot.epa.gov/climate-impacts/climate-impacts-agriculture-and-food-supply_.html [hereinafter EPA 
Climate Impacts on Ag.]  
170 Ibid.  
171 Ibid. 
172 Ibid. 
173 Ibid.  
174 Allan L. Carroll, Steve W. Taylor, Jacques Régnière et al., Effect of Climate Change on Range Expansion by the Mountain Pine 
Beetle in British Columbia, 2003 THE BARK BEETLES, FUEL, AND FIRE BIBLIOGRAPHY 223, 227.  
175 Hillary Rosner, The Bug That’s Eating the Woods, NATIONAL GEOGRAPHIC (April, 2015), https://web.archive.org/ 
web/20170712175504/http://ngm.nationalgeographic.com/2015/04/pine-beetles/rosner-text.   
176 Mountain Pine Beetle (Factsheet), NATURAL RESOURCES CANADA (last updated Feb. 21, 2017), https://web.archive.org/w 
eb/20170712175652/http://www.nrcan.gc.ca/forests/fire-insects-disturbances/top-insects/13397.  
177 Rosner, supra note 175. 
178 EPA Climate Impacts on Ag., supra note 169.   
179 Jerry L. Hatfield & John H. Prueger, Temperature Extremes: Effect on Plant Growth and Development, 10 WEATHER AND 
CLIMATE EXTREMES 4, 5 (2015).   
180 Gerald C. Nelson et al., Int’l Food Policy Research Inst., Climate Change: Impact on Agriculture and Costs of Adaptation 6-12 
(2009). Available at http://www.fao.org/fileadmin/user_upload/rome2007/docs/Impact_on_Agriculture_and_Costs_of_Adaptati 
on.pdf.  
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53. Climate change has been called “the most serious threat to public health of the 21st 
century”181 because of its multitudinous effects on human health. Increases in health issues 
including asthma, cancer, cardiovascular disease, heat-related morbidity and mortality, 
food-borne disease, neurological diseases and disorders, mental health issues, and insect-
borne infectious diseases have all been linked to climate change.182 
 

54. Mental health issues, including elevated stress, anxiety, and an overwhelming sense of loss 
are also linked to climate change.183 An increase in the frequency of extreme weather and 
disasters associated with climate change can lead to posttraumatic stress disorder (PTSD), 
adjustment disorder, and depression.184 Heat waves have been associated with mood 
disorders, anxiety, and dementia, along with physical health issues including cardiovascular 
and renal diseases.185 
 

55. By 2050, heat stress will have deadly impacts on major cities around the globe. One study 
suggests that even under 1.5oC of warming, multiple megacities in North Africa, Asia, and 
the Middle East will become heat stressed.186 Combined with midrange population growth, 
350 million additional people will become exposed to deadly heat stress by 2050.187 Under 
2oC of warming the situation is more dire: cities in the Middle East and Asia, including 
Karachi and Kolkata, are expected to experience deadly heatwaves annually.188   
 

56. Social disruptions including violence will rise as extreme weather increases and access to 
clean freshwater and abundant food decreases.189 Changes in climate that require 
populations to migrate will lead to acculturation stress and physical illness.190 Further, 
studies have demonstrated associations between crop failures due to unexpected extreme 
weather such as drought, and suicide attempts in farmers.191  
 

57. Children are especially vulnerable to the health impacts of climate change.192 Vector-borne 
diseases, acute respiratory infections, diarrheal diseases, and malnutrition 
disproportionately affect children, and can impact early development.193 Malnutrition 
among children is expected to increase in developing countries as climate change affects 

                                                
181 Casey Crandell, Climate Action Holds Potential for Massive Improvements in Public Health, Physicians for Social 
Responsibility (June 22, 2015), http://www.psr.org/blog/climate-action-holds-potential-improvements-public-health. html.  
182 A. Haines et al., Climate Change and Human Health: Impacts, Vulnerability and Public Health, 120 PUBLIC HEALTH 585, 585-
594 (2006).  
183 Helen Louise Berry et al., Climate Change and Mental Health: A Causal Pathways Framework, 55 INT’L J. OF PUB. HEALTH 
123, 124 (2010). 
184 Susanta Kumar Padhy et al., Mental Health Effects of Climate Change, 19 INDIAN J. OF OCCUPATIONAL AND ENVTL. MEDICINE 
3, 4 (2015).  
185 Id. at 4 & 5. 
186 Tom K. R. Matthews et al., Communicating the Deadly Consequences of Global Warming for Human Heat Stress, 114 PNAS 
3861, 3861 (2017).  
187 Id. at 3864. 
188 Id. at 3861. 
189 Ellen Messer, Oxfam America, Climate Change and Violent Conflict: A Critical Literature Review 5 (2010). Available at 
https://www.oxfamamerica.org/static/media/files/climate-change-and-violent-conflict.pdf.   
190 Padhy et al., supra note 184, at 3.  
191 Id., at 4. 
192 U.N. Children’s Fund (UNICEF), Unless We Act Now: The Impact of Climate Change on Children 6 (2015), available at 
https://web.archive.org/web/20170712190756/https://www.unicef.org/publications/files/Unless_we_act _now_The_impact_of_ 
climate_change_on_children.pdf [hereinafter UNICEF 2015].  
193 Id. at 10.     
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the food supply.194 In addition, children will feel the effects of climate change longer than 
today’s adults.195 The decisions we make today regarding the future of the climate system 
will have the greatest impact on our children and future generations. 
 

ix. National security and global politics are negatively affected by climate change. 
 

58. Experts agree that “climate change will add to tensions even in stable regions of the 
world.”196 The U.S. Department of Defense has classified climate change as a “threat 
multiplier”197 and recognized the severity of climate change and its connection to national 
security. 
 

59. Specifically, “Pentagon leaders have identified three main ways that climate change will 
affect security: accelerating instability in parts of the world wracked by drought, famine, 
and climate-related migrations; threatening U.S. military bases in arid Western states or on 
vulnerable coastlines; and increasing the need for U.S. forces to respond to major 
humanitarian disasters.”198 
 

60. By 2025, 40% of the world’s population will be living in countries experiencing significant 
water shortages, while sea-level rise will displace tens to hundreds of millions of people.199 
These stressors will cause increased migration and have the potential to escalate violence. 
Further, increased extreme weather including hurricanes will put a strain on foreign aid and 
require military forces more often.200 
 

61. In addition, military bases in the U.S. are at risk of permanently losing land and 
infrastructure as sea levels continue to rise. As a 2016 report by the Union of Concerned 
Scientists notes, “the US Armed Forces depend on safe and functional bases […] to protect 
the security of the country.”201 Over the next 100 years, military bases on the Atlantic and 
Gulf coasts are at risk of more frequent and extensive tidal flooding, land loses from 
inundation and erosion, and impacts from storm surge.202 

 
 
 
 

                                                
194 Padhy et al., supra note 184, at 5. 
195 UNICEF 2015, supra note 192, at 8.  
196 The CNA Corporation, National Security and the Threat of Climate Change 7 (2007), available at https://web.arch 
ive.org/web/20170712193931/https://www.cna.org/cna_files/pdf/national%20security%20and%20the%20threat%20of%20climat
e%20change.pdf [hereinafter CNA CORP.].  
197 Id. at 3.  
198 Keith Johnson, A Clear and Present Danger, FOREIGN POLICY (May 6, 2014), https://web.archive.org/web/201707121943 
55/http://foreignpolicy.com/2014/05/06/a-clear-and-present-danger/.   
199 CNA Corp., supra note 196, at 16. 
200 Id. at 45. 
201 Union of Concerned Scientists (UCS), The US Military on the Front Lines of Rising Seas 1 (2016). Available at 
https://web.archive.org/web/20170712195143/http://www.ucsusa.org/sites/default/files/attach/2016/07/front-lines-of-rising-seas-
key-executive-summary.pdf [hereinafter UCS MILITARY AND RISING SEAS]. 
202 Id. at 2.  
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B. Climate change is already occurring in North Carolina and will significantly affect 
North Carolina into the future. 
 

62. North Carolina’s General Assembly (“NCGA”) has been aware of the impact of climate 
change on the state for more than a decade. In 2005, the NCGA created the Legislative 
Commission on Global Climate Change (“LCGCC”) to “conduct an in-depth study of issues 
related to global climate change.”203 The LCGCC met 23 times between February 2006 and 
May 2010; in their final 2010 report they noted that “because the effects of climate change 
on North Carolina will be significant, the General Assembly should not wait for national or 
international action before responding to these threats.”204 
 

63. In its final report, the LCGCC emphasized “the need to take actions to reduce greenhouse 
gas emissions and adapt to changes in North Carolina’s climate,”205 recognizing that 
“failing to act and ignoring impending climate change will result in significant impacts to 
the State’s environment, economy, infrastructure, and society.”206 The following sections 
outline these impacts.  

 
i. North Carolina’s climate has changed over the 19th and 20th centuries. 
 

64. Across North Carolina, average annual temperatures rose 0.5-1.5oF between 1991 and 2012, 
compared to the average temperature between 1901-1960.207 In general, the Southeastern 
states are warming more slowly than other parts of the U.S.,208 but small increases in 
temperature have a large impact in North Carolina, since the state already experiences very 
high summer temperatures.  
 

65. Between 1950 and 2000, the number of four-day heat waves experienced in Charlotte more 
than doubled, and heat-stressed days have also increased dramatically in other areas of the 
Piedmont and the Outer Banks, according to studies conducted in Cape Hatteras and 
Greensboro.209  
 

66. Between 1978 and 2016, sea level at the town of Duck, North Carolina rose at a rate of 4.53 
millimeters per year.210 This rate of sea-level rise equates to 1.49 feet in 100 years,211 
relative to mean sea level datums established by NOAA’s Center for Operational 

                                                
203 Legislative Commission on Global Climate Change (LCGCC), N.C. General Assembly, Final Report to the General Assembly 
and the Environmental Review Commission 4 (2010) 
204 Ib. at 4-5.   
205 Id. at 7. 
206 Id. at 94. 
207 Walsh et al., supra note 117, at 29. (Fig. 2.7) 
208 Ibid.  
209 Physicians for Social Responsibility (PSR), Death by Degrees: The Health Threats of Climate Change in North Carolina 12 
(2001), available at https://web.archive.org/web/20170713150743/http://infohouse.p2ric.org/ref/16/152 94.pdf [hereinafter PSR 
Death by Degrees]. 
210 Center for Operational Oceanographic Products and Services (CO-OPS), Mean Sea Level Trend: 8651370 Duck, North 
Carolina, NOAA (last visited July 13, 2017), https://web.archive.org/web/20170713151544/https://tidesandcurrents.noaa. 
gov/sltrends/sltrends_station.shtml?stnid=8651370.  
211 Ibid.  
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Oceanographic Products and Services.212 Sea-level rise in this region of the state is 
progressing at 3-4 times the mean global rate.213 
 

67. South of Duck in the Oregon Inlet, tidal gauge data show that sea level rose at a rate of 4.15 
millimeters per year between 1977 and 2016, equivalent to 1.36 feet in 100 years (Figure 
8).214 Still further south, sea levels in Beaufort, NC, rose at a rate of 3.0 millimeters per year 
(0.98 feet in 100 years) based on tidal gauge data from 1953 to 2016,215 and sea levels in 
Wilmington, NC rose at a rate of 2.27 millimeters per year between 1935-2016 (0.74 feet 
in 100 years; Figure 8).216  

 

 
68. Rising sea levels in the 19th and 20th centuries have caused an increase in nuisance flooding 

along the Southeast Atlantic Coast.217 Five of the eight NOAA tidal gauges in this region 
have shown an acceleration in nuisance flooding since the 1980s, including gauges at two 

                                                
212 CO-OPS, Tidal Datums, NOAA (last updated Oct. 15, 2013), https://web.archive.org/web/20170713151735/https://tidesandcu 
rrents.noaa.gov/datum_options.html.  
213 Asbury H. Sallenger Jr et al., Hotspot of Accelerated Sea-level Rise on the Atlantic Coast of North America, 2 NATURE CLIMATE 
CHANGE 884, 884 (2012). 
214 CO-OPS, Sea Level Trends, NOAA (last visited July 13, 2017), https://tidesandcurrents.noaa.gov/ sltrends/sltrends.html 
(Oregon Inlet Marine, NC is site number 8652587).  
215 Ibid. (Beaufort, NC is site number 8656483). 
216 Ibid. (Wilmington, NC is site number 8658120).  
217 William Sweet et al., NOAA Technical Report NOS CO-OPS 073, Sea Level Rise and Nuisance Flood Frequency Changes 
around the United States 12 (2014). Available at https://web.archive.org/web/20170713154857/https://tidesandcurrents.noaa. 
gov/publications/NOAA_Technical_Report_NOS_COOPS_073.pdf.  

Duck

Oregon	Inlet

Beaufort

Wilmington

Southport

Figure 8. Relative rates of sea-level rise along the North Carolina coast, as measured from five tidal 
gauges. Yellow arrows denote rates of sea-level rise of up to two feet per decade. Green arrows 
represent rates of sea-level rise of up to one foot per decade.  

(Source: CO-OPS, Sea Level Trends, NOAA (last visited July 13, 2017), 
https://tidesandcurrents.noaa.gov/sltrends/sltrends.html [Oregon Inlet Marine, NC is site number 8652587].) 
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locations in North Carolina (Beaufort and Wilmington).218 In 2015, there were 90 days - a 
record number - where nuisance flooding occurred in Wilmington, NC.219  
 

69. Changes in precipitation over the 19th and 20th centuries have affected North Carolina’s 
agriculture, forestry, tourism, and recreation economies. In the past two decades, North 
Carolina ski resorts had 43,885 fewer visitors on average during low snowfall years 
compared to high snowfall years.220 Between 1999 and 2010 average annual economic 
losses from North Carolina’s skiing industry equaled $3.5 million in lost revenue, and $2.7 
million in economic value during low snowfall years.221 The impacts of climate change on 
North Carolina’s tourism and recreation economies are detailed in Section 6 of this Petition.  
 

70. Drought severely affects the agricultural and forestry industries in North Carolina, and these 
impacts will increase as climate change continues. In 2002 alone, the agricultural sector in 
North Carolina incurred $398 million in drought-related losses.222 Drought in 2016 
impacted hay production,223 Christmas tree availability,224 and resulted in water-use 
restrictions and water supply shortages.225     
 

71. In 2016, western North Carolina experienced one of its driest falls on record.226 Cherokee 
and Clay counties were placed into the most severe drought category for the first time since 
2008,227 and extreme drought conditions were present for the first time since 2011.228 
Twenty-eight other western counties experienced lesser drought stages,229 with several 
experiencing the driest fall season in more than 105 years of records.230 The impacts of 
drought on North Carolina’s agricultural economy are detailed in Section 6 of this Petition.   
 

72. While western North Carolina experienced one of its driest falls on record, eastern North 
Carolina experienced one of its top-five wettest.231 In eastern North Carolina, the amount 

                                                
218 Id. Appendix I at 34.  
219 William V. Sweet & John J. Marra, NOAA, 2015 State of U.S. “Nuisance” Tidal Flooding 4 (2016). Available at 
https://web.archive.org/web/20170713164314/https://www.ncdc.noaa.gov/monitoring-content/sotc/national/2016 /may/sweet-
marra-nuisance-flooding-2015.pdf.  
220 Elizabeth Burakowski & Matthew Magnusson, Protect Our Winters & Natural Resources Defense Council, Climate Impacts on 
the Winter Tourism Economy in the United States 16 (2012) Available at https://web.archive.org/web/20170713165046/https:// 
www.nrdc.org/sites/default/files/climate-impacts-winter-tourism-report.pdf.   
221 Ibid.  
222 Daria Karetinkov et al., Univ. of Md., Economic Impacts of Climate Change on North Carolina 11 (2008). Available at 
https://web.archive.org/web/20170713165518/http://cier.umd.edu/climateadaptation/North%20Carolina%20Economic%20Impac
ts%20of%20Climate%20Change%20Full%20Report.pdf.  
223 Abigail Margulis, Severe Drought Creeps into Some WNC Counties, CITIZEN-TIMES (June 24, 2016), http:// www.citizen-
times.com/story/news/local/2016/06/24/severe-drought-creeps-into-some-wnc-counties/86328144/.  
224 Heather Waliga, What the Drought and Wildfires Mean for North Carolina Christmas Trees, ABC 11 (Nov. 16, 2016), 
https://web.archive.org/web/20170713170554/http://abc11.com/weather/what-the-drought-means-for-nc-chri stmastrees/1610518 
/.  
225 Davin Eldridge, The Impacts of Drought on Western North Carolina, BLUE RIDGE PUBLIC RADIO (July 26, 2016), 
https://web.archive.org/web/20170713170826/http://wcqs.org/post/impact-drought-western-north-carolina.  
226 Rebecca Ward & Corey Davis, Rapid Reaction: Drought Intensifies in Western NC, STATE CLIMATE OFFICE OF N.C., N.C. STATE 
UNIV. (Oct. 20, 2016), https://web.archive.org/web/20170713171332/http://climate.ncsu.edu/c limateblog?id=217.  
227 Bruce Henderson, Drought Deepens, Feeds Wildfires in North Carolina Mountains, CHARLOTTE OBSERVER (Nov. 10, 2016), 
https://web.archive.org/web/20170713171607/http://www.charlotteobserver.com/news/local/article11388 7983.html.   
228 Ward & Davis, supra note 226. 
229 Henderson, supra note 227. 
230 Ibid.  
231 Ward & Davis, supra note 226.  
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of precipitation released during heavy rainfalls has increased 27% since 1958.232 In addition 
to increases in the frequency and severity of heavy rainfall, hurricanes and tropical storms 
have also become more intense during the past 20 years, fueled in part by a warming 
ocean.233  
 

73. Between 1996-2006, 14 tropical storms or hurricanes caused $2.4 billion in damages to 
agriculture, forestry, and livestock in North Carolina.234 Hurricane Fran alone damaged 8.2 
million acres of forest in North Carolina, resulting in $1.2 billion lost from the state’s 
forestry industry in 1996.235 Human lives are also at stake as the frequency and severity of 
hurricanes increase: 36 people were killed during Hurricane Floyd in 1999,236 and during 
Hurricane Matthew in 2016, 22 people lost their lives in North Carolina. 237 The impacts of 
changing precipitation patterns and more extreme storms on North Carolina’s economy are 
detailed in Section 6 of this Petition.  
 

74. In addition to its impact on North Carolina’s climate, continued GHG emissions have also 
affected the health of North Carolina’s residents. Burning fossil fuels affects air quality both 
directly, by emitting compounds that form ground-level ozone (smog),238 and indirectly, by 
increasing the air temperature, which can exacerbate ground-level ozone formation.239   
 

75. In 2007, the Charlotte metro area was listed among the top twenty most ozone-polluted 
cities in the U.S.240 The city climbed to the 10th worst position in 2010 and 2011,241 and 
although Charlotte’s air quality had been improving, the city experienced its worst air 
quality since 2012 in the summer of 2016.242  
 

76. Asthma is one of the leading health impacts of smog, and the number of adults and children 
with asthma has been increasing in North Carolina.243 Between 2001 and 2010, the 
prevalence of lifetime asthma in North Carolina increased 24.8%.244 Children are especially 

                                                
232 EPA, EPA 430-F-16-035, What Climate Change Means for North Carolina 2 (2016). Available at https://web.archive. 
org/web/20170713172423/https://19january2017snapshot.epa.gov/sites/production/files/2016-09/documents /climate-changenc.p 
df [hereinafter EPA Climate Change for NC].  
233 Ibid.   
234 Okmyung Bin et al., Nat’l Comm’n on Energy Policy, Measuring the Impacts of Climate Change on North Carolina Coastal 
Resources 1,78 (2007). Available at https://web.archive.org/web/20170713173342/http:// econ.appstate.edu/climate/NCNCEP%2 
0final%20report.031507.pdf.   
235 Id. at 80.  
236 PSR Death by Degrees, supra note 209, at 20.   
237 Emily Shapiro, North Carolina’s Storm-Related Death Toll Climbs to 22, ABC NEWS (Oct. 13, 2016), http://web.arch 
ive.org/web/20170713174007/http://abcnews.go.com/US/north-carolinas-death-toll-plateaus-flooding evacuations/story?id=4277 
5580.   
238 NOAA, Q2: How is ozone formed in the atmosphere? Earth System Research Laboratory, 1. Available at 
https://web.archive.org/web/20170713174904/https://www.esrl.noaa.gov/csd/assessments/ozone/2010/twentyquestions/Q2.pdf  
239 E. Stathopoulou et al., On the Impact of Temperature on Tropospheric Ozone Concentration Levels in Urban Environments, 
117 J. OF EARTH SYSTEM SCIENCE 227, 227 (2008).  
240 Karentinkov et al., supra note 222, at 11.  
241 Lukas Johnson, Area ozone levels are among nation’s highest, (February 1, 2012). THE CHARLOTTE OBSERVER. Available at 
http://www.charlotteobserver.com/news/local/article83733097.html 
242 Ibid.  
243 Karetinkov et al., supra note 222, at 11.   
244 N.C. Asthma Program, N.C. Dep’t of Health and Human Services (DHHS), The Burden of Asthma in North Carolina 19 (2010). 
Available at https://web.archive.org/web/20170713175901/http://www.asthma.ncdhhs.gov/docs/TheBurdenOfAsthmaInNorthCar 
olina-2010.pdf.  
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vulnerable to asthma: in 2011, children under the age of five with asthma had the highest 
hospitalization rate of any age group in North Carolina.245 Asthma is also consistently listed 
as the leading chronic health condition reported by North Carolina public schools, and 
affected 93,106 students during the 2014-2015 school year.246 In 2003 alone, North Carolina 
spent $631 million to treat asthma patients in the state.247 The impacts of climate change on 
the health of North Carolinians are detailed in Section 6 of this Petition.  

 
ii. Future predictions for North Carolina show continuing climate change.  
 

a. North Carolina’s coastal resources will be impacted by sea-level rise.  
 

77. Sea level along the Atlantic coast north of Cape Hatteras in North Carolina is rising at 3-4 
times the global rate.248 Sea-level rise in this region is occurring rapidly due to a 
combination of unique ocean currents off the coast of North Carolina,249 and the fact that 
the North Carolina coastal plain is subsiding.250 For example, the Hyde County coast is 
sinking at a rate of over 1 inch per decade, and the sea level in this region is rising at a rate 
of 3.5 inches per decade, which combine to produce a relative sea-level rise of greater than 
4.5 inches per decade.251 This rate is extraordinarily high compared to the global mean sea-
level rise rate of one inch per decade.252  

 
78. The rate of sea-level rise along North Carolina’s coast is expected to accelerate over the 

next century, due to increasing rates of ocean warming and ice-sheet melting.253 Some 
models indicate an increase in sea-level rise of two to four times the rate experienced during 
the 20th century.254 
 

79. Tidal gauge data from Dare County, North Carolina suggest that sea level will likely rise at 
least 39 inches by 2100 (1 meter) and potentially up to 55 inches (1.4 meters) (Figure 9).255 
In their 2010 report, the North Carolina Coastal Resources Commission Science Panel 
recommended that “a rise of 1 meter (39 inches) be adopted as the amount of anticipated 
rise by 2100, for policy development and planning purposes.”256 
 

                                                
245 Id. at 1.  
246 N.C. Healthy Schools, N.C. DHHS, North Carolina Annual School Health Services Report 2014-2015 2 (n.d.). Available at 
https://web.archive.org/web/20170713180617/https://www2.ncdhhs.gov/dph/wch/doc/stats/14-15Annu alSHSBrochure.pdf.    
247 Karetinkov et al., supra note 222, at 11.  
248 Makan A. Karegar et al., Subsidence along the Atlantic Coast of North America: Insights from GPS and Late Holocene Relative 
Sea Level Data, 43 GEOPHYSICAL RESEARCH LETTERS 3126, 3128 (2016).  
249 Ibid.  
250 John Upton, Sinking Atlantic Coastline Meets Rapidly Rising Seas, CLIMATE CENTRAL (Apr. 14, 2016). Available at https://web. 
archive.org/web/20170713183737/http://www.climatecentral.org/news/sinking-atlantic-coastline-mee ts-rapidly-rising-seas20247   
251 Ibid.  
252 Ibid. 
253 N.C. Coastal Resources Comm’n (CRC) Science Panel on Coastal Hazards, N.C. Dep’t of Env’t and Natural Resources, North 
Carolina Sea-level Rise Assessment Report 10 (2010). Available at https://web.archive.org/web/20170713190340/http://www.ncle 
g.net/documentsites/committees/LCGCC/Meeting%20Documents/2009-2010%20Interim/March%2015,%202010/Handouts%20 
and%20Presentations/2010-0315%20T.Miller%20-%20DCM%20NC%20Sea-Level%20Rise%20Rpt%20-%20CRC%20Science 
%20Panel.pdf [hereinafter CRC 2010 Report]. 
254 Ibid.  
255 Id. at 11.  
256 Id. at 12.   
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80. In North Carolina, over 2,000 square miles of land currently lie in the coastal floodplain, 
and sea-level rise is expected to result in an additional 700 square miles being added to the 
coastal floodplain by 2050 (Figure 10).257 Further, over 120,000 people live in the 100-year 
coastal floodplain,258 and 45,000 more people are expected to reside in the coastal floodplain 
by 2050.259 
 

81. The impacts of this magnitude of sea-level rise on North Carolina’s coastal economy and 
population are expected to be immense. By 2080, losses in residential and commercial 
property in New Hanover, Dare, Carteret, and Bertie counties alone could amount to over 
$6.9 billion (2007 USD).260 King tides, which can cause flooding of up to four feet in certain 
areas of North Carolina’s coast, are already becoming more common and are expected to 
worsen with continuing sea-level rise.261   

 

                                                
257 States at Risk, Climate Central & ICF Int’l, America’s Preparedness Report Card: North Carolina 10 (n.d.). Available at 
https://web.archive.org/web/20170713193133/http://assets.statesatrisk.org/summaries/NorthCarolina _report.pdf [hereinafter 
States at Risk: NC].  
258 Ibid. 
259 Ibid.  
260 Bin et al., supra note 234, at 23.  
261 What does Sea-level Rise have to do with it, NORTH CAROLINA KING TIDES PROJECT (last visited July 13, 2017), https://web.archi 
ve.org/web/20170713200401/http://nckingtides.web.unc.edu/what-is-sea-level-rise/.  

Figure 9. Tidal gauge data from Duck, North Carolina (Dare County) between 1978-2002 (purple line) 
along with projections for continued sea level rise under a linear model (green line), a moderate 
acceleration model (blue line) and an extreme acceleration model (red line).  

(Source: N.C. Coastal Resources Comm’n (CRC) Science Panel on Coastal Hazards, N.C. Dep’t of Env’t and Natural Resources, 
North Carolina Sea-level Rise Assessment Report 11 [2010].) 
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82. In addition to direct flooding, continued sea-level rise will result in more frequent saltwater 
intrusion into North Carolina’s freshwater streams and aquifers, potentially impacting the 
availability of fresh water for drinking and agriculture.262 

 
b. Precipitation changes in North Carolina will exacerbate drought and flooding. 

 
83. North Carolina experiences an average drought threat compared to the rest of the U.S., but 

the severity of drought in the state is expected to increase 42% by 2050.263 As drought 
increases, wildfires will become more common, and the average annual number of days 
with a high potential for wildfire is projected to increase from less than 5 to more than 10 
per year by 2050.264 In North Carolina, 4.8 million people (~50% of the state’s population) 
live at the wildland-urban interface, where the threat of wildfire is most extreme.265  
 

84. The year 2016 provided a glimpse into what a future with increase drought and wildfire 
could look like in North Carolina. During November 2016, more than 100 fires burned 

                                                
262 Karetinkov et al., supra note 222, at 12.  
263 States at Risk: NC, supra note 257, at 4. 
264 Id. at 6. 
265 Ibid. 

Figure 10. Potential land lost under different sea level rise projections.  

(Source: Amber Munger & Michael Shore, Envtl. Defense, Understanding Global Warming for North Carolina: Sound 
Science for Making Informed Decisions 13 (2005). Available at http://cdm16064.contentdm.oclc.org/ 
cdm/ref/collection/p266901coll4/id/2720) 
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thousands of acres in western North Carolina that were experiencing severe drought 
conditions.266 Conditions were not only extremely dry, but also exceptionally warm, which 
caused increased evapotranspiration from plants and soil, resulting in drier and more fire-
prone vegetation.267 In total, more than 100,000 acres burned across the southeastern states 
in fall 2016, and wildfires were most devastating in North Carolina and Georgia.268 North 
Carolina declared a state of emergency in November 2016 to combat forest fires in the 
western counties.269 

 
85. North Carolina’s agricultural, forestry, tourism, and recreation industries are at risk under 

conditions of increasing drought and wildfire potential. The 2016 drought impacted hay 
production and pasture productivity,270 Christmas tree availability,271 and resulted in 
reduced visits to golf attractions272 and fall tourism in the western part of the state.273   
 

86. In addition, the state’s water supply is at risk: over half of the state’s population depends on 
groundwater for drinking and 98% of all public water supply systems rely on 
groundwater.274 Increased drought will limit groundwater availability, straining the ability 
of these systems to provide freshwater to North Carolina’s residents.    
 

87. While drought is expected to increase in western North Carolina, inland flooding in the 
eastern part of the state is also expected to become more frequent as climate change 
progresses. Inland flooding refers to flooding that is not caused by saltwater intrusion or 
sea-level rise, but rather by increased heavy rainfall that causes flash flooding and river 
overflow.275 In 2016, eastern North Carolina experienced one of its top-five wettest falls on 
record,276 and the threat of inland flooding is expected to increase almost 40% by 2050.277 
Currently, over 450,000 people (5% of the state’s population) live in flood-prone inland 
areas within 100-year riverine floodplains.278   

 
c. North Carolina’s agriculture, forestry, and tourism industries will experience losses.  
 

88. Changes in precipitation, continued temperature increases, and more frequent severe storms 
and hurricanes will combine to affect the farming, livestock, and forestry-related industries 
in North Carolina. Forests are at risk from increasingly intense hurricanes and tropical 
storms. One study estimates that forest damage increases by $500 million for every increase 

                                                
266 Henderson, supra note 227.  
267 Andrea Thompson, What a Warmer Future Means for Southeastern Wildfires, CLIMATE CENTRAL (Nov. 23, 2016), 
https://web.archive.org/web/20170713201208/http://www.climatecentral.org/news/warmer-future-southeastern-wildfires-20912.   
268 Ibid.  
269 Henderson, supra note 227.  
270 Margulis, supra note 223. 
271 Waliga, supra note 224. 
272 Eldridge, supra note 225. 
273 Ward & Davis, supra note 226.  
274 Karetinkov et al., supra note 222, at 12.  
275 U.S. Climate Resilience Toolkit, Inland Flooding, NOAA (last updated July 6, 2016),  https://web.archive.org/web/201707141 
83235/https://toolkit.climate.gov/topics/coastal-flood-risk/inland-flooding.  
276 Ward & Davis, supra note 226. 
277 States at Risk: NC, supra note 257, at 8.  
278 Ibid.  
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in hurricane category level in North Carolina.279 Hurricane Fran (category 3) damaged 8.3 
million acres of forest, causing $1.69 billion (2007 USD) in damage.280 
 

89. Climate change may cause the composition of southern forests to change,281 and pests that 
thrive in warmer climates will pose a risk to the forestry industry.282 For example, pine 
beetle outbreaks are more common as summers become warmer and winters turn milder.283 
Such outbreaks can cost the forestry industry: a pine beetle outbreak in 2001 resulted in $1 
billion lost from the southern timber economy.284 
 

90. North Carolina ranks second in the country in hog production, and the hog industry 
contributes $2.9 billion annually to the state’s economy.285 Poultry comprises 36% of total 
farm sales in North Carolina,286 and is the state’s primary agricultural industry.287 North 
Carolina’s poultry industry has an annual production value of over $3.8 billion.288 However, 
heat stress is expected to reduce livestock yields,289 as excess heat affects metabolic 
processes in livestock.290 One study estimates that five dairy cows per thousand, and one 
swine sow per thousand die annually due to heat stress in North Carolina.291 In addition, 
heat stress could cause a loss of $2.6 million annually in North Carolina’s poultry sector 
alone.292 The number of heat-stress days and associated livestock losses will increase as 
temperature rises continue across the state.  
 

91. Tourism across the state will also be affected by continuing climate change. More than half 
of all visitors to North Carolina spend time on the coast, but coastal visits are expected to 
decrease with increasing sea-level rise, erosion, and loss of coastal property and 
infrastructure.293 In addition, the cost of protecting the coast from climate-change related 
impacts will increase: sea-level rise of 20 inches will cost the state an estimated $660 million 
to $3.6 billion in dredging and beach re-nourishment.294     

 

                                                
279 Bin et al. in Karetinkov et al., supra note 222, at 11.  
280 Karetinkov et al., supra note 222, at 11.  
281 Craig Hanson Et al., World Resources Inst., Southern Forests for the Future 44-48 (2010). Available at https://web 
.archive.org/web/20170714185605/http://www.wri.org/sites/default/files/pdf/southern_forests_for_the_future_lowres.pdf.   
282 Id. at 50.  
283 Aaron S. Weed et al., Consequences of Climate Change for Biotic Disturbances in North American Forests, 83 ECOLOGICAL 
MONOGRAPHS 441, 441 (2013).   
284 Karetinkov et al., supra note 222, at 11.  
285 Census of Agriculture, 2012 Census Highlights, U.S. Dep’t of Agric. (USDA). (last updated Mar. 19, 2015), https://web 
.archive.org/web/20170714190759/https://www.agcensus.usda.gov/Publications/2012/Online_Resources/Highlights/Hog_and_Pi
g_Farming/.  
286 Karetinkov et al., supra note 222, at 10.  
287 N.C. Poultry Fed’n, Poultry Facts, (last visited July 14, 2017), https://web.archive.org/web/20170714191232/http://www.nc 
poultry.org/facts/facts.cfm.   
288 Nat’l Agric. Statistics Serv., USDA, Poultry – Production and Value: 2015 Summary 6 (2016). Available at 
https://web.archive.org/web/20170714191948/http://usda.mannlib.cornell.edu/usda/nass/PoulProdVa//2010s/2016/PoulProdVa-
04-28-2016.pdf.   
289 EPA Climate Impacts on Ag., supra note 169.  
290 EPA Climate Change for NC, supra note 232, at 2.  
291 N. R. St-Pierre et al., Economic Losses from Heat Stress by US Livestock Industries, 86 J. DAIRY SCI. E52, E46 (2003).  
292 Id. at E72.   
293 Amber Munger & Michael Shore, Envtl. Defense, Understanding Global Warming for North Carolina: Sound Science for 
Making Informed Decisions 13 (2005). Available at http://cdm16064.contentdm.oclc.org/cdm/ref/collection/p266901coll4/id/2720.  
294 Ibid.  
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92. By 2030, sea-level rise is anticipated to cost the state $93 million in lost recreation value, 
and this could increase to $223 million annually by 2080.295 Annual beach trips by non-
local North Carolina residents are also expected to decrease 16% by 2030 and 48% by 
2080.296 Beach recreation in southern North Carolina may no longer be possible by 2080, 
as 14 of the region’s 17 swimming beaches are expected to erode to the road in the next 50-
60 years.297 These impacts will combine to result in an estimated $3.9 billion in lost 
recreational benefits over the next 75 years.298   

 
c. North Carolina’s biodiversity will be affected by climate change.   
 

93. The diversity and abundance of North Carolina’s forests will be affected by climate change, 
as tree species vary in their ability to tolerate changes in temperature, moisture, and 
disturbances such as fire, drought, and insect outbreaks.299 Although forests are adapted to 
conditions of occasional drought, forests become more susceptible to insects and pathogens 
when prolonged drought occurs over multiple growing seasons.300 Further, since forests are 
adapted to particular climatic conditions, warmer year-round temperatures may cause 
species-specific habitats to shift to higher altitude regions. 301 Forests in Western North 
Carolina are expected to experience pronounced changes as a direct result of climate 
change, which will affect the availability of forest resources that North Carolinians rely 
on.302 
 

94. North Carolina will experience biodiversity losses as a direct result of climate change. 
Ecological communities at high elevations, as well as reptiles, amphibians, and cold-water 
aquatic species are expected to be most impacted by temperature increases.303 Along the 
Outer Banks, sea-level rise will impact sensitive barrier island ecosystems, which are 
already experiencing habitat loss.304 These habitats are important breeding and migration 
grounds for many birds and other animals. 305 
 

95. As seas rise, coastal wetlands, maritime forests, and shrub communities will be inundated 
by water and otherwise impacted by saltwater intrusion (e.g., through reduction in 
availability of fresh water and saltwater toxicity).306 Temperature and precipitation changes 

                                                
295 Okmyung Bin et al., Impacts of Global Warming on North Carolina Coastal Economy 4 (n.d.). Available at 
https://web.archive.org/web/20170714200358/http://bipartisanpolicy.org/wp-content/uploads/sites/default/files/NC %20Climate_ 
0.pdf.   
296 Ibid.  
297 Bin et al., supra note 234, at 40.  
298 Bin et al., supra note 295, at 4.  
299 Virginia H. Dale et al., Climate Change and Forest Disturbances, 51 BIOSCIENCE 723, 723 (2001).   
300 Western North Carolina Vitality Index, Climate Change, UNC ASHEVILLE’S NEMAC (last visited July 17, 2017), 
https://web.archive.org/web/20170717180719/http://www.wncvitalityindex.org/weather-and-climate/climate-change.   
301 Ibid.  
302 Ibid. 
303 Conservation Planning Program, Defenders of Wildlife, Executive Summary: Understanding the Impacts of Climate Change on 
Fish and Wildlife in North Carolina 1 (n.d.). Available at https://web.archive.org/web/20170717181102/http://www.ncwildlife.or 
g/Portals/0/Conserving/documents/ActionPlan/Revisions/Executive_Summary_Understanding_Climate_Change_Impacts_2009.
pdf [hereinafter Defenders of Wildlife NC]. 
304 NC Department of Environmental Quality (DEQ), Sea Level Rise. Available at https://web.archive.org/web/20170815182905/ht 
tps://deq.nc.gov/about/divisions/coastal-management/coastal-management-hot-topics/sea-level-rise  
305 Defenders of Wildlife NC, supra note 303, at 3. 
306 Id. at 1.  
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will further reduce the availability of suitable habitat for these sensitive coastal ecosystems, 
and may lead to invasion by foreign species. 307  
 

96. The availability of fish species that North Carolina’s recreational and commercial fishing 
industries depend on will be impacted by climate change. In North Carolina, 83 fish species, 
43 mussel species, 21 crayfish species, and 10 snail species are at risk due to changing 
climate.308 Cold-water species, including walleye (Sander vitreus), muskellunge (Esox 
masquinongy), and various trout species will be impacted by shrinking habitat 
availability.309 These changes are already occurring: the suitable habitat for summer 
flounder (a.k.a. fluke, Paralichthys dentatus) has been shifting north at a rate of roughly 19 
miles per decade over the last 40 years, affecting the ability of North Carolina’s commercial 
fishermen to fill their quotas. 310 
 

d. The health of North Carolina’s vulnerable populations will be impacted.   
 

97. Annual temperature averages in the Southeast U.S. are expected to increase by at least 4.1oF 
over the next century, and up to 10oF.311 Within the next 70 years, the number of days with 
temperatures over 95oF is expected to increase up to 40 days per year.312 On average, 10 
days per year are currently classified as dangerous or extremely dangerous heat-wise in 
North Carolina.313 By 2050, the number of heat-wave days is projected to increase from 15 
to 60 per year.314  
 

98. Continued temperature increases will put the State’s vulnerable populations at risk. In 2016, 
almost 5,000 heat-related illnesses were reported to emergency services, an increase of 43% 
over the previous summer.315 Young children (< 1 year old) are particularly at risk because 
their heat regulatory systems are not yet fully developed,316 and the elderly have less 
efficient heat-regulation systems.317  
 

99. North Carolina’s residents are at high risk of heart attack and stroke, and every 21 minutes 
a person dies from stroke in the state.318 Warmer weather, increased humidity, and poorer 
air quality can exacerbate heart diseases.319 Under projected temperature increases in North 
Carolina, one study estimates that deaths from heat stroke and stress during a typical 
summer could increase from 20 to over 35 (70% increase). 320 

                                                
307 Id. at 2.  
308 Id. at 3.  
309 Ibid.  
310 Marianne Lavelle, Uncivil War Breaks Out Over Fluke as Habitat Shifts North, SCIENTIFIC AMERICAN (June 3, 2014), 
https://web.archive.org/web/20170717182658/https://www.scientificamerican.com/article/uncivil-war-breaks -out-over-fluke-as-
habitat-shifts-north/.  
311 Munger & Shore, supra note 293, at 10.  
312 EPA Climate Change for NC, supra note 232, at 2.  
313 States at Risk: NC, supra note 257, at 2. 
314 Ibid.   
315 N.C. Public Health, N.C. DHHS, North Carolina Heat Report: May 1 – September 30, 2016 1 (2017). Available at https://web. 
archive.org/web/20170717183852/http://publichealth.nc.gov/chronicdiseaseandinjury/doc/2016-NorthCa rolinaHeatReport.pdf.  
316 PSR Death by Degrees, supra note 209, at 9.   
317 Id. at 10.  
318 Ibid.  
319 Id. at 14.   
320 Id. at 4.   
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100. In addition to the direct impact of increased air temperature human health, air quality also 

declines as temperatures rise since higher temperatures contribute to the formation of 
ground-level ozone (smog).321 Smog-related health problems, such as asthma, are already 
common in North Carolina. Over 300,000 children and over 500,000 adults in North 
Carolina are estimated to have asthma, and hospitalizations for asthma are most common in 
children under the age of five and adults over the age of 65.322  
 

101. Between 1982 and 1995, the prevalence of asthma in North Carolina rose by 63% overall, 
and by 87% in children.323 Children are more susceptible to asthma because they breathe 
more rapidly and have smaller airways.324 The rate of hospitalization for children with 
asthma is also higher in poorer communities.325  
 

102. The respiratory health of vulnerable populations will also be affected as wildfires become 
more common across the state. Wildfire smoke adds microscopic particulate matter to the 
air that can lodge deep into lungs.326 These impacts are especially pronounced in children 
and the elderly, as well as people with asthma, chronic obstructive pulmonary disease, 
bronchitis, chronic heart disease, or diabetes.327 Carbon monoxide, which is commonly 
produced during the smoldering stage of a wildfire, can cause headaches, nausea, dizziness, 
and death.328 The impact of wildfire on human health has already been observed in North 
Carolina: in 2008, wildfires in Dare County caused emergency department visits to increase 
between 42-66%.329 In 2016, wildfires near Charlotte resulted in the city adopting a Code 
Red air quality warning, indicating that the air was unhealthy for all groups of people.330   

 
103. As water temperatures on the coast increase, harmful algal blooms are expected to become 

more common.331 These toxic events impact recreational opportunities332 and can cause 
closure of fisheries.333 Warmer water is more thermally stratified and less viscous than cold 
water, conditions that favor the proliferation of harmful algal blooms.334 When blooms 

                                                
321 Id. at 5.  
322 Centers for Disease Control and Prevention (CDC), Asthma in North Carolina, https://www.cdc.gov/asthma/stateprofiles/as 
thma_in_nc.pdf  
323 PSR Death by Degrees, supra note 209, at 25. 
324 Ibid.  
325 Id. at 10.   
326 Janice Nolen, How Wildfires Affect Our Health, AMERICAN LUNG ASSOCIATION (Jan. 2, 2016), https://web.archive.org/w 
eb/20170717193944/http://www.lung.org/about-us/blog/2016/01/how-wildfires-affect-health.html.  
327 Ibid. 
328 Ibid. 
329 N.C. Climate Ready Program, N.C. DHHS, North Carolina Climate and Health Profile 5 (2015). Available at https://web. 
archive.org/web/20170717195920/http://epi.publichealth.nc.gov/oee/climate/ClimateAndHealthProfile.pdf [hereinafter DHHS 
NC Climate and Health Profile]. 
330 Karen Garloch, Smoke Over Charlotte is Talk of the Town – and a Danger to Some, CHARLOTTE OBSERVER (Nov. 16, 2016), htt 
ps://web.archive.org/web/20170717200226/http://www.charlotteobserver.com/news/local/article1152 25503.html.  
331 DHHS NC Climate and Health Profile, supra note 329, at 4. 
332 Ibid. 
333 Anna M. Michalak, Study Role of Climate Change in Extreme Threats to Water Quality, 535 NATURE 349, 349 (2016). 
334 Office of Water, EPA, EPA 820-S-13-001, Impacts of Climate Change on the Occurrence of Harmful Algal Blooms 2 (2013). 
Available at https://web.archive.org/web/20170717201716/https://www.epa.gov/sites/production/files/documents/climatehabs.pdf 
[hereinafter EPA Harmful Algal Blooms]. 
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occur in fresh water, the availability of drinking water is impacted.335 The presence of algal 
blooms also reduces dissolved oxygen, which can lead to fish kills.336  
 

104. The prevalence of many vector-borne illnesses is expected to increase with warming air 
temperatures. In North Carolina, most vector-borne illnesses are transmitted by ticks, 
mosquitos, or fleas. 337 The incidence of Lyme disease, which is spread by ticks, is 
increasing across the U.S.,338 and warming temperatures are expected to increase the 
occurrence of ticks in North Carolina by 2020.339  
 

105. Mosquito populations increase with rising temperatures and following heavy rainfalls and 
hurricanes, which produce breeding habitat.340 The mosquito species capable of transmitting 
West Nile Virus, dengue, chikungunya, and Zika is now found year-round as far north as 
Washington, D.C., increasing the likelihood that viruses from South and Central America 
spread into North America.341 In 2016, two North Carolina cities, Raleigh and Charlotte, 
were identified among the 30 U.S. cities most at risk of Zika virus due to their climate and 
the number of visitors to Central and South America.342  

 
 
C. The best available science provides measures for reducing CO2, stabilizing the 
climate system, and protecting the planet and its inhabitants. 
 

i. North Carolina’s emissions are significant globally. 
 

106. The most direct way to mitigate the impacts of climate change is to reduce the emissions 
of greenhouse gases, including CO2. North Carolina cannot solve climate change on its own; 
however, the state has a critical role to play in the effort to reduce greenhouse gas emissions 
because the state’s emissions are globally significant.  
 

107. According to the most recent data, North Carolina is the 14th most substantial emitter of 
CO2 in the US, with 127 million metric tons of CO2 emitted in 2014 (Figure 11).343  If North 
Carolina were a country it would be the 38th largest emitter of CO2 in the world, 
demonstrating the significant global impact of the State’s emissions.344 Though the State’s 

                                                
335 See Michalak, supra note 333, at 1. (A 2014 algal bloom in Lake Erie produced dangerous levels of liver-damaging compounds, 
preventing 500,000 people from drinking tap water). 
336 EPA Harmful Algal Blooms, supra note 334, at 1. 
337 NC Department of Health and Human Services (DHHS), Diseases & Topics: Vector-Borne Diseases, http://epi.publichealth 
.nc.gov/cd/diseases/vector.html  
338 EPA, Climate Change Indicators: Lyme Disease, (last updated Feb. 22, 2017), https://web.archive.org/web/20170718131711/ 
https://www.epa.gov/climate-indicators/climate-change-indicators-lyme-disease.   
339 John S. Brownstein et al., Effect of Climate Change on Lyme Disease Risk in North America, 2 EcoHealth 38, 42 (2005).  
340 DHHS NC Climate and Health Profile, supra note 329, at 5.  
341 Andrew Lima et al., Evidence for an Overwintering Population of Aedes aegypti in Capitol Hill Neighborhood, Washington, 
DC, 94 Am. J. Tropical Medicine and Hygiene 231, 231 (2016).  
342 Tribune Media Wire, 2 NC Cities Make List of 30 American Cities Most at Risk of Zika Virus, FOX 8 (Apr. 11, 2016), 
https://web.archive.org/web/20170718133244/http://myfox8.com/2016/04/11/30-american-cities-most-at-risk -of-zika-virus/.   
343 U.S. Energy Information Administration (EIA), Energy-Related Carbon Dioxide Emissions at the State Level, 2000-2014, (Jan. 
17, 2017), https://web.archive.org/web/20170718135317/https://www.eia.gov/environment/emiss ions/state/analysis/.  
344 EIA, International Energy Statistics: Total Carbon Dioxide Emissions from the Consumption of Energy 2014. (Comparison 
between North Carolina’s 2014 CO2 emissions with the emissions from 216 other countries)    
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total emissions level peaked in 2007, North Carolina’s emissions are not yet consistently 
declining. In 2014, statewide emissions increased by 3.6% from the previous year.345 

 
ii. North Carolina’s Business as Usual (BAU) emissions scenario does not prescribe 

significant emissions reductions. 
 

108. The electric power sector contributes the majority (45%) of North Carolina’s emissions 
and will, therefore, be the sector most impacted by the proposed rule. Duke Energy, North 
Carolina Municipal Power Agency, Southern Company, and Reynolds Group are the five 
parent companies emitting the greatest portion of North Carolina’s CO2 in 2015 (Appendix, 
Table A1).346 Duke Energy alone contributed 65% of the 57.8 MMT CO2 from large 
facilities347 in 2015. Because of its substantial CO2 contribution, we refer to Duke Energy’s 
electricity-generating plans for North Carolina through 2031 as a business as usual (“BAU”) 
scenario for comparison to the proposed rule. 

 
 

                                                
345 U.S. ENERGY INFORMATION ADMINISTRATION (EIA), State Carbon Dioxide Emissions (2016). Available at  https://web.archive 
.org/web/20170711143322/https://www.eia.gov/environment/emissions/state/ (See spreadsheet for North Carolina: Carbon dioxide 
emissions in 2014 equaled 126.8 million metric tons, up from 125.0 million metric tons in 2013).  
346 U.S. Environmental Protection Agency (EPA), 2015 Greenhouse Gas Emissions from Large Facilities (2015). Available at 
https://web.archive.org/web/20170711143907/https://ghgdata.epa.gov/ghgp/main.do  
347 Defined as facilities emitting more than 25,000 MT CO2e. 

Figure 11. Ranking of the twenty U.S. states with the highest emissions of CO2 in 2014, 
showing the rank location of North Carolina. NC’s 2014 emissions are indicated.  

(Data source: EIA, Energy-Related Carbon Dioxide Emissions at the State Level, 2000-2014, [Jan. 17, 2017].)  

A-47



 

Duke Environmental Law & Policy Clinic 43 

109. In the company’s 2016 Integrated Resource Plan (“IRP”) Annual Report, Duke Energy 
forecasts an annual net energy consumption growth rate of 1.1%348 and predicts meeting at 
least 54%349 of collective350 consumption needs with emission-free resources in 2017. Solar 
energy is Duke Energy’s primary renewable resource and their solar capacity is expected to 
be 735 MW in 2017 and increase to 2,168 MW in 2031.351 The company predicts continued 
use of coal and natural gas resources through 2031. From a lowest CO2 emissions 
perspective, the best portfolio projections in the 2016 IRP only achieve a 15-20% reduction 
in emissions by 2031, relative to 2016.352 Under this BAU scenario, Duke Energy would 
still emit 46-49 MMT CO2 per year in 2031.353   

 
110. The State of North Carolina, through its agencies and educational institutions, owns and 

operates many large emitting facilities within the State. For example, North Carolina State 
University emitted almost 100,000 metric tons of CO2 in 2015.354 Other State-owned 
emitting facilities are identified in Appendix Table A1. The State also owns and operates a 
fleet of approximately 8,500 vehicles and thus is responsible for substantial CO2 
emissions from both stationary and mobile sources, which contribute to the baseline level 
of emissions in the State.355 Previously, North Carolina has recognized its duty to reduce 
emissions stemming from its proprietary function: In 2005, the Division of Air Quality 
published a report pursuant to the Clean Smokestacks Act of 2002, in which it 
recommended that the North Carolina State government increase efforts to “reduce energy 
in, and emissions of CO2e from all government owned or leased buildings, and 
equipment.”356 However, no clear actions have been taken to implement these 
recommendations. 
 

111. North Carolina ranks second in the nation for statewide spending on importing coal.357 
The cost of importing coal and other fossil fuels for electricity production totaled over $17 
billion in 2007, compared to just $1.5 billion spent on developing in-state sources of 
energy.358 Fossil fuel imports account for 28% of the total cost of electricity in the state.359 
By transitioning from fossil fuels to renewable sources of electricity, North Carolina 
would be able to keep more of its energy expenditures in-state, boosting the state’s 
economy and creating more jobs through the economic multiplier effect. 

                                                
348 Duke Energy Carolinas, LLC, 2016 Integrated Resource Plan and 2016 REPS Compliance Plan, Docket No. E-100 Sub. 147, 
p.6. 
349 Id. at 10. 
350 Duke Energy Carolinas in combination with Duke Energy Progress. 
351 Duke Energy Carolinas, supra note 348, at 9. 
352 Id. at 37. 
353 85% of 57.8 MMT = 46.24 MMT; 80% of 57.8 MMT = 49.13 MMT. 
354 U.S. Environmental Protection Agency (EPA), 2015 Greenhouse Gas Emissions from Large Facilities (2015). Available at 
https://web.archive.org/web/20170711143907/https://ghgdata.epa.gov/ghgp/main.do  
355 State of North Carolina, Motor Fleet Management,  https://www.nc.gov/agency/motor-fleet-management  
356 North Carolina Department of Environment and Natural Resources, Division of Air Quality, Carbon Dioxide (CO2) Emissions 
Reduction Strategies for North Carolina (Pursuant to North Carolina’s Clean Smokestacks Act of 2002) (September 2, 20015),  
https://files.nc.gov/ncdeq/Air%20Quality/news/leg/co2_final_09022005.pdf (p. 6) 
357 Union of Concerned Scientists, North Carolina’s Dependence on Imported Coal (2014), http://www.ucsusa.org/sites/default/ 
files/legacy/assets/documents/clean_energy/North-Carolina-Coal-Imports-BCBC-Update-2014.pdf  
358 North Carolina Energy Policy Council, North Carolina State Energy Report (March, 2010), https://www.nccommerce.com/Po 
rtals/14/Documents/Publications/ANNUAL%20NC%20ENERGY%20REPORT%20final%20feb%202010%20v2-1.pdf  
359 Diane Cherry and Shubhayi Saha, Renewable Energy in North Carolina, POPULAR GOVERNMENT (Spring/Summer 2008), https:// 
iei.ncsu.edu/wp-content/uploads/2013/01/renewableenergync.pdf  
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iii. North Carolina’s renewable energy markets are poised to take over. 

 
112. North Carolina is already a leader in clean and renewable energy. In August 2007, North 

Carolina became the first state in the southeast to adopt Renewable Energy and Energy 
Efficiency Portfolio Standards (“REPS”) and there have been significant benefits since the 
implementation of this program.360 The state has reduced its energy-related carbon 
emissions by 15% relative to 2000 levels and has reduced its economy’s carbon intensity 
by 33.7%, the 8th most substantial reduction in the United States.361 

 
113. According to an extensive study by Jacobson et al., wind and solar capacity are North 

Carolina’s largest renewable energy sources.362 More than 75% of the state’s total energy 
demand can be met by offshore wind and utility-scale photovoltaic solar.363 North Carolina 
ranks 5th in offshore wind energy potential with an estimated 634 TWh (terawatt-hours) per 
year available to harness (Figure 12).364  
 

114. In 2016, North Carolina ranked second out of the 50 states in installed solar capacity and 
the solar industry generated 7,112 jobs within the state.365 In 2050, there will be an estimated 
46,000 MW of potential residential and commercial solar capacity available throughout the 
State.366 

 
115. The electric power sector is the largest emitter of CO2 in North Carolina, contributing to 

45% of the state’s total emissions.367 Therefore, the state’s transition to zero CO2 emissions 
would have the greatest impact on the energy sector, and the energy sector is already poised 
to make the transition to renewables. 

 
116. Duke Energy is the largest electric utility in the United States and is the largest emitter of 

CO2 in North Carolina.368 As of 2015, solar is Duke Energy’s primary renewable energy 
resource. According to their Integrated Resource Plan, Duke Energy’s solar capacity is set 
to nearly triple from 735 to 2168 MW by 2031.369 

                                                
360 EIA, North Carolina: Profile Analysis, (last updated Aug. 18, 2016), https://web.archive.org/web/20170718145447/https:/ 
/www.eia.gov/state/analysis.php?sid=NC.  
361 EIA, supra note 343; The economy’s carbon intensity is measured in metric tons of energy-related carbon dioxide per million 
chained 2009 dollars of GDP.  
362 Mark Z. Jacobson et al., 100% Clean and Renewable Wind, Water, and Sunlight (WWS) All-Sector Energy Roadmaps for the 
50 United States, 8 ENERGY & ENVT’L SCI. 2093, 2099 (2015). 
363 Ibid. 
364 Walt Musial, Donna Heimiller, Philipp Beiter, et al, 2016 Offshore Wind Energy Resource Assessment for the United States, 
NATIONAL RENEWABLE ENERGY LABORATORY Technical Report NREL/TP-5000-66599, 1, 72 (September 2016). 
365 Solar Energy Industries Association (SEIA), Top 10 Solar States, (last visited July 18, 2017), https://web.archive. 
org/web/20170718153719/http://www.seia.org/research-resources/top-10-solar-states.  
366 Jacobson et al., supra note 362, at 2100. (Combined potential capacity of suitable residential and commercial area in 2050).  
367 EIA, Energy-Related Carbon Dioxide Emissions at the State Level, 2000-2014, (Jan. 17, 2017), https://web.archive.org/web/ 
20170718135317/https://www.eia.gov/environment/emissions/state/analysis/. 
368 Justin Walton, The World’s Top 10 Utility Companies, INVESTOPEDIA (Feb. 25, 2016), https://web.archive.org/web/20170718 
154531/http://www.investopedia.com/articles/investing/022516/worlds-top-10-utility-companies.asp?lgl=rira-baseline-vertical; 
EPA, 2015 Greenhouse Gas Eimssions From Large Facilties (August 13, 2016). Available at  https://web.archive.org/web/2017081 
5182715/https://ghgdata.epa.gov/ghgp/main.do  
369 DUKE ENERGY CAROLINAS, SOUTH CAROLINA 2016 INTEGRATED RESOURCE PLAN (BIENNIAL REPORT) 26 (2016). Available at 
https://web.archive.org/web/20170718155054/http://www.energy.sc.gov/files/view/DEC%20IRP%2020 16%20Corrected%2010-
2016%20Clean%20Copy.pdf.  
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4. Provide a statement of the effect on existing rules or orders 
 
 Petitioners anticipate that adopting a carbon dioxide rule or rules pursuant to this Petition 
would require the EMC to add provisions to existing subchapters within the North Carolina 
Administrative Code (“Administrative Code”’), rather than amend current rules. For example, it 
would be logical for the EMC to add carbon dioxide emissions rules to Title 15A, Chapter 02, 
Subchapter D of the North Carolina Administrative Code. This rulemaking Petition, however, 
does not dictate a particular method of implementing the requested rule(s), and therefore the 
actual additions or amendments to the Administrative Code will depend upon the particular 
implementation strategies the EMC adopts.  

5. Provide copies of any documents and data supporting the proposed rule(s) 
 
Supporting documents/evidence are attached as:  
 
Exhibit A: Explanation of emission reductions trajectories for North Carolina based on goal of 
reducing in-state carbon dioxide emissions to zero by 2050. 
 

Figure 12. Twenty states with the highest net technical wind energy potential in the U.S., showing 
the rank location of North Carolina. NC’s wind energy potential is indicated.  

(Figure adapted from: Walt Musial, Donna Heimiller, Philipp Beiter, et al, 2016 Offshore Wind Energy Resource 
Assessment for the United States, NATIONAL RENEWABLE ENERGY LABORATORY Technical Report NREL/TP-5000-66599, 1, 
72 [September 2016].) 
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Exhibit B: U.S. Environmental Protection Agency (EPA), Technical Support Document for 
Endangerment and Cause or Contribute Findings for Greenhouse Gases under Section 202(a) of 
the Clean Air Act, Executive Summary ES-1 - ES-7 (December 7, 2009). 
 
Exhibit C: James Hansen, Pushker Karecha, Makiko Sato, et al., Assessing “Dangerous Climate 
Change”: Required Reduction of Carbon Emissions to Protect Young People, Future Generations 
and Nature 8 PLOS ONE e81648 (2013).  
 
Exhibit D: Mark Z. Jacobson, Mark A. Delucchi, Guillaume Bazouin, et al., 100% Clean and 
Renewable Wind, Water, and Sunlight (WWS) All-Sector Energy Roadmaps for the 50 United 
States 8 ENERGY ENVIRON. SCI. 2093-2117 (2015).  
 
Exhibit E: The Solutions Project, 100% Renewable Energy Roadmap for North Carolina 
THESOLUTIONSPROJECT.ORG  
 
Exhibit F: Okmyung Bin, Chris Dumas, Ben Poulter, and John Whitehead, Measuring the Impacts 
of Climate Change on North Carolina Coastal Resources Prepared for National Commission on 
Energy Policy 1-101 (2007). 
 

6. Provide a statement of the effect of the proposed rule on existing practices in 
the area involved, including cost factors for persons affected by the proposed 
rule(s) 
 

The benefits of adopting and implementing the rule proposed herein far outweigh the 
associated financial costs. While the direct costs are largely constrained to constructing renewable 
energy infrastructure, the benefits mitigate foreseen economic losses in the property, recreation 
and tourism, agriculture, and forestry sectors. Importantly, recent analyses find that economic 
growth can be decoupled from energy-sector greenhouse gas emissions if private-sector incentives 
are introduced.370  
 

The proposed rule also protects against harm to environmental and human health by mitigating 
CO2-induced climate change and simultaneously reducing associated pollutants. The proposed 
strategy for achieving compliance with this rule predicts that electric rates will increase. However, 
end-user costs will decline due to decreases in demand and increased energy efficiency. Not only 
do these benefits provide great financial savings to North Carolina, they represent a moral 
imperative to protect and promote human health, especially that of children and future generations. 
 
 

A. The significant costs of action will be imposed directly on the electric power 
sector, but these costs will be outweighed by the economic benefits of the 
proposed action.  

 

                                                
370 See Barack Obama, The Irreversible Momentum of Clean Energy SCIENCE 1, 1-3 (2017). (DOI: 10.1126/science.aam6284).  
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i. Conversion to 100% Wind, Water, and Sunlight (WWS) is a Cost-effective Strategy for Deep 
Decarbonization of the Energy Sector.  

 
117. The proposed rule requires a substantial transition from nonrenewable to renewable energy 

infrastructure for electricity, transportation, heating/cooling, and industrial purposes in 
North Carolina. One cost-effective strategy for transforming the energy sector is through 
the adoption of 100% renewable energy, focusing on wind, water, and solar, which are 
readily available renewable energy sources in North Carolina. 
 

118. A comprehensive analysis put forth by Jacobson et al. of Stanford University and 
University of California at Berkeley in 2015 provides roadmaps for conversion of energy 
infrastructure to entirely electrified systems in all 50 states by 2050 (“WWS plan”).371 The 
WWS plan for North Carolina not only electrifies the energy sector, achieving zero 
emissions by 2050, but also achieves a reduction in end-use power consumption372 of 39.5% 
to 332 terrawatt-hours (tWh) per year (from 550 tWh/yr).373 These estimates of reduced 
end-use power consumption reflect an anticipated greater electricity efficiency relative to 
combustion efficiency and improved end-use efficiency due to technological improvements 
and innovations.374 
 

119. Although the Environmental Management Commission and the Division of Air Quality 
may choose how to implement the proposed rule, the following analysis reflects the costs 
and benefits of implementing the WWS plan as prescribed by Jacobson et al. in their 2015 
analysis.375 As described above, this analysis assumes that the entire energy sector in North 
Carolina converts to 100% WWS-based electricity by 2050.  

 

                                                
371 Note: Throughout Sections 6 and 7 of this Petition, we reference the 2015 WWS study by M. Jacobson et al. to support our 
argument that a transition to a 100% renewable energy sector by 2050 is not only feasible, but cost- effective [See Mark Z. Jacobson, 
Mark A Delucchi, Guillaume Bazouin et al., 100% Clean and Renewable Wind, Water, and Sunlight (WWS) All-sector Energy 
Roadmaps for the 50 United States 8 ENERGY & ENVIRONMENTAL SCIENCE 2093 (2015)]. In June 2017, C. Clack et al. published a 
critique of Jacobson et al.’s WWS plan [See Christopher T.M. Clack, Staffan A. Qvist, Jay Apt, et al., Evaluation of a proposal for 
reliable low-cost grid power with 100% wind, water, and solar 114 PNAS 6722 (2017)]. The main concerns raised by Clack et al. 
involve modeling choices made by Jacobson et al. For example, Clack et al. question the feasibility of maintaining low transmission 
costs given the need for vast updates to grid infrastructure, as well as Jacobson et al.’s chosen discount rate when projecting future 
returns. Clack et al. also question several of Jacobson et al.’s modeling assumptions, and the authors’ reliance on electricity and 
hydrogen as the sole energy carriers. For a full overview of these arguments, see Clack et al., listed above, and Jacobson et al.’s 
rebuttal: Mark Z. Jacobson, Mark A Delicchi, Mary A. Cameron, & Bethany A. Frew, The United States Can Keep the Grid Stable 
at Low Cost with 100% Clean, Renewable Energy in all Sectors Despite Inaccurate Claims 114 PNAS E5021 (2017). In support 
of our arguments in Section 6 and 7 of this Petition, we believe that a transition to 100% renewable energy is feasible and cost-
effective for North Carolina, given the State’s significant potential to host renewable energy projects including solar and offshore 
wind (See also the other arguments outlined in Section 6 of this Petition). We recognize that the plausibility of modeling 
assumptions made by Jacobson et al. will be reviewed, critiqued, and improved as part of the scientific process by which complex 
economic and energy projections such as this are developed. However, although the specific assumptions underlying these models 
may be revised, the important outcomes - that 100% renewable energy is possible in North Carolina, and that this transition can be 
carried out in a cost-effective manner - remain unchanged. Importantly, Clack et al. do not disagree with the fact that 100% 
renewable energy is possible by mid-century.  
372 End-use power consumption estimates reflect greater efficiency of electricity over combustion and modest improvements in 
end-use efficiency. These estimates exclude losses incurred during power production and transmission processes. See Mark.Z. 
Jacobson, Mark.A. Delucchi, Guillaume. Bazouin, et al., 100% Clean and Renewable Wind, Water, and Sunlight (WWS) All-sector 
Energy Roadmaps for the 50 United States 8 ENERGY ENVIRON. SCI. 2093, 2095 (2015).  
373 Id. at 2097 (Table 1).  
374 Id. at 2093. 
375 Id.  
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a.  The costs of conversion to 100% renewable energy are outweighed by the benefits 
 

120. The estimated gross conversion cost of transitioning from fossil fuel to renewable energy 
electricity resources according to the WWS plan is $327 billion through 2050 (equivalent 
to $2,330,000 per MW added; Table 1).376 From a 2013 baseline, these costs account for 
the construction of 1,598 onshore windmills, 9,758 offshore windmills, 1,753 wave-
powered devices, 146 tidal devices, 2.8 million residential photovoltaic (PV) systems, 
83,600 commercial and governmental photovoltaic systems, 981 solar plants, and 45 
concentrated solar power systems (See Section 7A).377  
 

121. This conversion is projected to result in a slight increase in the 2050 levelized business cost 
of electric power generation to 11.1 cents/kWh, compared to 10.5 cents/kWh when using 
conventional fuels.378 However, because of the decrease in end-use power consumption, the 
WWS plan results in an average electricity cost savings of $139 per person per year by 
2050.379 Further, the WWS plan generates additional cost savings of $1,382 per person per 
year in 2050 from air quality improvements, and $787 per person per year from climate 
change costs avoided in the state of North Carolina in 2050 (Table 1).380 
 

122. Importantly, the above costs and benefits were calculated under a middle-cost/middle-
benefit (“middle”) scenario.381 Jacobson et al. also analyze low-cost/high-benefit (“LCHB”) 
and high-cost/low-benefit (“HCLB”) scenarios, and calculate the years to payback for each 
scenario.382 Under the middle scenario (described above and in Table 1), the benefits begin 
to outweigh the costs by 2060. Under the LCHB scenario, benefits are realized as soon as 
2053, and under the HCLB scenario, benefits are realized by 2073 (Table 1).  
 

123. However, even under the HCLB scenario, benefits will likely be realized earlier than 2073, 
due to the emergence of additional benefits from the WWS plan, including the creation of 
40-year jobs at an estimated benefit of $3.43 billion per year to North Carolina ($301 per 
person per year) beginning in 2050.383 Further, North Carolina’s renewable energy sector is 
already poised to make this transition, which may lower the overall cost of this plan (see 
Section 3C). Finally, there are additional climate costs not considered under Jacobson et 

                                                
376 M. Jacobson et al., Supplemental Information for 100% Clean and Renewable Wind, Water, and Sunlight (WWS) All-Sector 
Energy Roadmaps for the 50 United States (2015). Available at https://web.archive.org/web/20170711145648/http://web.stanford. 
edu/group/efmh/jacobson/Articles/I/WWS-50-USState-plans.html(Excel Workbook, worksheet titled “Intermediate details by 
state”; Original estimate of $313 billion in 2013 USD was converted to 2017 USD using the CPI Inflation Calculator, available at 
https://www.bls.gov/data/inflation_calculator.htm).  
377 Jacobson et al., supra note 372 at 2099.  
378 Id. at 2106 (Table 6). 
379 Ibid. (Based on 2012 population of 9,752,073 people. Cost converted from 2013 USD to 2017 USD using the CPI Inflation 
Calculator, supra note 376).  
380 Ibid. (Cost converted from 2013 USD to 2017 USD using the CPI Inflation Calculator, supra note 376).; “Climate change costs” 
are the impacts borne by NC due to the continued use of fossil fuels in the U.S., so avoided climate change costs are only realized 
if the entire U.S. converts to WWS. This benefit is calculated separately from the electricity cost-savings and the avoided damages 
from air pollution. It is a function of the social cost of carbon and the incidence of climate change impacts in NC (e.g., coastal 
damages, increased energy expenditures, crop losses, reduced labor productivity, increased crime, increased mortality). For more 
information on how this value was calculated, see Jacobson et al. 2015 Electronic Supplemental Information (ESI), at 21-30 (2015), 
available at https://web.archive.org/web/20170713135443/http://www.rsc.org/suppdata/c5/ee/c5ee01283j/c5ee0 128 3j1.pdf  
381 Jacobson et al. Supplemental Information, supra note 376 (Excel Workbook, worksheet titled “Expanded cost results by state”).  
382 Ibid.   
383 Jacobson et al., supra note 372 at 2109-2110. 
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al.’s analysis, including the impact from hurricanes on North Carolina’s agricultural sector, 
which will be avoided by rigorous emissions reductions, further reducing the overall cost 
of the transition to renewable energy.   
 

124. Although Jacobson et al.’s cost-benefit analysis assumes that the entire U.S. transitions to 
100% WWS, many of the benefits that are identified – including air quality improvements 
and electricity cost savings - will be realized in North Carolina even if other states do not 
reduce their CO2 emissions, as these impacts are borne locally. North Carolina will also 
benefit directly from job creation under the WWS plan. Therefore, North Carolina will 
benefit from transitioning to 100% WWS even if other states do not undergo a similar 
transformation on the same timeline. These considerations are detailed in the following 
sections.  

 
Table 1: Costs and benefits of adopting 100% wind, water, and sunlight (WWS) energy in North Carolina 
(costs and benefits are presented for a “middle” cost/benefit scenario; costs and benefits for low-cost/high-
benefit (LCHB) and high-cost/low-benefit (HCLB) scenarios are also illustrated).384 

Description Total for NC  
(2017 USD) 

Equivalent per person 
in NC (2017 USD) Year Realized 

Adoption of WWS plan $327 billion  $28,705 2050 

 TOTAL COSTS $28,705  2050 (one-time cost) 
    

Electricity cost savings $1.6 billion $139 2050 

Air quality benefits $15.7 billion $1,382 2050 

Climate cost savings $11.4 billion $1,000 2050 

 TOTAL BENEFITS  $2,521  Annually, beginning in 
2050 

    
 Cost/Benefit Scenario Years to Payback Year Benefits Realized  
 LCHB 3 years 2053 
 Middle  10 years 2060 
 HCLB 23 years 2073  

 
b. North Carolina has already benefited from investments in renewable energy infrastructure 
 

125. North Carolina has made substantial progress in meeting its electricity demand with 
renewable resources. In 2015, net summer capacity was 31,310 MW.385 As of April 2017, 
the State achieved 17.2% of this capacity using renewable resources (5,380.2 MW), an 
increase of 1,152 MW over the previous year.386  
 

                                                
384Jacobson et al. Supplemental Information, supra note 376 (Excel Workbook, worksheet titled “Expanded cost results by state”); 
Values converted into 2017 USD and based off projected population of NC in 2050.  
385 U.S. Energy Information Administration (EIA), North Carolina Electricity Profile 2015 (2017). Available at 
https://web.archive.org/web/20170711151222/https://www.eia.gov/electricity/state/northcarolina/  
386 U.S. Energy Information Administration (EIA), Electric Power Monthly Report with Data for April 2017 (2017). (Table 6.2.B) 
Available at https://web.archive.org/web/20170711152705/https://www.eia.gov/electricity/monthly/pdf/epm.pdf  
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126. An assessment of renewable energy infrastructure projects from April 2017 data compiled 
by the U.S. Energy Information Administration shows that an additional 130 renewable 
energy projects have been announced or are under construction for the 2017-2019 period 
(Appendix, Table A2).387 These projects would add 1,342 MW and allow for 21.5% of net 
summer capacity demand to be met by renewable resources (relative to 2015 net summer 
capacity demand).388 
 

127. Noteworthy growth in the solar energy sector indicates that private companies are 
embracing the transition to renewable electricity generation. There are more than 200 solar 
companies throughout the state, providing jobs for over 7,000 people, and providing 3.25% 
of the State’s electricity.389 As of 2017, North Carolina ranks second in the US for amount 
of solar energy capacity currently installed.390 These 3,287 MW of solar energy capacity 
are capable of powering 371,000 homes in the state.391  
 

128. By 2022, North Carolina is expected to install an additional 3,653 MW of capacity, more 
than doubling the installation rate observed in 2010-2015.392 The feasibility of solar projects 
is increasing due the decreasing price of photovoltaic (PV) systems. PV prices have 
decreased 64% since 2012,393 which suggests that projected costs associated with renewable 
infrastructure projects will end up being substantially lower than existing estimates. 
 

c. Job losses are offset by jobs created 
 

129. Irrespective of state-level climate policy changes, North Carolina is projected to receive 
$4.3 billion in renewable energy investments.394 These investments are expected to create 
51,000 jobs for state residents395 (representing more than 20% of the unemployed civilian 
labor force).396  
 

130. By implementing the WWS plan, North Carolina would create demand for 99,676 40-year 
construction jobs and 63,199 40-year operation jobs, resulting in a net gain of 68,652 
jobs.397 Through 2049, year-to-year WWS plan-related employment would be characterized 
by a net increase in jobs. Net earnings from these jobs minus the estimated jobs lost in the 

                                                
387 U.S. Energy Information Administration (EIA), Electric Power Monthly: Data for April 2017 (2017). Available at 
https://web.archive.org/web/20170711155929/https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_6_05  
388 Ibid. (See also Appendix, Table A2)  
389 Solar Energy Industries Association (SEIA), Solar Spotlight North Carolina (2017). Available at https://web.archive.org/web/ 
20170711160522/https://www.seia.org/sites/default/files/2017%20Q1%20NC.pdf  
390 Ibid. 
391 Ibid. 
392 Ibid. 
393 Ibid. 
394 American Security Project, Pay Now, Pay Later: North Carolina, p.1 (2010). Available at https://web.archive.org/web/20170 
711160903/http://americansecurityproject.org/resources/pnpl/North%20Carolina%20FINAL.pdf  
395 Id. at 1; Original analysis of investment revenue and job creation conducted by: Center for American Progress. Clean-Energy 
Investments Create Jobs in North Carolina (2009). Available at: https://web.archive.org/web/20170711161202/http://images2. 
americanprogress.org/CAP/2009/06/factsheets/peri_nc.pdf  
396 Based on North Carolina’s December 2016 unemployment rate. See U.S. DEPT. OF LABOR, BUREAU OF LABOR STATISTICS, 
Economy at a Glance: North Carolina (2017). Available at https://web.archive.org/web/20170711161329/https://www.bls.gov/ 
eag/eag.nc.htm  
397 Jacobson et al. supra note 372, at 2111. 
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transportation and nonrenewable energy sectors are estimated to be $3.43 billion.398 These 
benefits are not included in Jacobson et al.’s cost-benefit analysis as detailed in Table 1, so 
can be counted as additional benefits, further reducing the time to payback for North 
Carolina under the WWS plan. 
   

131. Failure to mitigate the effects of climate change jeopardizes North Carolina’s economy and 
employment rate. One analysis predicts that decreased water availability and corresponding 
consumer and industry responses in North Carolina could result in losses of $71.7 billion 
GDP contributions,399 19,800 state residents, and 492,400 jobs by 2050.400 This study 
(modeling changes in the absence of mitigation or climate policy) predicts that losses in 
GDP will correspond with many climate-change impacts, including the transition from a 
producing or self-sufficient economy to one reliant on imported goods. Similarly, the 
estimated population change and job losses reflect a diminished competitive advantage 
within the state (motivating some residents to relocate in pursuit of better opportunities) and 
predict the responses of policymakers adapting to a weakened economy in the context of 
climate change.401 

 
ii. Market-Based Approaches Support the Proposed Rule. 
 

132. Market-based environmental policy instruments are effective mechanisms for regulating 
CO2 emissions from the industrial and energy sectors.402 The International Monetary Fund 
(IMF) and the Organization for Economic Cooperation and Development (OECD) both 
promote market-based approaches such as cap-and-trade and carbon tax,403 which have 
proven to be effective and inexpensive tools for CO2 regulation. The revenue collected from 
these programs can be reinvested at the federal or state level to support green initiatives and 
other legislative programs. In addition, incentive programs have proven to be effective tools 
for renewable energy infrastructure and energy efficiency projects. These programs can 
remove barriers for renewable energy, further reducing the costs as proposed under the 
WWS plan (Table 1).  
 

a. Cap-and-trade carbon emissions reductions approaches are cost-effective 
 

                                                
398 Ibid. (Original estimate of $3.28 billion (2013 USD) was converted to $3.43 billion 2017 USD using the CPI Inflation Calculator, 
supra note 376).  
399  George Backus, Thomas Lowry, Drake Warren, et al., Assessing the Near-Term Risk of Climate Uncertainty: Interdependencies 
Among the U.S. States SANDIA REPORT No SAND2010-2052, p.22 (2010). Available at https://web.archive.org/web/201707 
11162240/http://www.southernclimate.org/documents/Climate_Risk_Assessment.pdf (Assumes a 0% Federal Reserve Bank 
discount rate; original estimate of $63.4 billion (2008 USD) was converted to $71.7 billion 2017 USD using the CPI Inflation 
Calculator, supra note 376).  
400 Id. at 22 (Table 3). (Analyses correspond to IPCC Special Report on Emissions Scenarios (SRES) A1B “balanced” scenario of 
economic growth and renewable energy use expansion; Job losses are measured in labor years, i.e. entire years of fulltime 
employment). 
401 Id., Sec. 3. 
402 International Monetary Fund, Climate, Environment, and the IMF (2017). Available at https://web.archive.org/web/2017071116 
3225/http://www.imf.org/en/About/Factsheets/Climate-Environment-and-the-IMF  
403 The Organisation for Economic Co-operation and Development (OECD), Carbon Taxes and Emissions Trading are Cheapest 
Ways of Reducing CO2, OECD Says (2013). Available at https://web.archive.org/web/20170711191454/http://www.oecd.org/news 
room/carbon-taxes-and-emissions-trading-are-cheapest-ways-of-reducing-co2.htm  
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133. There are two existing cap-and-trade programs functioning within the U.S.: The Regional 
Greenhouse Gas Initiative (RGGI)404 and California’s AB 32 System.405 The RGGI initiated 
a cap-and-trade program for Connecticut, Delaware, Maine, Maryland, Massachusetts, New 
Hampshire, New York, Rhode Island, and Vermont in 2008. The RGGI distributes CO2 
allowances through quarterly, regional auctions and tracks allowance market activity.406 In 
2013, this program was generating $447 million per year; approximately 32% of generated 
revenue was distributed evenly to the general funds of participating states, 12% funded 
state-level programs including utility bill assistance, and 50% went to support green 
subsidies.407   
 

134. In 2011, California implemented a similar program that also prescribed a cap decrease by 
3% per year starting in 2013.408 This program generates an estimated $1 billion per year 
with 45% allocated to green subsidies and 55% supporting programs that aid disadvantaged 
communities and reduce household and small business energy rates, with the remainder 
going towards general funds.409  

 
b. Carbon tax programs are an alternative market-based approach for reducing carbon emissions  

 
135. Carbon taxes, levied on carbon emissions from fossil fuels, are an alternative market-based 

approach that has gained broad traction globally, and have been implemented in many G-
20 countries including the UK, France, and Japan.410 Compared to a cap-and-trade system, 
a carbon tax minimizes administrative costs and eliminates the threat of emissions price 
volatility.411  
 

136. Sixteen countries have levied carbon taxes, but the programs implemented by Australia, 
Sweden, and Norway have brought in the most revenue.412 From their respective programs, 
these countries generate $8.8 billion, $3.7 billion, and $1.6 billion per year.413 Each of these 
countries uses approximately 40-50% of their annual revenue to fund social security 
programs, cut regressive taxes (e.g. sales taxes), and assist low-income communities.  
Remaining revenue is allocated for green initiatives and general funds.414  
 

                                                
404 Regional Greenhouse Gas Initiative (RGGI), Program Overview (no date). Available at https://web.archive.org/web/201707010 
35801/http://rggi.org/design/overview  
405 California Environmental Protection Agency (CA EPA) Air Resources Board, Overview of ARB Emissions Trading Program 
(2015). Available at https://web.archive.org/web/20170713173705/https://www.arb.ca.gov/cc/capandtrade/guidance/cap_trade_ 
overview.pdf  
406 Regional Greenhouse Gas Initiative (RGGI), CO2 Auctions (no date). Available at   https://web.archive.org/web/2017071317384 
0/https://www.rggi.org/market/co2_auctions  
407 Jeremy Carl and David Fedor, Tracking Global Carbon Revenues: A Survey of Carbon Taxes Versus Cap-and-Trade in the Real 
World 96 ENERGY POLICY 50, 52 (2016). (Table 1) 
408 California EPA supra note 405, at 1.  
409 Carl and Fedor, supra note 407, at 52 (Table 1).  
410 Id. at 53 (Table 2). 
411 Lawrence H. Goulder and Andrew R. Schein, Carbon Taxes Versus Cap and Trade: A Critical Review 4 CLIMATE CHANGE 
ECONOMICS 1, 1-3 (2013).  
412 Carl and Fedor, supra note 407, at 53 (Table 2). 
413 Ibid. 
414 Ibid. 
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137. The carbon tax has long been touted as a free-market, conservative approach to climate 
change mitigation.415 Since 2007, Exxon Mobil has supported levying a carbon tax and has 
already put a shadow price on each ton of CO2 they emit.416 In the U.S., Republican 
leadership recently met at the White House to discuss the introduction of carbon tax 
legislation that would disincentivize GHG emissions without hindering overall economic 
growth.417  
 

138. In 2008418 and 2010,419 the North Carolina Climate Action Plan Advisory Board (CAPAG) 
along with the Legislative Commission on Global Climate Change (LCGCC) included a 
carbon tax and/or cap-and-trade approach in their mitigation recommendations for 
controlling greenhouse gas emissions at the state level. They specifically recommended 
using the revenues from a carbon tax to fund socially beneficial programs such as 
transportation programs that service the community while further mitigating greenhouse gas 
emissions.420 Importantly, levying carbon taxes on local institutions, as well as institutions 
carrying fossil fuels and carbon emitting products across state lines, will control for a 
disproportionate burden on local entities.421 
 

139. The federal Clean Power Plan (CPP) encouraged states to adopt cap-and-trade approaches 
and allows for flexibility in implementing standards by establishing interim and final 
statewide goals in three forms: a rate-based state goal in pounds per megawatt hour 
(lb/MWh), a mass-based state goal in short tons of CO2, and a mass-based goal with 
allowances for new sources in short tons of CO2.422 
 

140. North Carolina’s energy markets are poised to adopt market-based approaches to carbon 
regulation. North Carolina’s energy sector has already taken steps to reduce its reliance on 
carbon-emitting sources of electricity generation. Duke Energy Carolinas, Duke Energy 
Progress, and Dominion North Carolina Power are the main investor-owned utilities in the 
state.423 Since the implementation of the Renewable Energy Portfolio Standards (REPS) 
program in 2007, these companies have complied with requirements to increase the 
proportion of energy generated from renewable sources. 424 More recently, due to the 
introduction of the CPP, these companies have included carbon taxes or system mass caps 

                                                
415 Jennifer A. Dlouhy and Margaret Talev, Prominent Republicans Pitch Carbon-Tax Plan to Top Trump Aides BLOOMBERG.COM 
(Feb. 7, 2017).  
416 Why Exxon Mobil Would Support a Carbon Tax THE ECONOMIST (Nov. 18, 2015).  
417 Dlouhy and Talev, supra note 415. 
418 North Carolina Climate Action Plan Advisory Group (CAPAG), Recommended Mitigation Options for Controlling Greenhouse 
Gas Emissions Final Report (2008), p.EX-4.  
419 Legislative Commission on Global Climate Change (LCGCC), Final Report to the General Assembly and the Environmental 
Review Commission (2010), p.81.  
420 CAPAG, supra note 418, at 5-9, 5-10.  
421 Goulder and Schein, supra note 411.  
422 U.S. Environmental Protection Agency (EPA), Fact Sheet: Components of the Clean Power Plan – Setting State Goals to Cut 
Carbon Pollution (no date), p.1. Available at https://web.archive.org/web/20170711202820/https://archive.epa.gov/epa/sites/prod 
uction/files/2015-08/documents/fs-cpp-state-goals.pdf; See also U.S. EPA, Tools of The Trade: A Guide to Designing and 
Operating a Cap and Trade Program for Pollution Control (2003), p.2-7 - 2-10. Available at https://web.archive.org/web/2017071 
1203212/https://www.epa.gov/sites/production/files/2016-03/documents/tools.pdf  
423 See North Carolina Utilities Commission, Electric Industry (no date). Available at https://web.archive.org/web/2017071120 
3528 /http://www.ncuc.commerce.state.nc.us/industries/electric/electric.htm  
424 North Carolina Utilities Commission, Annual Report Regarding Long Range Needs for Expansion of Electric Generation 
Facilities for Service in North Carolina 1,19 (2014).  
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on carbon into their resource plans forecasting a projected energy mix based on CPP-
identified targets.425  
 

c. Incentive programs promote renewable energy infrastructure and energy efficiency 
 

141. There are a variety of grant, subsidy, loan and tax credit programs that can be utilized in 
North Carolina's transition to a 100% renewable energy sector. The Database of State 
Incentives for Renewables & Efficiency created by the North Carolina Clean Energy 
Technology Center and recommended by the Department of Energy426 identified at least 13 
programs, including state, federal, and energy company specific programs, that are currently 
available to businesses and individuals.427 These programs range from personal subsidies 
on appliances, to loans and grants for utility scale renewable energy projects.428 
 

142. Utilizing these incentive programs will boost the economy and create jobs while assisting 
the transition to a zero-carbon emissions energy sector. The North Carolina Renewable 
Energy Tax Credit, introduced in 2010, consistently generated more spending than it cost; 
claimed credits increased from $5 to $126 million during this period, while spending 
incentivized by the program rose from $32 to $717 million.429 
 

143. Renewable Energy Tax Credits have proven especially beneficial for the rural and 
economically challenged communities of North Carolina. Many farmers in these 
communities can make more money leasing their land to solar developers than they could 
otherwise make from their land, and the invested money results in construction and 
maintenance jobs that can further support local businesses and generate increased local tax 
revenue.430 
 

iii. Other states have enacted similar limits on greenhouse gas emissions with success. 
 

144. Between 2001 and 2016, limits on greenhouse gas emissions were established by law or 
executive action in 20 states and the District of Columbia.431 These states made up over 

                                                
425 Dominion Energy, Dominion Virginia Power's and Dominion North Carolina Power's Report of Its Integrated Resource Plan 
Before the Virginia State Corporation Commission and North Carolina Utilities Commission (Public Version), Case No. PUE-
2016-00049, Docket No. E-100, Sub 147, p.48 (2016); Duke Energy Carolinas, Duke Energy Carolinas, South Carolina 2016 
Integrated Resource Plan (Biennial Report) p.35-36 (2016).  
426 See U.S. Department of Energy, Database of State Incentives for Renewables & Efficiency (no date). Available at 
https://web.archive.org/web/20170712155431/https://energy.gov/eere/solarpoweringamerica/database-state-incentives-renewable 
s-efficiency  
427 NC Clean Energy Technology Center, Database of State Incentives for Renewables & Efficiency (North Carolina) (2017). 
Available at http://programs.dsireusa.org/system/program?fromSir=0&state=NC   
428 Id. 
429 North Carolina Department of Revenue, Economic Incentive Archives. Available at:  https://web.archive.org/web/2017071215 
5844/http://www.dornc.com/publications/incentives/archives.html; Although Article 3B, Business & Energy Credits, has been 
available since 1977, the North Carolina Department of Revenue did not start calculating and archiving the specific credits taken 
and subsequent spending generated until 2010.  Therefore, we are unable to provide definitive numbers for years before 2010. 
430 Kirin D. Walsh, An Industry on the Precipice of Change: Maintaining Solar Energy’s Competitive Advantage in North Carolina 
after the Expiration of Investment Tax Credits 93 N.C. L. REV. 1935 (2015). 
431 Center for Climate and Energy Solutions, Greenhouse Gas Emissions Targets (2016), https://www.c2es.org/us-states-region 
s/policy-maps/emissions-targets  
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55% of the national economy in 2016,432 and represent nearly every region of the country. 
Sixteen of the states and the District of Columbia included limits on greenhouse gas 
emissions extending out to 2050, with limits ranging from 50% to 85% below baseline 
levels.433 These limits on emissions have widely been seen as beneficial to state economies: 
a 2015 report on the northeastern states that have used the RGGI program to meet and 
exceed their original greenhouse gas limits found that the program injected a net present 
value of $1.3 billion into the regional economy within three years.434 
 

B. The costs of inaction are substantial and impact infrastructure, agriculture, 
and human lives. 

 
145. The southeast region of the United States is vulnerable to natural disasters and has been 

affected by the highest number of billion-dollar disasters of any U.S. region over the past 
few decades.435 North Carolina experienced 36-44 such events in the thirty years between 
1980-2012.436 While the gross costs associated with achieving net zero emissions by 2050 
under the WWS plan are high, they are far exceeded by the costs of inaction. Unmitigated 
climate change will continue to have severe impacts on the value of coastal real estate, 
infrastructure, recreation and tourism, agriculture, and human health before 2050. Costs 
stemming from the impacts of unmitigated climate change in North Carolina are included 
under “climate change costs” in Jacobson et al.’s analysis and reflected Table 1, and are 
described in detail below.  
 

i. Adopting the proposed rule will prevent losses of property and land on North Carolina’s coast.  
 

146. Coastal North Carolina is at high risk of flooding, and forecasted water intrusion patterns 
and events are already impacting coastal property values and related spending. The North 
Carolina Coastal Resources Commission’s policy development and planning guidance 
predicts a sea-level rise (SLR) of 39 inches by 2100 along parts of North Carolina’s 
coastline (See Section III.B.).437 
 

147. Home sales in counties considered to be flood-prone have grown 25% more slowly than 
those in non-flooding counties.438 In some counties, existing property values have already 

                                                
432 U.S. Department of Commerce, Bureau of Economic Analysis, Regional Data - Annual Gross Domestic Product (GDP) by 
State, 
https://www.bea.gov/itable/iTable.cfm?ReqID=70&step=1#reqid=70&step=4&isuri=1&7003=200&7001=1200&7002=1&7090
=70  
433 Center for Climate and Energy Solutions, supra note 431.  
434 Paul J. Hibbard, Andrea M. Okie, Susan F. Tierney, et al.,, The Economic Impacts of the Regional Greenhouse Gas Initiative 
on Nine Northeast and Mid-Atlantic States: Review of RGGI’s Second Three-Year Compliance Period (2012-2014), ANALYSIS 
GROUP (2015), 
http://www.analysisgroup.com/uploadedfiles/content/insights/publishing/analysis_group_rggi_report_july_2015.pdf  
435 Lynne M. Carter, James W. Jones, Berry Leonard, et al., Climate Change Impacts in the United States: The Third National 
Climate Assessment, Ch. 17: Southeast and the Caribbean (J.M. Melillo, Terese Richmond, & G.W. Yohe, Eds.) U.S. GLOBAL 
CHANGE RESEARCH PROGRAM 396, 397 (2014). (Figure 17.1). 
436 Ibid. 
437 NC Coastal Resources Commission Science Panel on Coastal Hazards, North Carolina Sea-Level Rise Assessment Report p.10-
12 (2010). Available at https://web.archive.org/web/20170712165313/http://sealevel.info/NC_SeaLevel_Rise_Assessment_Repor 
t_2010--CRC_Science_Panel.pdf  
438 Ian Urbana, Perils of Climate Change Could Swamp Coastal Real Estate THE NEW YORK TIMES (Nov. 24, 2016).  
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decreased while the costs of flood insurance are expected to continue increasing.439 A 2008 
study estimated the impacts of SLR on coastal real estate values for four representative 
coastal counties in North Carolina. The study predicts approximately $4.8 billion in 
estimated property value losses through 2080 between New Hanover County, Dare County, 
Carteret County, and Bertie County due to SLR of 81 cm (~32 inches) in 2080.440 
 

148. In New Hanover County, losses of up to $189.4 million in residential property values and 
$68.2 million in non-residential property values are predicted by 2080, affecting 1,063 total 
properties.441 In Dare County, $2.04 billion in residential and $1.92 billion in non-
residential property values will be lost by 2080, affecting 7,716 properties.442 In Carteret 
County, $235.40 million in residential property values and $254.97 million in non-
residential property values will be lost by 2080, affecting 3,890 properties.443 In Bertie 
County, $8.67 million in residential property values and $5.56 million in non-residential 
property values will be lost by 2080, impacting 174 properties.444 These figures only 
represent four of the State’s twenty coastal counties, providing only a fraction of the 
potential losses due to SLR. Further, these costs only account for lost property values and 
fail to consider losses to business migrations, closings, and human population displacement.  
 

149. Adapting to such effects by building a sea wall or bulkhead along North Carolina’s coast 
is estimated to cost $2.22 billion.445 Importantly, sea walls and bulkheads are not considered 
to be effective long-term adaptation approaches for withstanding continuous flooding, 
storm surges, or hurricanes, especially on barrier beaches.446 
 

150. Out-of-state tourist spending on North Carolina beach trips (both day trips and overnight 
trips) is expected to decrease 16% by 2030 and 48% by 2080 due to SLR, compared to 2004 
spending.447 SLR will impose welfare costs to beachgoers due to fewer beach trips of lesser 
quality and will reduce regional economic activity. SLR-induced losses in annual beach-
goer recreation value will total an estimated $120 million in 2030 and $288 million in 2080 
for North Carolina’s southern beaches.448  

                                                
439 Id. 
440 Okmyung Bin, Ben Poulter, Chris Dumas, et al., Measuring the Impacts of Sea-Level Rise on Coastal Real Estate in North 
Carolina 21ST INTL. CONF. COASTAL SOC. 20, 21-23 (2008). (Lost property values of $227.70, $3,544.75, $433.40, and $12.57 for 
New Hanover, Dare, Carteret, and Bertie counties (in millions of 2008 USD) were summed and converted to 2017 USD using the 
CPI Inflation Calculator, supra note 376); Property is considered “lost” when the projected SLR would inundate a property based 
on its present elevation above sea level.  
441 Id., at 23.  
442 Ibid.; See also Lori Montgomery, On N.C.’s Outer Banks, Scary Climate-change Predictions Prompt a Change of Forecast THE 
WASHINGTON POST (Jun. 24, 2014).  
443 Bin et al. 2008, supra note 440, at 23. 
444 Ibid.   
445 The Center for Integrative Environmental Research, University of Maryland Economic Impacts of Climate Change on North 
Carolina (2008). Available at http://cier.umd.edu/climateadaptation/North%20Carolina%20Economic%20Impacts%20of%20Cli 
mate%20Change%20Full%20Report.pdf (Original estimate of $1.89 billion in 2007 USD was converted to $2.22 billion (2017 
USD) using the CPI Inflation Calculator, supra note 376).  
446 Peter Dunn, Can Seawalls Prevent Beaches from Eroding? MIT SCHOOL OF ENGINEERING (2009). Available at 
https://engineering.mit.edu/engage/ask-an-engineer/can-seawalls-prevent-beaches-from-eroding/  
447 Okmyung Bin, Chris Dumas, Ben Poulter, et al. Measuring the Impacts of Climate Change on North Carolina Coastal Resources 
Final Report Prepared for the National Commission on Energy Policy (2007). Available at  http://econ.appstate.edu/climate/NC-
NCEP%20final%20report.031507.pdf   
448 Id., at v; Original estimates of $93 million and $223 million in 2004 USD were converted to 2017 USD using the CPI Inflation 
Calculator, supra note 376.  
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151. Losses in annual recreational value to shore anglers will total $18 million in 2030 and rise 

to $22 million by 2080.449 These figures are based on the conservative assumptions of no 
population or income growth in the affected areas. Promulgation of the proposed rule will 
mitigate impacts on potential revenues from tourism and recreational activities in the State. 

 
ii. Adopting the proposed rule will prevent economic losses from climate change impacts on 

infrastructure, business, agriculture, and forestry. 
 

152. Adopting the proposed rule will alleviate considerable infrastructure costs. Proposals to 
permanently adapt at-risk portions of North Carolina’s Highway 12 in the face of continuing 
SLR and storm intensity are estimated to cost between $602 million and $1.6 billion.450 
Beaches along North Carolina’s 138-mile shoreline are subject to regular re-nourishment in 
order to maintain beach width and maintenance requirements are exacerbated by sea-level 
rise. The value of annual beach re-nourishment (accounting for baseline costs and additional 
costs due to SLR) is $4.69 billion through 2080.451  
 

153. Many costs already borne by the State are tied to climate change impacts. In 2010 alone, 
Nags Head and Dare County spent $36 million repairing beachfront severely eroded by sea 
water intrusion.452 In addition, repairs to State Highway 12 along the Outer Banks have cost 
the Department of Transportation approximately $100 million since 1983 due to frequent 
storm and flood damage.453  
 

154. The agriculture and forestry sectors are substantial contributors to the state’s economy and 
are especially vulnerable to a changing climate (See Section III.B). Business interruptions 
due to more frequent and intense storms in Bertie, Carteret, Dare, and New Hanover 
counties are projected to cause losses of $1.86 billion.454 Profits from the agriculture sector 
are expected to decrease by $880 million per year because of climate-related erratic 
precipitation patterns, increasing temperatures, pest invasion, and pest dispersal patterns.455  
 

                                                
449 Id. at vi; If $14 million is lost every year between 2030 and 2080, North Carolina stands to lose $700 million over a 50-year 
period in recreational shore fishing associated tourism revenue. This is a conservative estimate, assuming the annual value lost does 
not increase before 2080; Original estimates of $14 million and $17 million in 2004 USD were converted to 2017 USD using the 
CPI Inflation Calculator, supra note 376.  
450 Stanley R. Riggs, Dorothea V. Ames, Stephen J. Culver, et al., Eye of a Human Hurricane: Pea Island, Oregon Inlet, and Bodie 
Island, Northern Outer Banks, North Carolina Special Paper 460-04 GEOL. SOC. AM. 43, 65 (2009).  
451 Bin et al. 2007, supra note 447; Original estimate was $3.65 billion in 2004 USD was adjusted to $4.69 billion in 2017 USD 
using the CPI Inflation Calculator, supra note 376. 
452 L. Montgomery, supra note 442.  
453 Stanley R. Riggs, Dorothea V. Ames, Stephen J. Culver, et al., The Battle for North Carolina’s Coast: Evolutionary History, 
Present Crisis, and Vision for the Future THE UNIVERSITY OF NORTH CAROLINA PRESS 73 (2011). 
454 Bin et al. 2007, supra note 447 at 76 (modelled as Category 3 hurricanes); Original estimate in 2004 USD ($1.442 billion) was 
converted to $1.86 billion 2017 USD using the CPI Inflation Calculator, supra note 376. 
455 Oliver Deschenes and Michael Greenstone, The Economic Impacts of Climate Change: Evidence from Agricultural Output and 
Random Fluctuations in Weather 97 THE AMERICAN ECONOMIC REVIEW 354, 357 (2007). (estimated using Hadley 2 long-run (2070-
2099) scenario climate model); Original estimate of $650 million in 2002 USD was converted to $880 USD (2017 USD) using the 
CPI Inflation Calculator, supra note 376.  
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155. With climate-change-induced increases in storm severity (from category 1 to category 2), 
North Carolina can expect an additional $193 million456 in damage per storm to the 
agriculture and livestock sectors; increased severity from category 1 to 3 would cause an 
estimated additional $967 million per storm.457 With an increase from category 2 to category 
3, the impact of storms on forest dollar-valued damage could rise 150% to $1.16 billion in 
incremental damage per storm event.458 
 

156. Changes in climate patterns and vector threats have already made their mark on North 
Carolina. The decade spanning 1996-2006 witnessed 14 tropical storms and hurricanes 
causing more than $2.4 billion in damage to North Carolina’s agricultural industry alone. 
The 1991-2001 Southern Pine Beetle outbreak affected 1.5 million acres of North Carolina 
pine, $12.4 million in lumber yields,459 and an estimated $723 million in indirect costs.460  
 

157. The 2002 drought imposed $398 million on the agriculture industry, $233 million in 
damage to non-agricultural industries, and impacted 4,300 jobs. Five years later, the 2007 
drought affected 340 public water systems representing more than half of the state’s 
drinking water capacity and more than half of the state’s residents.461  
 

158. These calculations alone total more than $3.8 billion in economic costs of climate change 
already borne by North Carolina. The projected financial impacts of more intense hurricanes 
on business interruptions, agriculture, and the forestry sector underscore the importance of 
promulgating the proposed rule to avert the most devastating of these predicted climate 
change impacts. 

 
iii. Adopting the proposed rule will improve security for North Carolinians. 

 
159. The U.S. Department of Defense (DOD) considers climate change to be a very serious 

national security threat and incorporates climate change assessment and adaptation into its 
planning and strategic activities. Specifically, DOD refers to climate change as a “threat 
multiplier” because rising global temperatures, precipitation pattern changes, sea-level rise, 
and extreme weather event frequency will exacerbate the existing challenges of instability 
and human migration, food and water shortages causing hunger, poverty, and conflicts such 
as those over refugees and resources.462 These impacts simultaneously compromise DOD’s 
ability to support training activities and the capacity of US-based military installations – in 

                                                
456 Bin et al. 2007 supra note 447 at 79; Original estimate of $150 million USD in 2004 USD was converted to $193 million (2017 
USD) using the CPI Inflation Calculator, supra note 376.  
457 Id. at 90; Original estimate of $750 million in 2004 USD was converted to $967 million (2017 USD) using the CPI Inflation 
Calculator, supra note 376. 
458 Id. at vi; original estimate of $900 million USD in 2004 USD was converted to $1.16 billion (2017 USD) using the CPI Inflation 
Calculator, supra note 376. 
459 John D. Waldron, Forest Restoration Following Southern Pine Beetle SOUTHERN PINE BEETLE II (U.S. Department of 
Agriculture, Forest Service, R.N. Coulson & K.D. Klepzig, Eds.) SRS-140 1, 353-363 (2011).  
460 American Security Project, supra note 394, at 2. 
461 Id. at 3.  
462 U.S. Department of Defense (DOD), FY 2014 Climate Change Adaptation Roadmap 1, 2 (2014). Available at 
https://web.archive. org/web/20170712194256/http://www.acq.osd.mil/eie/Downloads/CCARprint_wForward_e.pdf  
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fact, climate change impacts are already being observed at installations at home and 
abroad,463 including Camp Lejeune in Jacksonville, North Carolina.464 
 

160. The southeastern coastal states are especially vulnerable to sea-level rise, storm surge, and 
changes in annual precipitation patterns resulting in prolonged periods of drought. 
Unsustainable surface water and groundwater use patterns will compromise North 
Carolina’s coastal freshwater aquifers and wetlands. Increasing flood risk – observed 
recently with Hurricane Matthew – “affects human safety and health, property, 
infrastructure, economies, and ecology.”465 North Carolina depends on the quality of its 
water supply to fuel its substantial agricultural and industrial interests, and its overall 
growth. The costs of climate change inaction threaten our economy and security.466 

 
iv. Adopting the proposed rule will provide indirect benefits, including benefits to human 

health.    
 

161. Projected temperature increases associated with climate change will result in more heat 
waves, more flooding of coastal areas, famine, and forced migration.467 These impacts will 
disproportionately affect children, who will suffer from a heightened risk of “heat stroke, 
drowning, malnutrition, diarrhea, allergies, infectious diseases such as malaria and 
encephalitis, and psychological trauma.”468  
 

162. North Carolina-specific health risks associated with climate change are detailed in Section 
3B of this Petition. In brief, climate change is expected to directly impact the quality and 
quantity of North Carolina’s water supply, increase vector-borne diseases and pests, 
compromise respiratory health due to the advent of more poor-quality air days, promote 
ground-level ozone formation, and higher pollen counts, and lead to an increase in injuries 
among outdoor laborers, the elderly, and athletes.469  
 

163. Adoption of a plan to achieve zero CO2 emissions by 2050 would have many additional, 
indirect human health benefits. For example, conversion to renewable energy production 
would simultaneously reduce co-occurring pollutant emissions, including nitrous oxides 
(NOx), PM 2.5, polycyclic aromatic hydrocarbons (PAHs), sulfur dioxide (SO2), metals, 

                                                
463 U.S. Department of Defense (DOD), Quadrennial Defense Review 2014 i, vi (2014). Available at https://web.archive.org/web/ 
20170712194359/https://www.defense.gov/Portals/1/features/defenseReviews/QDR/2014_Quadrennial_Defense_Review.pdf  
464 Union of Concerned Scientists, The US Military on the Front Lines of Rising Seas, Executive Summary at 5,  
http://www.ucsusa.org/sites/default/files/attach/2016/07/front-lines-of-rising-seas-key-executive-summary.pdf  
465 U.S. Global Change Research Program National Climate Assessment, Climate Change Impacts in the United States i, 86 (2014). 
Available at https://web.archive.org/web/20170712194630/http://s3.amazonaws.com/nca2014/low/NCA3_Climate_Change_Impa 
cts_in_the_United%20States_LowRes.pdf?download=1  
466 The DOD has prioritized assessments of its coastal military infrastructure and installations. A recent report features the Marine 
Corps Base Camp Lejeune (NC) due to its frequent encountering of tropical cyclones (See U.S. Department of Defense (DOD), 
Assessing Impacts of Climate Change on Coastal Military Installations: Policy Implications at 10-12 (2013). Available at  
https://web.archive.org/web/20170712195201/http://www.dtic.mil/dtic/tr/fulltext/u2/a575273.pdf)  
467 Frederica P. Perera, 116 ENV. HEALTH. PERSPECTIVES 987, 987-990 (2008); James Hansen, Pushker Kharecha, Makiko Sato, et 
al., Assessing “Dangerous Climate Change”: Required Reduction of Carbon Emissions to Protect Young People, Future 
Generations, and Nature 8 PLOS ONE 1, 6-9 (2013).  
468 Perera 2008, supra note 467, at 988. 
469 North Carolina Department of Health and Human Services (DHHS) Division of Public Health, North Carolina Climate and 
Health Profile (2015). Available at https://web.archive.org/web/20170712201828/http://epi.publichealth.nc.gov/oee/climate/Cli 
mateAndHealthProfile.pdf  
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and ozone.470 Ozone is a trigger for childhood asthma and warmer temperatures compound 
its direct toxicity because ozone formation from volatile organic compounds (VOCs) and 
nitrogen dioxide (NO2) is accelerated at higher temperatures. The reaction of ozone with 
carbon produces even more CO2, resulting in a positive feedback of CO2 concentrations in 
the atmosphere.471  
 

164. Under the WWS Plan, the estimated average air quality savings (due to reduced healthcare 
costs) per person per year in North Carolina total $1,382 in 2050 (Table 1).472 A full 
transition to renewable energy will prevent an estimated 1,485 mortalities and $20.31 billion 
in mortality and morbidity-associated costs per year as of 2050 in North Carolina.473  
 

165. North Carolina has witnessed, first-hand, the health benefits of regulating air pollution 
from the energy sector. The North Carolina Clean Smokestacks Act of 2002 called for 
progressive reductions in coal-fired power plant emissions that exceeded those mandated 
by federal programs (i.e. the Acid Rain Program, the Clean Air Interstate Rule, and the 
anticipated Cross-State Air Pollution Rule).474 As a result, SO2 emissions from North 
Carolina’s CFPPs fell, on average, 20.3% per year between 2002-2012; by comparison, the 
average annual rate of SO2 emissions reductions across the southeastern region of the United 
States was only 13.6%.475 
 

166. Correspondingly, the reduced SO2 emissions from North Carolina’s CFPPs resulted in a 
60.1% decrease in ambient sulfate (PM2.5 sulfate) concentrations across the state between 
2002-2012.476 The health benefits of this reduction cannot be overstated. Researchers at the 
University of North Carolina, Chapel Hill predict that the lower ambient PM2.5 sulfate levels 
translated to a 63% reduction in all-cause deaths across the state over the course of a decade, 
equal to approximately 1,700 premature deaths avoided in 2012.477 Moreover, the estimated 
percentage of PM2.5 sulfate-attributable deaths fell from more than 2.4% in 2002 to lower 
than 1.4% in 2012 for all North Carolina counties.478  
 

167. The causes and consequences of climate change are not only environmental and economic 
issues, but also issues of intergenerational justice. The World Health Organization estimates 
that a third of global disease is caused by environmental factors; children under the age of 
five bear more than 40% of that burden, while only representing 10% of the world’s 
population.479 The inertia of climate warming implies that additional climate change would 
occur even if atmospheric CO2 concentrations are reduced to pre-industrial levels. 

                                                
470 Perera 2008, supra note 467, at 988. 
471 Ibid.   
472 Jacobson et al. 2015, supra note 372, at 2106 (Table 6); Original estimate of $1,322 in 2013 USD converted to 2017 USD using 
the CPI Inflation Calculator, supra note 376. 
473 Id. at 2108; original estimate of $19.42 billion in 2013 USD converted to 2017 USD using the CPI Inflation Calculator, supra 
note 376. 
474 Y.R. Li and J.M. Gibson, Health and Air Quality Benefits of Policies to Reduce Coal-Fired Power Plant Emissions: A Case 
Study in North Carolina 48 ENV. SCI. & TECH. 10019, 10019-10020 (2014).   
475 Id., at 10025. 
476 Id., at 10022 (Table 1).  
477 Id., at 10024. 
478 Ibid.  
479 Perera 2008, supra note 467, at 988.  
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Therefore, future generations will necessarily face the consequences of climate change even 
though they did not cause them.480  
 

168. As detailed throughout this Petition, adoption of the proposed rule would have immensely 
beneficial impacts on the health of North Carolina’s citizens. The potential for climate 
change to cause long-lasting impacts on environmental and human health presents a moral 
imperative to adopt the proposed rule and mitigate the effects of climate change. The State 
is responsible for acting; North Carolina’s General Statute §143-211 clearly identifies this 
responsibility: 
 

“[It] is the intent of the General Assembly, within the context of this 
Article and Articles 21A and 21B of this Chapter, to achieve and to 
maintain for the citizens of the State a total environment of superior 
quality. Recognizing that the water and air resources of the State belong 
to the people, the General Assembly affirms the State’s ultimate 
responsibility for the preservation and development of these 
resources in the best interests of all its citizens and declares the prudent 
utilization of these resources to be essential to the general welfare.”481 
(Emphasis added).  

 
C. Evidence supports adoption of a 100% renewable energy plan. 

 
169. While the actions taken to implement the proposed rule are at the discretion of the 

Commission, Petitioners advocate for adoption of the WWS plan, detailed herein and in 
Section 7 of this Petition. The energy sector will be most substantially impacted by the 
100% electricity conversion, but is already working towards greater reliance on renewable 
energy. Projected job losses due to this conversion will be offset greatly by the number of 
construction and operation jobs generated under the WWS plan through 2050.  
 

170. Taken together, the benefits of adopting the proposed rule far outweigh the costs by 
providing a cleaner and safer environment, protecting property and economic investments 
– especially in the coastal plain – and promoting human health. North Carolina stands to 
directly benefit from the WWS plan; successful adoption would result in $11.39 billion per 
year in avoided state climate costs by 2050,482 with average climate cost savings to the state 
of $797 per person per year (relative to 2012 population; Table 1).483 These avoided costs, 
combined with the benefits from improved air quality and electricity cost savings result in 
a payback time of only three years under a low-cost/high-benefit scenario (2053), 10 years 
under an average scenario (2060), and 23 years under a high-cost/low-benefit scenario 
(2073; Table 1).484 Moreover, the State has a moral obligation to promulgate the proposed 
rule due to the important intergenerational justice issue at hand. 

 
                                                
480 See Hansen et al. 2013, supra note 467. 
481 N.C. GEN. STAT. §143.211 (2017).   
482 Jacobson et al. 2015, supra note 372, at 2109 (Table 8); Original estimate of $10.89 billion in 2013 USD, converted to 2017 
USD using the CPI Inflation Calculator, supra note 376. 
483 Id., at 2106; 2013 USD converted to 2017 USD using CPI Inflation Calculator, supra note 376. 
484 Jacobson et al. Supplemental Information, supra note 376 (Excel Workbook, worksheet titled “Expanded cost results by state”). 
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7. Provide a statement explaining the computation of the cost factors 
 

A. Calculation of costs of adopting the proposed rule 
 
Gross conversion cost to 100% WWS by 2050, from 2013 capacity baseline: $327 billion 
through 2050 (approximately $301 equivalent per person)485 - This cost estimate accounts for 
the construction costs of projected technology capacity development through 2050 if North 
Carolina converts to 100% renewable energy under the plan put forth by Jacobson et al. (2015).486 
The 100% renewable energy plan requires an additional 133,981 MW of installed capacity, and is 
predicted to cost $313 billion ($2.33 million/MW installed). Details of cost per technology and 
capacity development needed from 2013 baseline is provided in Table 2.487 Jacobson et al.’s (2015) 
original estimate of $313 billion (2013 dollars) has been converted to $327 billion (2017 USD) 
using the CPI Inflation Calculator.488 
 
Table 2: Cost per facility and land area needed to achieve 100% renewable energy by 2050.489  

Additional installation needed to reach 2050 capacity (from 2013 baseline) 
 Additional 

capacity 
required 
(MW) 

Cost 
($million) 

 
Number 
required 
 

Footprint 
area (km2) 

Spacing 
area 
(km2) 

Footprint 
area 
(% of state) 

Spacing 
area 
(% of state) 

Cost Per 
Device 
($million) 

Offshore wind 48,788.08 158,423 9,758 0.12 4,337.53 0.0000972 3.4380940 16.2358 

Solar PV plant 49,062.40 65,776.12 981 367.00 - 0.2909008 0.0000000 67.0331 

Res. roof PV 
system 

13,969.95 35,375.02 2,793,989 104.50 - 0.0828306 0.0000000 0.0127 

CSP plant 4,450.19 17,809.62 45 220.89 - 0.1750871 0.0000000 400.1991 
Com/gov roof 

PV system 
8,359.99 16,072.08 83,600 62.54 - 0.0495680 0.0000000 0.1923 

Onshore wind 7,988.63 10,531.06 1,598 0.02 710.23 0.0000159 0.5629582 6.5913 

Wave device 1,314.38 8,377.36 1,753 0.92 43.81 0.0007293 0.0347277 4.7802 

Tidal turbine 46.27 162.53 46 0.01 0.17 0.0000106 0.0001358 3.5130 

Hydroelectric 
plant 

1.32 3.03 0 0.66 - 0.0005240 0.0000000 2995.0656 

Geothermal 
plant 

- - - 0.00 - 0.0000000 0.0000000 - 

Totals: 133,981.20 312,529.89  Total footprint area: 0.60% 4.04%  

  $2.33  million/MW New land required: 
(Land - Roof - Offshore) 

0.47% 0.56%  

     

 
 

                                                
485 Mark. Z Jacobson, Mark A. Delucchi, Guillaume Bazouin, et al., 100% Clean and Renewable Wind, Water, and Sunlight (WWS) 
All-sector Energy Roadmaps for the 50 United States 8 ENERGY ENVIRON. SCI. 2093-2117 (2015); For calculation of cost, see 
Jacobson et al. Supplemental Information, Excel workbook, worksheet titled “Intermediate details by state.” Available at https:// 
web.archive.org/web/20170713134934/http://web.stanford.edu/group/efmh/jacobson/Articles/I/WWS-50-USState-plans.html  
486See comments on Clack et al. response, supra note 371. 
487 See also Jacobson et al. (2015) Supplemental Information, supra note 485.  
488 CPI Inflation Calculator. Available at https://www.bls.gov/data/inflation_calculator.htm   
489 Analysis based on data from Jacobson et al. 2015 Supplemental Information, supra note 487.   

A-67



 

Duke Environmental Law & Policy Clinic 63 

B. Calculation of benefits from adopting the proposed rule  
 
Electricity cost savings, per person per year (2050): $139490 - End-use power consumption 
decreases under the WWS plan detailed by Jacobson et al. (2015), such that the plan results in an 
average electricity cost savings of $139 per person per year in 2050. This cost savings is calculated 
by subtracting the total electricity sector costs under the WWS plan and the annualized cost of 
assumed electricity sector efficiency improvements from the total cost of electricity use in 
Jacobson et al.’s BAU scenario.491 The original per person per year cost savings of $131 in 2013 
has been converted to 2017 USD.492 
 
Air-quality benefit of WWS, per person per year (2050): $1,382493 - This benefit is calculated 
by dividing the total cost of air pollution per year in North Carolina.494 by the 2050 projected 
population of North Carolina (11,391,775 people). The mid-cost/mid-benefit estimate per person 
per year realized in 2050 is $1,382; the low-cost/high-benefit simulation predicts annual savings 
of $5,488 per person, and the high-cost/low-benefit simulation predicts annual savings of $204 per 
person.495 Original estimates in Jacobson et al. (2015) have been converted to 2017 USD using the 
CPI Inflation Calculator.496 
 
Mean estimate of avoided state climate costs (damages) in North Carolina: $11.39 billion per 
year in 2050 (approximately $1,000 equivalent per person)497 - This estimate assumes that the 
entire U.S. converts to 100% all-purpose WWS electricity generation by 2050. The estimate 
reflects the calculated costs of climate-change impacts borne by North Carolina due to U.S. GHG 
emissions; these costs include “coastal flood and real estate damage costs, energy-sector costs, 
health costs due to heat stress and heat stroke, influenza and malaria costs, famine costs, ocean 
acidification costs, increased drought and wildfire costs, severe weather costs, and increased air 
pollution health costs.”498 The original estimate of $10.89 billion (2013 dollars) has been converted 
to $11.39 billion (2017 USD) using the CPI Inflation Calculator.499  
 

8. Provide a description, including the names, addresses, if known, of those most 
likely to be affected by the proposed rule 
 
 The proposed Rule will have a positive impact on all residents of North Carolina, either 
directly through job creation or electricity cost-savings, or indirectly through mitigating the 
impacts of climate change on the environment and human health. For examples, coastal residents 
will benefit from reduced severity of coastal storms and flooding from sea-level rise that will 
accompany CO2 emissions reductions. Residents living in cities will benefit from improved air 
                                                
490 Jacobson et al., supra note 485. at 2106 (Table 6). 
491 Id., at 2106-2017 (Table 6) 
492 CPI Inflation Calculator, supra note 488. 
493 Jacobson et al. supra note 485, at Sec. 8, p. 2105-2109.  
494 Id., at 2107 & 2109 (Tables 6 & 8).  
495 Ibid.; See also Jacobson et al., supra note 485, at Sec. 8 and Supplemental Information, supra note 487, Excel workbook, 
worksheet titled “Expanded cost results by state” for additional information.  
496 CPI Inflation Calculator, supra note 488.  
497 Jacobson et al., supra note 485, at 2109 (Table 8).  
498 Id. at 2107. 
499 CPI Inflation Calculator, supra note 488. 
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quality, fewer extreme heat days, and reduce incidence of smog. North Carolina’s renewable 
energy sector will benefit from increased investment, creating jobs for tens of thousands of North 
Carolinians in an industry that is already poised to advance and expand: Appendix Table A2 
describes the additional renewable electric generating units planned in North Carolina for 2017-
2019 alone. As these projects progress, the cost of renewable electricity for the end user will 
continue to decline, resulting in a net electricity cost-savings to North Carolina residents by 2050, 
compared to the business-as-usual fossil fuel baseline (see Section 6, above).   
 
 The proposed Rule will result in a reduction of CO2 emissions from coal and other fossil 
fuel-fired power plants, because energy and electricity will be generated from renewable sources 
such as wind, water, and solar (see Table 1, above). In North Carolina, the parent companies most 
likely to be affected by the transition from fossil fuels to renewables are those that own facilities 
responsible for the highest CO2 emissions in the state. For example, Duke Energy Corp., NC 
Eastern Municipal Power Agency, Southern Co., and Reynolds Group Holdings, Inc. alone own 
facilities that were responsible for 51,836,938 metric tons of CO2 emissions in 2015 (Appendix, 
Table A1). These companies will need to source renewable energy to replace this fossil-fuel 
sourced electricity in order to comply with the proposed Rule.  
 
 Duke Energy, which owns 17 of the 107 highest CO2-emitting facilities (Appendix, Table 
A1), has already begun to take action to reduce its CO2 emissions. In 2017, Duke Energy updated 
its voluntarily carbon reduction goals by aiming to reduce or offset CO2 emissions by 40% of 2005 
levels by 2030.500 Progress towards this goal is well underway - the company has already reduced 
CO2 emissions by more than 29% since 2005,501 demonstrating that reducing CO2 emissions and 
maintaining good business practices are not mutually exclusive, and in fact provide opportunities 
for common interest. However, as this Petition illustrates, much more ambitious action is needed 
both from CO2-emitting power plants and other facets of the energy sector in North Carolina in 
order to meet the statewide CO2 reductions required under the proposed Rule.  
 

9. Provide the name(s) and address(es) of the petitioner(s) 
 

Names:  Hallie Turner 
Arya Pontula 
Emily Liu  

 
Phone:   919-613-7207 
Fax:  919-613-7262 
Email:  DukeELPC@law.duke.edu  
Address:  210 Science Dr. 

   Box 90360 
   Durham, NC 27708-0360  
  

                                                
500 Duke Energy, 2016 Sustainability Report p.5, http://sustainabilityreport.duke-energy.com/downloads/16-duke-sr-complete.pdf  
501 Ibid.  
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10.  Conclusion 
 

North Carolina’s atmosphere is a vital resource, essential to the survival and well-being 
of all North Carolinians and the environment and natural resources they rely on. The State of 
North Carolina has an affirmative duty to protect this environment: The Public Trust Doctrine 
requires that, as co-tenet trustee of the State of North Carolina and its Agencies, the North 
Carolina Environmental Management Commission and the North Carolina Department of 
Environmental Quality hold vital natural resources in trust for both present and future 
generations of its citizens. In recognition of this responsibility, the Commission was entrusted 
with both the duty and power to adopt regulations for air quality and emissions control standards 
for air pollution sources pursuant to N.C.G.S. § 143-215.107.  
  
 North Carolina’s atmosphere is a shared natural resource vital to the health, welfare, and 
survival of its citizens. As this Petition has illustrated, the State has the technological capacity to 
protect the atmosphere by transitioning away from an energy industry that is reliant on fossil 
fuels, to one that is built on renewable energy sources such as wind, water, and sunlight. The 
transition to a renewable energy future is supported by scientific evidence showing that the only 
way to preserve a safe, healthy, and stable climate system is to eliminate CO2 emissions by 2050 
(see Section 3), and by economic analyses demonstrating that the benefits of this transition far 
outweigh the costs (see Sections 6 & 7).   
 
 Importantly, the North Carolina Constitution affirms that the environment has been 
entrusted to the State’s care for its preservation and protection as a common property interest. As 
such, the State of North Carolina has a fiduciary, perpetual, affirmative duty to preserve and 
protect the atmosphere for present citizens and future generations of the State as beneficiaries of 
this trust asset. 
 
 And so, for the reasons above, it is with the utmost respect that this Petition is hereby 
submitted on behalf of Hallie Turner, Arya Pontula, and Emily Liu, citizens of the State of North 
Carolina, and present and future generations of North Carolinians. The Petitioners respectfully 
request that the Commission and Division of Air Quality promulgate a rule that requires the 
agency to reduce in-boundary CO2 emissions to zero by 2050 (see Section 1), in order to 
preserve the integrity of Earth’s climate system by protecting our atmosphere, a public trust 
resource upon which all North Carolina residents rely for their health, safety, sustenance, and 
security.  
 
 The Petitioners respectfully request an opportunity for a public hearing on the Rule 
proposed in this Petition and a written decision on whether or not to proceed with the rulemaking 
process. We appreciate your consideration of this Petition. If you have any questions or require 
additional information, please contact me.  
 

Very truly yours, 
 

/s/ 
James P. “Ryke” Longest, Jr. 
Director, Duke Environmental Law & Policy Clinic 
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Appendix 
 
Table A1. North Carolina CO2 emissions for large facilities by parent company (2015), in 
decreasing order of magnitude. The State’s top five highest-emitting parent companies are 
indicated in bold.  

Parent Companies 2015 CO2 Emissions 
(Metric Tons)502 

Duke Energy Corp. (100%) 37,815,604 

North Carolina Eastern Municipal Power Agency (3.74%) & Duke Energy Corp. (96.26%) 8,293,149 

Duke Energy Corp (83.83%) & North Carolina Eastern Municipal Power Agency (16.17%) 3,012,832 

Southern Co. (100%) 1,698,283 

Reynolds Group Holdings Inc. (100%) 1,017,060 

Capital Power Corp. (100%) 653,161 

Potash Corp. of Saskatchewan USA (100%) 476,370 

Nucor Corp. (100%) 327,694 

Calypso Energy Holdings LLC (100%) 279,161 

US Government (%) 278,372 

Kapstone Paper & Packaging Corp. (100%) 274,562 

The State of North Carolina (100%) 267,937 

International Paper Co. (100%) 247,561 

Pilkington N.A. Inc. (100% 246,185 

Westmoreland Coal Co. (100%) 213,339 

Ardagh Group (100%) 176,994 

PPG Industries Inc. (100%) 152,508 

Elementis Worldwide (100%) 144,918 

Valley Proteins Inc. (100%) 141,382 

Carolina Stalite Co. (100%) 137,633 

North Carolina Electric Membership Corp. (100%) 133,338 

Weyerhaeuser Co. (100%) 101,313 

North Carolina State University (100%) 96,474 

Duke University (100%) 82,377 

Williams Partners, LP (100%) 77,576 

                                                
502 Data available from U.S. Environmental Protection Agency (EPA), 2015 Greenhouse Gas Emissions from Large Facilities 
(2015). Available at https://web.archive.org/web/20170711143907/https://ghgdata.epa.gov/ghgp/main.do  

A-71



 

Duke Environmental Law & Policy Clinic 67 

Cardinal Glass Industries (100%) 73,761 

New NGC Inc. (100%) 72,437 

Owens-Illinois Inc. (100%) 67,735 

Piedmont Natural Gas Co. (100%) 65,954 

Domtar Corp. (100%) 62,183 

Allegheny Technologies Inc. (100%) 58,316 

Saint-Gobain Corp. (100%) 57,107 

Dominion Resources Inc. (100%) 56,526 

Clearwater Paper Corp. (100%) 53,571 

Cargill Inc. (100%) 50,958 

Reynolds American Inc. (100%) 48,613 

The Goodyear Tire & Rubber Co. (100%) 47,379 

Campbell Soup Co. (100%) 45,297 

Bridgestone Americas Inc. (100%) 43,733 

DAK Americas LLC (100%) 43,170 

Int’l Automotive Components Group North America Inc. (100%) 42,841 

United Global Foods US Holdings Inc. (100%) 42,052 

Charlotte Pipe & Foundry Co. (100%) 41,638 

Sun Capital (100%) 41,434 

Greenville Service Co. Inc. (100%) 38,553 

NGK N.A. Inc. (100%) 36,768 

The Chemours Co. FC LLLC (100%) 34,393 

Gerdau USA Inc. (100%) 33,805 

E I Du Pont De Nemours & Co. (100%) 33,381 

Evonik Industries (100%) 32,697 

Tyson Foods Inc. (100%) 32,304 

PQ Holdings Inc. (100%) 28,239 

Starpet Inc. (100%) 28,220 

Tyson Farms Inc. (100%) 28,104 

Cascades USA Inc. (100%) 24,969 

PepsiCo Inc. (100%) 24,438 

Public Works Commission of The City of Fayetteville (100%) 23,383 
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Glaxosmithkline (100%) 21,142 

Koch Industries Inc. (100%) 14,492 

Cree Inc. (100%) 10,148 

Perdue Farms Inc. (100%) 8,399 

R F Micro Devices (100%) 2,924 

Scana Corp. (100%) 60 

Catawba County (100%) 58 

Decker Energy (50%) & CMS Energy Corp. (50%) 44 

Cumberland County Solid Waste Management (100%) 34 

City of Lexington (100%) 2 

Haywood County North Carolina (100%) 1 

  
TOTAL EMISSIONS 57,817,046 
 = 57.8 MMT CO2 
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Table A2. Planned renewable electric generating unit additions, North Carolina 2017-2019.503 
 

Year 
Entity 
ID Entity Name Plant Name 

Plant 
ID 

Net 
Summer 
Capacity 
(MW) Technology Status* 

2017 60154 White Street Renewables LLC White Street Renewables 60364 1.6 Landfill Gas T 

2017 60775 Bizzell Church Solar 2, LLC Bizzell Church Solar 2 61158 5 Solar Photovoltaic U 

2017 60773 St. Pauls Solar 2, LLC St. Pauls Solar 2 61156 5 Solar Photovoltaic U 

2017 58680 Ayrshire Holdings, LLC Ayrshire 58792 19.4 Solar Photovoltaic V 

2017 60774 Boaz Farm Solar, LLC Boaz Farm Solar 61157 5 Solar Photovoltaic U 

2017 60670 Floyd Road Solar Farm, LLC Floyd Road Solar Farm 61031 5 Solar Photovoltaic TS 

2017 58909 Fremont Farm LLC Fremont Farm 59103 5 Solar Photovoltaic V 

2017 59435 Innovative Solar 37, LLC Innovative Solar 37 59665 100 Solar Photovoltaic V 

2017 60074 Ajax Solar, LLC Ajax Solar 60288 4.9 Solar Photovoltaic U 

2017 60575 Scarlet Solar, LLC Scarlet Solar 60921 2 Solar Photovoltaic V 

2017 60163 Soltage LLC 231 Dixon 74 Solar I, LLC 61195 2 Solar Photovoltaic L 

2017 58970 Ecoplexus, Inc American Legion PV 1 59516 16 Solar Photovoltaic U 

2017 58970 Ecoplexus, Inc Flat Meeks PV 1 59514 5 Solar Photovoltaic L 

2017 60747 Gamble Solar, LLC Gamble Solar 61127 3 Solar Photovoltaic L 

2017 60292 Advanced Solar Power Holdings Two Mile Desert Project 60510 16.2 Solar Photovoltaic L 

2017 60163 Soltage LLC Mill Pond Solar Farm 61196 5 Solar Photovoltaic L 

2017 60574 Viper Solar, LLC Viper Solar 60920 2 Solar Photovoltaic T 

2017 60096 Calvert Energy LLC Pine Valley Solar Farm 60298 5 Solar Photovoltaic L 

2017 59007 Clipperton Holdings LLC Clipperton Holdings 59213 5 Solar Photovoltaic U 

2017 60303 Innovative Solar 42, LLC Innovative Solar 42 60539 71 Solar Photovoltaic V 

2017 60576 Ruskin Solar, LLC Ruskin Solar 60922 2 Solar Photovoltaic T 

2017 60163 Soltage LLC Broadridge Solar, LLC 61218 5 Solar Photovoltaic L 

2017 60379 Howardtown Farm, LLC Howardtown Farm 60630 10 Solar Photovoltaic L 

2017 60748 Salisbury Solar, LLC Salisbury Solar 61128 5 Solar Photovoltaic L 

2017 59696 Soluga Farms IV Soluga Farms IV 59934 4.9 Solar Photovoltaic T 

2017 60376 Auten Road Farm, LLC Auten Road Farm, LLC 60634 5 Solar Photovoltaic T 

2017 60366 BRE NC Solar 2, LLC BRE NC Solar 2 60626 5 Solar Photovoltaic L 

2017 60367 BRE NC Solar 3, LLC BRE NC Solar 3 60627 5 Solar Photovoltaic L 

2017 60368 BRE NC Solar 4, LLC BRE NC Solar 4 60628 5 Solar Photovoltaic L 

2017 60750 Bear Poplar Solar, LLC Bear Poplar Solar 61130 5 Solar Photovoltaic P 

2017 60078 Bladen Solar Farm, LLC Bladen Solar Farm 60296 4.9 Solar Photovoltaic T 

2017 60533 Carl Friedrich Gauss Solar LLC Carl Friedrich Gauss Solar 60882 5 Solar Photovoltaic L 

2017 60380 Cork Oak Solar LLC Cork Oak Solar 60637 26.2 Solar Photovoltaic V 

                                                
503 Data from U.S. Energy Information Administration (EIA), Electric Power Monthly: Data for April 2017 (2017). Available at 
https://web.archive.org/web/20170711155929/https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_6_05  
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2017 58970 Ecoplexus, Inc Grandy PV 1 59518 20 Solar Photovoltaic L 

2017 58970 Ecoplexus, Inc Manning PV 1 59520 5 Solar Photovoltaic L 

2017 58970 Ecoplexus, Inc Vaughn Creek PV1 60001 20 Solar Photovoltaic L 

2017 60411 Friesian Holdings, LLC Friesian Holdings 60692 75 Solar Photovoltaic L 

2017 59978 HXNAir Solar One LLC HXNAir Solar One 60209 5 Solar Photovoltaic U 

2017 60534 Halifax Solar LLC Halifax Solar LLC 60884 5 Solar Photovoltaic T 

2017 59439 Innovative Solar 54, LLC Innovative Solar 54 59669 50 Solar Photovoltaic T 

2017 59446 Innovative Solar 55, LLC Innovative Solar 55 59676 6.5 Solar Photovoltaic T 

2017 59448 Innovative Solar 67, LLC Innovative Solar 67 59678 33.3 Solar Photovoltaic T 

2017 60470 Jersey Holdings LLC Jersey Holdings 60784 5 Solar Photovoltaic L 

2017 59761 McLean Homestead, LLC McLean Homestead 60020 4.9 Solar Photovoltaic L 

2017 60635 Northern Cardinal Solar LLC Northern Cardinal Solar 60992 2 Solar Photovoltaic L 

2017 60755 Phelps 158 Solar Farm, LLC Phelps 158 Solar Farm 61134 5 Solar Photovoltaic U 

2017 60229 Quail Holdings, LLC Quail Holdings 60434 25 Solar Photovoltaic L 

2017 60466 Rowan Solar NC LLC Rowan Solar NC LLC 60780 2 Solar Photovoltaic T 

2017 60178 Shoe Creek Solar, LLC Shoe Creek Solar, LLC 60380 5.2 Solar Photovoltaic T 

2017 60163 Soltage LLC Barker Solar, LLC 61194 5 Solar Photovoltaic L 

2017 60163 Soltage LLC Kelly Solar, LLC 61219 5 Solar Photovoltaic L 

2017 59318 Soy Solar LLC Soy Solar 59571 5 Solar Photovoltaic L 

2017 60381 Sunflower Solar LLC Sunflower Solar 60638 20.9 Solar Photovoltaic V 

2017 60410 Tanager Holdings, LLC Tanager Holdings 60691 5 Solar Photovoltaic L 

2017 60749 Wadesboro Solar, LLC Wadesboro Solar 61129 5 Solar Photovoltaic L 

2017 59840 Wallace Solar 2 LLC Wallace Solar 2 60090 1.9 Solar Photovoltaic T 

2017 60154 White Street Renewables LLC White Street Renewables 60364 3.4 Solar Photovoltaic T 

2017 60817 Winton Solar 2 LLC Winton Solar 2 61188 4.5 Solar Photovoltaic L 

2017 Total    695.7    

          

2018 56814 Black Creek Renewable Energy Sampson County Landfill 57492 1.6 Landfill Gas T 

2018 56814 Black Creek Renewable Energy  Sampson County Landfill 57492 1.6 Landfill Gas T 

2018 58477 O2energies, Inc. Five Forks Solar 59951 20 Solar Photovoltaic P 

2018 60075 Climax Solar, LLC Climax Solar 60286 4.9 Solar Photovoltaic L 

2018 60076 Crawford Solar, LLC Crawford Solar 60294 4.9 Solar Photovoltaic U 

2018 60457 FLS Energy, Inc Daystar Solar 60179 5 Solar Photovoltaic T 

2018 60069 Jester Solar LLC Jester Solar 60290 4.9 Solar Photovoltaic P 

2018 60070 Organ Church Solar Organ Church Solar 60284 4.9 Solar Photovoltaic P 

2018 60509 Thigpen Farms Solar, LLC Thigpen Farms Solar, LLC 60850 5 Solar Photovoltaic T 

2018 60071 Trinity Solar, LLC Trinity Solar 60291 4.9 Solar Photovoltaic T 

2018 58970 Ecoplexus, Inc Everett PV1 60997 10 Solar Photovoltaic L 

2018 58970 Ecoplexus, Inc Underwood PV2 60998 16 Solar Photovoltaic L 

2018 58658 Sunlight Partners Alexis Solar 60139 5 Solar Photovoltaic L 
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2018 58658 Sunlight Partners Anna Solar 60176 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Blue Bird Solar 60177 4 Solar Photovoltaic L 

2018 58658 Sunlight Partners Bonnie Solar 60175 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Brooke Solar 60140 4.5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Cardinal Solar 60174 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Carter Solar 60167 5 Solar Photovoltaic T 

2018 58658 Sunlight Partners Cash Solar 60178 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Christina Solar 60172 3 Solar Photovoltaic L 

2018 58658 Sunlight Partners Clayton Solar 60171 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Eagle Solar 60161 4 Solar Photovoltaic L 

2018 58658 Sunlight Partners Grove Solar 60181 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Hawk Solar 60163 5 Solar Photovoltaic T 

2018 58658 Sunlight Partners Heedeh Solar 60157 4.5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Higgins Solar 60166 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Icarus Solar 60169 3 Solar Photovoltaic L 

2018 58658 Sunlight Partners Iga Solar 60170 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Izia Solar 60141 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Jordan Solar 60164 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners June Solar 60158 4 Solar Photovoltaic L 

2018 58658 Sunlight Partners Kathleen Solar 60180 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Longleaf Solar 60173 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Robin Solar 60165 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Roman Solar 60159 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Sadie Solar 60168 5 Solar Photovoltaic T 

2018 58658 Sunlight Partners Shelter Solar 60156 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Signature Solar 60155 5 Solar Photovoltaic T 

2018 58658 Sunlight Partners Tate Solar 60160 5 Solar Photovoltaic L 

2018 58658 Sunlight Partners Wilfork Solar 60162 5 Solar Photovoltaic L 

2018 58970 Ecoplexus, Inc Round Hill PV1 59998 5 Solar Photovoltaic L 

2018 60147 Enerparc Solar Development, LLC Gastonia Solar Center 60359 4.3 Solar Photovoltaic P 

2018 60147 Enerparc Solar Development, LLC Hilly Branch 60358 2 Solar Photovoltaic P 

2018 60147 Enerparc Solar Development, LLC Pike Road Solar 60360 5 Solar Photovoltaic P 

2018 60192 Warbler Holdings, LLC Warbler Holdings 60393 4 Solar Photovoltaic L 

2018 60193 Tamworth Holdings, LLC Tamworth Holdings 60394 5 Solar Photovoltaic L 

2018 60499 Eastway Solar, LLC Eastway Solar, LLC 60829 4.9 Solar Photovoltaic T 

2018 60457 FLS Energy, Inc Lillington Solar 59921 5 Solar Photovoltaic T 

2018 60356 Hexagon Energy Bay Branch Solar 60601 5 Solar Photovoltaic P 

2018 60498 Osceola Solar, LLC Osceola Solar, LLC 60828 5 Solar Photovoltaic T 

2018 60656 Chestnut Solar LLC Chestnut Solar 61011 74.9 Solar Photovoltaic P 

2018 59725 Ariel Solar, LLC Bloomsbury Solar, LLC 59970 5 Solar Photovoltaic P 
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2018 58508 Carolina Solar Energy II LLC Brantley Solar 60623 50.2 Solar Photovoltaic T 

2018 58508 Carolina Solar Energy II LLC Cabaniss Solar 60430 4.2 Solar Photovoltaic T 

2018 58508 Carolina Solar Energy II LLC Fox Creek Solar 60624 50.2 Solar Photovoltaic T 

2018 58508 Carolina Solar Energy II LLC McGrigor Farm Solar 60440 5 Solar Photovoltaic T 

2018 58508 Carolina Solar Energy II LLC Sellers Farm Solar 60439 5 Solar Photovoltaic T 

2018 58508 Carolina Solar Energy II LLC Tides Lane Farm 60429 5 Solar Photovoltaic T 

2018 58970 Ecoplexus, Inc Boykin PV1 59996 17 Solar Photovoltaic L 

2018 58970 Ecoplexus, Inc E Nash PV1 60002 20 Solar Photovoltaic L 

2018 58970 Ecoplexus, Inc High Shoals PV1 59997 16 Solar Photovoltaic T 

2018 58970 Ecoplexus, Inc Willoughby PV1 60003 20 Solar Photovoltaic L 

2018 60603 Eisenhower Solar, LLC Eisenhower Solar 60963 5 Solar Photovoltaic P 

2018 60602 Tyler Solar, LLC Tyler Solar 60970 5 Solar Photovoltaic P 

2018 60072 Willard Solar, LLC Willard Solar 60287 4.9 Solar Photovoltaic P 

2018 Total    553.3    

          

2019 60600 Adams Solar, LLC Adams Solar 60949 2 Solar Photovoltaic P 

2019 60604 Mountain Lion Solar, LLC Mountain Lion Solar 60950 1.7 Solar Photovoltaic P 

2019 59771 Pecan Solar LLC Pecan Solar 60030 74.9 Solar Photovoltaic T 

2019 60601 River Otter Solar, LLC River Otter Solar 60969 5 Solar Photovoltaic P 

2019 60597 Violet Solar, LLC Violet Solar 60961 5 Solar Photovoltaic P 

2019 60599 Washington Solar, LLC Washington Solar 60948 5 Solar Photovoltaic P 

2019 Total       93.6     

       Grand Total (2017-2019)   1342.6     

* (T) Regulatory approvals received, not under construction; (U) Under construction, less than or equal to 50 percent 
complete; (V) Under construction, more than 50 percent complete; (TS) Construction complete, but not yet in 
commercial operations; (L) Regulatory approvals pending, not under construction; (P) Planned for installation, but 
regulatory approvals not initiated.  
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Exhibit A 
Explanation of emission reductions trajectories for North Carolina based on goal of reducing in-

state carbon dioxide emissions to zero by 2050 
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Explanation of emission reductions trajectories for North Carolina based on 

goal of reducing in-state carbon dioxide emissions to zero by 2050  
 
Background   

Despite the well-known impacts of greenhouse gas (“GHG”) emissions on Earth’s climate, 
global emissions continue to climb. Since 2000, global GHG emissions have increased at a rate of 
2.6% annually,1 and as of September 2016, the atmospheric concentration of carbon dioxide 
(“CO2”) passed 400 parts per million (“ppm”) and is not expected to return below this threshold 
without human action.2 In September 2017, the concentration of CO2 in the atmosphere was 
403.38ppm, up from 401.03 in September 2016.3  

 
The Rule proposed in this Petition is based on the best available science indicating that 

atmospheric CO2 concentrations must return to 350ppm by 2100 to avoid major disturbance to the 
global climate system and associated climate “tipping points.”4 Limiting atmospheric CO2 
concentrations to 350ppm has the best chance of constraining long-term global warming to 1oC, 
compared to the pre-industrial global temperature.5 In turn, limiting long-term global warming to 
1oC will reduce the risk associated with extreme climate events and feedback processes that may 
be triggered at slightly higher temperatures.  
 

For example, at 1oC of warming, coral reefs will likely be able to adapt, while at 2oC the 
chance of recovery disappears, and tropical corals would likely to die-off by 2100.6 The global 
spread of pests and pathogens is expected to increase exponentially with higher temperatures,7 
while parts of the Middle East may become uninhabitable if 2oC of warming is allowed to occur.8 
Further, the difference between 1oC and 2oC of warming could mean the difference between 
avoiding catastrophic climate tipping points and triggering them. These processes include loss of 
ice sheets and resultant sea level rise,9 release of methane from melting permafrost,10 and changes 
in the distribution of vegetation worldwide,11 all of which may enforce positive feedback 
mechanisms that amplify warming. Further, these slow feedback mechanisms can increase climate 

																																																								
1James Hansen, Makiko Sato, Pushker Kharecha, et al., Young People’s Burden: Requirement of Negative CO2 Emissions EARTH 

SYSTEM DYNAMICS 1, 18 (2016). (doi:10.5194/esd-2016-42). 
2 Richard A. Betts, Chris D., Jones, Jeff R. Knight, et al., El Niño and a Record CO2 Rise 6 NATURE CLIMATE CHANGE 806, 807-
809 (2016).  
3 National Oceanic and Atmospheric Administration (NOAA), Trends in Atmospheric Carbon Dioxide, EARTH SYSTEM 

RESEARCH LABORATORY: GLOBAL MONITORING DIVISION, https://www.esrl.noaa.gov/gmd/ccgg/trends/ (Accessed October 10, 
2017).  
4 Hansen et al., supra note 1 at 2; “tipping points” refer to amplifying feedbacks that can spur rapid, runaway climatic changes.  
5 Hansen et al. supra note 1 at 2; “Pre-industrial temperature” is generally calculated as the average global temperature between ~ 
1880-1900 (See Manoj Joshi, Ed Hawkins, Rowan Sutton, et al., Projections of when Temperature Change Will Exceed 2

o
C Above 

Pre-Industrial Levels 1 NATURE CLIMATE CHANGE 407, 411 [2011]).  
6 J.E.N. Veron, O. Hoegh-Guldberg, T.M. Lenton et al., The Coral Reef Crisis: The Critical Importance of <350ppm CO2, 58 
MARINE POLLUTION BULLETIN 1428, 1429-1433 (2009); Bob Silberg. Why a Half-Degree Temperature Rise is a Big Deal, NASA 

CLIMATE Jun. 29, 2016, available at: http://climate.nasa. gov/news/2458/why-a-half-degree-temperature-rise-is-a-big-deal/ 
7 Brian Walsh, A Warmer World Will Mean More Pests and Pathogens for Crops, TIME Sep. 2, 2013, available at http://science. 
time.com/2013/09/02/a-warmer-world-will-mean-more-pests-and-pathogens-for-crops/   
8 Jeremy S. Pal and Elfatih A.B. Eltahir, Future Temperature in Southwest Asia Projected to Exceed a Threshold for Human 

Adaptability 6 NATURE CLIMATE CHANGE 197, 197-200 (2015).  
9 J.E. Box, X. Fettweis, J.C. Stroeve, et al., Greenland Ice Sheet Albedo Feedback: Thermodynamics and Atmospheric Drivers 6 
THE CRYOSPHERE 821, 821-822 (2012).  
10 Jorien E. Vonk and Örjan Gustafsson, Permafrost-carbon Complexities 6 NATURE GEOSCIENCE 675, 675-676 (2013).  
11 E.S. Euskirchen, A.D. McGuire, F.S. Chapin, III, et al., Changes in Vegetation in Northern Alaska Under Scenarios of Climate 

Change, 2003-2100: Implications for Climate Feedbacks 19 ECOLOGICAL APPLICATIONS 1022, 1022-1024.  
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sensitivity (the global temperature change resulting from a doubling of atmospheric CO2) currently 
thought to be around 3oC.12 
 

Due to continued emissions, ambitious action to reduce atmospheric CO2 is now necessary 
to minimize the amount of time earth spends above 350ppm, or 1oC.13 To have the best chance of 
bringing atmospheric CO2 concentrations back below the “safe” level of 350ppm, global emissions 
must be reduced by at least 8% per year, achieving zero CO2 emissions by 2050.14 Because North 
Carolina is a substantial emitter of CO2,

15 the state should be expected to contribute an equal share 
to global efforts to reduce emissions. 
 
Developing emissions reductions targets for North Carolina  

The target of reducing CO2 emissions by 8% per year is based off a recent analysis 
illustrating that atmospheric concentrations of CO2 must be reduced to 350ppm by the end of the 
century, to minimize the time the earth spends above 1oC warmer than average pre-industrial 
temperature.16 The 8% target is also consistent with a 2015 lawsuit filed by Our Children’s Trust 
against the United States.17 It is important to note that carbon sequestration is needed in addition 
to emissions reductions (“ER”) to have the best chance of reaching the target of 350ppm by 2100. 
However, given the complexity of developing a rule that requires and quantifies sequestration 
activities in North Carolina, the Rule proposed in this Petition, supported by this analysis, focuses 
solely on developing an ambitious ER plan for the State.   
 

There are two options for ER consistent with an average decrease in CO2 emissions of 8% 
per year. First, NC can be required to simply reduce emissions at a rate of 8% annually. Based on 
an initial CO2 level of 126.8 million metric tons (“MMT”),18 and an ER start date of 2018, 8% 
annual ER will lower NC’s annual CO2 emissions to 50.7 MMT within 10 years, 8 MMT by 2050, 
and ~0 by 2075 (Fig. 1; Table 1). Alternatively, NC can implement an ER plan that has an overall 
average ER of approximately 8% annually, but allows the state more flexibility in how fast these 
reductions occur, constrained by interim emissions targets.  
 

For example, an ER plan that requires emissions to be reduced to 50% below the baseline 
(~64 MMT) by 2028 (an annual average reduction of 6% between 2018-2028) and ~20 MMT by 
2040 (an annual average reduction of 10% between 2028-2040) achieves the same reductions as 
the 8% plan over the first 20 years, but has a built-in “ramping up” period (2018-2028) where 
reductions requirements are less stringent at 6% per year (Fig. 1; Table 1). Between 2028 and 
2040, ER requirements are more ambitious at 10% per year. After 2040, the interim targets plan 

																																																								
12 Intergovernmental Panel on Climate Change (IPCC), Climate Change 2007: The Physical Science Basis. Sec. 8.6: Climate 

sensitivity and feedbacks. Available at https://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch8s8-6.html (contribution of 
Working Group I).  
13 Hansen et al., supra note 1 at 14-15; Richard J. Millar, Jan S. Fuglestvedt, Pierre Friedlingstein, et al., Emission budgets and 

patheays consistent with limiting warming to 1.5
o
C, NATURE GEOSCIENCE DOI: 10.1038/NGEO3031.  

14 Id. at 23.  
15 U.S. Energy Information Administration (EIA), State Carbon Dioxide Emissions (2016). Available at http://www.eia.gov/ 
environment/emissions/state/  
16 Hansen et al., supra note 1 at 14-15. 
17 See Juliana et al.  v. United States of America et al., Case No. 6:15-cv-01517-TC, Opinion and Order (10 November 2016); Note: 
Emissions reductions target was set at 6% because this case was brought in 2015, however emissions reductions requirements have 
increased since then since emissions have continued unabated.  
18 Assumes no change in North Carolina’s CO2 emissions since 2014 (126.6 MMT CO2), see EIA, supra note 15.  
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ramps up again to achieve zero emissions by 2050, requiring annual average ER of 1 MMT 
between 2040 and 2050 (Fig. 1; Table 1).   
 

The constant 8% plan and the interim targets plan converge in 2040, where both succeed 
in reducing NC’s annual CO2 emissions to ~18 MMT (Fig. 1; Table 1). Following 2040, the paths 
diverge as the interim targets plan aims to achieve near zero emissions by 2050, while the constant 
plan continues to reduce emissions by 8% annually. The benefit of the constant plan stems from 
its simplicity, and the fact that it succeeds in halving NC’s CO2 emissions within the first 8 years 
of implementation. While the interim targets plan has a slower start, it quickly catches up to the 
constant plan, achieving the same overall ER by 2040. Further, the built-in ramp-up period of the 
interim targets plan has a better chance of achieving compliance from emitters, as it allows time 
for energy efficiency measures and alternative energy sources to be implemented. 
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Figure 1. CO2 emissions pathways for North Carolina, based on average annual emissions reductions (ER) of 8%. Dashed line 

represents constant ER of 8% annually between 2018-2100. Red line represents an average ER of 8% between 2018-2040 with interim 

targets at 2028 and 2040, and an ultimate goal of zero emissions by 2050. Black line represents historical CO2 emissions between 

1980-2014.  
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Table 1. Comparison between 8% annual emissions reductions (ER) plan and ER plan with 

interim targets (interim targets are denoted by bold text). Both ER plans are implemented starting 

in 2018. Historic emissions for North Carolina between 1980-2014 are included. MMT CO2 = 

million metric tons CO2.  

 

Year	
NC	historic	emissions

19
	

MMT	CO2	

8%	annual	ER	

(constant)	

MMT	CO2	

8%	average	ER	between	2018-

2040	with	interim	targets	

MMT	CO2	

1980	 112.4	 -	 -	

1981	 112.0	 -	 -	

1982	 107.9	 -	 -	

1983	 107.4	 -	 -	

1984	 109.0	 -	 -	

1985	 107.0	 -	 -	

1986	 112.3	 -	 -	

1987	 107.6	 -	 -	

1988	 111.8	 -	 -	

1989	 115.8	 -	 -	

1990	 111.4	 -	 -	

1991	 111.2	 -	 -	

1992	 121.6	 -	 -	

1993	 127.3	 -	 -	

1994	 122.6	 -	 -	

1995	 128.9	 -	 -	

1996	 140.8	 -	 -	

1997	 143.2	 -	 -	

1998	 142.8	 -	 -	

1999	 141.2	 -	 -	

2000	 149.1	 -	 -	

2001	 144.4	 -	 -	

2002	 145.6	 -	 -	

2003	 146.5	 -	 -	

2004	 149.7	 -	 -	

2005	 154.0	 -	 -	

2006	 148.6	 -	 -	

2007	 154.4	 -	 -	

2008	 149.2	 -	 -	

2009	 133.0	 -	 -	

2010	 142.8	 -	 -	

2011	 128.4	 -	 -	

2012	 121.2	 -	 -	

2013	 125.0	 -	 -	

2014	 126.8	 -	 -	

2015	 -	 126.80	 126.80	

2016	 -	 126.80	 126.80	

2017	 -	 126.80	 126.80	

2018	 -	 116.66	 119.19	

																																																								
19

 EIA, supra note 15.  
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2019	 -	 107.32	 112.04	

2020	 -	 98.74	 105.32	

2021	 -	 90.84	 99.00	

2022	 -	 83.57	 93.06	

2023	 -	 76.89	 87.48	

2024	 -	 70.73	 82.23	

2025	 -	 65.08	 77.29	

2026	 -	 59.87	 72.66	

2027	 -	 55.08	 68.30	

2028	 -	 50.67	 64.20	

2029	 -	 46.62	 57.78	

2030	 -	 42.89	 52.00	

2031	 -	 39.46	 46.80	

2032	 -	 36.30	 42.12	

2033	 -	 33.40	 37.91	

2034	 -	 30.73	 34.12	

2035	 -	 28.27	 30.71	

2036	 -	 26.01	 27.64	

2037	 -	 23.93	 24.87	

2038	 -	 22.01	 22.38	

2039	 -	 20.25	 20.15	

2040	 -	 18.63	 18.13	

2041	 -	 17.14	 16.13	

2042	 -	 15.77	 14.13	

2043	 -	 14.51	 12.13	

2044	 -	 13.35	 10.13	

2045	 -	 12.28	 8.13	

2046	 -	 11.30	 6.13	

2047	 -	 10.39	 4.13	

2048	 -	 9.56	 2.13	

2049	 -	 8.80	 0.13	

2050	 -	 8.09	 0.00	

2051	 -	 7.45	 -	

2052	 -	 6.85	 -	

2053	 -	 6.30	 -	

2054	 -	 5.80	 -	

2055	 -	 5.33	 -	

2056	 -	 4.91	 -	

2057	 -	 4.51	 -	

2058	 -	 4.15	 -	

2059	 -	 3.82	 -	

2060	 -	 3.52	 -	

2061	 -	 3.23	 -	

2062	 -	 2.98	 -	

2063	 -	 2.74	 -	

2064	 -	 2.52	 -	

2065	 -	 2.32	 -	

2066	 -	 2.13	 -	

2067	 -	 1.96	 -	

2068	 -	 1.80	 -	
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2069	 -	 1.66	 -	

2070	 -	 1.53	 -	

2071	 -	 1.40	 -	

2072	 -	 1.29	 -	

2073	 -	 1.19	 -	

2074	 -	 1.09	 -	

2075	 -	 1.01	 -	

2076	 -	 0.93	 -	

2077	 -	 0.85	 -	

2078	 -	 0.78	 -	

2079	 -	 0.72	 -	

2080	 -	 0.66	 -	

2081	 -	 0.61	 -	

2082	 -	 0.56	 -	

2083	 -	 0.52	 -	

2084	 -	 0.48	 -	

2085	 -	 0.44	 -	

2086	 -	 0.40	 -	

2087	 -	 0.37	 -	

2088	 -	 0.34	 -	

2089	 -	 0.31	 -	

2090	 -	 0.29	 -	

2091	 -	 0.27	 -	

2092	 -	 0.24	 -	

2093	 -	 0.22	 -	

2094	 -	 0.21	 -	

2095	 -	 0.19	 -	

2096	 -	 0.17	 -	

2097	 -	 0.16	 -	

2098	 -	 0.15	 -	

2099	 -	 0.14	 -	

2100	 -	 0.13	 -	
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Exhibit B 
U.S. Environmental Protection Agency (EPA), Technical Support Document for Endangerment 

and Cause or Contribute Findings for Greenhouse Gases under Section 202(a) of the Clean Air 

Act, Executive Summary ES-1 - ES-7 (December 7, 2009). 
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Executive Summary 
 
This document provides technical support for the endangerment and cause or contribute analyses 
concerning greenhouse gas (GHG) emissions under section 202(a) of the Clean Air Act.  This document 
itself does not convey any judgment or conclusion regarding the question of whether GHGs may be 
reasonably anticipated to endanger public health or welfare, as this decision is ultimately left to the 
judgment of the Administrator.  The conclusions here and the information throughout this document are 
primarily drawn from the assessment reports of the Intergovernmental Panel on Climate Change (IPCC), 
the U.S. Climate Change Science Program (CCSP), the U.S. Global Change Research Program 
(USGCRP), and the National Research Council (NRC). 
 
Observed Trends in Greenhouse Gas Emissions and Concentrations 
 
Greenhouse gases, once emitted, can remain in the atmosphere for decades to centuries, meaning 
that 1) their concentrations become well-mixed throughout the global atmosphere regardless of 
emission origin, and 2) their effects on climate are long lasting.  The primary long-lived GHGs 
directly emitted by human activities include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6).  Greenhouse gases 
have a warming effect by trapping heat in the atmosphere that would otherwise escape to space. 
 
In 2007, U.S. GHG emissions were 7,150 teragrams1 of CO2 equivalent2 (TgCO2eq).  The dominant 
gas emitted is CO2, mostly from fossil fuel combustion.  Methane is the second largest component of 
U.S. emissions, followed by N2O and the fluorinated gases (HFCs, PFCs, and SF6).  Electricity generation 
is the largest emitting sector (34% of total U.S. GHG emissions), followed by transportation (28%) and 
industry (19%).   
 
Transportation sources under Section 202 of the Clean Air Act (passenger cars, light duty trucks, 
other trucks and buses, motorcycles, and cooling) emitted 1,649 TgCO2eq in 2007, representing 
23% of total U.S. GHG emissions.  
 
U.S. transportation sources under Section 202 made up 4.3% of total global GHG emissions in 
2005, which, in addition to the United States as a whole, ranked only behind total GHG emissions from 
China, Russia, and India but ahead of Japan, Brazil, Germany, and the rest of the world’s countries.  In 
2005, total U.S. GHG emissions were responsible for 18% of global emissions, ranking only behind 
China, which was responsible for 19% of global GHG emissions.   
 
U.S. emissions of sulfur oxides (SOx), nitrogen oxides (NOx), direct particulates, and ozone 
precursors have decreased in recent decades, due to regulatory actions and improvements in 
technology.  Sulfur dioxide (SO2) emissions in 2007 were 5.9 Tg of sulfur, primary fine particulate matter 
(PM2.5) emissions in 2005 were 5.0 Tg, NOx emissions in 2005 were 18.5 Tg, volatile organic compound 
(VOC) emissions in 2005 were 16.8 Tg, and ammonia emissions in 2005 were 3.7 Tg. 
 
The global atmospheric CO2 concentration has increased about 38% from pre-industrial levels to 
2009, and almost all of the increase is due to anthropogenic emissions.  The global atmospheric 

                                                 
1 One teragram (Tg) = 1 million metric tons.  1 metric ton = 1,000 kilograms = 1.102 short tons = 2,205 pounds. 
2 Long-lived GHGs are compared and summed together on a CO2-equivalent basis by multiplying each gas by its 
global warming potential (GWP), as estimated by IPCC.  In accordance with United Nations Framework Convention 
on Climate Change (UNFCCC) reporting procedures, the U.S. quantifies GHG emissions using the 100-year 
timeframe values for GWPs established in the IPCC Second Assessment Report. 
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concentration of CH4 has increased by 149% since pre-industrial levels (through 2007); and the N2O 
concentration has increased by 23% (through 2007).  The observed concentration increase in these gases 
can also be attributed primarily to anthropogenic emissions. The industrial fluorinated gases, HFCs, 
PFCs, and SF6, have relatively low atmospheric concentrations but the total radiative forcing due to these 
gases is increasing rapidly; these gases are almost entirely anthropogenic in origin.   
 
Historic data show that current atmospheric concentrations of the two most important directly 
emitted, long-lived GHGs (CO2 and CH4) are well above the natural range of atmospheric 
concentrations compared to at least the last 650,000 years.  Atmospheric GHG concentrations have 
been increasing because anthropogenic emissions have been outpacing the rate at which GHGs are 
removed from the atmosphere by natural processes over timescales of decades to centuries. 
 
Observed Effects Associated With Global Elevated Concentrations of GHGs 
 
Current ambient air concentrations of CO2 and other GHGs remain well below published exposure 
thresholds for any direct adverse health effects, such as respiratory or toxic effects. 
 
The global average net effect of the increase in atmospheric GHG concentrations, plus other human 
activities (e.g., land-use change and aerosol emissions), on the global energy balance since 1750 has 
been one of warming.  This total net heating effect, referred to as forcing, is estimated to be +1.6 (+0.6 to 
+2.4) watts per square meter (W/m2), with much of the range surrounding this estimate due to 
uncertainties about the cooling and warming effects of aerosols.  However, as aerosol forcing has more 
regional variability than the well-mixed, long-lived GHGs, the global average might not capture some 
regional effects. The combined radiative forcing due to the cumulative (i.e., 1750 to 2005) increase in 
atmospheric concentrations of CO2, CH4, and N2O is estimated to be +2.30 (+2.07 to +2.53) W/m2.  The 
rate of increase in positive radiative forcing due to these three GHGs during the industrial era is very 
likely to have been unprecedented in more than 10,000 years. 
 
Warming of the climate system is unequivocal, as is now evident from observations of increases in 
global average air and ocean temperatures, widespread melting of snow and ice, and rising global 
average sea level.  Global mean surface temperatures have risen by 1.3 ± 0.32F (0.74°C ± 0.18C) over 
the last 100 years.  Eight of the 10 warmest years on record have occurred since 2001.  Global mean 
surface temperature was higher during the last few decades of the 20th century than during any 
comparable period during the preceding four centuries.   
 
Most of the observed increase in global average temperatures since the mid-20th century is very 
likely due to the observed increase in anthropogenic GHG concentrations.  Climate model 
simulations suggest natural forcing alone (i.e., changes in solar irradiance) cannot explain the observed 
warming.   
 
U.S. temperatures also warmed during the 20th and into the 21st century; temperatures are now 
approximately 1.3°F (0.7°C) warmer than at the start of the 20th century, with an increased rate of 
warming over the past 30 years.  Both the IPCC and the CCSP reports attributed recent North American 
warming to elevated GHG concentrations.  In the CCSP (2008g) report, the authors find that for North 
America, “more than half of this warming [for the period 1951-2006] is likely the result of human-caused 
greenhouse gas forcing of climate change.”   
 
Observations show that changes are occurring in the amount, intensity, frequency and type of 
precipitation.  Over the contiguous United States, total annual precipitation increased by 6.1% from 1901 
to 2008.  It is likely that there have been increases in the number of heavy precipitation events within 
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many land regions, even in those where there has been a reduction in total precipitation amount, 
consistent with a warming climate. 
 
There is strong evidence that global sea level gradually rose in the 20th century and is currently 
rising at an increased rate.  It is not clear whether the increasing rate of sea level rise is a reflection of 
short-term variability or an increase in the longer-term trend.  Nearly all of the Atlantic Ocean shows sea 
level rise during the last 50 years with the rate of rise reaching a maximum (over 2 millimeters [mm] per 
year) in a band along the U.S. east coast running east-northeast. 
 
Satellite data since 1979 show that annual average Arctic sea ice extent has shrunk by 4.1% per 
decade.  The size and speed of recent Arctic summer sea ice loss is highly anomalous relative to the 
previous few thousands of years. 
 
Widespread changes in extreme temperatures have been observed in the last 50 years across all 
world regions, including the United States.  Cold days, cold nights, and frost have become less 
frequent, while hot days, hot nights, and heat waves have become more frequent. 
 
Observational evidence from all continents and most oceans shows that many natural systems are 
being affected by regional climate changes, particularly temperature increases.   However, directly 
attributing specific regional changes in climate to emissions of GHGs from human activities is difficult, 
especially for precipitation. 
 
Ocean CO2 uptake has lowered the average ocean pH (increased acidity) level by approximately 0.1 
since 1750.  Consequences for marine ecosystems can include reduced calcification by shell-forming 
organisms, and in the longer term, the dissolution of carbonate sediments. 
 
Observations show that climate change is currently affecting U.S. physical and biological systems in 
significant ways. The consistency of these observed changes in physical and biological systems and the 
observed significant warming likely cannot be explained entirely due to natural variability or other 
confounding non-climate factors. 
 
Projections of Future Climate Change With Continued Increases in Elevated GHG Concentrations 
 
Most future scenarios that assume no explicit GHG mitigation actions (beyond those already 
enacted) project increasing global GHG emissions over the century, with climbing GHG 
concentrations.  Carbon dioxide is expected to remain the dominant anthropogenic GHG over the course 
of the 21st century.  The radiative forcing associated with the non-CO2 GHGs is still significant and 
increasing over time.  

 
Future warming over the course of the 21st century, even under scenarios of low-emission growth, is 
very likely to be greater than observed warming over the past century.  According to climate model 
simulations summarized by the IPCC, through about 2030, the global warming rate is affected little by the 
choice of different future emissions scenarios.  By the end of the 21st century, projected average global 
warming (compared to average temperature around 1990) varies significantly depending on the emission 
scenario and climate sensitivity assumptions, ranging from 3.2 to 7.2F (1.8 to 4.0C), with an uncertainty 
range of 2.0 to 11.5F (1.1 to 6.4C). 
 
All of the United States is very likely to warm during this century, and most areas of the United 
States are expected to warm by more than the global average.  The largest warming is projected to 
occur in winter over northern parts of Alaska.  In western, central and eastern regions of North America, 
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the projected warming has less seasonal variation and is not as large, especially near the coast, consistent 
with less warming over the oceans.   
 
It is very likely that heat waves will become more intense, more frequent, and longer lasting in a 
future warm climate, whereas cold episodes are projected to decrease significantly. 
 
Increases in the amount of precipitation are very likely in higher latitudes, while decreases are 
likely in most subtropical latitudes and the southwestern United States, continuing observed 
patterns. The mid-continental area is expected to experience drying during summer, indicating a greater 
risk of drought.   
 
Intensity of precipitation events is projected to increase in the United States and other regions of 
the world.  More intense precipitation is expected to increase the risk of flooding and result in greater 
runoff and erosion that has the potential for adverse water quality effects.  
 
It is likely that hurricanes will become more intense, with stronger peak winds and more heavy 
precipitation associated with ongoing increases of tropical sea surface temperatures.  Frequency changes 
in hurricanes are currently too uncertain for confident projections. 
 
By the end of the century, global average sea level is projected by IPCC to rise between 7.1 and 23 
inches (18 and 59 centimeter [cm]), relative to around 1990, in the absence of increased dynamic ice 
sheet loss. Recent rapid changes at the edges of the Greenland and West Antarctic ice sheets show 
acceleration of flow and thinning.  While an understanding of these ice sheet processes is incomplete, 
their inclusion in models would likely lead to increased sea level projections for the end of the 21st 
century.  
 
Sea ice extent is projected to shrink in the Arctic under all IPCC emissions scenarios.   
 
Projected Risks and Impacts Associated With Future Climate Change  
 
Risk to society, ecosystems, and many natural Earth processes increase with increases in both the 
rate and magnitude of climate change.  Climate warming may increase the possibility of large, 
abrupt regional or global climatic events (e.g., disintegration of the Greenland Ice Sheet or collapse 
of the West Antarctic Ice Sheet).  The partial deglaciation of Greenland (and possibly West Antarctica) 
could be triggered by a sustained temperature increase of 2 to 7F (1 to 4ºC) above 1990 levels. Such 
warming would cause a 13 to 20 feet (4 to 6 meter) rise in sea level, which would occur over a time 
period of centuries to millennia.  
 
CCSP reports that climate change has the potential to accentuate the disparities already evident in 
the American health care system, as many of the expected health effects are likely to fall 
disproportionately on the poor, the elderly, the disabled, and the uninsured.  IPCC states with very 
high confidence that climate change impacts on human health in U.S. cities will be compounded by 
population growth and an aging population.   
 
Severe heat waves are projected to intensify in magnitude and duration over the portions of the 
United States where these events already occur, with potential increases in mortality and morbidity, 
especially among the elderly, young, and frail.   
 
Some reduction in the risk of death related to extreme cold is expected.  It is not clear whether 
reduced mortality from cold will be greater or less than increased heat-related mortality in the United 
States due to climate change.    
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Increases in regional ozone pollution relative to ozone levels without climate change are expected 
due to higher temperatures and weaker circulation in the United States and other world cities 
relative to air quality levels without climate change.  Climate change is expected to increase regional 
ozone pollution, with associated risks in respiratory illnesses and premature death.  In addition to human 
health effects, tropospheric ozone has significant adverse effects on crop yields, pasture and forest 
growth, and species composition.  The directional effect of climate change on ambient particulate matter 
levels remains uncertain.  
 
Within settlements experiencing climate change, certain parts of the population may be especially 
vulnerable; these include the poor, the elderly, those already in poor health, the disabled, those living 
alone, and/or indigenous populations dependent on one or a few resources.  Thus, the potential impacts of 
climate change raise environmental justice issues. 
 
CCSP concludes that, with increased CO2 and temperature, the life cycle of grain and oilseed crops 
will likely progress more rapidly.  But, as temperature rises, these crops will increasingly begin to 
experience failure, especially if climate variability increases and precipitation lessens or becomes 
more variable.  Furthermore, the marketable yield of many horticultural crops (e.g., tomatoes, onions, 
fruits) is very likely to be more sensitive to climate change than grain and oilseed crops. 
 
Higher temperatures will very likely reduce livestock production during the summer season in 
some areas, but these losses will very likely be partially offset by warmer temperatures during the 
winter season.  
 
Cold-water fisheries will likely be negatively affected; warm-water fisheries will generally benefit; 
and the results for cool-water fisheries will be mixed, with gains in the northern and losses in the 
southern portions of ranges. 
 
Climate change has very likely increased the size and number of forest fires, insect outbreaks, and 
tree mortality in the interior West, the Southwest, and Alaska, and will continue to do so. Over 
North America, forest growth and productivity have been observed to increase since the middle of the 20th 
century, in part due to observed climate change.  Rising CO2 will very likely increase photosynthesis for 
forests, but the increased photosynthesis will likely only increase wood production in young forests on 
fertile soils.  The combined effects of expected increased temperature, CO2, nitrogen deposition, ozone, 
and forest disturbance on soil processes and soil carbon storage remain unclear. 
 
Coastal communities and habitats will be increasingly stressed by climate change impacts 
interacting with development and pollution.  Sea level is rising along much of the U.S. coast, and the 
rate of change will very likely increase in the future, exacerbating the impacts of progressive inundation, 
storm-surge flooding, and shoreline erosion.  Storm impacts are likely to be more severe, especially along 
the Gulf and Atlantic coasts.  Salt marshes, other coastal habitats, and dependent species are threatened by 
sea level rise, fixed structures blocking landward migration, and changes in vegetation.  Population 
growth and rising value of infrastructure in coastal areas increases vulnerability to climate variability and 
future climate change. 
 
Climate change will likely further constrain already overallocated water resources in some regions 
of the United States, increasing competition among agricultural, municipal, industrial, and 
ecological uses.  Although water management practices in the United States are generally advanced, 
particularly in the West, the reliance on past conditions as the basis for current and future planning may 
no longer be appropriate, as climate change increasingly creates conditions well outside of historical 
observations. Rising temperatures will diminish snowpack and increase evaporation, affecting seasonal 
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availability of water.  In the Great Lakes and major river systems, lower water levels are likely to 
exacerbate challenges relating to water quality, navigation, recreation, hydropower generation, water 
transfers, and binational relationships.  Decreased water supply and lower water levels are likely to 
exacerbate challenges relating to aquatic navigation in the United States.   
 
Higher water temperatures, increased precipitation intensity, and longer periods of low flows will 
exacerbate many forms of water pollution, potentially making attainment of water quality goals more 
difficult.  As waters become warmer, the aquatic life they now support will be replaced by other species 
better adapted to warmer water.  In the long term, warmer water and changing flow may result in 
deterioration of aquatic ecosystems.   
 
Ocean acidification is projected to continue, resulting in the reduced biological production of 
marine calcifiers, including corals.  
 
Climate change is likely to affect U.S. energy use and energy production and physical and 
institutional infrastructures.  It will also likely interact with and possibly exacerbate ongoing 
environmental change and environmental pressures in settlements, particularly in Alaska where 
indigenous communities are facing major environmental and cultural impacts. The U.S. energy sector, 
which relies heavily on water for hydropower and cooling capacity, may be adversely impacted by 
changes to water supply and quality in reservoirs and other water bodies. Water infrastructure, including 
drinking water and wastewater treatment plants, and sewer and stormwater management systems, will be 
at greater risk of flooding, sea level rise and storm surge, low flows, and other factors that could impair 
performance. 
 
Disturbances such as wildfires and insect outbreaks are increasing in the United States and are 
likely to intensify in a warmer future with warm er winters, drier soils, and longer growing seasons.  
Although recent climate trends have increased vegetation growth, continuing increases in disturbances are 
likely to limit carbon storage, facilitate invasive species, and disrupt ecosystem services.   
 
Over the 21st century, changes in climate will cause species to shift north and to higher elevations 
and fundamentally rearrange U.S. ecosystems.  Differential capacities for range shifts and constraints 
from development, habitat fragmentation, invasive species, and broken ecological connections will alter 
ecosystem structure, function, and services. 
 
Climate change impacts will vary in nature and magnitude across different regions of the United 
States.    
 Sustained high summer temperatures, heat waves, and declining air quality are projected in the 

Northeast3, Southeast4, Southwest5, and Midwest6.  Projected climate change would continue to 
cause loss of sea ice, glacier retreat, permafrost thawing, and coastal erosion in Alaska.  

 Reduced snowpack, earlier spring snowmelt, and increased likelihood of seasonal summer droughts 
are projected in the Northeast, Northwest7, and Alaska.  More severe, sustained droughts and water 
scarcity are projected in the Southeast, Great Plains8, and Southwest.  

                                                 
3 Northeast includes West Virginia, Maryland, Delaware, Pennsylvania, New Jersey, New York, Connecticut, Rhode 
Island, Massachusetts, Vermont, New Hampshire, and Maine. 
4 Southeast includes Kentucky, Virginia, Arkansas, Tennessee, North Carolina, South Carolina, southeast Texas, 
Louisiana, Mississippi, Alabama, Georgia, and Florida. 
5 Southwest includes California, Nevada, Utah, western Colorado, Arizona, New Mexico (except the extreme 
eastern section), and southwest Texas. 
6 The Midwest includes Minnesota, Wisconsin, Michigan, Iowa, Illinois, Indiana, Ohio, and Missouri. 
7 The Northwest includes Washington, Idaho, western Montana, and Oregon. 
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 The Southeast, Midwest, and Northwest in particular are expected to be impacted by an increased 
frequency of heavy downpours and greater flood risk.   

 Ecosystems of the Southeast, Midwest, Great Plains, Southwest, Northwest, and Alaska are 
expected to experience altered distribution of native species (including local extinctions), more 
frequent and intense wildfires, and an increase in insect pest outbreaks and invasive species.   

 Sea level rise is expected to increase storm surge height and strength, flooding, erosion, and wetland 
loss along the coasts, particularly in the Northeast, Southeast, and islands.   

 Warmer water temperatures and ocean acidification are expected to degrade important aquatic 
resources of islands and coasts such as coral reefs and fisheries.  

 A longer growing season, low levels of warming, and fertilization effects of carbon dioxide may 
benefit certain crop species and forests, particularly in the Northeast and Alaska.  Projected summer 
rainfall increases in the Pacific islands may augment limited freshwater supplies.  Cold-related 
mortality is projected to decrease, especially in the Southeast.  In the Midwest in particular, heating 
oil demand and snow-related traffic accidents are expected to decrease. 

 
Climate change impacts in certain regions of the world may exacerbate problems that raise 
humanitarian, trade, and national security issues for the United States.  The IPCC identifies the most 
vulnerable world regions as the Arctic, because of the effects of high rates of projected warming on 
natural systems; Africa, especially the sub-Saharan region, because of current low adaptive capacity as 
well as climate change; small islands, due to high exposure of population and infrastructure to risk of sea 
level rise and increased storm surge; and Asian mega-deltas, such as the Ganges-Brahmaputra and the 
Zhujiang, due to large populations and high exposure to sea level rise, storm surge and river flooding.  
Climate change has been described as a potential threat multiplier with regard to national security issues. 

                                                                                                                                                             
8 The Great Plains includes central and eastern Montana, North Dakota, South Dakota, Wyoming, Nebraska, eastern 
Colorado, Nebraska, Kansas, extreme eastern New Mexico, central Texas, and Oklahoma 
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Section 1 
 
Introduction and Background 
 
The purpose of this Technical Support Document (TSD) is to provide scientific and technical information 
for an endangerment and cause or contribute analysis regarding greenhouse gas (GHG) emissions from 
new motor vehicles and engines under Section 202(a) of the Clean Air Act.  Section 202 (a)(1) of the 
Clean Air Act states that:  
 

the Administrator shall by regulation prescribe (and from time to time revise)…standards 
applicable to the emission of any air pollutant from any class or classes of new motor vehicles …, 
which in his judgment cause, or contribute to, air pollution which may reasonably be anticipated 
to endanger public health or welfare.   

 
Thus before EPA may issue standards addressing emissions of an air pollutant from new motor vehicles 
or new motor vehicle engines under Section 202(a), the Administrator must make a so-called 
“endangerment finding.”  That finding is a two-step test.  First, the Administrator must decide if, in her 
judgment, air pollution may reasonably be anticipated to endanger public health or welfare.  Second, the 
Administrator must decide whether, in her judgment, emissions of any air pollutant from new motor 
vehicles or engines cause or contribute to this air pollution.  If the Administrator answers both questions 
in the affirmative, EPA shall issue standards under Section 202(a). 
 
This document itself does not convey any judgment or conclusion regarding the two steps of the 
endangerment finding, as these decisions are ultimately left to the judgment of the Administrator.   
Readers should refer to the Final Endangerment and Cause or Contribute Findings for Greenhouse Gases 
(signed December 7, 2009) for a discussion of how the Administrator considered the information 
contained in this TSD in her determinations regarding the endangerment and cause or contribute findings. 
 
This TSD has been revised and updated since the version of this document released April 17, 2009, to 
accompany the Administrator’s proposed endangerment and cause or contribute findings (74 FR 18886, 
EPA-HQ-OAR-2009-0171).  The proposed findings and TSD were subject to a 60-day public comment 
period as well as two public hearings.  An earlier version of the TSD was released July 11, 2008, to 
accompany the Advance Notice of Proposed Rulemaking on the Regulation of Greenhouse Gases under 
the Clean Air Act (73 FR 44353, EPA-HQ-OAR-2008-0318), which was subject to a 120-day public 
comment period.  The draft released in April 2009 has been revised to reflect the most up-to-date GHG 
emissions and climate data, a new major scientific assessment by the U.S. Global Change Research 
Program (USGCRP), and EPA’s responses to significant public comments pertaining to the draft TSD.9  
The remainder of this introductory chapter explains the scope and approach of this document and the 
underlying references and data sources on which it relies. 
 
1(a) Scope and Approach of This Document  
 
The primary GHGs that are directly emitted by human activities in general are those reported in EPA’s 
annual Inventory of U.S. Greenhouse Gas Emissions and Sinks and include carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur 
hexafluoride (SF6).  The primary effect of these gases is their influence on the climate system by trapping 

                                                 
9 Detailed responses to all significant public comments received on the Administrator’s Proposed Endangerment and 
Cause or Contribute Findings released on April 17, 2009, can be found in the separate Response to Comments 
document. 
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heat in the atmosphere that would otherwise escape to space.  This heating effect (referred to as radiative 
forcing) is very likely to be the cause of most of the observed global warming over the last 50 years.  
Global warming and climate change can, in turn, affect health, society, and the environment.  There also 
are some cases where these gases have other non-climate effects.  For example, elevated concentrations of 
CO2 can lead to ocean acidification and stimulate terrestrial plant growth, and CH4 emissions can 
contribute to background levels of tropospheric ozone, a criteria pollutant.  These effects can in turn be 
influenced by climate change in certain cases.  Carbon dioxide and other GHGs can also have direct 
health effects but at concentrations far in excess of current or projected future ambient concentrations.  
There are other known anthropogenic forcing agents that influence climate, such as changes in land use, 
which can in turn change surface reflectivity, as well as emissions of aerosols, which can have both 
heating and cooling influences on the climate.  These other forcing agents are discussed as well to place 
the anthropogenic GHG influence in context. 
 
This document reviews a wide range of observed and projected vulnerabilities, risks, and impacts due to 
the elevated levels of GHGs in the atmosphere and associated climate change.  Any known or expected 
benefits of elevated atmospheric concentrations of GHGs or of climate change are documented as well 
(recognizing that climate impacts can have both positive and negative consequences).  The extent to 
which observed climate change can be attributed to anthropogenic GHG emissions is assessed.  The term 
“climate change” in this document generally refers to climate change induced by human activities, 
including activities that emit GHGs.  Future projections of climate change, based primarily on future 
scenarios of anthropogenic GHG emissions, are shown for the global and national scale.  
 
The vulnerability, risk, and impact assessment in this document primarily focuses on the United States.  
However, given the global nature of climate change, there is a brief review of potential impacts in other 
regions of the world.  Greenhouse gases, once emitted, become well mixed in the atmosphere, meaning 
U.S. emissions can affect not only the U.S. population and environment but other regions of the world as 
well; likewise, emissions in other countries can affect the United States. Furthermore, impacts in other 
regions of the world may have consequences that in turn raise humanitarian, trade, and national security 
concerns for the United States. 
 
The timeframe over which vulnerabilities, risks, and impacts are considered is consistent with the 
timeframe over which GHGs, once emitted, have an effect on climate, which is decades to centuries for 
the primary GHGs of concern.  Therefore, in addition to reviewing recent observations, this document 
generally considers the next several decades, until approximately 2100, and for certain impacts, beyond 
2100. 
 
Adaptation to climate change is a key focus area of the climate change research community.  This 
document, however, does not assess the climate change impacts in light of potential adaptation measures.  
This is because adaptation is essentially a response to any known and/or perceived risks due to climate 
change. Likewise, mitigation measures to reduce GHGs, which could also reduce long-term risks, are not 
explicitly addressed.  The purpose of this document is to review the effects of climate change and not to 
assess any potential policy or societal response to climate change.  There are cases in this document, 
however, where some degree of adaptation is accounted for; these cases occur where the literature on 
which this document relies already incorporates information about adaptation that has already occurred or 
uses assumptions about adaptation when projecting the future effects of climate change.  Such cases are 
noted in the document.10 
 

                                                 
10 A brief overview of adaptation is provided in Appendix A. 
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1(b) Data and Scientific Findings Considered by EPA 
 
This document relies most heavily on existing, and in most cases very recent, synthesis reports of climate 
change science and potential impacts, which have undergone their own peer-review processes, including 
review by the U.S. government.  Box 1.1 describes this process11.  The information in this document has 
been developed and prepared in a manner that is consistent with EPA's Guidelines for Ensuring and 
Maximizing the Quality, Objectivity, Utility and Integrity of Information Disseminated by the 
Environmental Protection Agency (U.S. EPA 2002).  In addition to its reliance on existing and recent 
synthesis reports, which have each gone through extensive peer-review procedures, this document also 
underwent a technical review by 12 federal climate change experts, internal EPA review, interagency 
review, and a public comment period. 
 
Box 1.1: Peer Review, Publication, and Approval Processes for IPCC, CCSP/USGCRP, and NRC 
Reports 
 
Intergovernmental Panel on Climate Change 
The World Meteorological Organization (WMO) and the United Nations Environment Programme (UNEP) 
established the Intergovernmental Panel on Climate Change (IPCC) in 1988.  It bases its assessment mainly on peer 
reviewed and published scientific/technical literature. IPCC has established rules and procedures for producing its 
assessment reports.  Report outlines are agreed to by government representatives in consultation with the IPCC 
bureau.  Lead authors are nominated by governments and are selected by the respective IPCC Working Groups on 
the basis of their scientific credentials and with due consideration for broad geographic representation. For Working 
Group I (The Physical Science Basis) there were 152 coordinating lead authors, and for Working Group II (Impacts, 
Adaptation and Vulnerability) there were 48 coordinating lead authors.  Drafts prepared by the authors are subject to 
two rounds of review; the first round is technical (or “expert” in the IPCC lexicon), and the second round includes 
government review.   For the IPCC Working Group I report, more than 30,000 written comments were submitted by 
over 650 individual experts, governments, and international organizations. For Working Group II there were 910 
expert reviewers.  Under the IPCC procedures, review editors for each chapter are responsible for ensuring that all 
substantive government and expert review comments receive appropriate consideration.  For transparency, IPCC 
documents how every comment is addressed.  Each Summary for Policymakers is approved line-by-line, and the 
underlying chapters  then accepted, by government delegations in formal plenary sessions.  Further information 
about IPCC’s (2009) principles and procedures can be found at: 
http://www.ipcc.ch/organization/organization_procedures.htm. 
 
U.S. Climate Change Science Program and U.S. Global Change Research Program 
Under the Bush Administration, the U.S. Climate Change Science Program (CCSP) integrated federal research on 
climate and global change, as sponsored by thirteen federal agencies and overseen by the Office of Science and 
Technology Policy, the Council on Environmental Quality, the National Economic Council and the Office of 
Management and Budget. As of January 16, 2009, the CCSP had completed 21 synthesis and assessment products 
(SAPs) that address the highest priorities for U.S. climate change research, observation, and decision support needs.  
Different agencies were designated the lead for different SAPs; EPA was the designated lead for three of the six 
SAPs addressing impacts and adaptation.  For each SAP, there was first a prospectus that provided an outline, the 
proposed authors, and the process for completing the SAP; this went through two stages of expert, interagency, and 
public review.  Authors produced a first draft that went through expert review; a second draft was posted for public 
review.  The designated lead agency ensured that the third draft complied with the Information Quality Act.  Finally, 
each SAP was submitted for approval by   the National Science and Technology Council (NSTC), a cabinet-level 
council that coordinates science and technology research across the federal government. Further information about 
the clearance and review procedures for the CCSP SAPs can be found at: 
http://www.climatescience.gov/Library/sap/sap-guidelines-clarification-aug2007.htm.   
 
In June 2009, the U.S. Global Change Research Program (which had been incorporated under the CCSP during the 

                                                 
11 Volume 1 of EPA’s Response to Comments document on the on the Administrator’s Endangerment and Cause or 
Contribute Findings,  provides more detailed information on these review processes. 
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Bush Administration, but, as of January 2009, was re-established as the comprehensive and integrating body for 
global change research, subsuming CCSP and its products) completed an assessment, Global Climate Change 
Impacts in the United States that incorporated all 21 SAPs from the CCSP, as well as the IPCC Fourth Assessment 
Report.  As stated in that report, “This report meets all Federal requirements associated with the Information Quality 
Act, including those pertaining to public comment and transparency.” 
 
National Research Council of the U.S. National Academy of Sciences 
The National Research Council (NRC) is part of the National Academies, which also comprise the National 
Academy of Sciences, National Academy of Engineering and Institute of Medicine. They are private, nonprofit 
institutions that provide science, technology, and health policy advice under a congressional charter.  The NRC has 
become the principal operating agency of both the National Academy of Sciences and the National Academy of 
Engineering in providing services to the government, the public, and the scientific and engineering communities.  
Federal agencies are the primary financial sponsors of the Academies’ work.  The Academies provide independent 
advice; the external sponsors have no control over the conduct of a study once the statement of task and budget are 
finalized.  The NRC (2001a) study, Climate Change Science: An Analysis of Some Key Questions, originated from a 
White House request.  The NRC (2001b) study, Global Air Quality: An Imperative for Long-Term Observational 
Strategies, was supported by EPA and NASA.  The NRC 2004 study, Air Quality Management in the United States, 
was supported by EPA.  The NRC 2005 study, Radiative Forcing of Climate Change: Expanding the Concept and 
Addressing Uncertainties, was in response to a CCSP request and was supported by NOAA.  The NRC (2006b) 
study, Surface Temperature Reconstructions for the Last 2,000 Years, was requested by the Science Committee of 
the U.S. House of Representatives.  Each NRC report is authored by its own committee of experts, reviewed by 
outside experts, and approved by the Governing Board of the NRC. 
 
 
 
Table 1.1 lists the core reference documents for this TSD.  These include the 2007 Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change (IPCC), the Synthesis and Assessment 
Products of the U.S. Climate Change Science Program (CCSP) published between 2006 and 2009, the 
2009 USGCRP scientific assessment, National Research Council (NRC) reports under the U.S. National 
Academy of Sciences (NAS), the National Oceanic and Atmospheric Administration’s (NOAA’s) 2009 
State of the Climate in 2008 report, the 2009 EPA annual U.S. Inventory of Greenhouse Gas Emissions 
and Sinks, and the 2009 EPA assessment of the impacts of global change on regional U.S. air quality. 
 
This version of the TSD, as well as previous versions of the TSD dating back to 2007, have taken the 
approach of relying primarily on these assessment reports because they 1) are very recent and represent 
the current state of knowledge on GHG emissions, climate change science, vulnerabilities, and potential 
impacts; 2) have assessed numerous individual, peer-reviewed studies in order to draw general 
conclusions about the state of science; 3) have been reviewed and formally accepted, commissioned, or in 
some cases authored by U.S. government agencies and individual government scientists; and 4) they 
reflect and convey the consensus conclusions of expert authors.  Box 1.1 describes the peer review and 
publication approval processes of IPCC, CCSP/USGCRP and NRC reports.  Peer review and 
transparency are central to each of these research organizations’ report development process.  Given the 
comprehensiveness of these assessments and their review processes, these assessment reports provide 
EPA with assurances that this material has been well vetted by both the climate change research 
community and by the U.S. government. Furthermore, use of these assessments complies with EPA’s 
information quality guidelines, as this document relies on information that is objective, technically sound 
and vetted, and of high integrity.12   
 

                                                 
12 The Response to Comments document, which also accompanies the Administrator’s final Endangerment and 
Cause or Contribute Findings, contains additional information about EPA’s responses to comments received about 
EPA’s use of assessment reports such as those from IPCC and USGCRP, as well as issues concerning the Data 
Quality Act. 

A-103



 6

 
 
Uncertainties and confidence levels associated with the scientific conclusions and findings in this 
document are reported, to the extent that such information was provided in the original scientific reports 
upon which this document is based.  Box 1.2 describes the lexicon used by IPCC to communicate 
uncertainty and confidence levels associated with the most important IPCC findings.  The CCSP and 
USGCRP generally adopted the same lexicon with their respective definitions.  Therefore, this document 
employs the same lexicon when referencing IPCC, CCSP and USGCRP statements.  
 
 

Table 1.1 Core references relied upon most heavily in this document. 

Science Body/Author Short Title and Year of Publication 

NOAA State of the Climate in 2008 (2009) 

USGCRP Global Climate Change Impacts in the United States (2009) 

IPCC Working Group I: The Physical Science Basis (2007) 

IPCC Working Group II: Impacts, Adaptation and Vulnerability (2007) 

IPCC Working Group III: Mitigation of Climate Change (2007) 

CCSP SAP 1.1: Temperature Trends in the Lower Atmosphere (2006) 

CCSP  SAP 1.2: Past Climate Variability and Change in the Arctic and at High Latitudes 
(2009) 

CCSP SAP 1.3: Re-analyses of Historical Climate Data  (2008) 

CCSP SAP 2.1: Scenarios of GHG Emissions and Atmospheric Concentrations (2007) 

CCSP SAP 2.3:  Aerosol Properties and their Impacts on Climate 

CCSP SAP 2.4: Trends in Ozone-Depleting Substances (2008) 

CCSP SAP 3.1: Climate Change Models (2008) 

CCSP SAP 3.2: Climate Projections (2008) 

CCSP SAP 3.3: Weather and Climate Extremes in a Changing Climate (2008) 

CCSP  SAP 3.4: Abrupt Climate Change (2008) 

CCSP SAP 4.1: Coastal Sensitivity to Sea Level Rise  (2009) 

CCSP SAP 4.2: Thresholds of Change in Ecosystems (2009) 

CCSP SAP 4.3: Agriculture, Land Resources, Water Resources, and Biodiversity (2008) 

CCSP SAP 4.5: Effects on Energy Production and Use (2007) 

CCSP SAP 4.6:  Analyses of the Effects of Global Change on Human Health (2008) 
CCSP SAP 4.7: Impacts of Climate Change and Variability on Transportation Systems 

(2008) 
NRC Climate Change Science: Analysis of Some Key Questions (2001) 

NRC Radiative Forcing of Climate Change (2005) 

NRC Surface Temperature Reconstructions for the Last 2,000 Years (2006) 

NRC Potential Impacts of Climate Change on U.S. Transportation (2008)  

EPA Impacts of Global Change on Regional U.S. Air Quality (2009) 

EPA Inventory of U.S. Greenhouse Gas Emissions and Sinks (2009) 

ACIA Arctic Climate Impact Assessment (2004) 
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Box 1.2:  Communication of Uncertainty in the IPCC Fourth Assessment Report and 
CCSP/USGCRP  
 
Because some aspects of climate change are better understood, established, and/or resolved than others and involve 
projections, it is helpful to precisely convey the degree of certainty of statements and findings.   Uncertainty can 
arise from a variety of sources: (1) a misspecification of the cause(s), such as the omissions of a causal factor 
resulting in spurious correlations; (2) mischaracterization of effect(s), such as a model that predicts cooling rather 
than warming; (3) absence of or imprecise measurement or calibration; (4) fundamental stochastic (chance) 
processes; (5) ambiguity over the temporal ordering of cause and effect; (6) time delays in cause and effect; and (7) 
complexity where cause and effect between certain factors are camouflaged  by a context with multiple causes and 
effects, feedback loops, and considerable noise (CCSP, 2008b). For this reason, climate change assessments have 
developed procedures and terminology for communicating uncertainty.  Consistent and transparent treatment of 
uncertainty helps minimize ambiguity and opportunities for misinterpretation of language. 
 
IPCC Fourth Assessment Report Uncertainty Treatment 
 
A set of terms to describe uncertainties in current knowledge is common to all parts of the IPCC Fourth Assessment 
Report based on the Guidance Notes for Lead Authors of the IPCC Fourth Assessment Report on Addressing 
Uncertainties(http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-uncertaintyguidancenote.pdf), produced by the 
IPCC in July 2005 (IPCC, 2005).  Any use of these terms in association with IPCC statements in this Technical 
Support Document carries the same meaning as originally intended in the IPCC Fourth Assessment Report. 
 
Description of confidence 
 
Based on a comprehensive reading of the literature and their expert judgment, authors have assigned a confidence 
level as to the correctness of a model, an analysis, or a statement as follows: 
 

Very high confidence   At least 9 out of 10 chance of being correct 
High confidence    About 8 out of 10 chance 
Medium confidence   About 5 out of 10 chance 
Low confidence    About 2 out of 10 chance 
Very low confidence   Less than a 1 out of 10 chance 

 
Description of likelihood 
 
Likelihood refers to a probabilistic assessment of some well defined outcome having occurred or occurring in the 
future, and may be based on quantitative analysis or an elicitation of expert views.  When authors evaluate the 
likelihood of certain outcomes, the associated meanings are: 
 

Virtually certain    >99% probability of occurrence 
Very likely    90 to 99% probability 
Likely     66 to 90% probability 
About as likely as not   33 to 66% probability 
Unlikely    10 to 33% probability 
Very unlikely    1 to 10% probability 
Exceptionally unlikely   <1% probability 

 
CCSP/USGCRP Uncertainty Treatment 
 
In many of its SAPs and its report “Global Climate Change Impacts in the United States” (Karl et al., 2009), the 
CCSP/USGCRP uses the same or similar terminology to the IPCC to describe confidence and likelihood.  However, 
there is some variability from report to report, so readers should refer to the individual SAPs for a full accounting of 
the respective uncertainty language.  In this document, when referencing CCSP/USGCRP reports, EPA attempted to 
reflect the underlying CCSP/USGCRP reports’ terminology for communicating uncertainty. 
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Throughout this document, when these various assessments are referred to in general or as a whole, the 
full reports are cited.  For example, a general reference to the CCSP report Weather and Climate 
Extremes in a Changing Climate is cited as “CCSP, 2008i” (the “i” differentiates the report from other 
CCSP reports published that same year).  When specific findings or conclusions from these larger 
assessment reports are referenced, citations are given for the relevant individual chapter or section.  For 
example, a finding from CCSP, 2008i, Chapter 5 “Observed Changes in Weather and Climate” by Kunkel 
et al., is cited as “Kunkel et al., 2008.”  In some cases, this document references other reports and studies 
in addition to the core references of IPCC, CCSP/USGCRP, NRC, and, for GHG emissions, EPA. These 
references are primarily for major reports and studies produced by U.S. federal and state government 
agencies.  This document also references data made available by other government agencies, such as 
NOAA and National Aeronautics and Space Administration (NASA).  
 
EPA recently completed and published an assessment of the literature on the effect of climate change on 
air quality (U.S. EPA, 2009a).  Therefore, because EPA evaluated the literature in the preparation of that 
assessment, EPA does cite some individual studies it reviewed in its summary of this topic in Section 8.  
Also, for Section 16a on the national security implications of climate change, this document cites a 
number of analyses and publications, from inside and outside the government, because IPCC and 
CCSP/USGCRP assessments have not traditionally addressed these issues. 
 
EPA recognizes that scientific research is very active and constantly evolving in many areas addressed in 
this document (e.g., aerosol effects on climate, climate feedbacks such as water vapor, and internal and 
external climate forcing mechanisms) as well as for some emerging issues (e.g., ocean acidification, and 
climate change effects on water quality).  For this very reason, major assessments are conducted 
periodically by the scientific community to update the general understanding of the effects of GHG 
emissions on the climate and on the numerous impact sectors; such a process places individual, less-
comprehensive studies in the context of the broader body of peer-reviewed literature.   
 
EPA reviewed new literature in preparation of this TSD to evaluate its consistency with recent scientific 
assessments.  We also considered public comments received and studies incorporated by reference.  In a 
number of cases, the TSD was updated based on such information to add context for assessment literature 
findings which includes supporting information and/or qualifying statements.  In other cases, material that 
was not incorporated into the TSD is discussed within the Response to Comments document13 as part of 
EPA’s responses to key scientific and technical comments received by the public.   
 
 
1(c) Roadmap for This Document 
 
The remainder of this document is structured as follows: 
 
 Part II, Section 2 describes sources of U.S. and global GHG emissions.  How anthropogenic GHG 

emissions have contributed to changes in global atmospheric concentrations of GHGs is described, 
along with other anthropogenic drivers of climate change.   

                                                 
13 The Response to Comments document addresses many individual studies that were either included or referenced 
as part of the public comments.  These individual studies may not be reflected in this TSD if the studies were not or 
have not yet been incorporated into the major and more comprehensive assessments on which this TSD relies. EPA 
considered all studies submitted to the Agency through the public comment process.  Refer to sections I.C.3 and 
III.A in Final Endangerment and Cause or Contribute Findings for Greenhouse Gases for further discussion on the 
scientific information from which the findings are based. 
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 Part III, Sections 3 – 6 describe the effects of elevated GHG concentrations including any direct 
health and environmental effects (3); the heating or radiative forcing effects on the climate system 
(4); observed climate change (e.g., changes in temperature, precipitation and sea level rise) for the 
United States and for the globe (5); and recent conclusions about the extent to which observed climate 
change can be attributed to the elevated levels of GHG concentrations; these sections also summarize 
future projections of climate change—driven primarily by scenarios of anthropogenic GHG 
emissions—for the remainder of this century (6).   

 Part IV, Sections 7 – 15 review recent findings for the broad range of observed and projected 
vulnerabilities, risks, and impacts for human health, society, and the environment within the United 
States due to climate change.  The specific sectors, systems and regions include: 

o Human health (7) 
o Air Quality (8) 
o Food Production and Agriculture (9) 
o Forestry (10) 
o Water Resources (11) 
o Coastal Areas (12) 
o Energy, Infrastructure and Settlements (13) 
o Ecosystems and Wildlife (14) 
o Regional Risks and Impacts for the United States (15) 

 Part V, Section 16 briefly addresses some key impacts in other world regions that may occur due to 
climate change, with a view towards how some of these impacts may in turn affect the United States. 

o Impacts in Other World Regions  (16) 
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Part II 
 

Greenhouse Gas Emissions and Concentrations 
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Section 2 
 
Greenhouse Gas Emissions and Concentrations 
 
This section first describes current U.S. and global anthropogenic GHG emissions, as well as historic and 
current global GHG atmospheric concentrations.  Future GHG emissions scenarios are described in 
Part III, Section 6; however, these scenarios primarily focus on global emissions, rather than detailing 
individual U.S. sources.   
 
2(a)  U.S. and Global Greenhouse Gas and Selected Aerosol Emissions 
 
To track the national trend in GHG emissions and carbon removals since 1990, EPA develops the official 
U.S. GHG inventory each year.  In accordance with Article 4.1 of the United Nations Framework 
Convention on Climate Change (UNFCCC), the Inventory of U.S. Greenhouse Gas Emissions and Sinks 
includes emissions and removals of carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6) resulting from 
anthropogenic activities in the United States.   
 
Total emissions are presented in teragrams14 (Tg) of CO2 equivalent (TgCO2eq), consistent with IPCC 
inventory guidelines.  To determine the CO2 equivalency of different GHGs, in order to sum and compare 
different GHGs, emissions of each gas are multiplied by its global warming potential (GWP), a factor that 
relates it to CO2 in its ability to trap heat in the atmosphere over a certain timeframe. Box 2.1 provides 
more information about GWPs and the GWP values used throughout this report. 
 
Box 2.1: Global Warming Potentials Used in This Document 
 
In accordance with UNFCCC reporting procedures, the United States quantifies GHG emissions using the 100-year 
timeframe values for GWPs established in the IPCC Second Assessment Report (SAR) (IPCC, 1996).  The GWP 
index is defined as the cumulative radiative forcing between the present and some chosen later time horizon (100 
years) caused by a unit mass of gas emitted now.  All GWPs are expressed relative to a reference gas, CO2, which is 
assigned a GWP = 1.  Estimation of the GWPs requires knowledge of the fate of the emitted gas and the radiative 
forcing due to the amount remaining in the atmosphere.  To estimate the CO2 equivalency of a non-CO2 GHG, the 
appropriate GWP of that gas is multiplied by the amount of the gas emitted. 
 

100-year GWPs 
  CO2   1 
  CH4   21 
  N2O   310 
  HFCs   140 to 6,300 (depending on type of HFC) 
  PFCs   6,500 to 9,200 (depending on type of PFC) 
  SF6   23,900 
 
The GWP for CH4 includes the direct effects and those indirect effects due to the production of tropospheric ozone 
and stratospheric water vapor.  These GWP values have been updated twice in the IPCC Third (IPCC, 2001c) and 
Fourth Assessment Reports (IPCC, 2007a).   
 
 
The national inventory totals used in this report for the United States (and other countries) are gross 
emissions, which include GHG emissions from the electricity, industrial, commercial, residential, and 
agriculture sectors.  Emissions and sequestration occurring in the land use, land-use change, and forestry 

                                                 
14 1 teragram (Tg) = 1 million metric tons.  1 metric ton = 1,000 kilograms = 1.102 short tons = 2,205 pounds. 
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sector (e.g., forests, soil carbon) are not included in gross national totals but are reported under net 
emission totals (sources and sinks), according to international practice.  In the United States, this sector is 
a significant net sink, while in some developing countries it is a significant net source of emissions. 
 
Also excluded from emission totals in this report are bunker fuels (fuels used for international transport).  
According to UNFCCC reporting guidelines, emissions from the consumption of these fuels should be 
reported separately and not included in national emission totals, because there exists no agreed upon 
international formula for allocation between countries. 
 
The most recent inventory was published in 2009 and includes U.S. annual data for the years 1990 to 
2007.   
 

U.S. Greenhouse Gas Emissions 

In 2007, U.S. GHG emissions were 7,150.1 TgCO2eq (see Figure 2.1).15 The dominant gas emitted is 
CO2, mostly from fossil fuel combustion (85.4%) (U.S. EPA, 2009b).  Weighted by GWP, CH4 is the 
second largest component of emissions, followed by N2O, and the high-GWP fluorinated gases (HFCs, 
PFCs, and SF6).  Electricity generation (2445.1 TgCO2eq) is the largest emitting sector, followed by 
transportation (1995.2 TgCO2eq) and industry (1386.3 TgCO2eq) (U.S. EPA, 2009b) (Figure 2.2).  
Agriculture and the commercial and residential sectors emit 502.8 TgCO2eq, 407.6 TgCO2eq, and 355.3 
TgCO2eq, respectively (U.S. EPA, 2009b).  Removals of carbon through land use, land-use change and 
forestry activities are not included in Figure 2.2 but are significant; net sequestration is estimated to be 
1062.6 TgCO2eq in 2007, offsetting 14.9% of total emissions (U.S. EPA, 2009b). 

                                                 
15 Per UNFCCC reporting requirements, the United States reports its annual emissions in gigagrams (Gg) with two 
significant digits 
(http://unfccc.int/national_reports/annex_i_ghg_inventories/reporting_requirements/items/2759.php). For ease of 
communicating the findings, the Inventory of U.S. Greenhouse Gas Emissions and Sinks report presents total 
emissions in Tg with one significant digit. 
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U.S. emissions increased by 1051.4 TgCO2eq, or 17.2.% between 1990 and 2007 (see Figure 2.1) (U.S. 
EPA, 2009b).  Historically, changes in fossil fuel consumption have been the dominant factor affecting 
U.S. emission trends. The fundamental factors driving this trend include a generally growing domestic 
economy over the last 17 years, leading to overall growth in emissions from electricity generation 
(increase of 31.5%) and transportation activities (increase of 29.3%) (U.S. EPA, 2009b). Over the same 
time period, industrial sector emissions decreased by 7.3%, while residential, commercial, and 
agricultural sector emissions increased by 3.1%, 3.7%, and 17.3%, respectively  (Figure 2.2) (U.S. EPA, 
2009b).      
 

Figure 2.1: Total U.S. Greenhouse Gas Emissions: 1990-2007 

 

Source: Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2007 (U.S. EPA, 2009b). Excludes 
land-use change and forestry and international bunker fuels.   
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U.S. Emissions of Selected 
Aerosols and Ozone 
Precursors 
 
Aerosols are not GHGs but 
rather small, short-lived 
particles present in the 
atmosphere with widely 
varying size, concentration, 
and chemical composition.  
They can be directly 
emitted or formed in 
secondary reactions from 
emitted compounds.  
Aerosols are removed from 
the atmosphere primarily 
through cloud processing 
and wet deposition in 
precipitation, a mechanism 
that establishes average 
tropospheric aerosol 
atmospheric lifetimes at a 
week or less (CCSP, 
2009a).  Tropospheric 
ozone is a short-lived GHG produced largely by chemical reactions of precursor species in the 
atmosphere. 
 
Aerosols and tropospheric ozone precursors do not have widely accepted GWP or CO2 equivalent values 
but can still have significant impacts on regional and global climate.  Four of the more important aerosols 
are sulfates, nitrates, organic carbon, and black carbon.  Tropospheric ozone is not directly emitted but is 
a secondary product formed by atmospheric reactions from ozone precursors such as volatile organic 
compounds (VOCs) and nitrogen oxides (NOx).  While some aerosols are directly emitted, others are 
formed through secondary reactions (for example, sulfates and nitrates can be formed by oxidation of 
sulfur dioxide [SO2] and NOx respectively), and their properties can change as they mix and react in the 
atmosphere.  In the United States, these substances have been controlled under a number of local, state, 
and federal regulations over the last several decades, either directly, for SO2 by the Clean Air Act 
Amendments of 1990, among other legislation; or indirectly, for black and organic carbon as components 
of particulate matter (a criteria pollutant); for example through the 2007 Highway Diesel Rule or the 
National Ambient Air Quality (NAAQS) standards.  The U.S. inventory does include SO2 emissions, 
which were 5.9 Tg of sulfur (TgS) in 2007, a reduction from 10.5 TgS in 1990 (U.S. EPA, 2009b) and 12 
TgS in 1980 (CCSP 2009a).  EPA estimates that 0.44 TgS per year (yr-1) of those emissions come from 
the transportation sector (U.S. EPA, 2009b).  National inventories do not yet explicitly include black 
carbon or organic carbon:  however, black carbon and organic carbon emissions can be derived from total 
fine particulate matter (PM2.5) emissions, which were estimated to be 5.0 Tg in 2005.  In that year, 
ammonia emissions were 3.7 Tg, and of the ozone precursors, NOx emissions were estimated to be 18.5 
Tg and VOC emissions were 16.8 Tg (U.S. EPA, 2009c).  According to the EPA, U.S. emissions of SOx, 
NOx, direct particulates, and ozone precursors have decreased from 1990 to 2007 (U.S. EPA, 2008), and 
average concentrations of sulfates, nitrates, particulate matter, and ozone as measured at U.S. monitoring 
sites have all decreased between 1990 and 2007 (U.S. EPA, 2008). 
 

Figure 2.2:  U.S. GHG Emissions Allocated to Economic Sector 

  
Source: Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2007 (U.S. 
EPA, 2009b).  All GHGs.  Excludes land use, land-use change and forestry, 
emissions from U.S. territories and international bunker fuels.   
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U.S. Greenhouse Gas Emissions From Source Categories Under Section 202(a) of the Clean Air Act 
 
Source categories under Section 202(a) of the Clean Air Act include passenger vehicles, light- and heavy-
duty trucks, buses, motorcycles, and the cooling systems designed for passenger comfort, as well as 
auxiliary systems for refrigeration. 
 
In 2007, Section 202(a) source categories collectively were the second largest GHG-emitting sector 
within the United States (behind the electricity generating sector), emitting 1,649 TgCO2eq and 
representing 23% of total U.S. GHG emissions.  Between 1990 and 2007, total GHG emissions from 
passenger cars decreased 2.6%, while emissions from light-duty trucks increased 59 percent, largely due 
to the increased use of sport-utility vehicles and other light-duty trucks. 
 
Total global emissions are estimated by summing emissions of the six GHGs, by country. The World 
Resources Institute compiles data from recognized national and international data sources in its Climate 
Analysis Indicators Tool (CAIT).16  Globally, total GHG emissions were 38,725.9 TgCO2eq in 2005, the 
most recent year for which data are available for all countries and all GHGs (WRI, 2009).17  This global 
total for the year 2005 represents an increase of about 26% from the 1990 global GHG emission total of 
30,704.9 TgCO2eq (WRI, 2009).  Excluding land use, land-use change, and forestry, U.S. emissions were 
18% of the total year 2005 global emissions (see Figure 2.3) (WRI, 2009).   
 
Global Greenhouse Gas 
Emissions  

Globally in 2005, Section 
202(a) source category GHG 
emissions represented 28% of 
global transport GHG 
emissions and 4.3% of total 
global GHG emissions 
(Figure 2.3). The global 
transport sector was 15% of 
all global GHG emissions in 
2005.   If U.S. Section 202(a) 
source category GHG 
emissions were ranked against 
total GHG emissions for 
entire countries, U.S. Section 
202(a) emissions would rank 
behind only China, the United 
States as a whole, Russia, and 
India, and would rank ahead 
of Japan, Brazil, Germany, 
and every other country in the 
world (Figure 2.3). 
 

                                                 
16 Primary data sources referenced in CAIT include the U.S. Department of Energy’s Carbon Dioxide Information 
Analysis Center, EPA, the International Energy Agency, and the National Institute for Public Health and the 
Environment, an internationally recognized source of non-CO2 data.  
17 Source: WRI Climate Analysis and Indicators Tool.  Available at http://cait.wri.org/.   

Figure 2.3: Total GHG Emissions for 2005 by Country and for U.S. 
Section 202a Source Categories 
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Source: WRI (2009).  Available at http://cait.wri.org/.  Excludes land use, land-use 
change and forestry, and international bunker fuels. More recent emission data are 
available for the United States and other individual countries, but 2005 is the most 
recent year for which data for all countries and all gases are available.   Data 
accessed August 5, 2009.  Refer to Appendix B for U.S. section 202a data and 
reference. 
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Further detail on these emissions can be found in Appendix B of this document. 
 
Global Emissions of Aerosols 
 
Inventories of anthropogenic aerosol emissions are not regularly reported in most national climate 
inventories, and the uncertainties in inventory estimates tend to be larger than for GHGs, ranging from 
15% for sulfur emissions to a factor of two for black carbon (Forster et al., 2007).  CCSP (2009a) 
provided estimates for global emissions of black carbon, organic matter, and sulfur in the year 2000:  7.7 
Tg yr–1 of black carbon, 47 Tg yr–1 of particulate organic matter, and 112.6 Tg yr–1 of sulfur emissions 
(including SO2 and particulate sulfate).  Historically, particle emissions were high due to lack of 
particulate controls and use of biofuels, but more recently technological controls have led to reductions in 
particulate emissions from coal burning.  Therefore, over the past century, emissions of particulates did 
not grow as fast as CO2 emissions, as the latter are roughly proportional to total fuel use (CCSP, 2009a). 
 
2(b) Lifetime of Greenhouse Gases in the Atmosphere 
 
Greenhouse gas concentrations in the atmosphere are a function of both the emissions of the GHGs and 
the effective lifetime of these gases.  Each gas has a characteristic lifetime that is a function of the total 
atmospheric burden and the removal mechanism (i.e., sinks) for that gas.  Each GHG has different 
interactions of each gas with the various available sinks, which include chemical reaction with the 
hydroxyl (OH) free radical or other highly reactive species, photolysis by sunlight, dissolution into the 
oceans, reactions on the surface, biological processes, or other mechanisms.  According to the IPCC, the 
lifetime of the HFCs of industrial importance range from 1.4 to 270 years, the lifetime of N2O is 114 
years, and the lifetime of the PFCs and SF6 range from 1,000 to 50,000 years (Forster et al., 2007).  The 
lifetime of CH4 is more complicated:  the atmospheric lifetime or residence time (the burden over the 
sink) is 8.7 years; however, emissions of CH4 lead to consumption of the available OH sink, thereby 
increasing the lifetime for the remaining CH4 in the atmosphere.  Therefore, a “perturbation lifetime” of 
CH4 that accounts for this effect is used for most purposes, and the IPCC reports the perturbation lifetime 
to be 12 years (Denman et al., 2007).   
 
Carbon dioxide has a very different life cycle compared to the other GHGs, which have well-defined 
lifetimes.  Instead, unlike the other gases, CO2 is not destroyed by chemical, photolytic, or other reaction 
mechanisms, but rather the carbon in CO2 cycles between different reservoirs in the atmosphere, ocean, 
land vegetation, soils, and sediments.  There are large exchanges between these reservoirs, which are 
approximately balanced such that the net source or sink is near zero.  Anthropogenic CO2 emissions 
released through the use of fossil fuel combustion and cement production from geologically stored carbon 
(e.g., coal, oil, and natural gas) that is hundreds of millions of years old, as well as anthropogenic CO2 

emissions from land-use changes such as deforestation, perturb the atmospheric concentration of CO2 and 
the distribution of carbon within different reservoirs readjusts.  Carbon cycle models indicate that for a 
pulse of CO2 emissions, given an equilibrium background, 50% of the atmospheric increase will disappear 
within 30 years, 30% within a few centuries, and the last 20% may remain in the atmosphere for 
thousands of years (Denman et al., 2007). 
 
Because it takes one to two years to mix the emissions of a species throughout the troposphere, gases that 
are chemically stable and persist in the atmosphere over time scales of decades to centuries or longer are 
referred to in the IPCC as “long-lived” or “well-mixed” gases.   
 

A-114



 17

2(c)  Historic and Current Global Greenhouse Gas Concentrations 
 
Greenhouse gas concentrations in the atmosphere vary over very long time scales in response to natural 
influences such as geologic activity and temperature change associated with ice age cycles, but ice core 
data show nearly constant concentrations of CO2, CH4 and N2O over more than 10,000 years prior to the 
Industrial Revolution.  However, since the Industrial Revolution, anthropogenic GHG emissions have 
resulted in substantial increases in the concentrations of GHGs in the atmosphere (IPCC, 2007d; NRC, 
2001a). 
 
Carbon Dioxide (CO2) 
 
Carbon dioxide concentrations have increased substantially from pre-industrial levels (Figure 2.4).  The 
long-term trends in the CO2 concentrations are as follows (NOAA, 2009c; Forster et al., 2007; Karl et al., 
2009): 
 
 The CO2 concentration has increased about 38% from a pre-industrial value of about 280 parts per 

million (ppm) to 385 ppm (which is about 0.039% of the atmosphere by volume) in 200818.  
 The present atmospheric concentration of CO2 exceeds by far the natural range over the last 800,000 

years (172 to 300 ppm) as determined from ice cores (Karl et al., 2009).  
 The annual CO2 concentration growth rate19 has been larger since 2000 (2000-2008 average: 1.9 ppm 

per year), than it was over the previous 20 years (1980-1999 average:  1.5 ppm per year) or since the 
beginning of continuous direct atmospheric measurements at Mauna Loa (1959–1999 average: 1.3 
ppm per year) although there is year-to-year variability. 

 
Almost all of the increase in the CO2 concentration during the Industrial Era is due to anthropogenic 
emissions (Forster et al., 2007).  Since the 1980s, about half of the anthropogenic emissions have been 
taken up by the terrestrial biosphere and the oceans, but observations demonstrate that these processes 
cannot remove all of the extra flux due to human activities.   Historically, about half of the anthropogenic 
emissions have remained in the atmosphere. There is year-to-year variability in the fraction of fossil fuel 
emissions remaining in the atmosphere due to changes in land-atmosphere fluxes associated with El Niño 
Southern Oscillation (ENSO20) and events such as the eruption of Pinatubo (Forster et al., 2007).  The rate 
of emission of CO2 currently exceeds its rate of removal, and the slow and incomplete removal implies 
that small to moderate reductions in its emissions would not result in stabilization of CO2 concentrations 
but rather would only reduce the rate of its growth in coming decades (Meehl et al., 2007). 

                                                 
18 The 2008 value is preliminary.  
19 The estimated uncertainty in the global annual mean growth rate at marine surface sites is 0.1010 ppm/yr, in the 
Mauna Loa growth rate it is 0.11 ppm/yr.  The 2000-2008 average rate of change at Mauna Loa is 2.0 ppm/yr. 
20 ENSO describes the full range of the Southern Oscillation (a see-saw of atmospheric mass or pressure between the 
Pacific and Indo-Australian areas) that includes both sea surface temperature (SST) increases as well as SST 
decreases when compared to a long-term average. It has sometimes been used by scientists to relate only to the 
broader view of El Niño or the warm events, the warming of SSTs in the central and eastern equatorial Pacific. The 
acronym, ENSO, is composed of El Niño-Southern Oscillation, where El Niño is the oceanic component of the 
phenomenon, and the Southern Oscillation is the atmospheric component. 
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Methane (CH4) 
 
Methane concentrations have also risen 
substantially (Figure 2.4).  The following trends 
in atmospheric methane have been observed 
according to the NOAA State of the Climate 
reports for 2007 and 2008 and IPCC (Horvitz, 
2008; Peterson and Baringer, 2009; Forster et 
al., 2007): 
 
 The global atmospheric concentration of 

methane has increased from a pre-industrial 
value of about 715 parts per billion (ppb) to 
1732 ppb in the early 1990s, and was 1782 
ppb in 2007—a 149% increase from pre-
industrial levels.  

 The atmospheric concentration of methane 
in 2007 exceeds by far the natural range of 
the last 650,000 years (320 to 790 ppb) as 
determined from ice cores (Jansen et al., 
2007). 

 Growth rates declined between the early 
1990s and mid-2000s. The reasons for the 
decrease in the atmospheric CH4 growth 
rate and the implications for future changes 
in its atmospheric burden are not well 
understood but are clearly related to the 
imbalances between CH4 sources and sinks. 

 
The methane concentration grew 7.5 ppb 
between 2006 and 2007, driven by increased 
emissions in both the Arctic and tropical 
regions likely caused by high temperatures and 
precipitation in wetland regions, particularly in 
the Arctic. Analysis of carbon monoxide 
measurements suggests little contribution from 
enhanced biomass burning.  Methane 
concentrations grew again in 2008, with most 
of the increase driven by the tropics, the first 
consecutive year-to-year increases since 1998. 
The observed increase in methane 
concentration is very likely due to 
anthropogenic activities, predominantly 
agriculture and fossil fuel use, but relative 
contributions from different source types are 
not well determined (Forster et al., 2007). 
 

Figure 2.4: Atmospheric Concentrations of Carbon 
Dioxide, Methane and Nitrous Oxide over the Last 
10,000 Years 

 

Source: IPCC (2007d).  Atmospheric concentrations of 
carbon dioxide, methane and nitrous oxide over the last 
10,000 years (large panels) and since 1750 (inset panels). 
Measurements are shown from ice cores (symbols with 
different colors for different studies) and atmospheric 
samples (red lines). The corresponding radiative forcings 
(discussed in Section 2(e)) are shown on the right-hand 
axes of the large panels. 
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Nitrous Oxide (N2O) 
 
The N2O concentration has increased 23% from its pre-industrial value of 262 ppb (Figure 2.4) to 322 ppb 
in 2007 (Peterson and Baringer, 2009).  The concentration has increased linearly by about 0.8 ppb yr–1 
over the past few decades and is due primarily to human activities, particularly agriculture and associated 
land-use change (Forster et al., 2007).  Ice core data show that the present atmospheric concentration of 
N2O exceeds levels measured in the ice core record of the past 650,000 years, with sufficient resolution to 
exclude a peak similar to the present for at least the past 16,000 years with very high confidence (Jansen 
et al., 2007). 
 
Fluorinated Gases 
 
The industrial fluorinated gases that serve as substitutes for chlorofluorocarbons (CFCs) and 
hydrochlorofluorocarbons (HCFCs), such as HFCs, PFCs, and SF6, have relatively low atmospheric 
concentrations.  Concentrations of many of these gases increased by large factors (between 1.3 and 4.3) 
between 1998 and 2005.  These gases are almost entirely anthropogenic in origin, although CF4, which 
contributes 20% of the total forcing due to anthropogenic increases in these gases, has a natural source 
that accounts for about one-half of its current atmospheric content (Forster et al., 2007). 
 
Ozone-depleting substances covered by the Montreal Protocol 
 
Chlorofluorocarbons and HCFCs are GHGs that are entirely anthropogenic in origin. Emissions of these 
gases have decreased due to their phase-out under the Montreal Protocol, and the atmospheric 
concentrations of CFC-11 and CFC-113 are now decreasing due to natural removal processes (Forster et 
al., 2007).  Ice core and in situ data confirm that industrial sources are the cause of observed atmospheric 
increases in CFCs and HCFCs (Forster et al., 2007). 
 
Ozone (O3) 
 
Due to its short atmospheric life time, tropospheric ozone concentrations exhibit large spatial and 
temporal variability. Changes in tropospheric ozone also occur due to changes in transport of ozone 
across the tropopause (Forster et al., 2007).  Relative to the other GHGs, there is less confidence in 
reproducing the changes in ozone associated with large changes in emissions or climate, and in the 
simulation of observed long-term trends in ozone concentrations over the 20th century (Forster et al., 
2007). 
 
Aerosols (Sulfates, Nitrates, Black Carbon, and Organic Carbon Aerosols) 
 
On a global basis, aerosol mass derives predominantly from natural sources, mainly sea salt and dust. 
However, anthropogenic (manmade) aerosols, arising primarily from a variety of combustion sources, can 
dominate concentrations in and downwind of highly populated and industrialized regions and in areas of 
intense agricultural burning (CCSP, 2009a).  Aerosol optical density trends observed in the satellite and 
surface-based data records suggest that since the mid-1990s, the amount of anthropogenic aerosol has 
decreased over North America and Europe, but has increased over parts of east and south Asia; on 
average, the atmospheric concentration of low-latitude smoke particles has increased, consistent with 
changes in emissions (CCSP, 2009a).  Ice core data from Greenland and Northern Hemisphere mid-
latitudes show a very likely rapid post-industrial era increase in sulfate concentrations above the 
preindustrial background, though in recent years, SO2 emissions have decreased globally and in many 
regions of the Northern Hemisphere.  In general, the concentration, composition, and distribution of 
aerosols in the paleoclimate record are not as well known as the long-lived GHGs (Jansen et al., 2007). 
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Greenhouse Gas Concentrations 

A-118



 21

Section 3 
 
Direct Effects of Elevated Greenhouse Gas Concentrations 
 
Carbon dioxide and other GHGs can have direct effects that are independent of their radiative forcing on 
climate (the primary effect discussed throughout this document).  Such effects are described in the 
following sections.  
 
Effects on Human Health 
 
Current and projected ambient GHG concentrations remain well below published thresholds for any direct 
adverse health effects, such as respiratory or toxic effects. The literature supporting this conclusion is 
described in Appendix C.  
 
Effects on Plants and Carbon Dioxide Fertilization 
 
Carbon dioxide can have a stimulatory or fertilization effect on plant growth.  There is debate and 
uncertainty about the sensitivity of crop yields to the direct effects of elevated CO2 levels. However, the 
IPCC (Easterling et al., 2007) confirmed the general conclusions from its previous Third Assessment 
Report in 2001 and concluded that elevated CO2 levels are expected to result in small beneficial effects on 
crop yields.  Experimental research on crop responses to elevated CO2 through the FACE (Free Air CO2 
Enrichment)21 experiments indicate that, at ambient CO2 concentrations of 550 ppm (approximately 
double the concentration from pre-industrial times) crop yields increase under unstressed conditions by 10 
to 25% for C3 crops, and by 0 to 10% for C4 crops22 (medium confidence). Crop model simulations under 
elevated CO2 are consistent with these ranges (high confidence) (Easterling et al., 2007).  High 
temperatures and ozone exposure, however, could significantly limit the direct stimulatory CO2 response 
(see also Section 8 on Air Quality and Section 9 on Food Production and Agriculture). 
 
Studies have demonstrated increases in CO2 effects water use and water use efficiency of plants.  For 
example, elevated CO2 causes partial stomatal closure, which decreases conductance, and reduces loss of 
water vapor from leaves to the atmosphere (Hatfield et al., 2008).  Interpolating the results from several 
studies indicates that it is very likely that an increase in CO2 concentration from 380 to 440 ppm will 
cause reductions in stomatal conductance on the order of 10% compared to today’s values (Hatfield et al., 
2008). Elevated CO2 may affect forage quality for livestock, because it can increase the carbon-to-
nitrogen ratio in forages, thus reducing the nutritional value of those grasses.  This, in turn, can affect 
animal weight and performance.  The decline under elevated CO2 of C4 grasses, however, which are less 
nutritious than C3 grasses, may compensate for the reduced protein (Hatfield et al., 2008). 
 
At much higher ambient CO2 concentrations, such as those areas exposed to natural CO2 outgassing due 
to volcanic activity, the main characteristic of long-term elevated CO2 zones at the surface is the lack of 
vegetation (IPCC, 2005). New CO2 releases into vegetated areas cause noticeable die-off. In those areas 
where significant impacts to vegetation have occurred, CO2 makes up about 20 to 95% of the soil gas, 
whereas normal soil gas usually contains about 0.2 to 4% CO2. Carbon dioxide concentrations above 5% 
may be dangerous for vegetation and as concentrations approach 20%, CO2 becomes phytotoxic. Carbon 

                                                 
21 http://www.bnl.gov/face/ 
22 C3 and C4 refer to different carbon fixation pathways in plants during photosynthesis.  C3 is the most common 
pathway, and C3 crops (e.g., wheat, soybeans, and rice) are more responsive to CO2 enrichment than C4 crops such 
as maize. 
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dioxide can cause death of plants through “root anoxia,” together with low oxygen concentration (IPCC, 
2005).  No projections show CO2 concentrations approaching these phytotoxic levels. 
 
As concentrations of atmospheric CO2 increase, more CO2 is absorbed at the surface of oceans, estuaries, 
streams, and lakes.  Increases in the amount of dissolved CO2 and, for some species, bicarbonate ions 
(HCO3

-) present in aquatic environments will lead to higher rates of photosynthesis in submerged aquatic 
vegetation, similar to the fertilization effects of CO2 enrichment on most terrestrial plants, if other 
limiting factors do not offset the potential for enhanced productivity. A study cited in Nicholls et al., 
(2007) indicates algal growth may also respond positively to elevated dissolved inorganic carbon (DIC), 
though marine macroalgae do not appear to be limited by DIC levels. An increase in epiphytic or 
suspended algae would decrease light available to submerged aquatic vegetation  and also increase the 
incidence of algal blooms that lower dissolved oxygen available to fish and shellfish (Nicholls et al., 
2007).  
 
Ocean Acidification 
 
According to the IPCC (Fischlin et al., 2007) elevated CO2 concentrations are resulting in ocean 
acidification, which may affect marine ecosystems (medium confidence).  This issue is discussed further 
in Sections 4h, 6b, and 14a. 
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Section 4 
 
Radiative Forcing and Observed Climate Change 
 
This section focuses primarily on the more significant effects associated with GHGs, which is their heat-
trapping ability (referred to as radiative forcing) that results in climate change.  Observed climate change 
is reviewed, including changes in temperature, precipitation, and sea level rise, for the globe and the 
United States. Observed changes in climate-sensitive physical and biological systems are also addressed, 
as well as observed trends in extreme events. Sections 7 to 16 provide more specific information on the 
sectoral implications of both the observed changes described here and the projected changes described in 
Section 6.  
 
4(a) Radiative Forcing Due to Greenhouse Gases and Other Factors 
 
This section describes radiative forcing and the factors that contribute to it.  Radiative forcing is a 
measure of the change that a factor causes in altering the balance of incoming (solar) and outgoing 
(infrared and reflected shortwave) energy in the Earth-atmosphere system, and thus shows the relative 
importance of different factors in terms of their contribution to climate change.  Positive forcing means 
the factor causes a warming effect, and negative forcing means the factor causes a cooling effect. 
 
Radiative forcing values presented here for GHGs and other factors come from the IPCC Fourth 
Assessment Report of Working Group I (IPCC, 2007a).  These radiative forcing values are the result of 
global changes in atmospheric concentrations of GHGs (see Section 2(c) above) and other factors, and are 
therefore not the result of U.S. transportation emissions in isolation.  All values are for the year 2005 
relative to pre-industrial times in 1750; represent global averages; and are expressed in watts per square 
meter23 (W/m2). 
 
IPCC (2007d) concluded that the understanding of anthropogenic warming and cooling influences on 
climate has improved since the IPCC Third Assessment Report, leading to very high confidence24 that 
the global average net effect of human activities since 1750 has been one of warming, with a radiative 
forcing of +1.6 (+0.6 to +2.4) W/m2. 
 
Greenhouse gases have a positive forcing because they absorb and reradiate in all directions outgoing, 
infrared radiation that would otherwise directly escape into space.  The combined radiative forcing due to 
the cumulative (i.e., 1750 to 2005) increase in atmospheric concentrations of CO2, CH4, and N2O is +2.30 
W/m2 (with an uncertainty range of +2.07 to +2.53 W/m2) (see Figure 4.1).  This positive radiative 
forcing, like the observed accumulation of these gases in the atmosphere, is primarily anthropogenic in 
origin.  Furthermore, the IPCC (2007d) stated that the rate of increase in positive radiative forcing due to 
these three GHGs during the industrial era is “very likely to have been unprecedented in more than 10,000 
years.”   
 
The positive radiative forcing due to CO2 is the largest (+1.66 ± 0.17 W/m2) (Figure 4.1) and has 
increased by 20% from 1995 to 2005, the largest change for any decade in at least the last 200 years.  
Methane is the second largest source of positive radiative forcing (+0.48 ± 0.05 W/m2).  Nitrous oxide has 
a positive radiative forcing of +0.16 (±0.02) W/m2.   
 
 

                                                 
23 Watts per square meter is the standard metric unit for radiative and other energy fluxes. 
24 According to IPCC terminology, “very high confidence” conveys a 9 out of 10 chance of being correct.  See Box 
1.2 for a full description of IPCC’s uncertainty terms. 
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The other three GHGs reported by the U.S. Inventory—HFCs, PFCs and SF6—have a total radiative 
forcing in 2005 of +0.017 (±0.002) W/m2, which is increasing by roughly 10% per year (Forster et al., 
2007). 
 
The ozone-depleting substances covered under the Montreal Protocol (CFCs, HCFCs, and chlorocarbons) 
are also strong GHGs and, as a group, contributed +0.32 (±0.03) W/m2 to anthropogenic radiative forcing 
in 2005.  Their radiative forcing peaked in 2003 and is now beginning to decline (Forster et al., 2007).   
The radiative forcing due to the destruction of stratospheric ozone by these gases is estimated to be –0.05 
± 0.10 W/m2 with a medium level of scientific understanding (Forster et al., 2007). 
 
In addition to the six main GHGs directly emitted by human activities and the gases covered by the 
Montreal Protocol, there are additional anthropogenic and natural factors that contribute to both positive 
and negative forcing.   
 

Figure 4.1: Global Average Radiative Forcing (RF) Estimates and Ranges in 2005 for 
Anthropogenic GHG Emissions and Other Factors 

Source: IPCC (2007d).  Global average radiative forcing (RF) estimates and ranges in 2005 for 
anthropogenic carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and other important factors, 
together with the typical geographical extent (spatial scale) of the forcing and the assessed level of scientific 
understanding (LOSU). The net anthropogenic radiative forcing and its range are also shown. These require 
summing asymmetric uncertainty estimates from the component terms, and cannot be obtained by simple 
addition. Additional forcing factors not included here are considered to have a very low LOSU. Volcanic 
aerosols contribute an additional natural forcing but are not included in this figure due to their episodic 
nature. The range for linear contrails does not include other possible effects of aviation on cloudiness. 
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With regard to climate change, ozone affects the radiative budget of the atmosphere through its 
interaction with both shortwave and longwave radiation (Forster et al., 2007).  Tropospheric ozone 
changes caused by emissions of ozone-forming chemicals, or precursors (nitrogen oxides, carbon 
monoxide, and hydrocarbons including methane), contribute a positive forcing of +0.35 (+0.25 to +0.65) 
W/m2.  As described in CCSP (2008d), robust model simulations project climate change will also increase 
the radiative forcing from ozone by increasing stratosphere-troposphere exchange and hence ozone near 
the tropopause where it is most important radiatively. Unlike the GHGs mentioned previously, 
tropospheric ozone is not as well-mixed in the global atmosphere because its atmospheric lifetime is on 
the order of days to months (versus decades to centuries for the well-mixed GHGs).  Tropospheric ozone 
is a criteria air pollutant under the U.S. Clean Air Act. 
 
Emissions of ozone precursors and other substances also contribute to changes in levels of the reactive 
gas OH.  OH is the major oxidizing chemical in the atmosphere, destroying significant quantities of many 
non-CO2 GHGs (e.g., CH4, HFCs, HCFCs, and ozone)   thus influencing their chemical lifetimes and 
radiative forcing; it also plays an important role in the formation of sulfate, nitrate, and some organic 
aerosol species (Forster et al., 2007). 
 
Anthropogenic emissions of aerosols contribute to both positive and negative radiative forcing.  Aerosols 
are non-gaseous substances other than water or ice that are suspended in the atmosphere and are either 
solid particles or liquid droplets.  Most aerosols, such as sulfates (which are mainly the result of SO2 
emissions from fossil fuel burning), exert a negative forcing or cooling effect, as they reflect and scatter 
incoming solar radiation.  Some aerosols, such as black carbon, cause a positive forcing by absorbing 
incoming solar radiation.  IPCC (2007d) estimated that the net effect of all anthropogenic increases in 
aerosols (primarily sulfate, organic carbon, black carbon, nitrate, and dust) produce a cooling effect, with 
a total direct radiative forcing of –0.5 (–0.9 to –0.1) W/m2 and an additional indirect cloud albedo (i.e., 
enhanced reflectivity)25 forcing of –0.7 (–1.8 to –0.3) W/m2.  Understanding of these forcings has 
improved since the IPCC Third Assessment Report (IPCC, 2001c) but nevertheless remain the dominant 
uncertainty in radiative forcing (IPCC, 2007d).   
 
The direct radiative forcing of the individual aerosol species is less certain than the total direct aerosol 
radiative forcing.  The estimates are: sulfate, -0.4 ( 0.2) W/m2; fossil fuel organic carbon, -0.05 (0.05) 
W/m2; fossil fuel black carbon, +0.2 (0.15) W/m2; biomass burning, +0.03 (0.12) W/m2; nitrate, -0.1 
(0.1) W/m2; and mineral dust, -0.1 (0.2) W/m2. Including both fossil fuel and biomass burning sources, 
the total black carbon aerosol forcing is estimated to be 0.34 (0.09 to 0.59) W/m2.  In addition, black 
carbon can cause another positive radiative forcing effect (+0.1 (0.0 to +0.2) W/m2) by decreasing the 
surface albedo of snow and ice, although scientific understanding of this forcing is low (Forster et al., 
2007), with implications for Arctic and glacial melt. Also, according to the CCSP (2009a), since aerosol 
forcing is much more pronounced on regional scales than on the global scale because of the highly 
variable aerosol distributions, it would be insufficient or even misleading to place too much emphasis on 
the global average, with effects being dependent on both the location and timing of the emissions. 
Aerosols can alter the atmospheric circulation patterns and water cycles due to the manner in which 
aerosols can heat the atmosphere and cool the surface as well as to various cloud interactions (CCSP, 
2009a). The total forcing associated with anthropogenic aerosols is less certain than that for GHGs, due to 
the indirect effects of aerosols, including cloud formation and albedo change. 

                                                 
25 In addition to directly reflecting solar radiation, aerosols cause an additional, indirect negative forcing effect by 
enhancing cloud albedo (a measure of reflectivity or brightness).  This effect occurs because aerosols act as particles 
around which cloud droplets can form; an increase in the number of aerosol particles leads to a greater number of 
smaller cloud droplets, which leads to enhanced cloud albedo.  Aerosols also influence cloud lifetime and 
precipitation, but no central estimates of these indirect forcing effects are estimated by IPCC.  These aerosol indirect 
effects remain some of the biggest uncertainties of the climate forcing/feedback processes (CCSP, 2009a).   
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The radiative forcing from increases in stratospheric water vapor due to oxidation of anthropogenic 
increases in CH4 is estimated to be +0.07 ± 0.05 W/m2 (Forster et al., 2007). The level of scientific 
understanding is low because the contribution of CH4 to the corresponding vertical structure of the water 
vapor change near the tropopause is uncertain. 
 
Changes in surface albedo due to human-induced land cover changes exert a forcing of –0.2 (–0.4 to 0.0) 
W/m2.  Changes in solar irradiance since 1750 are estimated to cause a radiative forcing of +0.12 (+0.06 
to +0.30) W/m2.  This estimate is less than half of the estimate given in IPCC’s Third Assessment Report 
(2001), with a low level of scientific understanding (Forster et al., 2007). Uncertainties remain large 
because of the lack of direct observations and incomplete understanding of solar variability mechanisms 
over long time scales.  Empirical associations have been reported between solar-modulated cosmic ray 
ionization of the atmosphere and global average low-level cloud cover, but evidence for a systematic 
indirect solar effect remains ambiguous.  The lack of a proven physical mechanism and the plausibility of 
other causal factors make the association between galactic cosmic ray-induced changes in aerosol and 
cloud formation controversial (Forster et al., 2007).  
 
Although water vapor is the most important and abundant GHG in the atmosphere, human activities 
produce only a very small direct increase in tropospheric water vapor (Karl et al., 2009).  Irrigation and 
deforestation both have small, poorly understood effects on humidity, in opposite directions, and the 
IPCC concluded that radiative forcing from these sources of tropospheric water vapor is smaller than their 
non-radiative effects (such as evaporative cooling).  Emissions of water vapor from combustion processes 
are significantly lower than emissions from land use; hence the absence of water vapor in Figure 4.1 
(Forster et al., 2007).  As temperatures increase, however, tropospheric water vapor concentrations also 
increase, representing a key positive feedback (e.g., one that enhances warming) but not a forcing of 
climate change (Solomon et al., 2007).  Feedbacks are defined as processes in the climate system (such as 
a change in water vapor concentrations) that can either amplify or dampen the system’s initial response to 
radiative forcing changes (NRC, 2005). 
 
4(b)  Global Changes in Temperature 
 
Multiple lines of evidence lead to the robust conclusion that the climate system is warming.  The IPCC 
(2007d) stated in its Fourth Assessment Report:  
 
“Warming of the climate system is unequivocal, as is now evident from observations of increases in 
global average air and ocean temperatures, widespread melting of snow and ice, and rising global average 
sea level.” 
 
This finding was reaffirmed in the U.S. Global Change Research Program’s June 2009 report Global 
Climate Change Impacts in the United States (Karl et al., 2009). 
 
Air temperature is a main property of climate and the most easily measured, directly observable, and 
geographically consistent indicator of climate change.  The extent to which observed changes in global 
and continental temperature and other climate factors can be attributed to anthropogenic emissions of 
GHGs is addressed in Section 5. 
 
Global Surface Temperatures 
 
Surface temperature is calculated by processing data from thousands of worldwide observation sites on 
land and sea.  Substantial gaps in data coverage remain, especially in the tropics and the Southern 
Hemisphere, particularly Antarctica, although data coverage has improved with time.  These gaps are 
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largest in the 19th century and during the two world wars (Trenberth et al., 2007).  The long-term mean 
temperatures are calculated by interpolating within areas with no measurements using the collected data 
available.  Mears et al. (2006) caution: “For regions with either poor coverage or data gaps, trends in 
surface air temperature should be regarded with considerable caution, but do not have serious effects on 
the largest of scales as most of the variability is well sampled.”  
 
Biases may exist in surface temperatures due to changes in station exposure and instrumentation over 
land, or changes in measurement techniques by ships and buoys in the ocean. It is likely that these biases 
are largely random and therefore cancel out over large regions such as the globe or tropics (Wigley et al., 
2006).  Likewise, urban heat island effects are real but local, and have not biased the large-scale trends 
(Trenberth et al., 2007).  However, it is conceivable that systematic changes in many station exposures of 
a similar kind may exist over the land during the last few decades.  If such changes exist, they may lead to 
small amounts of spurious cooling or warming, even when the data are averaged over large land areas 
(Mears et al., 2006). 
 
The following trends in global surface temperatures were observed for the period 1850 to 2005, according 
to the IPCC (Trenberth et al., 2007): 
 
 Global mean surface temperatures have risen by 1.3  0.3F (0.74 ± 0.18°C) when estimated by a 

linear trend over the last 100 years (1906–2005) as shown by the magenta line in Figure 4.2. The 
warmest years in the instrumental record of global surface temperatures are 1998 and 2005, with 1998 
ranking first in one estimate, but with 2005 slightly higher in the other two estimates. 2002 to 2004 
are the third, fourth, and fifth warmest years in the series since 1850. Eleven of the last 12 years 
(1995 to 2006) – the exception being 1996 – rank among the 12 warmest years on record since 1850.  
Temperatures in 2006 were similar to the average of the past five years.   

 
 The warming has not been steady, as shown in Figure 4.2.  Two periods of warming stand out: an 

increase of 0.63F (0.35°C) that occurred from the 1910s to the 1940s and then a warming of about 
0.99F (0.55°C) from the 1970s up to the end of 2006. In between those two periods (from the 1940s 
to the 1970s), temperatures leveled off or cooled slightly. The remainder of the past 150 years has 
included short periods of both cooling and warming.  The rate of warming over the last 50 years is 
almost double that over the last 100 years 0.23  0.05F vs. 0.13  0.04F (0.13 ± 0.03°C vs. 0.07 ± 
0.02°C) per decade.   

 
 Land regions have warmed at a faster rate than oceans. Warming has occurred in both land and 

oceans and in both sea surface temperature (SST) and nighttime marine air temperature over the 
oceans. However, for the globe as a whole, surface air temperatures over land have risen at about 
double the ocean rate after 1979 (more than 0.49F [0.27°C] per decade vs. 0.23F [0.13°C] per 
decade), with the greatest warming during winter (December to February) and spring (March to May) 
in the Northern Hemisphere.  Recent warming is strongly evident at all latitudes in SSTs over each of 
the oceans. 

 
 Average Arctic temperatures increased at almost twice the global average rate in the past 100 years.  

Arctic temperatures have high decadal variability.  A slightly longer warm period, almost as warm as 
the present, was also observed from the late 1920s to the early 1950s, but appears to have had a 
different spatial distribution than the recent warming. 
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 Between 1901 and 2005, statistically significant warming was observed over most of the world’s 

surface with the exception of an area south of Greenland and three smaller regions over the 
southeastern United States and parts of Bolivia and the Congo basin. The lack of significant warming 
at about 20% of the locations and the enhanced warming in other places, is likely to be a result of 
changes in atmospheric circulation. Warming is strongest over the continental interiors of Asia and 
northwestern North America and over some mid-latitude ocean regions of the Southern Hemisphere 
as well as southeastern Brazil. 

 
 Since 1979, warming has been strongest over western North America; northern Europe and China in 

winter; Europe and northern and eastern Asia in spring; Europe and North Africa in summer; and 
northern North America, Greenland, and eastern Asia in autumn.  

 
Box 4.1: Updated Global Surface Temperature Trends Through 2008 
 
The global surface temperature trend analysis in IPCC (2007a) includes data through 2005 from the United 
Kingdom’s Hadley Centre (Hadley Centre, 2009), referred to as HadCRUT.  Three additional years of data have 
become available since then (2006-2008) and two additional global surface temperature datasets are available for 

Figure 4.2: Annual Global Mean Temperatures (black dots) with Linear Fits to the Data. 

 

Source: Solomon et al. (2007).  The left-hand axis shows temperature anomalies relative to the 1961 to 1990 
average, and the right-hand axis shows estimated actual temperatures, both in Celsius. Linear trends are 
shown for the last 25 (yellow), 50 (orange), 100 (magenta), and 150 years (red). The smooth blue curve shows 
decadal variations with the decadal 90% error range shown as a pale blue band about that line. The total 
temperature increase from the period 1850 to 1899 to the period 2001 to 2005 is 1.37°F ± 0.34°F (0.76°C ± 
0.19°C). 
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comparison.  The updated HadCRUT dataset26 (which spans 1850-2008), NOAA’s Merged Land-Ocean Surface 
Temperature dataset27 (which spans 1880-2008) (NOAA, 2009a), and NASA’s Global Surface Temperature 
dataset28 (which spans 1880-2008), (NASA, 2009) all indicate: 
 

 Eight of the 10 warmest years on record have occurred since 2001 
 The 10 warmest years have all occurred in the past 12 years 
 The 20 warmest years have all occurred since 1981  

 
 2008 was the ninth warmest year on record globally for the NOAA and NASA datasets and the 10th warmest year 
on record for the HadCRUT dataset. The warmest year on record was 2005 for the NOAA and NASA datasets and 
1998 for the HadCRUT dataset. 
 
Because trends may be sensitive to the choice of start date in a time series, it is instructive to analyze trends when 
varying these dates. The following table shows warming trends29 starting in 1880 (when data is available across all 
three datasets) at 20 year intervals for all three datasets: 
 

Period HadCRUT NOAA NASA 
1880-2008 0.11°F (0.061C) /decade 0.10°F (0.056C) /decade 0.10°F (0.056C) /decade 
1900-2008 0.13°F (0.072C) /decade 0.13°F (0.072C) /decade 0.12°F (0.067C) /decade 
1920-2008 0.13°F (0.072C) /decade 0.12°F (0.067C) /decade 0.12°F (0.067C) /decade 
1940-2008 0.15°F (0.083C) /decade 0.15°F (0.083C) /decade 0.14°F (0.078C) /decade 
1960-2008 0.25°F (0.14C) /decade 0.24°F (0.13C) /decade 0.24°F (0.13C) /decade 
1980-2008 0.29°F (0.16C) /decade 0.30°F (0.17C) /decade 0.29°F (0.16C) /decade 

 
These trends show strong agreement among the three datasets, a conclusion also drawn in CCSP (2006), Trenberth 
et al. (2007), and the NOAA study, “State of the Climate in 2008” (Peterson and Baringer, 2009).  The warming rate 
in the last 10 30-year periods (averaging about 0.30°F [0.17C]  per decade) is the greatest in the observed record, 
followed closely by the warming rate (averaging about 0.25°F [0.14C]  per decade) observed during a number of 
30-year periods spanning the 1910s to the 1940s. 
 
Though most of the warmest years on record have occurred in the last decade in all available datasets, according to 
an analysis of the HadCRUT dataset in the “State of the Climate in 2008” report (Peterson and Baringer, 2009), the 
rate of warming has, for a short time, slowed. The temperature trend calculated for January 1999 to December 2008 
was about +0.13 ± 0.13°F (+0.07 ± 0.07°C) per decade, which is less than the 0.32°F (0.18°C) per decade trend 

recorded between 1979 and 2005 (or 0.30°F [0.17C] per decade for 1980 to 2008 as stated above).  However, 
NOAA (NOAA, 2009a) and NASA (NASA, 2009) trends do not show the same marked slowdown for the 1999-
2008 period.  The NOAA trend was ~0.21°F (0.12C) per decade while the NASA trend was ~0.34°F (0.19C) per 
decade.  The variability among datasets is a reflection of fewer data points and some differences in dataset 
methodologies. Analysis of trends for the years 2000, 2001, and 2002 through 2008 indicate a rather flat trend, with 
slight warming or cooling depending on choice of dataset and start date. It is important to recognize that year-to-year 
fluctuations in natural weather and climate patterns can produce a period that does not follow the long-term trend 
(Karl et al., 2009).  Thus, each year will not necessarily be warmer than every year before it, though the long-term 
warming trend continues (Karl et al., 2009). For a discussion of how recent temperature trends relate to future 
climate projections, refer to Section 6b. 
 

                                                 
26 Downloadable from: http://cdiac.ornl.gov/ftp/trends/temp/jonescru/global.dat 
27 Downloadable from: ftp://ftp.ncdc.noaa.gov/pub/data/anomalies/annual.land_ocean.90S.90N.df_1901-
2000mean.dat 
28 Downloadable from: http://data.giss.nasa.gov/gistemp/tabledata/GLB.Ts+dSST.txt 
29 The trends in this table do not provide uncertainty estimates and are, therefore, approximate.  In Trenberth et al. 
(2007), the uncertainty is given for these three datasets for different time periods in Table 3.3 and is about ±0.03°F 
( 0.017C) for 1901-2005 and ±0.09°F ( 0.05C) for 1979-2005.  These uncertainty estimates could reasonably be 
interpolated to the time series in this table. 
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Temperature trend analysis over Antarctica is complicated due to large regional and interannual 
variability and sparse data coverage. Recent studies and assessments have led to some different 
conclusions.  Trenberth et al. (2007) indicate cooling over most of interior Antarctica and strong warming 
over the peninsula.  However, the NOAA report State of the Climate in 2008 (Peterson and Baringer, 
2009) refers to a recent study that finds Antarctic warming is much broader in spatial extent, extending to 
include West Antarctica.  Alternatively, it refers to another study that indicates little change in near-
surface temperatures during the past 50 years over most of the continent despite finding marked warming 
over the Antarctic Peninsula. 
 
Global Upper Air Temperatures 
 
Temperature measurements have also been made above the Earth's surface over the past 50 to 60 years 
using radiosondes (balloon-borne instruments) and for the past 28 years using satellites. These 
measurements support the analysis of trends and variability in the troposphere (surface to 6.2 to 10 mi [10 
to 16 kilometers, km]) and stratosphere 6.2 to 31 mi [10 to 50 km] above the Earth's surface). 
 
The CCSP prepared a report that assessed temperature changes in the atmosphere, differences in the 
changes at various levels in the atmosphere, and an explanation of the causes of these changes and 
differences.  It concluded (Wigley et al., 2006):  “…the most recent versions of all available data sets 
show that both the surface and troposphere have warmed, while the stratosphere has cooled. These 
changes are in accord with our understanding of the effects of radiative forcing agents and with the results 
from model simulations.”  
 
The IPCC (Trenberth et al., 2007) reaffirmed the major conclusions of this CCSP report finding: 
 
 New analyses of radiosondes and satellite measurements of lower- and mid-tropospheric temperature 

show warming rates that are similar to those of the surface temperature record and are consistent 
within their respective uncertainties. 

 
 The satellite tropospheric temperature record is broadly consistent with surface temperature trends.  

The range (due to different data sets) of global surface warming since 1979 is 0.29F (0.16°C) to 
0.32F (0.18°C) per decade compared to 0.22F (0.12°C) to 0.34F (0.19°C) per decade for estimates 
of tropospheric temperatures measured by satellite.  

 
 Lower-tropospheric temperatures measured by radiosondes have slightly greater warming rates than 

those at the surface over the period 1958 to 2005. The radiosonde record is markedly less spatially 
complete than the surface record and increasing evidence suggests that it is very likely that a number 
of records have a cooling bias, especially in the tropics. 

 
Lower stratospheric temperatures have cooled since 1979. Estimates from adjusted radiosondes, satellites, 
and re-analyses are in qualitative agreement, suggesting a lower-stratospheric cooling of between 0.5F 
(0.3°C) and 1F (0.6°C) per decade since 1979.  
 
The global upper air temperature trend analysis in IPCC (2007a) described above includes data through 
2005.  Three additional years of data have become available since then (2006–2008).  The addition of 
these three years does not significantly alter the above trends.  For example, in NOAA (2009b) the 
satellite mid-tropospheric temperature trend computed for 1979–2008 ranges from +0.20 to 0.27F (+ 
0.11°C to + 0.15°C) per decade compared to the estimate of +0.22 to +0.34F (+ 0.12°C to + 0.19°C) per 
decade given in IPCC (2007a).  Combining the radiosonde and satellite records of the troposphere, the 
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State of the Climate in 2008 report estimates the trend  is +0.261  0.04F (+0.145 ± 0.02°C) per decade 
for the period 1958–2008 with the range of the trends calculated from the various datasets (Peterson and 
Baringer, 2009).  The report notes there is no indication of acceleration of the trend.  As in the surface 
temperature data, the trend over the last seven to 10 years in these data is relatively flat, but this does not 
fundamentally alter the longer term warming signal. 
 
The 2008 annual average temperature of the lower stratosphere was similar to that of the last dozen years 
according to the State of the Climate in 2008 report (Peterson and Baringer, 2009). The report notes that 
globally the lower stratosphere has been about 2.7F (1.5°C) cooler over the past decade than in the 1960s 
when the radiosonde network began to offer reasonable global monitoring.  It finds the general evolution 
of global lower stratospheric temperature is robustly captured in all available radiosonde (1958–present) 
and satellite (1979–present) datasets. However, the datasets differ in detail.  For example, of those that 
cover 1979–2008, 2008 ranks as the coldest year in three, the second coldest in one, and the eighth 
coldest in another (Peterson and Baringer, 2009). 
 
Global Surface Temperatures Over the Last 2,000 Years 
 
Instrumental surface temperature records only began in the late 19th century, when a sufficiently large 
global network of measurements was in place to reliably compute global mean temperatures.  To estimate 
temperatures further back in time, scientists analyze proxy evidence from sources such as tree rings, 
corals, ocean and lake sediments, cave deposits, ice cores, boreholes, glaciers, and documentary evidence.  
A longer temperature record can help place the 20th century warming into a historical context. 
 
NRC conducted a study to describe and assess the state of scientific efforts to reconstruct surface 
temperature records for the Earth over approximately the last 2,000 years and the implications of these 
efforts for understanding global climate change.  It found (NRC, 2006b): 
 
 Large-scale surface temperature reconstructions, as illustrated in Figure 4.3, yield a generally 

consistent picture of temperature trends during the preceding millennium, including relatively warm 
conditions centered around 1000 A.D. (identified by some as the “Medieval Warm Period”) and a 
relatively cold period (or “Little Ice Age”) centered around 1700. 

 
 It can be said with a high level of confidence that global mean surface temperature was higher during 

the last few decades of the 20th century than during any comparable period during the preceding four 
centuries.  The observed warming in the instrumental record shown in Figure 4.2 supports this 
conclusion. 

 
 Less confidence can be placed in large-scale surface temperature reconstructions for the period from 

900 to 1600 A.D. Presently available proxy evidence indicates that temperatures at many, but not all, 
individual locations were higher during the past 25 years than during any period of comparable length 
since 900 A.D. The uncertainties associated with reconstructing hemispheric mean or global mean 
temperatures from these data increase substantially backward in time through this period and are not 
yet fully quantified. 
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 Very little confidence 

can be assigned to 
statements concerning 
the hemispheric mean 
or global mean surface 
temperature prior to 
about 900 A.D. 
because of sparse data 
coverage and because 
the uncertainties 
associated with proxy 
data and the methods 
used to analyze and 
combine them are 
larger than during 
more recent time 
periods. 

 
Considering this study and 
additional research, the 
IPCC (2007d) concluded: 
“Paleoclimatic information 
supports the interpretation 
that the warmth of the last 
half century is unusual in 
at least the previous 1,300 
years.”  However, like 
NRC (2006b), IPCC 
cautions that uncertainty is significant prior to 1600 (Jansen et al., 2007). 
 
4(c) U.S. Changes in Temperature 
 
Like global mean temperatures, U.S. temperatures also warmed during the 20th and into the 21st century.  
According to NOAA (2009e) and data from NOAA30: 
 
 U.S. average annual temperatures (for the contiguous United States or lower 48 states)  are now 

approximately 1.25°F (0.69°C) warmer than at the start of the 20th century, with an increased rate of 
warming over the past 30 years.  The rate of warming for the entire period of record (1901–2008) is 
0.13°F (0.072C) per decade while the rate of warming increased to 0.58°F (0.32°C) per decade for 
the period 1979–2008. 

 
 2005, 2006, and 2007 were exceptionally warm years (among the top 10 warmest on record), while 

2008 was slightly warmer than average (the 39th warmest year on record), 0.2°F (0.1°C) above the 
20th century (1901-2000) mean (though 0.06°F (0.035°C) below the 1971-2000 mean). 

 

                                                 
30 Data for contiguous U.S. temperature time series analysis obtained from NOAA’s National Climatic Data Center 
(NCDC). Data may be downloaded from: http://www.epa.gov/climatechange/endangerment/data.html (see file: us-
temps-time-series-1901-2008-noaa.pdf). 

Figure 4.3: Reconstructions of (Northern Hemisphere Average or 
Global Average) Surface Temperature Variations from Six Research 
Teams 

Source: NRC (2006b). Reconstructions of (Northern Hemisphere average or global 
average) surface temperature variations from six research teams (in different color 
shades), along with the instrumental record of global average surface temperature 
(in black). Each curve illustrates a somewhat different history of temperature 
changes, with a range of uncertainties that tend to increase backward in time (as 
indicated by the shading).  
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 The last 10 five-year periods (2004–2008, 2003–2007, 2002–2006, 2001–2005, 2000–2004, 1999–
2003, 1998–2002, 1997–2001, 1996–2000, and 1995–1999), were the warmest five-year periods (i.e., 
pentads) in the period of record (since 1901), demonstrating the anomalous warmth of the last 15 
years. 

 
NASA’s U.S. temperature dataset31 for the lower 48 states indicates a somewhat lower warming trend 
(relative to NOAA) of 0.079°F (0.044C) per decade for the period 1901–2008.  But this warming trend 
increases to 0.47°F (0.26C) per decade for the period 1979–2008 and the last eight five-year periods 
have been among the 10 warmest five-year periods on record. 1998 and 1934 are tied for the warmest 
year in NASA’s U.S. record. 
 
Over the past 50 years, Karl et al. (2009) 
report the U.S. average temperature has risen 
more than 2°F (1C) over the past 50 years 
resulting in longer warm seasons and 
shorter, less-intense cold seasons. 
 
Regional data33 analyzed from NOAA 
through 2008, as illustrated in Figure 4.4, 
indicate warming has occurred throughout 
most of the United States, with all but four 
of the 11 climate regions showing an 
increase of more than 1ºF (0.6C) since 1901 
(NOAA, 2009d). As shown in Figure 4.4, 
the greatest temperature increase occurred in 
Alaska (for the period 1918–2008) and the 
Northeast (1.9°F [1.06C] and 2.0°F [1.1C] 
per century, respectively).  The least 
warming occurred in the Southeast, where 
the trend was 0.26°F (0.14C) per century. 
 
Including all of North America in its 
assessment of regional temperatures, the 
IPCC (Field et al., 2007) stated:  
 
 For the period 1955–2005, the greatest warming occurred in Alaska and northwestern Canada, with 

substantial warming in the continental interior and modest warming in the southeastern United States 
and eastern Canada.  

 
 Spring and winter show the greatest changes in temperature and daily minimum (nighttime) 

temperatures have warmed more than daily maximum (daytime) temperatures. 
 

                                                 
31 NASA U.S. temperature data may be downloaded from: http://data.giss.nasa.gov/gistemp/graphs/Fig.D.txt. 
32 Data for U.S. temperature map obtained from NOAA’s NCDC. Data may be downloaded from: 
http://www.epa.gov/climatechange/endangerment/data.html (see file: us-temps-map-fig4-4-1901-2008-noaa.pdf). 
33 Data for U.S. regional temperature time series analysis obtained from NOAA’s NCDC.  Data may be downloaded 
from: http://www.epa.gov/climatechange/endangerment/data.html (see file: us-regional-temps-time-series-1901-
2008-noaa.pdf). 

Figure 4.4: Map of the United States, Depicting 
Regional U.S. Temperature Trends for the Period 
1901 to 200832 

 

Red shades indicate warming over the period and blue shades 
indicate cooling over the period. 
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4(d) Global Changes in Precipitation 
 
A consequence of rising temperature is increased evaporation, provided that adequate surface moisture is 
available (e.g., over the oceans and other moist surfaces).   The average atmospheric water vapor content 
has increased since at least the 1980s over land and ocean, as well as in the upper troposphere (IPCC, 
2007d).  When evaporation increases, more water vapor is available for precipitation producing weather 
systems leading to precipitation increases in some areas. Conversely, enhanced evaporation and 
evapotranspiration from warming accelerates land surface drying and increases the potential incidence 
and severity of droughts in other areas.  
 
Observations show that changes are occurring in the amount, intensity, frequency, and type of 
precipitation.  Cautioning that precipitation is highly variable spatially and temporally, and data are 
limited in some regions, the IPCC highlighted the following trends (Trenberth et al., 2007): 
 
 Long-term trends from 1900 to 2005 have been observed in precipitation amount over many large 

regions. Significantly increased precipitation has been observed in eastern parts of North and South 
America, northern Europe, and northern and central Asia.  

 
 Drying has been observed in northern Africa, southern Eurasia, Canada, and Alaska (Trenberth et al., 

2007). The IPCC notes the trend towards drying in northern Africa and the Sahel region, with a 
partial recovery since 1990, has been a common feature of climate in these regions in the 
paleoclimate record (Jansen et al., 2007).  

 
 For 1961–1990, rising temperature have generally resulted in rain rather than snow in locations and 

seasons where climatological average temperatures were close to 32F (0°C). 
 
The trends described in the NOAA report State of the Climate in 2008 (Peterson and Baringer, 2009) are 
largely consistent with the IPCC. The NOAA report finds on a century time scale, most of the globe has 
trended towards wetter conditions, and particularly the northern high latitudes.  But it also finds notable 
exceptions.  A trend towards drier conditions is found over the tropics and some other locations. These 
include parts of southern Europe, most of Africa (while noting the drying trend over the Sahel reversed in 
1989), southwestern Australia, and the west coast of South America.  It highlights two regions that have 
become significantly drier over the past two decades: the southwestern United States and southeastern 
Australia. 
 
For information on changes in global precipitation extremes (heavy precipitation and drought), see 
Section 4(k). 
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4(e) U.S. Changes in Precipitation 
 
Data35  analyzed from NOAA show that over the 
contiguous United States, total annual precipitation 
increased at an average rate of 6.1% per century from 
1901–2008, and about 5% over the last 50 years (Karl 
et al., 2009).  As shown in Figure 4.5 displaying 
regional data36, the greatest increases in precipitation 
were in the East North Central climate region (9.6% 
per century), the Northeast (9.8% per century) and the 
South (10.5%). Precipitation increased in the Southeast 
by 1.3%, the Central United States by 7.2%, the West 
North Central by 4.0%, the Southwest by 3.7%, the 
West by 3.8%, and the Northwest by 4.1%. 
 
Outside the contiguous United States, Hawaii 
experienced a decrease of 5.4% per century (since 
records begin in 1905).  Precipitation over Alaska (not 
shown due to limited data coverage) has a decreasing 
long-term trend, but with significant variability over 
time and space. 
 
Despite the overall national trend towards wetter 
conditions, a severe drought has affected the southwest 
United States from 1999 through 2008 (see Section 
4(l)), which is indicative of significant variability in 
regional precipitation patterns over time and space.   
 
4(f) Global Sea Level Rise and Ocean Heat 
Content 
 
Global Sea Level Rise 
 
There is strong evidence that global sea level gradually rose in the 20th century and is currently rising at 
an increased rate, after a period of little change between AD 0 and AD 1900 (IPCC, 2007a).  

 
According to Bindoff et al. (2007), there is high confidence that the rate of sea level rise increased 
between the mid-19th and mid-20th centuries.  The average rate of sea level rise measured by tide gauges 
from 1961 to 2003 was 0.071  0.02 inch (0.18  0.05 cm) per year (Bindoff et al., 2007).  The global 
average rate of sea level rise measured by satellite altimetry during 1993 to 2003 was 0.12  0.03 inch 
(0.31  0.07 cm) per year (Bindoff et al., 2007). Coastal tide gauge measurements confirm this 
observation. It is unclear whether the faster rate for 1993 to 2003 is a reflection of short-term variability 

                                                 
34  Data for U.S. precipitation map obtained from NOAA’s NCDC. Data may be downloaded from: 
http://www.epa.gov/climatechange/endangerment/data.html (see file: us-precip-map-fig4-5-1901-2008-noaa.pdf). 
35 Data for contiguous U.S. precipitation time series analysis obtained from NOAA’s National Climatic Data Center. 
Data may be downloaded from: http://www.epa.gov/climatechange/endangerment/data.html (see file: us-precip-
time-series-1901-2008-noaa.pdf). 
36 Data for U.S. regional precipitation time series analysis obtained from NOAA’s National Climatic Data Center. 
Data may be downloaded from: http://www.epa.gov/climatechange/endangerment/data.html (see file: us-regional-
precip-time-series-1901-2008-noaa.pdf). 

Figure 4.5: Map of the United States, Depicting 
Precipitation Trends for the Contiguous 
United States 1901-2008 and Hawaii 1905-
200834 

     

Green shades indicate a trend toward wetter conditions 
over the period, and brown shades indicate a trend 
toward dryer conditions. No data are available for areas 
shaded white. 
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or an increase in the longer-term trend (Bindoff et al., 2007).  The total 20th century sea level rise is 
estimated to be 6.7  2 inches (17 ± 5 (cm)) (Bindoff et al., 2007). Sources of uncertainty in measuring 
global average sea level rise include the adjustment for vertical land movements in tide gauge data and 
the proper accounting for instrumental bias and drifts in satellite altimetry data (Bindoff et al., 2007). 
 
Two major processes lead to changes in global mean sea level on decadal and longer time scales: i) 
thermal expansion, and ii) the exchange of water between oceans and other reservoirs (glaciers and ice 
caps, ice sheets, and other land water reservoirs).  It is believed that on average, over the period from 
1961 to 2003, thermal expansion contributed about one-quarter of the observed sea level rise, while 
melting of land ice accounted for less than half; the full magnitude of the observed sea level rise was not 
satisfactorily explained by the available data sets (Bindoff et al., 2007).  During this period, global ocean 
temperature rose by 0.18F (0.10°C) from the surface to a depth of 2,300 ft (700 m), contributing an 
average of 0.016  0.004 inch (0.04 ± 0.01 cm) yr-1 to sea level rise (Bindoff et al., 2007).  The 
contribution from ice was approximately 0.028  0.02 inch (0.07 ± 0.05 cm) yr-1 (Lemke et al., 2007). 
 
In recent years (1993–2003), during which the observing system has been much better, thermal expansion 
and melting of land ice each account for about half of the observed sea level rise, although there is some 
uncertainty in the estimates.  Thermal expansion contributed about 0.063  0.02 inch (0.16 ± 0.05 cm) per 
year, reflecting a high rate of warming for the period relative to 1961 to 2003 (Bindoff et al., 2007). The 
total contribution from melting ice to sea level change between 1993 and 2003 ranged from 0.047  0.016 
inch (0.12 ± 0.04 cm) per year. The rate increased over the 1993 to 2003 period primarily due to 
increasing losses from mountain glaciers and ice caps, from increasing surface melt on the Greenland Ice 
Sheet, and from faster flow of parts of the Greenland and Antarctic Ice Sheets (Lemke et al., 2007). 
 
Thermal expansion and exchanges of water between oceans and other reservoirs cause changes in the 
global mean as well as geographically non-uniform sea level change.  Other factors influence changes at 
the regional scale, including changes in ocean circulation or atmospheric pressure, and geologic processes 
(Bindoff et al., 2007). Satellite measurements (for the period 1993–2003) provide unambiguous evidence 
of regional variability of sea level change (Bindoff et al., 2007).  In some regions, rates of rise have been 
as much as several times the global mean, while sea level is falling in other regions. According to the 
IPCC (Bindoff et al., 2007), the largest sea level rise since 1992 has taken place in the western Pacific and 
eastern Indian oceans, while nearly all of the Atlantic Ocean shows sea level rise during the past decade 
with the rate of rise reaching a maximum (over 0.08 inch [0.2 cm] yr–1) in a band running east-northeast 
from the U.S. east coast. Sea level in the eastern Pacific and western Indian oceans has been falling.  
 
Ocean Heat Content 
 
The thermal expansion of sea water is an indicator of increasing ocean heat content. Ocean heat content is 
also a critical variable for detecting the effects of the observed increase in GHGs in the Earth’s 
atmosphere and for resolving the Earth’s overall energy balance (Bindoff et al., 2007). For the period 
1955 to 2005, Bindoff et al. (2007) analyze multiple time series of ocean heat content and find an overall 
increase, while noting interannual and inter-decadal variations.  NOAA’s report State of the Climate in 
2008 (Peterson and Baringer, 2009), which incorporates data through 2008,  finds “large” increases in 
global ocean heat content since the 1950s and notes that over the last several years, ocean heat content has 
reached consistently higher values than for all prior times in the record. 
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4(g)  U.S. Sea Level Rise 
 
Sea level37 has been rising 0.08 to 0.12 inch yr-1 (0.2 to 0.3 cm yr-1) along most of the U.S. Atlantic and 
Gulf coasts, as seen in Figure 4.6. During the past 50 years, sea level has risen up to 8 inches (20 cm) or 
more along some coastal areas, and has fallen in other locations (Karl et al., 2009). The rate of sea level 
rise varies from about 0.36 inch per year (1 cm yr–1) along the Louisiana Coast (due to land sinking), to a 
drop of a few inches per decade in parts of Alaska (because land is rising).  Records from the coast of 
California indicate that sea levels have risen almost 7.1 inches (18 cm) during the past century (California 
Energy Commission, 2006).  According to the CCSP (2009b), in the Mid-Atlantic region from New York 
to North Carolina, tide-gauge observations indicate that relative sea level rise (the combination of global 
sea level rise and land subsidence) rates were higher than the global mean and generally ranged between 
0.094 and 0.17 inch (0.24 and 0.44 cm) yr-1, or about 1 inch (2.54 cm) over the 20th century. 
 

 

                                                 
37 U.S. sea level data obtained from the Permanent Service for Mean Sea Level (http://www.pol.ac.uk/psmsl/) of the 
the Proudman Oceanographic Laboratory. 

Figure 4.6: Relative Sea Level Changes on United States Coastlines, 1958 to 2008. 

Source: Karl et al. (2009) Observed changes in relative sea level from 1958 to 2008 for locations on the United 
States coast.  
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Rosenzweig et al. (2007) document studies that find 75% of the shoreline, when the influence of spits, 
tidal inlets, and engineering structures is removed, is eroding along the U.S. East Coast probably due to 
sea level rise.  They also cite studies reporting losses in coastal wetlands observed in Louisiana, the Mid-
Atlantic region, and in parts of New England and New York, in spite of recent protective environmental 
regulations. 
 
4(h)  Global Ocean Acidification 
 
Ocean waters can absorb large amounts of CO2 from the atmosphere because when the gas dissolves in 
water it forms a weak acid, and the minerals dissolved in the ocean have created, over geologic time, a 
slightly alkaline ocean, with surface pH ranging from 7.9 to 8.25.  The amount of carbon contained in the 
oceans has increased due to the elevated atmospheric pressure of CO2 from anthropogenic emissions 
(Denman et al., 2007).  The IPCC estimates that the total inorganic carbon content of the oceans increased 
by 118 ± 19 gigatonnes of carbon (GtC) between 1750 and 1994 and continues to increase (Bindoff et al., 
2007).  This absorptive capacity of the oceans has resulted in atmospheric CO2 concentrations 
substantially lower than they otherwise would be.  Since the beginning of the Industrial Revolution, 
global average sea surface pH has dropped by about 0.1 pH units, with the lowest decrease (0.06) in the 
tropics and subtropics, and the highest decrease (0.12) at high latitudes, consistent with the lower buffer 
capacity of the high latitudes compared to the low latitudes (Bindoff et al., 2007).  This average pH 
decline of 0.1 pH unit corresponds to a 30% increase in the concentration of hydrogen ions (Denman et 
al., 2007).   
 
Ocean acidification is causing a series of cascading changes to the chemistry of ocean water, including a 
decrease in the saturation state of calcium carbonate.  Marine calcifiers, such as corals, are dependent 
upon this mineral to form shells, skeletons, and other protective structures.  Reduced availability of 
calcium carbonate can slow or even halt calcification rates in these organisms (Fischlin et al., 2007).  The 
availability of carbonate is also important because it controls the maximum amount of CO2 that the ocean 
is able to absorb (Bindoff et al., 2007, p. 406).  More information regarding ocean acidification 
projections and effects on marine ecosystems can be found in Sections 6(b) and 14(a), respectively. 
Ocean acidification is a direct consequence of fossil fuel CO2 emissions, which are also the main driver of 
the anticipated climate change (Denman et al., 2007). 
 
4(i)   Global Changes in Physical and Biological Systems 
 
Physical and biological systems on all continents and in most oceans are already being affected by recent 
climate changes, particularly regional temperature increases (very high confidence) (Rosenzweig et al., 
2007).  Climatic effects on human systems, although more difficult to discern due to adaptation and non-
climatic drivers, are emerging (medium confidence) (Rosenzweig et al., 2007).  The majority of evidence 
comes from mid- and high latitudes in the Northern Hemisphere, while documentation of observed 
changes in tropical regions and the Southern Hemisphere is sparse (Rosenzweig et al., 2007).  Hence, the 
findings presented in this section apply generally to the globe but most directly to Europe and North 
America (including the United States) where these observational studies were conducted.  The extent to 
which observed changes discussed here can be attributed to anthropogenic GHG emissions is discussed in 
Section 5. 
 
Cryosphere (Snow and Ice) 
 
Observations of the cryosphere (the “frozen” component of the climate system) have revealed changes in 
sea ice, glaciers and snow cover, freezing and thawing, and permafrost.  The following physical changes 
have been observed: 
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Ice cover in the Arctic began to diminish in the late 19th century, and this shrinkage has accelerated during 
the last several decades. Shrinkages that were both similarly large and rapid have not been documented 
over at least the last few thousand years, although the paleoclimatic record is sufficiently sparse that 
similar events might have been missed (Alley et al., 2009). Total annual Arctic sea ice extent has been 
declining at the rate of 4.1% (193,000 mi2;~500,000 km2) per decade for the period 1979–2008 (NSIDC, 
2009a). The latest data from NASA indicate Arctic sea ice set a record low in September 2007, 38% 
below the 1979–2007 average (NASA Goddard Space Flight Center, 2007).  The extent of the sea ice loss 
between 1979 and 2007 can be seen in Figure 4.7.  In September 2008, Arctic sea ice reached its second 
lowest extent on record (NASA Goddard Space Flight Center, 2008).  In September 2009, Arctic sea ice 
reached its third lowest extent on record (NSIDC, 2009b).  
 
Figure 4.7: Arctic Sea Ice Concentrations Comparisons 
 
 
 
 
 
 
 
 
 
 
 

1979 2007 
Source:  NASA (2007), Sea Ice Yearly Minimum 1979-2007.  Available at: 
http://svs.gsfc.nasa.gov/vis/a000000/a003400/a003464/index.html. These two images, constructed from satellite 
data, compare arctic sea ice concentrations in September of 1979 and 2007 (Images courtesy of NASA).  
 
 For the period 1979–2008, Antarctic sea ice underwent a not statistically significant increase of 0.9% 

(~100,000 km2; 42,000 mi2) per decade (NSIDC, 2009a). 
 
 The average sea ice thickness in the central Arctic has very likely decreased by up to 1 m from 1987 

to 1997, based upon submarine-derived data.  Model-based reconstructions support this finding, 
suggesting an Arctic-wide reduction of 24 to 35 inches (60 to 90 cm) over the same period (Lemke et 
al., 2007). 

 
 Mountain glaciers and snow cover have declined on average in both hemispheres with evidence of 

acceleration in glacier decline in the last decade (Karl et al., 2009). 
o Though the studies cited by the IPCC (in Lemke et al., 2007) demonstrate widespread large-scale 

retreat of glacier tongues since the 1800s and mass losses since the 1960s (when mass loss 
measurements began), IPCC cautions records of directly measured glacier mass balances are few, 
and that there is high spatial and temporal variability in glacier trends. For example, it discusses 
glaciers along the coast of Norway and in the New Zealand Alps that advanced in the 1990s and 
started to shrink around 2000. It also notes that whereas glaciers in the high mountains of Asia 
have generally shrunk, several high glaciers in the central Karakoram are reported to have 
advanced and/or thickened at their tongues. 

 
o Northern hemisphere snow cover observed by satellite over the 1966–2005 period decreased in 

every month except November and December, with a stepwise drop of 5% in the annual mean in 
the late 1980s (Lemke et al., 2007).  The NOAA-led State of the Climate in 2008 report indicated 
the snow cover extent over the Northern Hemisphere in 2008 was 0.42 million square miles (1.1 
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million km2) less than the 39-year average, the fourth least extensive cover on record (Peterson 
and Baringer, 2009) In the Southern Hemisphere, the few long records or proxies mostly show 
either decreases or no changes in the past 40 years or more. 

 
 The freeze-up date for river and lake ice has occurred later at a rate of 5.8 ± 1.6 days per century, 

averaged over available data for the Northern Hemisphere spanning the past 150 years.  The breakup 
date has occurred earlier at a rate of 6.5 ± 1.2 days per century (Lemke et al., 2007). 

 
 Temperatures at the top of the permafrost layer have generally increased since the 1980s in the Arctic 

(by up to 5F [3°C]).  The permafrost base has been thawing at a rate ranging up to 1.6 inches (4 cm) 
yr-1 in Alaska since 1992 and 0.8 inch (2 cm) yr-1 on the Tibetan Plateau since the 1960s.  The 
maximum area covered by seasonally frozen ground has decreased by 7% in the Northern 
Hemisphere since 1900, with a decrease in spring of up to 15% (Lemke et al., 2007). 

 
There are additional effects related to changes in the cryosphere.  Melting of highly reflective snow and 
ice reveals darker land and ocean surfaces, creating a positive feedback that increases absorption of the 
sun’s heat and further warms the planet.  Increases in glacial melt and river runoff add more freshwater to 
the ocean, raising global sea level.   
 
Hydrosphere 
 
The term “hydrosphere” refers to the component of the climate system comprising liquid surface and 
subterranean water, such as rivers, lakes, and underground water.  Several changes in these features have 
been observed, as summarized by the IPCC (Rosenzweig et al., 2007): 
 
 Documented trends in severe droughts and heavy rains show that hydrological conditions are 

becoming more intense in some regions.  Globally, very dry areas (Palmer Drought Severity Index—
PDSI—less than or equal to -3.0) have more than doubled since the 1970s due to a combination of 
ENSO events and surface warming.  Very wet areas (PDSI greater than or equal to +3.0) declined by 
about 5% since the 1970s, with precipitation as the major contributing factor during the early 1980s 
and temperature more important thereafter.  The areas of increasing wetness include the Northern 
Hemisphere high latitudes and equatorial regions. 

 
 Climate change signals related to increasing runoff and streamflow have been observed over the last 

century in many regions, particularly in basins fed by glaciers, permafrost, and snowmelt. Evidence 
includes increases in average runoff of Arctic rivers in Eurasia, which has been at least partly 
correlated with climate warming, and earlier spring snowmelt and increase in winter base flow in 
North America and Eurasia due to enhanced seasonal snow melt associated with climate warming. 

 
 Freshwater lakes and rivers are experiencing increased water temperatures and changes in water 

chemistry.  Surface and deep lake-waters are warming, with advances and lengthening of periods of 
thermal stability in some cases associated with physical and chemical changes such as increases in 
salinity and suspended solids, and a decrease in nutrient content.  Lake formation and subsequent 
disappearance in permafrost have been reported in the Arctic.  

 
 Changes in river discharge as well as in droughts and heavy rains in some regions indicate that 

hydrological conditions have become more intense but significant trends in floods and in evaporation 
and evapotranspiration have not been detected globally. Some local trends in reduced ground water 
and lake levels have been reported, but studies have been unable to separate the effects of variations 
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in temperature and precipitation from the effects of human interventions such as ground water 
management (Rosenzweig et al., 2007). 

 
Biosphere 
 
According to the IPCC, terrestrial ecosystems and marine and freshwater systems show that recent 
warming is strongly affecting natural biological systems (very high confidence) (Rosenzweig et al., 
2007): 
 
 The overwhelming majority of studies of regional climate effects on terrestrial species reveal 

consistent responses to warming trends, including poleward and elevational range shifts of flora and 
fauna.  Changes in abundance of certain species, including limited evidence of a few local 
disappearances, and changes in community composition over the last few decades have been 
attributed to climate change.  

 
 Responses of terrestrial species to warming across the Northern Hemisphere are well documented by 

changes in the timing of growth stages, especially the earlier onset of spring events, migration, and 
lengthening of the growing season.  Changes in phenology (the timing of annual phenomena of 
animal and plant life) include clear temperature-driven extension of the growing season by up to two 
weeks in the second half of the 20th century in mid- and high northern latitudes, mainly due to an 
earlier spring, but partly due also to a later autumn.  Egg-laying dates have advanced in many bird 
species, and many small mammals have been found to come out of hibernation and to breed earlier in 
the spring now than they did a few decades ago. 

 
 Many observed changes in phenology and distribution of marine species have been associated with 

rising water temperatures, as well as other climate-driven changes in salinity, oxygen levels, and 
circulation. For example, plankton has moved poleward by 10° latitude over a period of four decades 
in the North Atlantic. While there is increasing evidence for climate change impacts on coral reefs, 
discerning the impacts of climate-related stresses from other stresses (e.g., overfishing and pollution) 
is difficult. Warming of lakes and rivers is affecting abundance and productivity, community 
composition, phenology, distribution, and migration of freshwater species (high confidence). 

 
4(j) U.S. Changes in Physical and Biological Systems 
 
Many of the global changes in physical and biological systems mentioned in Section 4(i) broadly apply to 
the United States.  Some U.S.-specific changes in these systems cited in the IPCC’s Fourth Assessment 
Report are described in this subsection, as well as in Section 11(a) for physical systems related to water 
resources and Section 14(a) related to biological systems. Of all the observed changes to physical systems 
assessed by the IPCC (Rosenzweig et al., 2007) for North America (totaling 355), 94% of them were 
consistent with changes one would expect with average warming.  Similar consistency was found 
between observed biological system changes and warming for North America (see discussion below 
under Biosphere). 
 
Furthermore, a CCSP (2008e) assessment reported that climate changes are very likely already affecting 
U.S. water resources, agriculture, land resources, and biodiversity as a result of climate variability and 
change.  It noted that “[t]he number and frequency of forest fires and insect outbreaks are increasing in 
the interior West, the Southwest, and Alaska. Precipitation, streamflow, and stream temperatures are 
increasing in most of the continental United States. The western United States is experiencing reduced 
snowpack and earlier peaks in spring runoff. The growth of many crops and weeds is being stimulated. 
Migration of plant and animal species is changing the composition and structure of arid, polar, aquatic, 
coastal, and other ecosystems” (Backlund et al., 2008a) 
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Additional findings from this CCSP assessment along with results presented in IPCC’s Fourth Assessment 
Report are described in the following sections. 
 
Cryosphere (Snow and Ice) 
 
In North America, from 1915 to 2004, snow-covered area increased in November, December, and January 
due to increases in precipitation. However, snow cover decreased during the latter half of the 20th century, 
especially during the spring over western North America (Lemke et al., 2007). Eight-day shifts towards 
earlier melt since the mid-1960s were also observed in northern Alaska (Lemke et al., 2007).  Consistent 
with these findings, Lettenmaier et al. (2008) note a trend toward reduced mountain snowpack, and earlier 
spring snowmelt runoff peaks across much of the western United States. 
 
The IPCC (Lemke et al., 2007) cites a study documenting glacier mass balance loss in the northwest 
United States and Alaska, with losses especially rapid in Alaska after the mid-1990s.  Rosenzweig et al. 
(2007) refer to a study documenting evidence of present crustal uplift in response to recent glacier melting 
in Alaska.  
 
Hydrosphere 
 
Lettenmaier et al. (2008) document increases in U.S. streamflow during the second half of the 20th 
century consistent with increases in precipitation described in Section 4(e).  
 
Rosenzweig et al. (2007) indicate surface water temperatures have warmed by 0.4 to 4F (0.2 to 2°C) in 
lakes and rivers in North America since the 1960s.  They also discuss evidence for an earlier occurrence 
of spring peak river flows and an increase in winter base flow in basins with important seasonal snow 
cover in North America. 
 
Biosphere 
 
The IPCC (Rosenzweig et al., 2007) assessed a multitude of studies that find changes in terrestrial 
ecosystems and marine and freshwater systems in North America.  Of 455 biological observations 
assessed from these studies, 92% were consistent with the changes expected due to average warming. 
 
Backlund et al. (2008a) find: 
 
 There has been a significant lengthening of the growing season and increase in net primary 

productivity (NPP) in the higher latitudes of North America. Over the last 19 years, global satellite 
data indicate an earlier onset of spring across the temperate latitudes by 10 to 14 days. 

 
 In an analysis of 866 peer-reviewed papers exploring the ecological consequences of climate change, 

nearly 60% of the 1,598 species studied exhibited shifts in their distributions and/or phenologies over 
the 20- and 140-year timeframe. 

 
 Subtropical and tropical corals in shallow waters have already suffered major bleaching events that 

are clearly driven by increases in sea surface temperatures. 
 
In addition, Ryan et al. (2008) note that “[c]limate change has very likely increased the size and number 
of forest fires, insect outbreaks, and tree mortality in the interior West, the Southwest, and Alaska.” 
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4(k) Global Extreme Events  
 
Climate is defined not simply as average temperature and precipitation but also by the type, frequency, 
and intensity of extreme events. The IPCC documents observed changes in climate extremes related to 
temperature, precipitation, tropical cyclones, and sea level.  The changes described apply generally to all 
parts of the globe, including the United States, although there are some regional and local exceptions due 
to patterns of natural climate variability.  Current observations are summarized here, projected trends are 
covered in Section 6, and the sectoral impacts of these changes are covered as relevant in Sections 7 to 
15. 
 
Temperature 
 
Widespread changes in extreme temperatures have been observed in the last 50 years.  Cold days, cold 
nights, and frost have become less frequent, while hot days, hot nights, and heat waves have become more 
frequent (IPCC, 2007d).  A widespread reduction in the number of frost days in mid-latitude regions, an 
increase in the number of warm extremes and a reduction in the number of daily cold extremes are 
observed in 70 to 75% of the land regions where data are available. The most marked changes are for cold 
nights (lowest 10%, based on 1961–1990), which have become rarer over the 1951–2003 period. Warm 
nights (highest 10%) have become more frequent.   
 
Heavy Precipitation and Drought 
 
Trenberth et al. (2007) note the following observed changes in drought and heavy precipitation events 
across the globe: 
 
 More intense and longer droughts have been observed over wider areas since the 1970s, particularly 

in the tropics and subtropics. Increased drying linked with higher temperatures and decreased 
precipitation has contributed to changes in drought. The regions where droughts have occurred seem 
to be determined largely by changes in sea surface temperatures (SSTs), especially in the tropics, 
through associated changes in the atmospheric circulation and precipitation.  Decreased snowpack 
and snow cover have also been linked to droughts.  

 
 It is likely that there have been increases in the number of heavy precipitation events38 within many 

land regions, even in those where there has been a reduction in total precipitation amount, consistent 
with a warming climate and observed significant increasing amounts of water vapor in the 
atmosphere.  Increases have also been reported for rarer precipitation events (1-in-50-year return 
period), but only a few regions have sufficient data to assess such trends reliably (Trenberth et al., 
2007).   

 
Storms 
 
Trenberth et al (2007) find there has likely been a net increase in frequency and intensity of strong low-
pressure systems (also known as mid-latitude storms and/or extratropical cyclones) over Northern 
Hemisphere land areas, as well as a poleward shift in track since about 1950.  They caution, however, that 
detection of long-term changes in cyclone measures is hampered by incomplete and changing observing 
systems.  They also note longer records for the northeastern Atlantic suggest that the recent extreme 
period may be similar in level to that of the late 19th century. 
 

                                                 
38 Heavy precipitation events refer to those in the 95th percentile of precipitation events. 
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The CCSP (2008i) report on extreme events, in its section on tropical cyclones (i.e., tropical storms and 
hurricanes), states that there have been spatially inhomogeneous increases in the power dissipation index, 
a measure of potential tropical cyclone destructiveness, over the last few decades (Kunkel et al., 2008). 
However, there remain reliability issues with historical data.  Kunkel et al. (2008) refer to a study that was 
not able to corroborate the presence of upward intensity trends over the last two decades in ocean basins 
other than the North Atlantic. The report cautions that quantifying tropical cyclone variability is limited, 
sometimes seriously, by a large suite of problems with the historical record of tropical cyclone activity.  
Correspondingly, there is no clear trend in the annual numbers of tropical cyclones (IPCC, 2007d).   
 
The IPCC (2007a; Trenberth et al., 2007) concluded there is insufficient evidence to determine whether 
trends exist in small-scale phenomena such as thunderstorms, tornadoes, hail, lightning and dust-storms. 
 
High Sea Level 
 
Apart from non-climatic events such as tsunamis, extreme sea levels occur mainly in the form of storm 
surges generated by tropical or extra-tropical cyclones.  There is evidence for an increase in extreme high 
sea level since 1975 based upon an analysis of 99th percentiles of hourly sea level at 141 stations over the 
globe (Bindoff et al., 2007). 
 
4(l) U.S. Extreme Events  
 
Many of the global changes in extreme events mentioned in Section 4(k) broadly apply to the United 
States. Additionally, the U.S. CCSP (2008i) published a report that focused on changing climate extremes 
in the United States and North America.  It concluded (Karl et al., 2008 in CCSP, 2008i): 
 

Many extremes and their associated impacts are now changing. For example, in recent decades most 
of North America has been experiencing more unusually hot days and nights, fewer unusually cold 
days and nights, and fewer frost days. Heavy downpours have become more frequent and intense. 
Droughts are becoming more severe in some regions, though there are no clear trends for North 
America as a whole. The power and frequency of Atlantic hurricanes have increased substantially in 
recent decades, though North American mainland land-falling hurricanes do not appear to have 
increased over the past century. Outside the tropics, storm tracks are shifting northward and the 
strongest storms are becoming even stronger. 

 
Many of these changes were also assessed in IPCC’s Fourth Assessment Report and are described in this 
subsection.  
 
Temperature 
 
The IPCC (Trenberth et al., 2007) cites North America regional studies that all show patterns of changes 
in temperature extremes consistent with a general warming.  Since 1950, the annual percent of days 
exceeding the 90th, 95th, and 97.5 percentile thresholds for both maximum (hottest daytime highs) and 
minimum (warmest nighttime lows) temperature have increased when averaged over all of North America 
(Kunkel et al., 2008).  Karl et al. (2008) conclude the number of heat waves (extended periods of 
extremely hot weather) has been increasing over the past 50 years. This conclusion is based on the 
following findings in Kunkel et al. (2008): 

 There was a highly statistically significant increase in the number of U.S. heat waves (defined as 
warm spells of 4 days in duration with mean temperature exceeding the threshold for a 1 in 10 
year event) for the period 1960 to 2005  
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 The annual number of warm spells (defined as at least three consecutive days above the 90th 
percentile threshold done separately for maximum and minimum temperature) averaged over all 
of North America has increased since 1950. 

 The heat waves of the 1930s remain the most severe in the U.S. historical record and suggest the 
intense drought of the period played a large role in the extreme heat by depleting soil moisture 
and reducing the moderating effects of evaporation. 

 
Changes in cold extremes (days falling below the 10th, 5th, and 1st percentile threshold temperatures) show 
decreases, particularly since 1960 (Kunkel et al., 2008).  Trenberth et al. (2007) cite a study finding 
intense warming of the lowest daily minimum temperatures over western and central North America. 
Trenberth et al. (2007) caution the observed changes of the tails of the temperature distributions are often 
more complicated than a simple shift of the entire distribution would suggest.  Kunkel et al. (2008) find 
some evidence of a downward linear trend in cold waves (extended periods of cold) for the period 1895-
2005, but note the trend is not statistically significant, largely owing to multi-decadal variabilty.   But 
they find the very recent period from 1998-2007 exhibited fewer severe cold snaps than any other 10-year 
period in the historical record dating back to 1895.  Kunkel et al. (2008) also indicate a decrease in frost 
days and a lengthening of the frost-free season over the past century. 
 
Heavy Precipitation and Drought 
 
In the contiguous United States, Trenberth et al. (2007) cite studies finding statistically significant 
increases in heavy precipitation (the heaviest 5%) and very heavy precipitation (the heaviest 1%) of 14 
and 20%, respectively.   The increase in the frequency and intensity of heavy downpours was responsible 
for most of the observed increase in overall precipitation (see Section 4e) during the last 50 years (Karl et 
al., 2009). Much of the increase in heavy precipitation occurred during the last three decades of the 20th 
century and is most apparent over the eastern parts of the country (Trenberth et al., 2007; Karl et al., 
2009).). There is also evidence from Europe and the United States that the relative increase in 
precipitation extremes is larger than the increase in mean precipitation (Trenberth et al., 2007).  In fact, 
Karl et al. report there has been little change in the frequency of light and moderate precipitation during 
the past 30 years. 
 
Lettenmaier et al. (2008) state that “[w]ith respect to drought, consistent with streamflow and 
precipitation observations, most of the continental United States experienced reductions in drought 
severity and duration over the 20th century. However, there is some indication of increased drought 
severity and duration in the western and southwestern United States….” For the past 50 years, Dole et al. 
(2008) conclude: “It is unlikely that a systematic change has occurred in either the frequency or area 
coverage of severe drought over the contiguous United States from the mid-twentieth century to the 
present." 
 
Diminishing snow pack and subsequent reductions in soil moisture appear to be factors in recent drought 
conditions in the western United States (Trenberth et al., 2007).  This drought has also been attributed to 
changes in atmospheric circulation associated with warming of the western tropical Pacific and Indian 
oceans as well as multidecadal fluctuations (Trenberth et al., 2007). 
 
Jansen et al. (2007) find (based on paleoclimate studies) that there have been periods over the past 2,000 
years during which drought in North America was "more frequent, longer and/or geographically more 
extensive ... than during the 20th century." They indicate some evidence suggests droughts were 
particularly extensive, severe, and frequent during intervals characterized by warmer than average 
summer temperatures in the Northern Hemisphere. 
 

A-143



 46

Storms 
 
Karl et al. (2008) indicate a northward shift in the tracks of strong low-pressure systems (also known as 
mid-latitude storms and/or extratropical cyclones) in both the North Atlantic and North Pacific over the 
past fifty years with increases in storm intensity noted in the Pacific (data inconclusive in the Atlantic).  
Correspondingly, they also find northward shift in snow storm occurrence, which is also consistent with 
the warming temperatures and a decrease in snow cover extent over the United States. 
 
Assessing trends in tropical cyclone (i.e., tropical storms and/or hurricanes) frequency and/or intensity is 
complicated by uncertainties in the observational record.  Confidence in the tropical storm and hurricane 
record increases after 1900 and is greatest during the satellite era, from 1965 to present (Karl et al., 2009).  
IPCC (2007d) and Karl et al. (2009) report observational evidence of an increase in intense tropical 
cyclone activity in the North Atlantic (where cyclones develop that affect the U.S. East and Gulf Coasts) 
since about 1970, correlated with increases of tropical sea surface temperatures of nearly 2ºF (1C) in the 
main Atlantic hurricane development region (Karl et al., 2009).  The strongest hurricanes (Category 4 and 
5) have, in particular, increased in intensity (Karl et al., 2009).   
 
The total number of Atlantic hurricanes and strongest hurricanes observed from 1881 through 2008 shows 
multi-decade periods of above-average activity in the 1800s, the mid-1900s, and since 1995 (Karl et al., 
2009).  During this period, there has been little change in the total number of land-falling hurricanes (Karl 
et al., 2009). 
 
As in hurricanes, there are significant uncertainties in assessing long-term trends in thunderstorms and 
tornadoes due to changing observing systems. Kunkel et al. (2008) conclude: "There is no evidence for a 
change in the severity of tornadoes and severe thunderstorms, and the large changes in the overall number 
of reports make it impossible to detect if meteorological changes have occurred."   
 
High Sea Level 
 
Studies of the longest records of extremes in sea level are restricted to a small number of locations.  
Consistent with global changes, U.S.-based studies document increases in extreme sea level closely 
following the rise in mean sea level (Bindoff et al., 2007). 
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Section 5 
 
Attribution of Observed Climate Change to Anthropogenic Greenhouse Gas 
Emissions at the Global and Continental Scale 
 
This section addresses the extent to which observed climate change at the global and continental or 
national scale (described in Section 4) can be attributed to global anthropogenic emissions of GHGs.  
Section 2 describes the share of the U.S. transportation sector to U.S. and global anthropogenic emissions 
of GHGs, and the resultant share of U.S. transportation emissions to global increases in atmospheric 
concentrations of GHGs. 
 
Evidence of the effect of anthropogenic GHG emissions on the climate system, as well as climate-
sensitive systems and sectors, has increased over the last 15 years or so and even since the previous IPCC 
assessment published in 2001. The evidence in the recent IPCC Fourth Assessment Report (IPCC, 2007a) 
is based on analyses of global- and continental-scale temperature increases, changes in other climate 
variables and physical and biological systems, and the radiative forcing caused by anthropogenic versus 
natural factors. 
 
5(a)  Attribution of Observed Climate Change to Anthropogenic Emissions 
 
The attribution of observed climate change to anthropogenic activities is based on multiple lines of 
evidence.  The first line of evidence arises from the basic physical understanding of the effects of 
changing concentrations of GHGs, natural factors, and other human impacts on the climate system.  The 
second line of evidence arises from indirect, historical estimates of past climate changes that suggest that 
the changes in global surface temperature over the last several decades are unusual (Karl et al, 2009).  The 
third line of evidence arises from the use of computer-based climate models to simulate the likely patterns 
of response of the climate system to different forcing mechanisms (both natural and anthropogenic).  
Confidence in these models comes from their foundation in accepted physical principles and from their 
ability to reproduce observed features of current climate and past climate changes (IPCC, 2007a). For 
additional discussion on the strengths and limitations of models, see Section 6(b). Attribution studies 
evaluate whether observed changes are consistent with quantitative responses to different forcings (from 
GHGs, aerosols, and natural forcings such as changes solar intensity) represented in well-tested models 
and are not consistent with alternative physically plausible explanations. 
 
Studies to detect climate change and attribute its causes using patterns of observed temperature change 
show clear evidence of human influences on the climate system (Karl et al., 2006).  Discernible human 
influences extend to additional aspects of climate including ocean warming, continental-average 
temperatures, temperature extremes, and wind patterns (Hegerl et al., 2007). 
 
Temperature 
 
IPCC statements on the linkage between GHGs and temperatures have strengthened since the 
organization’s early assessments (Solomon et al., 2007).  The IPCC’s First Assessment Report in 1990 
contained little observational evidence of a detectable anthropogenic influence on climate (IPCC, 1990). 
In its Second Assessment Report in 1995, the IPCC stated the balance of evidence suggests a discernible 
human influence on the climate of the 20th century (IPCC, 1996).  The Third Assessment Report in 2001 
concluded that most of the observed warming over the last 50 years is likely to have been due to the 
increase in GHG concentrations (IPCC, 2001b).  The conclusion in IPCC’s 2007 Fourth Assessment 
Report (2007b) is the strongest yet:   
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Most of the observed increase in global average temperatures since the mid-20th century is very 
likely39 due to the observed increase in anthropogenic GHG concentrations. 

 
The IPCC (Hegerl et al., 2007) finds that anthropogenic GHG emissions were one of the influences 
contributing to temperature rise during the early part of the 20th century along with increasing solar output 
and a relative lack of volcanic activity.  During the 1950s and 1960s, when temperature leveled off, 
increases in aerosols from fossil fuels and other sources are thought to have cooled the planet.  For 
example, the eruption of Mt. Agung in 1963 put large quantities of reflective dust into the atmosphere.  
The rapid warming since the 1970s has occurred in a period when the increase in GHGs has dominated 
over all other factors (Hegerl et al., 2007).  
 
The increased confidence in the GHG contribution to the observed warming results from (Hegerl. et al., 
2007): 
 
 An expanded and improved range of observations allowing attribution of warming to be more fully 

addressed jointly with other changes in the climate system. 
 Improvements in the simulation of many aspects of present mean climate and its variability on 

seasonal to inter-decadal time scales. 
 More detailed representations of processes related to aerosol and other forcings in models.  
 Simulations of 20th-century climate change that use many more models and much more complete 

anthropogenic and natural forcings. 
 Multi-model ensembles that increase confidence in attribution results by providing an improved 

representation of model uncertainty. 
 
Box 5.1: The Relationship Between GHG Concentrations and Temperature Over Geologic Time 
and Implications for Attribution of Recent Global Temperature Trends  
 
Direct and proxy measurements of past changes in biological, chemical, and physical indicators provide a means of 
reconstructing key aspects of past climates.  These measurements show that past climates have been both warmer 
and colder than present, and that warmer periods have generally coincided with high atmospheric CO2 levels (Jansen 
et al., 2007).  While sources of uncertainty including inexact age models and possible seasonal biases remain a 
factor in paleoclimatic studies, recent methodological advances in, for example, multi-proxy approaches have led to 
increasingly confident reconstructions (Jansen et al., 2007).  
 
Climate reconstructions reaching back in time beyond the reach of ice cores (i.e., prior to about one million years 
ago) are uncertain, but generally verify that warmer climates are to be expected with increased GHG concentrations 
(Jansen et al., 2007).  Jansen et al. (2007) report that the major expansion of Antarctic glaciations starting around 35 
to 40 million years ago (Ma) was likely a response, in part, to declining atmospheric CO2, and that the major 
glaciations around 300 Ma likely coincided with low CO2 concentrations relative to the surrounding periods.  The 
mid-Pliocene (about 3.3 to 3.0 Ma) is the most recent time in Earth’s history when global mean temperatures were 
substantially warmer than present for a prolonged period.  Temperatures for mid-Pliocene are estimated by General 
Circulation Models (GCMs) to have been about 4 to 5F (2 to 3C) above pre-industrial levels (Jansen et al., 2007).    
  
The ice core record extends for approximately 800,000 years and allows for higher-confidence assessments 
compared to the more distant past.  According to the IPCC (Jansen et al., 2007), “The ice core record indicates that 
GHG co-varied with Antarctic temperature over glacial-interglacial time scales, suggesting a close link between 
natural atmospheric GHG concentrations and temperature.”  Evidence strongly suggests that the timing of glacial-
interglacial periods are paced by the variations in the orbit of the earth; however, the large response of the climate 
system implies a strong positive amplification of the initial orbital forcing (Jansen et al., 2007).  Jansen et al. (2007) 

                                                 
39 According to IPCC terminology, “very likely” conveys a 90 to 99% probability of occurrence.  See Box 1.2 for a 
full description of IPCC’s uncertainty terms. 
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conclude: “It is very likely that glacial-interglacial CO2 variations have strongly amplified climate variations, but it is  
unlikely that CO2 variations have triggered the end of glacial periods.  Antarctic temperatures started to rise several 
centuries before atmospheric CO2 during past glacial terminations.” CO2 (and other GHG) changes over glacial to 
interglacial transitions, therefore, contribute to, but do not initiate, the temperature changes seen. 
 
A variety of proxy records provide temporal and spatial information concerning climate change during the current 
interglacial, the Holocene, which began approximately 11.6 thousand years ago.  Jansen et al. (2007) find evidence 
for local multi-centennial periods warmer than the last decades by up to several degrees in the early to mid-
Holocene, but note that these local warm periods were very likely not globally synchronous and that the tendency 
for high-latitude summer temperature maxima to occur early in the Holocene (8,000-10,000 years ago) points to a 
direct influence of orbital forcing on temperature, rainfall, and sea ice extent.  According to the IPCC (Jansen et al., 
2007), current data limitations limit the ability to determine if there were multi-decadal periods of global warmth 
comparable to the last half of the 20th century prior to about 1,000 years ago.   
 
The IPCC (Hegerl et al., 2007) reports that analyses of paleoclimate have increased confidence in the role of 
external influences on climate, and that key features of past climates have been reproduced by climate models using 
boundary conditions and radiative forcing for those periods.   
 
Climate model simulations by the IPCC, shown in Figure 5.1, suggest natural forcings alone cannot 
explain the observed warming (for the globe, the global land and global ocean).  The observed warming 
can only be reproduced with models that contain both natural and anthropogenic forcings. 
 

 
Additional evidence documented in the IPCC report supports its statement linking warming to increasing 
concentrations of GHGs (Hegerl et al., 2007): 
 
 Warming of the climate system has been detected in changes of surface and atmospheric 

temperatures, in the upper several hundred meters of the ocean (as evident by the observed increase in 
ocean heat content, see Section 4(f)), and in contributions to sea level rise. Attribution studies have 
established anthropogenic contributions to all of these changes.  

Figure 5.1: Comparison of Observed Global-Scale Changes in Surface Temperature with 
Results Simulated by Climate Models Using Natural and Anthropogenic Forcings 

Source: IPCC (2007d).  Decadal averages of observations are shown for the period 1906 to 2005 (black 
line) plotted against the center of the decade and relative to the corresponding average for 1901to1950. 
Lines are dashed where spatial coverage is less than 50%. Blue shaded bands show the 5 to 95% range 
for 19 simulations from five climate models to using only the natural forcings due to solar activity and 
volcanoes. Red shaded bands show the 5–95% range for 58 simulations from 14 climate models using 
both natural and anthropogenic forcings. 
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 Analyses of paleoclimate data have increased confidence in the role of external influences on climate. 

Coupled climate models used to predict future climate have been used to reproduce key features of 
past climates using boundary conditions and radiative forcing for those periods.  

 
The IPCC states that it is very unlikely that the global pattern of warming observed during the past half 
century is due to only known natural external causes (solar activity and volcanoes) since the warming 
occurred in both the atmosphere and ocean and took place when natural external forcing factors would 
likely have produced cooling (Hegerl et al., 2007).  It also states GHG forcing alone would likely have 
resulted in warming greater than observed if there had not been an offsetting cooling effect from aerosols 
and natural forcings during the past half century (Hegerl et al., 2007).  Solomon et al. (2007) and Karl et 
al. (2009) indicate the sum of solar and volcanic forcing in the past half century would likely have 
produced cooling, not warming. 
 
Not only has an anthropogenic signal been detected for the surface temperatures, but evidence has also 
accumulated of an anthropogenic influence through the vertical profile of the atmosphere. Fingerprint 
studies40 have identified GHG and sulfate aerosol signals in observed surface temperature records, a 
stratospheric ozone depletion signal in stratospheric temperatures, and the combined effects of these 
forcing agents in the vertical structure of atmospheric temperature changes (Karl et al., 2006).  Karl et al. 
(2009) state that more recent studies have also found human fingerprints in the patterns of change in 
Arctic and Antarctic temperatures.  However, an important inconsistency may have been identified in the 
tropics. In the tropics, most observational data sets show more warming at the surface than in the 
troposphere, while almost all model simulations have larger warming aloft than at the surface (Karl et al., 
2006).  Karl et al. (2009) state that when uncertainties in models and observations are properly accounted 
for, newer observational data sets are in agreement with climate model results.   
 
The IPCC states that the substantial anthropogenic contribution to surface temperature increases likely 
applies to every continent except Antarctica (which has insufficient observational coverage to make an 
assessment) since the middle of the 20th century (Hegerl. et al., 2007).  However, newer research led the 
USGCRP (Karl et al., 2009) to conclude that there are human fingerprints in the pattern of changes in 
Antarctic surface temperatures.  Figure 5.2 indicates North America’s observed temperatures over the last 
century can only be reproduced using model simulations containing both natural and anthropogenic 
forcings.  In the CCSP (2008g) report Reanalysis of Historical Climate Data for Key Atmospheric 
Features: Implications for Attribution of Causes of Observed Change, Dole et al. (2008) find that for 
North America “more than half of this warming [for the period 1951–2006] is likely the result of human-
caused GHG forcing of climate change.”   
 

                                                 
40 Fingerprint studies use rigorous statistical methods to compare the patterns of observed temperature changes with 
model expectations and determine whether or not similarities could have occurred by chance. Linear trend 
comparisons are less powerful than fingerprint analyses for studying cause-effect relationships but can highlight 
important differences and similarities between models and observations (as in Figures 5.1 and 5.2). 
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Temperature extremes have 
also likely been influenced by 
anthropogenic forcing. Many 
indicators of climate 
extremes, including the 
annual numbers of frost days, 
warm and cold days, and 
warm and cold nights, show 
changes that are consistent 
with warming (Hegerl et al., 
2007). An anthropogenic 
influence has been detected in 
some of these indices, and 
there is evidence that 
anthropogenic forcing may 
have substantially increased 
the risk of extremely warm 
summer conditions regionally, 
such as the 2003 European 
heat wave (Hegerl et al., 
2007). Karl et al. (2008) 
conclude the increase in 
human-induced emissions of 
GHGs is estimated to have 
substantially increased the 
risk of a very hot year in the 
United States, such as that 
experienced in 2006.  They 
add that other aspects of 
observed increases in 
temperature extremes, such as 
changes in warm nights and 
frost days, have been linked to human influences. 
 
The IPCC (Hegerl et al., 2007) cautions that difficulties remain in attributing temperature changes on 
smaller than continental scales and over time scales of less than 50 years.  It states that attribution at these 
scales, with limited exceptions, has not yet been established.  It further explains (Hegerl et al., 2007): 
 

Averaging over smaller regions reduces the natural variability less than does averaging over large 
regions, making it more difficult to distinguish between changes expected from different external 
forcings, or between external forcing and variability.  In addition, temperature changes associated 
with some modes of variability are poorly simulated by models in some regions and seasons.  
Furthermore, the small-scale details of external forcing, and the response simulated by models are 
less credible than large-scale features. 

 
Changes arising from internally generated variations in the climate system can influence surface and 
atmospheric temperatures substantially; however, climate models indicate that global-mean unforced 
variations on multidecadal timescales are likely to be smaller than the 20th century global-mean increase 
in surface temperature (Karl et al., 2006).  The IPCC reports that global mean and hemispheric scale 
temperatures on multi-decadal time scales are largely controlled by external forcing (Hegerl et al., 2007).  

Figure 5.2: Comparison of Observed North American Changes in 
Surface Temperature with Results Simulated by Climate Models 
Using Natural and Anthropogenic Forcings 

 

Source: Hegerl et al. (2007).  Decadal averages of observations are shown for the 
period 1906 to 2005 (black line) plotted against the center of the decade and 
relative to the corresponding average for 1901 to1950. Lines are dashed where 
spatial coverage is less than 50%. Blue shaded bands show the 5 to 95% range for 
19 simulations from five climate models using only the natural forcings due to solar 
activity and volcanoes. Red shaded bands show the 5 to 95% range for 58 
simulations from 14 climate models using both natural and anthropogenic forcings. 
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Hegerl et al. (2007) note that “many observed changes in surface and free atmospheric temperature, ocean 
temperature, and sea ice extent, and some large-scale changes in the atmospheric circulation over the 20th 
century are distinct from internal variability and consistent with the expected response to anthropogenic 
forcing.”  
 
Additional Climate Variables 
 
There is evidence of anthropogenic influence in other parts of the climate system.  The IPCC and CCSP 
noted the following examples:  
 
 Anthropogenic forcing has likely contributed to the recent decreases in Arctic sea ice extent while 

noting large-scale modes of variability contribute to interannual variations in ice formation (Hegerl et 
al., 2007).  Karl et al. (2009) also state year-to-year changes in sea ice extent are influenced by natural 
variations but add that the observed decline in Arctic sea ice has been more rapid than projected by 
climate models, and clear linkages between rising GHG concentrations and declines in Arctic sea ice 
have been identified. 

 
 It is very likely that the response to anthropogenic forcing contributed to sea level rise during the 

latter half of the 20th century.  Models including anthropogenic and natural forcing simulate the 
observed thermal expansion since 1961 reasonably well.  Anthropogenic forcing dominates the 
surface temperature change simulated by models and has likely contributed to the observed warming 
of the upper ocean and widespread glacier retreat (Hegerl et al., 2007). 

 
 Hegerl et al. (2007) find trends over recent decades in the Northern and Southern Annular Modes41, 

which correspond to sea level pressure reductions over the poles, are likely related in part to human 
activity, affecting storm tracks, winds, and temperature patterns in both hemispheres. Models 
reproduce the sign of the Northern Annular Mode trend, but the simulated response is smaller than 
observed. Models including both GHG and stratospheric ozone changes simulate a realistic trend in 
the Southern Annular Mode, leading to a detectable human influence on global sea level pressure 
patterns. 

 
 According to the IPCC (Hegerl et al., 2007), a human influence has not been detected in global 

precipitation. However, the latitudinal pattern of change in land precipitation and observed increases 
in heavy precipitation over the 20th century appear to be consistent with the anticipated response to 
anthropogenic forcing. Karl et al. (2009) further state that increased extremes of summer dryness and 
winter wetness that have been observed are consistent with future projections of anthropogenic 
warming.   

 
As with temperature, attributing changes in precipitation to anthropogenic forcing at continental or 
smaller scales is more challenging.  One reason is that as spatial scales considered become smaller, the 
uncertainty becomes larger because internal climate variability is typically larger than the expected 
responses to forcing on these scales (Gutowski et al., 2008). For example, there is considerable evidence 
that modes of internal variability (such as ENSO, the Pacific Decadal Oscillation42, and NAM) 

                                                 
41 Annular modes are preferred patterns of change in atmospheric circulation corresponding to changes in the 
zonally averaged mid-latitude westerly winds. The Northern Annular Mode has a bias to the North Atlantic and has 
a large correlation with the North Atlantic Oscillation (see footnote 48). The Southern Annular Mode occurs in the 
Southern Hemisphere. 
42 The Pacific Decadal Oscillation (PDO) is a pattern of Pacific climate variability that shifts phases on at least inter-
decadal time scale, usually about 20 to 30 years. The PDO is detected as warm or cool surface waters in the Pacific 
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substantially affect the likelihood of extreme temperature, droughts, and short-term precipitation extremes 
over North America (Gutowski et al., 2008). 
 
Karl et al. (2008) find that heavy precipitation events averaged over North America have increased over 
the past 50 years at a rate higher than total precipitation increased, consistent with the observed increases 
in atmospheric water vapor, which have been associated with human-induced increases in GHGs.  Clark 
et al. (2008) state that recent drought in the Southwest is consistent with projections of increasing 
subtropical aridity and recent trends in increasing precipitation intensity are also consistent with projected 
trends.  However, Clark et al. caution that there is considerable natural variability in the hydroclimate in 
the Southwest and conclude that: “There is no clear evidence to date of human-induced global climate 
change on North American precipitation amounts.”   
 
Regarding tropical cyclones (i.e., hurricanes and tropical storms), the IPCC (Hegerl et al., 2007) finds it is 
more likely than not that anthropogenic influence has contributed to increases in the frequency of the 
most intense storms. However, the IPCC (Hegerl et al., 2007) cautions that detection and attribution of 
observed changes in hurricane intensity or frequency due to external influences remains difficult because 
of deficiencies in theoretical understanding of tropical cyclones, their modeling, and their long-term 
monitoring. In the Atlantic basin, Gutowski et al. (2008, as cited in the CCSP, 2008i) likewise find 
evidence suggesting a human contribution to recent tropical cyclone activity in the Atlantic basin. Similar 
to IPCC, they caution that a confident assessment of human influence on hurricanes will require further 
studies using models and observations, with emphasis on distinguishing natural from human-induced 
changes in hurricane activity through their influence on factors such as historical sea surface 
temperatures, wind shear, and atmospheric vertical stability. 
 
An anthropogenic influence has not yet been detected in extra-tropical cyclones owing to large internal 
variability and problems due to changes in observing systems (Hegerl et al., 2007). 
 
5(b) Attribution of Observed Changes in Physical and Biological Systems 
 
In addition to attributing the observed changes in average global- and continental-scale temperature and 
other climate variables to anthropogenic GHG forcing, a similar attribution can be made between 
anthropogenic GHG forcing and observed changes in physical systems (e.g., melting glaciers) and 
biological systems and species (e.g., geographic shift of species), which are shown to change as a result of 
recent warming. 
 
This section includes the observed changes in physical and biological systems in North America and in 
other parts of the world. 
 
The IPCC (2007b) concluded that “[o]bservational evidence from all continents and most oceans shows 
that many natural systems are being affected by regional climate changes, particularly temperature 
increases.”  Furthermore, the IPCC states that “[a] global assessment of data since 1970 has shown it is 
likely that anthropogenic warming has had a discernible influence on many physical and biological 
systems.”  As detailed in Section 5(a), recent warming of the last 50 years is very likely the result of the 
accumulation of anthropogenic GHGs in the atmosphere. 
 
Climate variability and non-climate drivers (e.g., land-use change, habitat fragmentation) need to be 
considered in order to make robust conclusions about the role of anthropogenic climate change in 
affecting biological and physical systems.  The IPCC (Rosenzweig et al., 2007) reviewed a number of 

                                                                                                                                                             
Ocean, north of 20° N. During a "warm", or "positive", phase, the west Pacific becomes cool and part of the eastern 
ocean warms; during a "cool" or "negative" phase, the opposite pattern occurs. 
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joint attribution studies that linked responses in some physical and biological systems directly to 
anthropogenic climate change using climate, process, and statistical models. The conclusion of these 
studies is that “the consistency of observed significant changes in physical and biological systems and 
observed significant warming across the globe likely cannot be explained entirely due to natural 
variability or other confounding non-climate factors (Rosenzweig et al., 2007).”  
 
The physical systems undergoing significant change include the cryosphere (snow and ice systems), 
hydrological systems, water resources, coastal zones and the oceans.  These effects (reported with high 
confidence by the IPCC (Rosenzweig et al., 2007) include ground instability in mountain and permafrost 
regions, a shorter travel season for vehicles over frozen roads in the Arctic, enlargement and increase of 
glacial lakes in mountain regions and destabilization of moraines damming these lakes, changes in Arctic 
flora and fauna including the sea-ice biomes and predators higher in the food chain, limitations on 
mountain sports in lower-elevation alpine areas, and changes in indigenous livelihoods in the Arctic. 
 
Backlund et al. (2008a) specifically note: “There is a trend toward reduced mountain snowpack and 
earlier spring snowmelt runoff peaks across much of the western United States. This trend is very likely 
attributable at least in part to long-term warming, although some part may have been played by decadal-
scale variability, including a shift in the phase of the Pacific Decadal Oscillation in the late 1970s.” 
 
Regarding biological systems, the IPCC (Rosenzweig et al., 2007) reports with very high confidence that 
the overwhelming majority of studies of regional climate effects on terrestrial species reveal trends 
consistent with warming, including poleward and elevational range shifts of flora and fauna; the earlier 
onset of spring events, migration, and lengthening of the growing season; changes in abundance of certain 
species, including limited evidence of a few local disappearances; and changes in community 
composition. 
 
Human system responses to climate change are more difficult to identify and isolate due to the larger role 
that non-climate factors play (e.g., management practices in agriculture and forestry, and adaptation 
responses to protect human health against adverse climatic conditions) (Rosenzweig et al., 2007).     
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Section 6 
 
Projected Future Greenhouse Gas Concentrations and Climate Change 
 
According to the IPCC (2007d), “continued greenhouse gas emissions at or above current rates would 
cause further warming and induce many changes in the global climate system during the 21st century that 
would very likely43 be larger than those observed during the 20th century.”  This section describes future 
GHG emissions scenarios, the associated changes in atmospheric concentrations and radiative forcing, 
and the resultant changes in temperature, precipitation and sea level at global and U.S. scales.   
 
Scenarios are story lines regarding possible futures.  These storylines are designed to be internally 
consistent in their assumptions regarding population and economic growth, implementation of policies, 
technology change and adoption, and other factors that will influence emissions.  Scenarios are not 
predictions of the future but are used to illustrate how the future might look if a given set of events 
occurred and policies implemented. All future GHG emissions scenarios described in this section assume 
no new explicit GHG mitigation policies—neither in the United States nor in other countries—beyond 
those which were already enacted at the time the scenarios were developed.  Future risks and impacts 
associated with the climate change projections are addressed in Part IV for domestic impacts and Part V 
for impacts in other regions of the world. 
 
6(a)   Global Emission Scenarios and Associated Changes in Concentrations and Radiative 
Forcing 
 
Greenhouse Gas Emissions 
 
As described in Section 4(a), a number of different GHGs and other factors, including aerosols, cause 
radiative forcing changes and thus contribute to climate change. This section discusses the range of 
published global reference (or baseline) future emission projections for which no explicit GHG mitigation 
policies beyond those currently enacted are assumed. 
 
The IPCC’s most recent future climate change projections from the Fourth Assessment Report (IPCC, 
2007a) (discussed in Section 6(b)) are based on the GHG emissions scenarios from the IPCC Special 
Report on Emissions Scenarios (SRES) (IPCC, 2000).  Box 6.1 provides background information on the 
different SRES emissions scenarios.  The SRES developed a range of long-term (to the year 2100) global 
reference scenarios for the major GHGs directly emitted by human activities and for some aerosols.  The 
IPCC SRES scenarios do not explicitly account for implementation of the Kyoto Protocol.  Figure 6.1 
presents the global IPCC SRES projections for the two most significant anthropogenic GHGs: CO2 
emissions primarily from the burning of fossil fuels, and CH4 emissions.  
 
 

                                                 
43 According to IPCC terminology, “very likely” conveys a 90 to 99% probability of occurrence.  See Box 1.2 for a 
full description of IPCC’s uncertainty terms. 
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Figure 6.1:  Observed, and Projected Global CO2 and CH4 Emissions for the IPCC SRES Scenarios 

 
Source: Meehl et al. (2007).  Projected fossil CO2 and CH4 emissions for six illustrative SRES non-mitigation 
emissions scenarios.  Historical emissions (black lines) are shown for fossil and industrial CO2, and for CH4. 

 
 

Box 6.1: IPCC Reference Case Emission Scenarios from the Special Report on Emission 
Scenarios (SRES) 
 
A1. The A1 storyline and scenario family describes a future world of very rapid economic growth, global 
population that peaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient 
technologies. Major underlying themes are convergence among regions, capacity building, and increased cultural 
and social interactions, with a substantial reduction in regional differences in per capita income. The A1 scenario 
family develops into three groups that describe alternative directions of technological change in the energy 
system. The three A1 groups are distinguished by their technological emphasis: fossil intensive (A1FI), non-fossil 
energy sources (A1T), or a balance across all sources (A1B) (where balanced is defined as not relying too heavily 
on one particular energy source, on the assumption that similar improvement rates apply to all energy supply and 
end-use technologies). 
 
A2. The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme is self-
reliance and preservation of local identities. Fertility patterns across regions converge very slowly, which results 
in a continuously increasing population. Economic development is primarily regionally oriented, and per capita 
economic growth and technological change is more fragmented and slower than other storylines. 
 
B1. The B1 storyline and scenario family describes a convergent world with the same global population that 
peaks in mid-century and declines thereafter as in the A1 storyline, but with rapid change in economic structures 
toward a service and information economy, with reductions in material intensity and the introduction of clean and 
resource-efficient technologies. The emphasis is on global solutions to economic, social, and environmental 
sustainability, including improved equity, but without additional climate initiatives. 
 
B2. The B2 storyline and scenario family describes a world in which the emphasis is on local solutions to 
economic, social, and environmental sustainability. It is a world with continuously increasing global population 
(at a rate lower than A2), intermediate levels of economic development, and less rapid and more diverse 
technological change than in the B1 and A1 storylines. While the scenario is also oriented toward environmental 
protection and social equity, it focuses on local and regional levels. 
 
An illustrative scenario was chosen for each of the six scenario groups-A1B, A1FI, A1T, A2, B1 and B2. All 
should be considered equally sound. 
 
The SRES scenarios do not include additional climate initiatives, which means that no scenarios are included that 
explicitly assume implementation of the United Nations Framework Convention on Climate Change or the 
emission targets of the Kyoto Protocol.  
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The main drivers of emissions are population, economic growth, technological change, and land-use 
activities including deforestation. The detailed underlying assumptions (including final and primary 
energy by major fuel types) across all scenarios, and across all modeling teams that produced the 
scenarios, can be found in IPCC (2000).  The range of GHG emissions in the scenarios widen over time to 
reflect uncertainties in the underlying drivers. Similar future GHG emissions can result from different 
socio-economic developments.  The IPCC (2000) SRES did not assign probabilities or likelihood to the 
scenarios, as it was stated that there is no single most likely, central, or best-guess scenario, either with 
respect to SRES scenarios or to the underlying scenario literature.  This is why IPCC (2000) has 
recommended using a range of SRES scenarios with a variety of underlying assumptions for use in 
analysis. 
 
Despite the range in future emissions scenarios, the majority of all reference-case scenarios project an 
increase of GHG emissions across the century and show that CO2 remains the dominant GHG over the 
course of the 21st century. For 2030, projections of the six key GHGs (CO2, CH4, N2O, HFCs, PFCs, SF6) 
consistently show an increase of 25-90% compared with 2000, with more recent projections higher than 
earlier ones.  Total cumulative (1990 to 2100) CO2 emissions across the SRES scenarios range from 2,826 
gigatonnes of CO2 (GtCO2) (or 770 GtC) to approximately 9,322 GtCO2 (or 2,540 GtC) (IPCC, 2007c).44   
 
Since the IPCC SRES (2000), new scenarios have been published in the literature.  The emissions 
scenario range from the recent literature is similar to the range in the IPCC SRES.  The IPCC (2007c) 
reported that baseline annual emissions scenarios published since SRES are comparable in range to those 
presented in the SRES scenarios (25 to 135 GtCO2eq per year in 2100).  Studies since SRES used lower 
values for some drivers for emissions, notably population projections. However, for those studies 
incorporating these new population projections, changes in other drivers, such as economic growth, 
resulted in little change in overall emission levels (IPCC, 2007c). 
 
For comparison, Figure 6.2 provides global projections of CO2 emissions from the burning of fossil fuels 
and industrial sources from the three reference-case scenarios developed by the CCSP (CCSP, 2007b). 
Box 6.2 provides background information on the reference case scenarios developed by the CCSP.  The 
CCSP scenarios, because they were developed more recently than the IPCC SRES scenarios, account for 
the implementation of the Kyoto Protocol for participating countries but no explicit GHG mitigation 
policies beyond the Kyoto Protocol.  Emissions in 2100 are approximately 88 GtCO2 (24 GtC).  This 
level of emissions is above the post-SRES IPCC median of 60 GtCO2 (16 GtC) but well within the 90th 
percentile of the IPCC range.  The three reference scenarios developed by CCSP display a larger share of 
emissions growth outside of the Annex I nations. 

                                                 
44 1 gigatonne (Gt) = 1 billion metric tons. 
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Figure 6.2:  Projected Global Emissions of CO2 from Fossil Fuels 
and Industrial Sources Across CCSP Reference Scenarios 

 
Source: CCSP (2007b). Global emissions of CO2 from fossil fuel combustion 
and other industrial sources, mainly cement production, increase over the 
century in all three reference scenarios.  By 2100 emissions reach 22.5 GtC 
yr–1 to 24.0 GtC yr–1. 

 
 
Box 6.2: CCSP (2007b) Reference Case Emission Scenarios from Synthesis and Assessment 
Product 2.1 
 
The scenarios in this report were developed using three integrated assessment models (IAMs). These models 
integrate socioeconomic and technological determinants of the emissions of GHGs with models of the natural 
science of earth system response, including the atmosphere, oceans, and terrestrial biosphere.  The three IAMs 
used are: 
 

•   The Integrated Global Systems Model (IGSM) of the Massachusetts Institute of Technology’s Joint 
Program on the Science and Policy of Global Change. 

•   The Model for Evaluating the Regional and Global Effects (MERGE) of GHG reduction policies 
developed jointly at Stanford University and the Electric Power Research Institute. 

•   The MiniCAM Model of the Joint Global Change Research Institute, a partnership between the 
Pacific Northwest National Laboratory and the University of Maryland.  The MiniCAM model was 
also used to generate IPCC SRES scenarios. 

 
Each modeling group produced a reference scenario under the assumption that no climate policies are imposed 
beyond current commitments, namely the 2008-2012 first period of the Kyoto Protocol and the U.S. goal of 
reducing GHG emissions per unit of its gross domestic product by 18% by 2012. The resulting reference cases are 
not predictions or best-judgment forecasts, but scenarios designed to provide clearly defined points of departure 
for studying the implications of alternative stabilization goals. The modeling teams used model input assumptions 
they considered meaningful and plausible. The resulting scenarios provide insights into how the world might 
evolve without additional efforts to constrain GHG emissions, given various assumptions about principal drivers 
of these emissions, such as population increase, economic growth, land and labor productivity growth, 
technological options, and resource endowments. 
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Figure 6.3 illustrates reference case emission projections for CO2, CH4, N2O, and the fluorinated gases in 
aggregate (HFCs, PFCs, and SF6 or “F-gases”). The emission projections in Figure 6.3 are from the 21st 
Study of Stanford University’s Energy Modeling Forum (EMF) on multigas mitigation, as referenced by 
Fisher et al. (2007).  Eighteen models participated in the EMF-21 study and the emission ranges in Figure 
6.3 are representative of the literature. The broad ranges of EMF-21 emission projections in Figure 6.3, 
especially for N2O and the fluorinated gases, illustrate the uncertainties in projecting these future 
emissions, which is generally consistent with the range found in SRES.  
 
Emissions of ozone-depleting substances controlled under the Montreal Protocol (including CFCs and 
HCFCs) increased from a low level in 1970 to about 7.5 GtCO2 in 1990, but then decreased to about 1.5 
GtCO2 in 2004, and are projected to decrease further due to the phase-out of CFCs in developing 
countries (IPCC, 2007c). 
 
Modeling groups have developed a multiplicity of projections for the emissions of aerosol species.  
Within the IPCC process, all the SRES scenarios specified sulfate emissions.  The inclusion, magnitude, 
and temporal evolution of other forcing agents such as nitrates and carbonaceous aerosols were left to the 
discretion of the individual modeling groups.  There are still large uncertainties associated with current 
inventories of black carbon and organic carbon and the ad hoc scaling methods used to produce future 
emissions, and considerable variation among estimates of the optical properties of carbonaceous aerosols. 
Given these uncertainties, future projections of forcing by black carbon and organic carbon are quite 
dependent on the model and emissions assumptions (Meehl et al., 2007). Similarly, the CCSP (2008d) 
concluded that one of the most important uncertainties in characterizing the potential climate impact of 
aerosols is the projection of their future emissions.  
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Figure 6.3: EMF-21 and IPCC Global Emission Projections for CO2, CH4, N2O, and the 
Fluorinated Gases 

Source: CCSP (2007b).  Development of baseline emissions in EMF-21 scenarios developed by  a 
number of different modeling teams (left) and a comparison between EMF-21 and SRES scenarios (right). 
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For comparison, Figure 6.4 
provides the global CH4 
and N2O projections from 
the three CCSP reference-
case scenarios (CCSP, 
2007b).  
 
Future Concentration and 
Radiative Forcing 
Changes 
 
For a given emission 
scenario, various 
biogeochemical models are 
used to calculate 
concentrations of 
constituents in the 
atmosphere and various 
radiation schemes and 
parameterizations are 
required to convert these 
concentrations to radiative forcing.  The formulation of, and interaction with, the carbon cycle in climate 
models also introduces important feedbacks.  Uncertainty arises at each of these steps (Meehl et al. 2007).  
Historically, the airborne fraction of CO2 (the increase of CO2 concentrations relative to the emissions 
from fossil fuel and cement production) has shown no long term trend though it does vary from year to 
year mainly due to the effect of interannual variability in land uptake (Denman et al., 2007).  However, 
for future projections, Meehl et al. (2007) found “unanimous agreement among the coupled climate 
carbon cycle models driven by emission scenarios run so far that future climate change would reduce the 
efficiency of the Earth system (land and ocean) to absorb anthropogenic CO2. As a result, an increasingly 
large fraction of anthropogenic CO2 would stay airborne in the atmosphere under a warmer climate.” 
 
Figure 6.5 shows the latest IPCC projected increases in atmospheric CO2, CH4, and N2O concentrations 
for the SRES scenarios, and Figure 6.6 shows the associated radiative forcing for these CO2 scenarios. In 
general, reference concentrations of CO2 and other GHGs are projected to increase.  Concentrations of 
long-lived gases increase even for those scenarios where annual emissions toward the end of the century 
are assumed to be lower than current annual emissions. The CCSP scenarios show a similar picture of 
how atmospheric concentrations of the main GHGs and total radiative forcing change over time.  
 
CO2 is projected to be the largest contributor to total radiative forcing in all periods, and the radiative 
forcing associated with CO2 is projected to be the fastest growing. The radiative forcing associated with 
the non-CO2 GHGs is still significant and growing over time.  
 

Figure 6.4:   Projected Global CH4 and N2O Emissions Across Three 
CCSP Reference Scenarios  

 
Source: CCSP (2007b).  Global anthropogenic emissions of CH4 and N2O vary 
widely among the reference scenarios.  There is uncertainty in  CH4 emissions for 
2000, with MIT’s IGSM reference scenario ascribing more of the emissions to 
human activity and less to natural sources.  Differences in scenarios reflect, to a 
large extent, different assumptions about whether current emission rates will be 
reduced significantly for other reasons (for example, whether higher natural gas 
prices will stimulate capture of CH4 for use as a fuel.) 
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Figure 6.5: Projected Global CO2, CH4 and N2O 
Concentrations for the IPCC SRES Scenarios 

Source: Meehl et al. (2007). Projected fossil CO2, CH4, and 
N2O concentrations for six illustrative SRES non-mitigation 
emissions scenarios as produced by a simple climate model 
tuned to 19 atmosphere-ocean general circulations models 
(AOGCMs).   
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6(b)   Projected Changes in Global Temperature, Precipitation Patterns, Sea Level Rise, and 
Ocean Acidification  
 
Using the emissions scenarios described in Section 6(a), computer models project future changes in 
temperature, precipitation, and sea level at global and regional scales. According to the IPCC (Meehl at 
al., 2007):  
 
“[C]onfidence in models comes from their physical basis, and their skill in representing observed climate 
and past climate changes. Models have proven to be extremely important tools for simulating and 
understanding climate, and there is considerable confidence that they are able to provide credible 
quantitative estimates of future climate change, particularly at larger scales. Models continue to have 
significant limitations, such as in their representation of clouds, which lead to uncertainties in the 
magnitude and timing, as well as regional details, of predicted climate change. Nevertheless, over several 
decades of model development, they have consistently provided a robust and unambiguous picture of 
significant climate warming in response to increasing greenhouse gases.”45 
 
Confidence decreases in changes projected by global models at smaller spatial scales.   Many important 
small-scale processes cannot be represented explicitly in models and so must be included in approximate 
form as they interact with larger-scale features (Randall et al., 2007).  Some of the most challenging 
aspects of understanding and projecting regional climate changes relate to possible changes in the 
circulation of the atmosphere and oceans, and their patterns of variability (Christensen et al., 2007). 
Nonetheless, the IPCC (2007d) concluded that recent advances in regional-scale modeling lead to higher 
confidence in projected patterns of warming and other regional-scale features, including changes in wind 
patterns, precipitation, and some aspects of extremes and of ice.   
 
The CCSP (2008c) report Climate Models: An Assessment of Strengths and Limitations finds that models 
“have been steadily improving over the past several decades,” “show many consistent features in their 
simulations and projections for the future,” and “are able to simulate the recorded 20th century global 
mean temperature in a plausible way.”  However, it cautions that projections of precipitation in some 

                                                 
45 A number of climate models are developed and run at academic institutions and government-supported research 
laboratories in the United States and other countries.  The IPCC helps coordinate modeling efforts to facilitate 
comparisons across models and synthesizes results published by several modeling teams. 

Figure 6.6: Projected Radiative Forcing from CO2 for the IPCC SRES Scenarios 

Source: Meehl et al. (2007). Projected radiative forcing from CO2 for six illustrative SRES non-
mitigation emissions scenarios as produced by a simple climate model tuned to 19 AOGCMs.  
The lighter shaded areas depict the change in this uncertainty range, if carbon cycle feedbacks 
are assumed to be lower or higher than in the medium setting. 
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cases remain “problematic” (especially at the regional scale) and that “uncertainties in the climatic effects 
of manmade aerosols (liquid and solid particles suspended in the atmosphere) constitute a major 
stumbling block” in certain modeling experiments. It adds that “uncertainties related to clouds increase 
the difficulty in simulating the climatic effects of aerosols, since these aerosols are known to interact with 
clouds and potentially can change cloud radiative properties and cloud cover.”   
 
Global Temperature 
 
The latest IPCC assessment uses a larger number of simulations available from a broader range of models 
to project future climate relative to earlier assessments (IPCC, 2007d).  All of the simulations performed 
by the IPCC project warming for the full range of emissions scenarios.  
 
For the next two decades, a warming of about 0.4°F (0.2°C)  per decade is projected for a range of SRES 
emissions scenarios (IPCC, 2007d). Even if the concentrations of all GHGs and aerosols had been kept 
constant at year 2000 levels (see the “Year 2000 Constant Concentrations” scenario in Figure 6.7), a 
further warming of about 0.2°F (0.1°C)  per decade would be expected because of the time it takes for the 
climate system, particularly the oceans, to reach equilibrium (with year 2000 GHG levels).  Through 
about 2030, the warming rate is mostly insensitive to choices between the SRES A2, A1B, or B1 
scenarios and is consistent with that observed for the past few decades. Possible future variations in 
natural forcings (e.g., a large volcanic eruption) could change these values somewhat (Meehl et al., 2007).  
Large changes in emissions of short-lived gases could also have a near-term effect on temperatures, 
especially on the regional scale (CCSP, 2008d). 
 
According to IPCC (see Figure 6.7), by mid-century (2046–2065), the choice of scenario becomes more 
important for the magnitude of the projected warming, with average values of 2.3°F (1.3°C), 3.2°F 
(1.8°C), and 3.1°F (1.7°C) from the models for scenarios B1 (low-emission growth), A1B (medium-
emission growth) and A2 (high-emission growth), respectively (Meehl et al., 2007). About a third of that 
warming is projected to be due to climate change that is already committed (as shown in the “Year 2000 
Constant Concentrations” scenario). By the 2090–2099 period (relative to the 1980–1999 range), 
projected warming varies significantly by emissions scenario.  The full suite of SRES scenarios (given 
below) provides a warming range of 3.2°F to 7.2°F (1.8°C to 4.0°C) with an uncertainty range of 2.0°F  
to 11.5°F (1.1°C to 6.4°C). The multi-model average warming and associated uncertainty ranges for the 
2090–2099 period (relative to 1980–1999) for each scenario, as illustrated in Figure 6.7 are shown in 
Table 6.1: 
 

Table 6.1: Multi-model Average warming for the 2090-2099 Period 

Scenario 
Average Global Warming by End of 

Century Relative to ~1990 Uncertainty Range 
B1 3.2°F (1.8°C)  2.0°F to 5.2°F (1.1°C to 2.9°C)  
A1T 4.3°F (2.4°C)  2.5°F to 6.8°F (1.4°C to 3.8°C)  
B2 4.3°F (2.4°C)  2.5°F to 6.8°F (1.4°C to 3.8°C)  
A1B 5.0°F (2.8°C)  3.1°F to 7.9°F (1.7°C to 4.4°C)  
A2 6.1°F (3.4°C)  3.6°F to 9.7°F (2.0°C to 5.4°C)  
A1FI +7.2°F (+4.0°C)  4.3°F to 11.5°F (2.4°C to 6.4°C)  
 
The wide range of uncertainty in these estimates reflects the different assumptions about future 
concentrations of GHGs and aerosols in the various scenarios considered by the IPCC and the differing 
climate sensitivities of the various climate models used in the simulations (NRC, 2001a; Meehl et al., 
2007; Karl et al., 2009).  
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Figure 6.7: Multi-Model Averages and Assessed Ranges for Surface Warming 

Source: IPCC (2007d).  Solid lines are multi-model global averages of surface warming (relative to 1980–
1999) for the scenarios A2, A1B, and B1, shown as continuations of the 20th century simulations. Shading 
denotes the ±1 standard deviation range of individual model annual averages. The orange line is for the 
experiment where concentrations were held constant at  2000 values. The grey bars at right indicate the best 
estimate (solid line within each bar) and the likely range assessed for the six SRES marker scenarios. The 
assessment of the best estimate and likely ranges in the grey bars includes the AOGCMs in the left part of 
the figure, as well as results from a hierarchy of independent models and observational constraints. 
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Box 6.3:  Climate Sensitivity 
 
The sensitivity of the climate system to a forcing is commonly expressed in terms of the global mean temperature 
change that would be expected after a time sufficiently long enough for both the atmosphere and ocean to come to 
equilibrium with the change in climate forcing (NRC, 2001a).  Since IPCC’s Third Assessment Report (IPCC, 
2001b), the levels of scientific understanding and confidence in quantitative estimates of equilibrium climate 
sensitivity have increased substantially (Meehl et al., 2007).  
 
Solomon et al. (2007) indicate there is increased confidence of key processes that are important to climate sensitivity 
due to improved comparisons of models to one another and to observations.  Water vapor changes dominate the 
feedbacks affecting climate sensitivity and are now better understood.  Observational and model evidence support a 
combined water vapor-lapse rate (the rate at which air temperature decreases with altitude) feedback that 
corresponds to about a 50% amplification of global mean warming.  Cloud feedbacks remain the largest source of 
uncertainty. 
 
Basing their assessment on a combination of several independent lines of evidence, including observed climate 
change and the strength of known feedbacks simulated in general circulation models, the authors concluded that the 
global mean equilibrium warming for doubling CO2 (a concentration of approximately 540 ppm), or “equilibrium 
climate sensitivity”, very likely is greater than  2.7°F (1.5°C) and likely to lie in the range 4 to 8.1°F (2 to 4.5°C), 
with a most likely value of about 5°F (3°C).  For fundamental physical reasons, as well as data limitations, the IPCC 
states a climate sensitivity higher than 8.1F (4.5°C) cannot be ruled out, but that agreement for these values with 
observations and proxy data is generally worse compared to values in the 4 to 8.1F (2 to 4.5°C) range (Meehl et al., 
2007). 
 
IPCC Climate Sensitivity Probabilities 
 
Less than 2.7F (1.5°C) 10% or less probability  
Less than 3.6F (2.0°C) 5-17% probability  
4 to 8.1F (2 to 4.5°C) 66-90% probability  
Greater than 8.1F (4.5°C) 5-17% probability  
  

The overwhelming majority of the impacts literature assessed in IPCC analyzes the effects of warming for climate 
sensitivities within the most likely range (4 to 8.1F [2 to 4.5°C]), not at the tails of the distribution.   As such, the 
effects information summarized in Chapter IV, Sections 6-14 of this document focuses on the plausible climate 
change effects assessed for climate sensitivities within the most likely range.  Section 5(d) does address the state of 
knowledge pertaining to low probability effects of climate change that may be triggered by abrupt (non-linear) 
processes that become more likely at higher rates of climate forcing (NRC, 2002).  However, abrupt climate change 
processes cannot be predicted with confidence and the thresholds linked to risks for social systems are at least as 
uncertain (Schneider et al., 2007). 
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Geographical patterns of projected warming show greatest temperature increases over land (roughly twice 
the global average temperature increase) and at high northern latitudes, and less warming over the 
southern oceans and North Atlantic, consistent with observations (see Section 4b) during the latter part of 
the 20th century (Meehl et al., 2007). 
 
According to the NOAA report The State of the Climate in 2008 (Peterson and Baringer, 2009), the recent 
slowdown in observed climate warming (see Box 4.1) in some datasets has led some to question climate 
predictions of substantial 21st century warming.  The study finds that climate models possess internal 
mechanisms of variability capable of reproducing the current slowdown in global temperature rise.  It 
concludes that “[g]iven the likelihood that internal variability contributed to the slowing of global 
temperature rise in the last decade, we expect that warming will resume in the next few years, consistent 
with predictions from near-term climate forecasts.” 
 
Global Precipitation 
 
Models simulate that global mean precipitation increases with global warming (Meehl et al., 2007). 
However, there are substantial spatial and seasonal variations. Increases in the amount of precipitation are 
very likely in high latitudes, while decreases are likely in most subtropical land regions, continuing 
observed patterns in recent trends in observations.  According to Solomon et al. (2007): 
 
 In the Northern Hemisphere, a robust pattern of increased subpolar and decreased subtropical 

precipitation dominates the projected precipitation pattern for the 21st century over North America 
and Europe, while subtropical drying is less evident over Asia. 

 In the Southern Hemisphere, there are few land areas in the zone of projected supolar moistening 
during the 21st century, with the subtropical drying more prominent. 

 Projections of the precipitation over tropical land regions are more uncertain than those at higher 
latitudes. 

 
Global Sea Level Rise 
 
By the end of the century (2090–2099), sea level is projected by IPCC (2007d) to rise between 7.1 and 23 
inches (18 and 59 cm) relative to the base period (1980–1999). These numbers represent the lowest and 
highest projections of the 5 to 95% ranges for all SRES scenarios considered collectively and include 
neither uncertainty in carbon cycle feedbacks nor rapid dynamical changes in ice sheet flow.  In all 
scenarios, the average rate of sea level rise during the 21st century very likely exceeds the 1961 to 2003 
average rate (0.071 to 0.02 inch [0.18  0.05 cm] yr-1 ).  Even if GHG concentrations were to be 
stabilized, sea level rise would continue for centuries due to the time scales associated with climate 
processes and feedbacks (IPCC, 2007d).  Thermal expansion of ocean water contributes 70 to 75% of the 
central estimate for the rise in sea level for all scenarios (Meehl et al., 2007).  Glaciers, ice caps, and the 
Greenland Ice Sheet are also projected to add to sea level.  The IPCC projects a range of sea level rise 
contributions from all glaciers, ice caps, and ice sheets between 2 to 9.1 inches (4 to 23 cm), not including 
the possibility of rapid dynamical changes.  The Antarctic ice sheet is estimated to be a negative 
contributor to sea level rise over the next century under these assumptions (Meehl et al., 2007). 
 
General circulation models indicate that the Antarctic ice sheet will receive increased snowfall without 
experiencing substantial surface melting, thus gaining mass and reducing sea level rise according to IPCC 
(Meehl et al., 2007).  However, Meehl et al. (2007) note further accelerations in ice flow of the kind 
recently observed in some Greenland outlet glaciers and West Antarctic ice streams could substantially 
increase the contribution from the ice sheets, a possibility not reflected in the projections above.  For 
example, if ice discharge from these processes were to increase in proportion to global average surface 
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temperature change, it would add 3.9 to 7.9 inches (10 to 20 cm) to the upper bound of sea level rise by 
2090 to 2099.  Dynamic processes related to ice flow not included in current models but suggested by 
recent observations could increase the vulnerability of the ice sheets to warming, increasing future sea 
level rise.   
 
In the CCSP (2008a) report on abrupt climate change, Clark et al. (2008) find that “[r]ecent rapid changes 
at the edges of the Greenland and West Antarctic ice sheets show acceleration of flow and thinning, with 
the velocity of some glaciers increasing more than twofold.”  They add that “[i]nclusion of these 
processes in models will likely lead to sea level projections for the end of the 21st century that 
substantially exceed the projections presented in the IPCC AR4 [Fourth Assessment] report.”  
 
The CCSP (2009b) sea level rise report notes that a recent study and other climate scientists have 
indicated that a global sea level rise of 39 inches (100 cm) is plausible within this century if increased 
melting of ice sheets in Greenland and Antarctica is added to the factors included in the IPCC estimates. 
It concludes: “Therefore, thoughtful precaution suggests that a global sea level rise of 39 inches (100 cm) 
to the year 2100 should be considered for future planning and policy discussions.” Though few studies 
have assessed the issue, Karl et al. (2009) report there is some evidence to suggest that it would be 
virtually impossible for the upper bound of sea level rise this century to exceed about 78 inches (198 cm). 
 
The CCSP (2008c) report on the strengths and limitations of models notes that models of glacial ice are 
“in their infancy” and that “recent evidence for rapid variations in this glacial outflow indicates that more-
realistic glacial models are needed to estimate the evolution of future sea level.” 
 
Sea level rise during the 21st century is projected by IPCC to have substantial geographic variability due 
to factors that influence changes at the regional scale, including changes in ocean circulation or 
atmospheric pressure, and geologic processes (Meehl et al., 2007).  The patterns in different models are 
not generally similar in detail, but have some common features, including smaller than average sea level 
rise in the Southern Ocean, larger than average sea level rise in the Arctic, and a narrow band of 
pronounced sea level rise stretching across the southern Atlantic and Indian oceans. 
 
Global Ocean Acidification 
 
The oceans have absorbed, and will continue to absorb, CO2 emissions associated with anthropogenic 
activities.  Surface ocean pH has decreased by 0.1 units due to oceanic absorption of CO2, and it is 
predicted to decrease by an additional 0.3–0.4 units by 2100 (Fischlin et al., 2007).  This projected rate of 
decline may lead to ocean pH levels within a few centuries that have not been observed for a few hundred 
million years (Denman et al., 2007).  Acidification is affecting calcium carbonate saturation in ocean 
waters and is thereby reducing calcification rates of organisms that rely on the minerals for development.  
Future acidification is projected to result in under-saturated ocean waters (see Box 14.1 for information 
on the effects of this undersaturation).  Polar and subpolar surface waters and the Southern Ocean will be 
aragonite (a form of calcium carbonate) undersaturated by 2100, and Arctic waters will be similarly 
threatened (Fischlin et al., 2007).  According to a model experiment using a “business as usual” emissions 
scenario (IPCC -IS92a), biocalcification will be reduced by 2100, in particular within the Southern 
Ocean, and by 2050 for aragonite-producing organisms (Denman et al., 2007). 
 
6(c)  Projected Changes in U.S. Temperature, Precipitation Patterns, and Sea Level Rise 
 
IPCC’s Fourth Assessment Report includes projections for changes in temperature, precipitation, and sea 
level rise for North America—which can be generalized for the United States—as well as some U.S.-
specific information.  These projections are summarized in this section. 
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U.S. Temperatures 
 
According to the IPCC, all of North America is very likely to warm during this century, as shown in 
Figures in 6.8 and 6.9, and warm more than the global mean warming in most areas (Christensen et al., 
2007).  For scenario A1B (moderate emission growth), the largest warming through 2100 is projected to 
occur in winter over northern parts of Alaska, reaching 13 to 18°F (7 to 10°C)  in the northernmost parts, 
as shown in Figure 6.9, due to the positive feedback from a shorter season of snow cover.  In western, 
central, and eastern regions of North America, the projected warming has less seasonal variation and is 
not as large, especially near the coast, consistent with less warming over the oceans. The average 
warming in the United States through 2100 is projected by nearly all the models used in the IPCC 
assessment to exceed 4°F (2°C)  for all scenarios (see Figure 6.8), with five out of 21 models projecting 
average warming in excess of 7°F (4°C) for the A1B (mid-range) emissions scenario.  
 
The CCSP (2008e) report The Effects of Climate Change on Agriculture, Land Resources, Water 
Resources, and Biodiversity provides shorter-term temperature projections for the United States for the 
year 2030.  It projects a warming of approximately 2°F (1°C)  in the southeastern United States, to more 
than 4°F (2°C)  in Alaska and northern Canada, with other parts of North America having intermediate 
values (Backlund et al., 2008b). 
 
By the end of the century, Karl et al. (2009) project average U.S. temperature to increase by 
approximately 7 to 11°F (4 to 6.1°C) under a high-emissions scenario (SRES A1FI) and by approximately 
4 to 6.5°F (2 to 3.6°C) under a low-emissions scenario (SRES B1). On a seasonal basis, most of the 
United States is projected to experience greater warming in summer than in winter, while Alaska 
experiences far more warming in winter than summer (Karl et al., 2009). 
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Source: Christensen et al. (2007).  Temperature anomalies with respect to 1901 to 1950 for 
four North American land regions (the “Alaska” region includes a portion of northwest Canada) 
for 1906 to 2005 (black line) and as simulated (red envelope) by multi-model dataset (MMD) 
models incorporating known forcings; and as projected for 2001 to 2100 by MMD models for 
the A1B scenario (orange envelope). The bars at the end of the orange envelope represent the 
range of projected changes for 2091 to 2100 for the B1 scenario (blue), the A1B scenario 
(orange), and the A2 scenario (red). The black line is dashed where observations are present 
for less than 50% of the area in the decade concerned. 

 

Figure 6.8: Temperature Anomalies With Respect to 1901 to 1950 for Four North 
American Land Regions 
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U.S. Precipitation 
 
A widespread increase in annual precipitation is projected by IPCC over most of the North American 
continent except the south and southwestern part of the United States and over Mexico, largely consistent 
with trends in recent decades (as described in Section 4) (Christensen et al., 2007).  The largest increases 
are projected over northern North America (i.e., Canada and Alaska) associated with a poleward shift in 
storm tracks where precipitation increases by the largest amount in autumn and by the largest fraction in 
winter, as shown in Figure 6.9.  In western North America, modest changes in annual mean precipitation 
are projected, but the majority of models indicate an increase in winter and a decrease in summer.   
Models show greater consensus on winter increases to the north and on summer decreases to the south. 
These decreases are consistent with enhanced subsidence and flow of drier air masses in the southwest 
United States and northern Mexico.  Accordingly, some models project drying in the southwest United 
States, with more than 90% of the models projecting drying in northern and particularly western Mexico. 
On the windward slopes of the mountains in the West, precipitation increases are likely to be enhanced 

Figure 6.9: Projected Temperature and Precipitation Changes Over North America From 
the MMD-A1B Simulations 

Source: Christensen et al. (2007).  Top row: Annual mean, December-January-February, and June-July-
August temperature between 1980 to 1999 and 2080 to 2099, averaged over 21 models.  Bottom row: 
same as top, but for fractional change in precipitation. 
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due to orographic lifting46.  Overall, annual mean precipitation in the northeastern United States is very 
likely to increase and likely to decrease in the southwestern United States  
 
Karl et al (2009) report model projections of future precipitation in the United States generally indicate 
northern areas will become wetter, and southern areas, particularly in the West, will become drier.  In 
some northern areas, warmer conditions will result in more precipitation falling as rain and less as snow.  
In southern areas, significant reductions in precipitation are projected in winter and spring as the 
subtropical dry belt expands, particularly in the Southwest (Karl et al, 2009). 
 
U.S. Sea Level Rise 
 
For North American coasts, emissions scenario A1B shows sea level rise values close to the global mean, 
with slightly higher rates in eastern Canada and western Alaska, and stronger positive anomalies in the 
Arctic.  The projected rate of sea level rise off the low-lying U.S. South Atlantic and Gulf coasts is also 
higher than the global average. Vertical land motion from geologic processes may decrease (uplift) or 
increase (subsidence) the relative sea level rise at any site (Nicholls et al., 2007). 
 
Impact of Short-Lived Species on U.S. Temperature and Precipitation 
 
Modeling results suggest that changes in short-lived species (mainly sulfates and black carbon) may 
significantly influence 21st century climate. A Geophysical Fluid Dynamics Laboratory (GFDL) 
simulation of SRES scenario A1B shows that changes in short-lived species could be responsible for up 
to 40% of the continental U.S. summertime warming projected to occur in this scenario by 2100 along 
with a statistically significant decrease in precipitation, mainly due to a combination of domestic sulfate 
emission reductions and increases in Asian black carbon emissions (CCSP, 2008d).  However, the CCSP 
study concludes that “we could not find a consensus in this report on the duration, magnitude, or even 
sign (warming or cooling) of the climate change due to future levels of the short-lived gases and 
particles” due to uncertainties about different pollution control storylines.   
 
6(d) Cryosphere (Snow And Ice) Projections, Focusing on North America and the United States 
 
Snow season length and snow depth are very likely to decrease in most of North America as illustrated in 
Figure 6.10, except in the northernmost part of Canada where maximum snow depth is likely to increase 
(Christensen et al., 2007). Widespread increases in thaw depth are projected over most permafrost regions 
globally (IPCC, 2007d). 
 
Lettenmaier et al. (2008) find where shifts to earlier snowmelt peaks and reduced summer and fall low 
flows have already been detected, continuing shifts in this direction are very likely. 
 
Meehl et al (2007) conclude that as the climate warms, glaciers will lose mass, owing to dominance of 
summer melting over winter precipitation increases, contributing to sea level rise. 
 

                                                 
46 Orographic lifting is defined as the ascent of air from a lower elevation to a higher elevation as it moves over 
rising terrain. 
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Sea ice is projected to 
shrink in both the Arctic 
and the Antarctic under all 
SRES scenarios.  In some 
projections, Arctic late-
summer sea ice disappears 
almost entirely by the latter 
part of the 21st century 
(IPCC, 2007d).   Taking 
into account recent late 
summer sea ice loss, 
Polyak et al (2009) 
indicate that the Arctic 
Ocean may become 
seasonally ice free as 
early as 2040. 
 
6(e) Extreme Events, 
Focusing on North 
America and the United 
States  
 
Models suggest that 
human-induced climate 
change is expected to alter 
the prevalence and severity 
of many extreme events 
such as heat waves, cold 
waves, storms, floods, and 
droughts.  This section describes CCSP (2008i) and IPCC’s projections for extreme events focusing on 
North America and the United States. Sections 7 to 14 summarize some of the sectoral impacts of extreme 
events for the United States. 
 
Temperature 
 
According to the IPCC, it is very likely that heat waves globally will become more intense, more 
frequent, and longer lasting in a future warm climate, whereas cold episodes are projected to decrease 
significantly.  (Meehl, G.A. et al., 2007).  Meehl et al. (2007) report on a study finding that the pattern of 
future changes in heat waves, with greatest intensity increases over western Europe, the Mediterranean, 
and the southeast and western United States, is related in part to circulation changes resulting from an 
increase in GHGs. 
 
The IPCC cites a number of studies that project changes in temperature extremes in the United States 
(Christensen et al., 2007). One study finds that the frequency and the magnitude of extreme temperature 
events changes dramatically under a high-end emissions scenario (SRES A2), with increases in extreme 
hot events and decreases in extreme cold events.  Another study examines changes in temperature 
extremes in their simulations centered on California and finds increases in extreme temperature events, 
prolonged hot spells, and increased diurnal temperature range.  A third study finds increases in diurnal 
temperature range in six sub-regions of the western United States in summer.   
 

Figure 6.10: Percent Snow Depth Changes in March 

 

Source: Christensen et al. (2007).  Percent snow depth changes in March (only 
calculated where climatological snow amounts exceed 5 mm of water equivalent), 
as projected by the Canadian Regional Climate Model (CCRM), driven by the 
Canadian General Circulation Model (CGCM), for 2041 to 2070 under SRES A2 
compared to 1961 to 1990. 
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Karl et al. (2008) find for a mid-range scenario (A1B) of future GHG emissions, a day so hot that it is 
currently experienced only once every 20 years would occur every three years by the middle of the 
century over much of the continental United States; by the end of the century, it would occur every other 
year or more.  The number of days exceeding 90°F (32C) is projected to increase throughout the country 
with parts of the South that currently average 60 days per year with temperatures above 90°F (32C) 
increasing to 150 or more such days by the end of the century under a high-emissions scenario (SRES 
A1FI) (Karl et al., 2009). 
 
Some implications for human health resulting from these projected changes in temperature extremes are 
discussed in Section 7(b). 
 
Heavy Precipitation and Drought  
 
Intensity of precipitation events is projected to increase globally, particularly in tropical and high latitude 
areas that experience increases in mean precipitation (Meehl et al., 2007).  Even in areas where mean 
precipitation decreases (most subtropical and mid-latitude regions), precipitation intensity is projected to 
increase but there would be longer periods between rainfall events. Meehl et al. (2007) note that increases 
in heavy precipitation events have been linked to increases in flooding.     
 
The IPCC projects a tendency for drying in mid-continental areas during summer, indicating a greater risk 
of droughts in those regions (Meehl et al., 2007). Extreme drought increases from 1% of present-day land 
area to 30% by the end of the century in the A2 (high-emission growth) scenario according to a study 
assessed in Meehl et al. (2007).   In the United States, Karl et al. (2009) conclude droughts are likely to 
become more frequent and severe in some regions, particularly the Southwest, as well as that the lightest 
precipitation is projected to decrease. 
 
Several regional studies in the IPCC project changes in precipitation extremes in parts of the United 
States, ranging from a decrease in heavy precipitation in California to an increase during winter in the 
northern Rocky, Cascade, and Sierra Nevada mountain ranges (Christensen et al., 2007).  For the 
contiguous United States, a study in Christensen et al. (2007) finds widespread increases in extreme 
precipitation events under SRES A2 (high-emission growth).  Climate models consistently project that 
parts of the eastern United States will experience increased runoff, which accumulates as streamflow and 
can cause flooding when heavy precipitation persists for weeks to months in large river basins (Karl et al., 
2009).    
 
Karl et al. (2009) report that climate models project continued increases in the heaviest downpours during 
this century, and heavy downpours that are now one-in-20-year occurrences are projected to occur about 
every four to 15 years by the end of this century, depending on location.  The intensity of downpours is 
projected to increase by 10 to 25% by the end of the century relative to today (Karl et al., 2009). 
 
Storms 
 
The IPCC (Meehl et al., 2007) concludes model projections show fewer mid-latitude storms (or extra-
tropical, primarily cold season) averaged over each hemisphere, associated with the poleward shift of the 
storm tracks that is particularly notable in the Southern Hemisphere, with lower central pressures for these 
poleward shifted storms.  Over North America,  Gutowski et al. (2008) indicate strong mid-latitude 
storms will be more frequent though the overall number of storms may decrease. 
 
Based on a range of models, it is likely that tropical cyclones (tropical storms and hurricanes) will become 
more intense, with stronger peak winds and more heavy precipitation associated with ongoing increases 
of tropical sea surface temperatures (IPCC, 2007d).  Karl et al. (2008) analyze model simulations and find 
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that for each 1.8ºF (1ºC) increase in tropical sea surface temperatures, core rainfall rates will increase by 6 
to 18%, and the surface wind speeds of the strongest hurricanes will increase by about 1 to 8%. Storm 
surge levels are likely to increase because of increasing hurricane intensity coupled with sea level rise 
(Karl et al., 2009).   
 
Karl et al. (2008) indicate projections in frequency changes in tropical cyclones are currently too 
uncertain for confident projections.  Some modeling studies have projected a decrease in the number of 
tropical cyclones globally due to increased stability of the tropical atmosphere in a warmer climate, 
characterized by fewer weak storms and greater numbers of intense storms (Meehl et al., 2007).  A 
number of modeling studies have also projected a general tendency for more intense but fewer storms 
outside the tropics, with a tendency towards more extreme wind events and higher ocean waves in several 
regions associated with these deepened cyclones (Meehl et al., 2007). 
 
Sources of uncertainty involved with projecting changes in tropical cyclone activity include the limited 
capacity of climate models to adequately simulate intense tropical cyclones and potential changes in 
atmospheric stability and circulation (Karl et al., 2008).  Taking these uncertainties into account, Karl et 
al. (2009) reached the following conclusion on the basis of both model- and theory-based evidence: “As 
ocean temperatures continue to increase in the future, it is likely that hurricane rainfall and wind speeds 
will increase in response to human-caused warming.” 
 
Possible implications of extreme precipitation events in the United States for health are described in 
Section 7, for food production and agriculture in Section 9, for water resources in Section 11, for coastal 
areas in Section 12, and for ecosystems and wildlife in Section 14. 
 
6(f) Abrupt Climate Change and High-Impact Events 
 
The CCSP (2008a), in its report on abrupt climate change, defines this phenomenon as a “large-scale 
change in the climate system that takes place over a few decades or less, persists (or is anticipated to 
persist) for at least a few decades, and causes substantial disruptions in human and natural systems.”  
Abrupt climate changes are an important consideration because, if triggered, they could occur so quickly 
and unexpectedly that human or natural systems would have difficulty adapting to them (NRC, 2002).  
Potential abrupt climate change implications in the United States are not discussed in Sections 7 through 
14 (the U.S. sectoral impacts) because they cannot be predicted with confidence, particularly for specific 
regions.  This section therefore focuses on the general risks of abrupt climate change globally, with some 
discussion of potential regional implications where information is available. 
 
According to NRC (2002): “Technically, an abrupt climate change occurs when the climate system is 
forced to cross some threshold, triggering a transition to a new state at a rate determined by the climate 
system itself and faster than the cause.”  Crossing systemic thresholds may lead to large and widespread 
consequences (Schneider et al., 2007).  The triggers for abrupt climate change can be forces that are 
external and/or internal to the climate system including (NRC, 2002): 
 
 Changes in the Earth’s orbit.47  
 A brightening or dimming of the sun.  
 Melting or surging ice sheets.  
 Strengthening or weakening of ocean currents.  

                                                 
47 According to the National Research Council (2002), changes in the Earth’s orbit occur too slowly to be prime 
movers of abrupt change but might determine the timing of events.  Abrupt climate changes of the past were 
especially prominent when orbital processes were forcing the climate to change during the cooling into and warming 
out of ice ages (NRC, 2002). 
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 Emissions of climate-altering gases and particles into the atmosphere.  
 
More than one of these triggers can operate simultaneously, since all components of the climate system 
are linked.   
 
Scientific data show that abrupt changes in the climate at the regional scale have occurred throughout 
history and are characteristic of the Earth’s climate system (NRC, 2002).   During the last glacial period, 
abrupt regional warmings 14 to 30F (8 to 16°C) within decades over Greenland) and coolings occurred 
repeatedly over the North Atlantic region (Jansen et al., 2007). These warmings likely had some large-
scale effects such as major shifts in tropical rainfall patterns and redistribution of heat within the climate 
system, but it is unlikely that they were associated with large changes in global mean surface temperature.  
 
NRC concluded that anthropogenic forcing may increase the risk of abrupt climate change (NRC, 2002): 
 
“…greenhouse warming and other human alterations of the Earth system may increase the possibility of 
large, abrupt, and unwelcome regional or global climatic events. The abrupt changes of the past are not 
fully explained yet, and climate models typically underestimate the size, speed, and extent of those 
changes. Hence, future abrupt changes cannot be predicted with confidence, and climate surprises are to 
be expected.” 
 
Changes in weather patterns (sometimes referred to as weather regimes or natural modes) can result from 
abrupt changes that might occur spontaneously due to dynamic interactions in the atmosphere-ice-ocean 
system, or from the crossing of a threshold from slow external forcing (as described previously) (Meehl et 
al., 2007).  In a warming climate, changes in the frequency and amplitudes of these patterns might not 
only evolve rapidly but also trigger other processes that lead to abrupt climate change (NRC, 2002). 
Examples of these patterns include ENSO and the North Atlantic Oscillation/Arctic Oscillation 
(NAO/OA). 48 
 
ENSO has important linkages to patterns of tropical sea surface temperatures, which historically have 
been strongly tied to drought, including “megadroughts” that likely occurred between 900 and 1600 A.D. 
over large regions of the southwestern United States and Great Plains (Clark et al., 2008).  The possibility 
of severe drought as an abrupt change resulting from changes in sea surface temperatures in a warming 
world is assessed by Clark et al. (2008).  They find that under greenhouse warming scenarios, the cause of 
model-projected subtropical drying is an overall widespread warming of the ocean and atmosphere, in 
contrast to the causes of historic droughts (linked specifically to sea surface temperature).  But they note 
models may not correctly represent the ENSO patterns of tropical SST change that could create impacts 
on global hydroclimate (e.g., drought) in addition to those caused by overall warming.  The current model 
results do show drying over the southwestern United States, potentially increasing the likelihood of severe 
and persistent drought there in the future.  Clark et al. (2008) note this drying has already begun (see also 
Section 4k) but caution that it is not clear if the present drying is outside the range of natural variability 
and linked to anthropogenic causes. 
 
Scientists have investigated the possibility of an abrupt slowdown or shutdown of the Atlantic meridional 
overturning circulation (MOC) triggered by GHG forcing.   The MOC transfers large quantities of heat to 
the North Atlantic and Europe, so an abrupt change in the MOC could have important implications for the 

                                                 
48 The North Atlantic Oscillation (NAO) is the dominant mode of winter climate variability in the North Atlantic 
region ranging from central North America to Europe and much into Northern Asia. The NAO is a large-scale see-
saw in atmospheric mass or pressure between the subtropical high and the polar low.  Similarly, the Arctic 
Oscillation (AO) refers to opposing atmospheric pressure patterns in northern middle and high latitudes.  The NAO 
and AO are different ways of describing the same phenomenon. 
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climate of this region (Meehl et al., 2007).  However, according to Meehl et al. (2007), the probability of 
an abrupt change in (or shutdown of) the MOC is low: “It is very unlikely that the MOC will undergo a 
large abrupt transition during the 21st century.  Even further into the future, Clark et al. (2008) note that 
“it is unlikely that the Atlantic MOC will collapse beyond the end of the 21st century because of global 
warming, although the possibility cannot be entirely excluded.”  While models project a slowdown in the 
MOC over the 21st century and beyond, it is so gradual that the resulting decrease in heat transport to the 
North Atlantic and Europe would not be large enough to reverse the warming that results from the 
increase in GHGs  (Clark et al., 2008).  Clark et al. (2008) caution that while a collapse of the MOC is 
unlikely, the potential consequences of this event could be severe if it were to happen. Potential impacts 
include a southward shift of the tropical rainfall belts, additional sea level rise around the North Atlantic, 
and disruptions to marine ecosystems. 
 
The rapid disintegration of the Greenland Ice Sheet (GIS), which would raise sea levels 23 feet (7 
meters), is another commonly discussed abrupt change.  Clark et al. (2008) report that observations 
demonstrate that it is extremely likely that the Greenland Ice Sheet is losing mass and that this loss has 
very likely been accelerating since the mid-1990s. In the CCSP (2009c) report Past Climate Variability 
and Change in the Arctic and at High Latitudes, Alley et al. (2009) find a threshold for ice-sheet removal 
from sustained summertime warming of 9F (5°C), with a range of uncertainties from 3.6 to 12.6F (2° to 
7°C).  Meehl et al. (2007), in the IPCC report, suggest the complete melting of the GIS would only 
require sustained warming in the range of 3.4 to 8.3F (1.9°C to 4.6°C) (relative to the pre-industrial 
temperatures) but suggest it would take many hundreds of years to complete.   
 
A collapse of the West Antarctic Ice Sheet (WAIS), which would raise seas 16 to 20 feet (5 to 6 meters), 
has been discussed as a low probability, high-impact response to global warming (NRC, 2002; Meehl et 
al., 2007).  The weakening or collapse of ice shelves, caused by melting on the surface or by melting at 
the bottom by a warmer ocean, might contribute to a potential destabilization of the WAIS.  Recent 
satellite and in situ observations of ice streams behind disintegrating ice shelves highlight some rapid 
reactions of ice sheet systems (Lemke et al., 2007).  Clark et al. (2008) indicate that while ice is 
thickening over some higher elevation regions of Antarctica, substantial ice losses from West Antarctica 
and the Antarctic Peninsula are very likely occurring and that Antarctica is losing ice on the whole. Ice 
sheet models are only beginning to capture the small-scale dynamic processes that involve complicated 
interactions with the glacier bed and the ocean at the perimeter of the ice sheet (Meehl et al., 2007).  
These processes are not represented in the models used by the IPCC to project sea level rise.  These 
models suggest Antarctica will gain mass due to increasing snowfall (although recent studies find no 
significant continent-wide trends in snow accumulation over the past several decades; Lemke et al., 
2007), reducing sea level rise.  But it is possible that acceleration of ice discharge could become 
dominant, causing a net positive contribution.  Given these competing factors, there is presently no 
consensus on the long-term future of the WAIS or its contribution to sea level rise (Meehl et al., 2007). 
 
Considering the Greenland and West Antarctic ice sheets together, Schneider et al. (2007) find 
paleoclimatic evidence suggests that Greenland and possibly the WAIS contributed to a sea level rise of 
13 to 20 feet (4 to 6 meters) during the last interglacial, when polar temperatures were 5.4 to 9F (3 to 
5°C) warmer, and the global mean was not notably warmer than at present. Accordingly, they conclude 
with medium confidence that at least partial deglaciation of the Greenland Ice Sheet, and possibly the 
WAIS, would occur over a period of time ranging from centuries to millennia for a global average 
temperature increase of 2 to 7F (1 to 4°C) (relative to 1990–2000), causing a contribution to sea level 
rise of 13 to 20 feet (4 to 6 meters) or more. 
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Another potential abrupt change of concern assessed by CCSP (2008a) is the catastrophic release of 
methane from clathrate hydrates in the sea floor and, to a lesser extent, in permafrost soils.  Clark et al. 
(2008) find the following: 
 
 The size of the hydrate reservoir is uncertain, perhaps by up to a factor of 10, making judgments 

about risk difficult to assess. 
 
 Although there are a number of suggestions in the literature about the possibility of a dramatic abrupt 

release of methane to the atmosphere, modeling and isotopic fingerprinting of ice-core methane do 
not support such a release to the atmosphere over the last 100,000 years or in the near future.   

 
Clark et al (2008) conclude: 
 

“While the risk of catastrophic release of methane to the atmosphere in the next century appears very 
unlikely, it is very likely that climate change will accelerate the pace of persistent emissions from 
both hydrate sources and wetlands. Current models suggest that wetland emissions could double in 
the next century. However, since these models do not realistically represent all the processes thought 
to be relevant to future northern high-latitude CH4 emissions, much larger (or smaller) increases 
cannot be discounted. Acceleration of persistent release from hydrate reservoirs is likely, but its 
magnitude is difficult to estimate.” 

 
6(g) Effects on/from Stratospheric Ozone 
 
Substances that deplete stratospheric ozone, which protects the Earth’s surface from much of the sun’s 
biologically harmful ultraviolet radiation, are regulated under Title VI of the Clean Air Act.  According to 
the World Meteorological Organization (WMO, 2007), climate change that results from changing GHG 
concentrations will affect the evolution of the ozone layer through changes in chemical transport, 
atmospheric composition, and temperature.  In turn, changes in the stratospheric ozone can have 
implications for the weather and climate of the troposphere.  The coupled interactions between the 
changing climate and ozone layer are complex, and scientific understanding is incomplete (WMO, 2007).  
Specific information on climate change effects on/from stratospheric ozone in the United States has not 
been assessed.  Except where indicated, the findings in this section apply generally to the globe, with a 
focus on polar regions. 
 
Effects of Elevated Greenhouse Gas Concentrations on Stratospheric Ozone 
 
WMO’s 2006 Scientific Assessment of Ozone Depletion (2007) concluded that future concentrations of 
stratospheric ozone are sensitive to future levels of the well-mixed GHGs.  According to the WMO 
(2007): 
 
 Future increases of GHG concentrations, primarily CO2, will contribute to the average cooling in the 

stratosphere.  Stratospheric cooling is expected to slow gas-phase ozone depletion reactions and 
increase ozone.   

 Enhanced methane emission (from warmer and wetter soils) is expected to enhance ozone production 
in the lower stratosphere. 

 An increase in nitrous oxide emissions is expected to reduce ozone in the middle and high 
stratosphere. 

 
Two-dimensional models that include coupling between all of these well-mixed GHGs and temperature 
project that ozone levels between 60º S and 60º N will return to 1980 values up to 15 years earlier than in 
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models that are uncoupled (Bodeker et al., 2007).  The impact of stratospheric cooling on ozone might be 
the opposite in polar regions where cooling could cause increases in polar stratospheric clouds, which, 
given enough halogens, would increase ozone loss (Bodeker et al., 2007). 
 
Concentrations of stratospheric ozone are also sensitive to stratospheric water vapor concentrations which 
may remain relatively constant or increase (Baldwin et al., 2007).  Increases in water vapor would cause 
increases in hydrogen oxide (HOx) radicals, affecting ozone loss processes (Baldwin et al., 2007).  
Several studies cited in Baldwin et al. (2007) suggest increasing stratospheric water vapor would delay 
ozone layer recovery. Increases in stratospheric water vapor could also increase springtime ozone 
depletion in the polar regions by raising the temperature threshold for the formation of polar stratospheric 
clouds (WMO, 2007). 
 
The possible effects of climate change on stratospheric ozone are further complicated by possible changes 
in climate dynamics.  Climate change can affect temperatures, upper level winds, and storm patterns 
which, in turn, impact planetary waves49 that affect the stratosphere (Baldwin et al., 2007).  Changes in 
the forcing and propagation of planetary waves in the polar winter are a major source of uncertainty for 
predicting future levels of Arctic ozone loss (Baldwin et al., 2007). 
 
The CCSP (2008h) report Trends in Emissions of Ozone-Depleting Substances, Ozone Layer Recovery, 
and Implications for Ultraviolet Radiation Exposure includes results from two-dimensional chemistry 
transport models and three-dimensional climate chemistry models estimating the recovery of the ozone 
layer under a GHG scenario.  It finds: 
 
 From 60°N to 60°S, global ozone is expected to return to its 1980 value up to 15 years earlier than the 

halogen recovery date because of stratospheric cooling and changes in circulation associated with 
GHG emissions.  Global ozone abundances are expected to be 2% above the 1980 values by 2100 
with values at mid-latitudes as much as 5% higher. 

 
 Model simulations show that the ozone amount in the Antarctic will reach the 1980 values 10 to 20 

years earlier (i.e., from 2040 to 2060) than the 2060 to 2070 timeframe of when the ozone-depleting 
substances reach their 1980 levels in polar regions. 

 
 Most climate chemistry models show Arctic ozone values by 2050 to be larger than the 1980 values, 

with the recovery date between 2020 and 2040. 
 
Climate Change Effects from Stratospheric Ozone 
 
The WMO (2007) found changes to the temperature and circulation of the stratosphere affect climate and 
weather in the troposphere.  The dominant tropospheric response, simulated in models and identified in 
analyses of observations, comprises changes in the strength of mid-latitude westerly winds.  The 
mechanism for this response is not well-understood.  
 
Modeling experiments (that simulate observed changes in stratospheric ozone and combined stratospheric 
ozone depletion and GHG increases) also suggest that Antarctic ozone depletion, through its effects on 
the lower stratospheric vortex, has contributed to the observed surface cooling over interior Antarctica 
and warming of the Antarctic Peninsula, particularly in summer (Baldwin et al., 2007). While the physics 
of these effects are not well-understood, the simulated pattern of warming and cooling is a robust result 
seen in many different models, and well-supported by observational studies. 
                                                 
49 A planetary wave is a large horizontal atmospheric undulation that is associated with the polar-front jet stream and 
separates cold, polar air from warm, tropical air. 

A-177



 80

 
As the ozone layer recovers, tropospheric changes that have occurred as a result of ozone depletion are 
expected to reverse (Baldwin et al., 2007). 
 
6(h) Land Use and Land Cover Change 
 
Changes in land surface (vegetation, soils, water) resulting from human activities can significantly affect 
local climate through shifts in radiation, cloudiness, surface roughness, and surface temperature.   
 
Solomon et al. (2007) find the impacts of land-use change on climate are expected to be locally 
significant in some regions, but are small at the global scale in comparison with greenhouse warming. 
Similarly, the release of heat from anthropogenic energy production can be significant over urban areas 
but is not significant globally (Solomon et al., 2007). 
 
The CCSP report (2008e) on the effects of climate change on agriculture, land resources, water resources, 
and biodiversity in the United States concludes that global climate change effects will be superimposed 
on and modify those resulting from land use and land cover patterns in ways that are as of yet uncertain. 
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Part IV 
 

U.S. Observed and Projected Human Health and Welfare Effects From 
Climate Change 
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Section 7 

 
Human Health 
 
Warm temperatures and extreme weather already cause and contribute to adverse human health outcomes 
through heat-related mortality and morbidity, storm-related fatalities and injuries, and disease.  In the 
absence of effective adaptation, these effects are likely to increase with climate change. Depending on 
progress in health care and access, infrastructure, and technology, climate change could increase the risk 
of heat wave deaths, respiratory illness through exposure to aeroallergens and ozone (discussed in Section 
8), and certain diseases (CCSP, 2008b; Confalonieri et al, 2007).  Studies in temperate areas (which 
would include large portions of the United States) have shown that climate change is projected to bring 
some benefits, such as fewer deaths from cold exposure.  The balance of positive and negative health 
impacts as a result of climate change will vary from one location to another and will alter over time as 
climate change continues (CCSP, 2008b).  
 
In its Third Assessment Report, the IPCC produced a number of key findings summarizing the likely 
climate change health effects in North America.  These effects, which were reaffirmed in the IPCC 
Fourth Assessment Report (Field et al., 2007), include: 
 
 Increased deaths, injuries, infectious diseases, and stress-related disorders and other adverse effects 

associated with social disruption and migration from more frequent extreme weather. 
 Increased frequency and severity of heat waves leading to more illness and death, particularly among 

the young, elderly, and frail.  
 Expanded ranges of vector-borne and tick-borne diseases in North America but with moderating 

influence by public health measures and other factors. 
 
The more recent CCSP (2008b) report on human health stated as one of its conclusions: “The United 
States is certainly capable of adapting to the collective impacts of climate change. However, there will 
still be certain individuals and locations where the adaptive capacity is less and these individuals and their 
communities will be disproportionally impacted by climate change.”  
 
There are few studies that address the interactive effects of multiple climate change impacts or of 
interactions between climate change health impacts and other kinds of local, regional, and global socio-
economic changes (Field et al., 2007).  For example, climate change impacts on human health in urban 
areas will be compounded by aging infrastructure, maladapted urban form and building stock, urban heat 
islands, air pollution, population growth, and an aging population (Field et al., 2007).  
 
Vulnerability is the summation of all the factors of risk and resilience that determine whether individuals 
experience adverse health impacts.  Specific subpopulations may experience heightened vulnerability for 
climate-related health effects.  Climate change is very likely to accentuate the disparities already evident 
in the American health care systems, as many of the expected health effects are likely to fall 
disproportionately on the poor, the elderly, the disabled, and the uninsured (Ebi et al., 2008). 
 
The IPCC concludes that human health risks from climate change will be strongly modulated by changes 
in health care, infrastructure, technology, and accessibility to health care (Field et al., 2007).  The aging of 
the population and patterns of immigration and/or emigration will also strongly influence risks (Field et 
al., 2007).   
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This section describes the literature on the impacts of climate change on human health in four areas: 
temperature effects, extreme events, climate sensitive diseases, and aeroallergens.  The health impacts 
resulting from climate change effects on air quality are discussed in Section 8. 
 
7(a) Temperature Effects 
 
According to the IPCC (2007d), it is very likely50 that there were warmer and fewer cold days and nights 
and warmer and more frequent hot days over most land areas during the late 20th century (see Section 
4(b)).  It is virtually certain that these trends will continue during the 21st century (see Section 6(b)).  As a 
result of the projected warming, the IPCC projects increases in heat-related mortality and morbidity 
globally (IPCC, 2007b).  The projected warming is also expected to result in fewer cold-related deaths.  It 
is not clear whether reduced mortality from cold will be greater or less than increased heat-related 
mortality in the United States due to climate change (Gamble et al., 2008).   Local factors, such as 
climate, topography, heat-island magnitude, demographic and health characteristics of the population, and 
policies that affect the social and economic structures of communities, including urban design, energy 
policy, water use and transportation planning are important in determining the underlying temperature-
mortality relationship in a population (Confalonieri et al, 2007; Ebi  et al., 2008). 
 
Increased heat exposure 
 
Extreme heat is associated with marked short-term increases in mortality (Confalonieri et al, 2007). Hot 
temperatures have also been associated with increased morbidity. A study cited in Field et al. (2007) 
indicates increased hospital admissions for cardiovascular disease and emergency room visits have been 
documented in parts of North America during heat events. The populations most vulnerable to hot 
temperatures are older adults, the chronically sick, the very young, city-dwellers, those taking 
medications that disrupt thermoregulation, the mentally ill, those lacking access to air conditioning, those 
working or playing outdoors, and the socially isolated (Ebi et al., 2008; IPCC, 2007b).   
 
Exposure to heat is already the leading cause of weather-related deaths in the United States and more than 
3,400 deaths between 1999 and 2003 were reported as resulting from exposure to extreme heat (Karl et 
al., 2009).  The Centers for Disease Control and Prevention (CDC, 2006) indicate heat-related deaths can 
be difficult to identify when illness onset or death is not witnessed by a clinician and that the criteria used 
to determine heat-related causes of death vary among states. This can lead to underreporting of heat-
related deaths or to reporting heat as a factor contributing to death rather than the underlying cause.   
 
The excess mortality during the extreme heat wave in Europe in 2003 demonstrates the lethality of such 
events, which led to approximately 15,000 deaths in France alone (Confalonieri et al., 2007).  Karl et al. 
(2009) report that an analysis of the European summer heat wave of 2003 found that the risk of such a 
heat wave is now roughly four times greater than it would have been in the absence of human-induced 
climate change. 
 
Given projections for climate warming, heat-related morbidity and mortality are projected to increase 
globally (including in the United States) with climate warming (Confalonieri et al, 2007; Karl et al., 
2009). Heat exposures vary widely, and current studies do not quantify the years of life lost due to high 
temperatures. Estimates of heat-related mortality attributable on extreme heat days are reduced but not 
eliminated when assumptions about acclimatization and adaptation are included in models.  Confalionieri 
et al. (2007) cite a series of studies that suggests populations in the United States became less sensitive to 
high temperatures over the period 1964–1998, in part, due to these factors.  However, Ebi et al. (2008) 

                                                 
50 According to IPCC terminology, “very likely” conveys a 90 to 99% probability of occurrence.  See Box 1.2 for a 
full description of IPCC’s uncertainty terms. 
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suggest these results do not imply future increases in heat-related mortality may not occur in the United 
States, because the percentage of the population with access to air conditioning is high in most regions 
(thus with limited possibilities for increasing access). In fact, Karl et al. (2009) note air-conditioning is 
reaching near saturation and report that a recent study shows that the general decline in heat-related 
deaths that had been observed since the 1970s leveled off in the mid-1990s.   
 
Growing numbers of older adults will increase the size of the population at risk because of a decreased 
ability to thermoregulate that is a normal part of the aging process (Confalonieri et al, 2007).  In addition, 
according to a study in Confalonieri et al. (2007), almost all the population growth in the next 50 years is 
expected to occur in cities where temperatures tend to be higher due to the urban heat island51 effect, 
increasing the total number of people at risk of adverse health outcomes from extreme heat conditions.  In 
other words, non-climatic factors related to demographics will have a significant influence on future heat-
related mortality. 
 
Across North America, the population over the age of 65—those most at-risk of dying from heat waves—
will increase slowly to 2010, and then grow dramatically as the Baby Boomers age (Field et al., 2007). 
Field et al. (2007) also find that severe heat waves are projected to intensify in magnitude and duration 
over the portions of the United States where these events already occur (high confidence).  The IPCC 
documents the following U.S. regional scenario projections of increases in heat and/or heat-related effects 
(Confalonieri et al, 2007; Field et al., 2007): 
 
 By the 2080s, in Los Angeles, the number of heat wave days (at or above 90ºF [32 ºC]) increases 

four-fold under the B1 emissions scenario (low growth) and six- to eight-fold under A1FI emissions 
scenario (high growth). Annual number of heat-related deaths in Los Angeles increases from about 
165 in the 1990s to 319 to 1,182 for a range of emissions scenarios. 

 Chicago is projected to experience 25% more frequent heat waves annually by the period spanning 
2080–2099 for a business-as-usual (A1B) emissions scenario. 

 
Additional projections for changes in extreme heat in the U.S. can be found in Section 15 on United 
States regional climate impacts. 
 
Reduced Cold Exposure 
 
Cold waves continue to pose health risks in northern latitudes in temperature regions where very low 
temperatures can be reached in a few hours and extend over long periods (Confalonieri et al, 2007). 
Accidental cold exposure occurs mainly outdoors, among socially deprived people (e.g., alcoholics, the 
homeless), workers, and the elderly in temperate and cold climates, but cold waves also affect health in 
warmer climates (Confalonieri et al, 2007).  Living in cold environments in polar regions is associated 
with a range of chronic conditions in the non-indigenous population with acute risk from frostbite and 
hypothermia (Confalonieri et al, 2007).  In countries with populations well-adapted to cold conditions, 
cold waves can still cause substantial increases in mortality if electricity or heating systems fail 
(Confalonieri et al, 2007). 
 
 Ebi et al. (2008) cite a study reporting that from 1979 to 2002, an average of 689 reported deaths per year 
(range 417 to 1,021) in the United States, totaling 16,555 over the period, were attributed to exposure to 
excessive cold temperatures on death certificates.  The cold during these events also contributes to deaths 
caused by respiratory and cardiovascular diseases, so the overall mortality burden is likely underestimated 
(Ebi  et al., 2008). 

                                                 
51 A heat island refers to urban air and surface temperatures that are higher than nearby rural areas. Many U.S. cities 
and suburbs have air temperatures up to 10°F (5.6°C) warmer than the surrounding natural land cover. 
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The IPCC projects reduced human mortality from cold exposure through 2100 (Confalonieri et al, 2007). 
Projections of cold-related deaths, and the potential for decreasing their numbers due to warmer winters, 
can be overestimated unless they take into account the effects of season and influenza, which is not 
strongly associated with monthly winter temperature (Ebi et al., 2008; Confalonieri et al, 2007).  Ebi et al. 
(2008) report many factors contribute to winter mortality, making the question of how climate change 
could affect mortality highly uncertain.  They report no projections have been published for the United 
States that incorporate critical factors such as the influence of influenza outbreaks. 
 
Aggregated Changes in Heat and Cold Exposure 
 
The IPCC (2007a) does not explicitly assess studies since the Third Assessment Report, which analyzes 
changes in both heat- and cold-related mortality in the United States in the observed climate or for 
different future climate scenarios. Given the paucity of recent literature on the subject and the challenges 
in estimating and projecting weather-related mortality, IPCC concludes additional research is needed to 
understand how the balance of heat- and cold-related deaths might change globally under different 
climate scenarios (Confalonieri et al, 2007).  Similarly, Ebi et al. (2008) find net changes in mortality are 
difficult to estimate. 
 
The most recent USGCRP assessment (Karl et al., 2009) refers to a study that analyzed daily mortality 
and weather data in 50 U.S. cities from 1989 to 2000 and found that, on average, cold snaps in the United 
States increased death rates by 1.6%, while heat waves triggered a 5.7% increase in death rates.  The 
study concludes that increases in heat-related mortality due to global warming are unlikely to be 
compensated for by decreases in cold-related mortality. 
 
7(b) Extreme Events 
 
In addition to the direct effects of temperature on heat- and cold-related mortality, projected trends in 
climate change-related exposures of importance to human health will increase the number of people 
(globally, including in the United States) suffering from disease and injury due to floods, storms, 
droughts, and fires (high confidence) (Confalonieri et al, 2007).  Vulnerability to weather disasters 
depends on the attributes of the people at risk (including where they live, age, income, education, and 
disability) and on broader social and environmental factors (level of disaster preparedness, health sector 
responses, and environmental degradation) (Ebi et al., 2008). 
 
Floods and Storms 
 
The IPCC projects a very likely increase in heavy precipitation event frequency over most areas as 
described in Section 6(b) and Section 6(c).  Increases in the frequency of heavy precipitation events are 
associated with increased risk of deaths and injuries as well as infectious, respiratory and skin diseases 
(IPCC, 2007b).  Floods are low-probability, high-impact events that can overwhelm physical 
infrastructure, human resilience, and social organization (Confalonieri et al, 2007).  Flood health impacts 
include deaths, injuries, infectious diseases, intoxications, and mental health problems (Confalonieri et al, 
2007). Karl et al. (2009) indicate flooding rains can increase incidence of waterborne diseases due to 
pathogens such as Cryptosporidium and Giardia. Flooding may also lead to contamination of waters with 
dangerous chemicals, heavy metals, or other hazardous substances from storage or from chemicals 
already in the environment (Confalonieri et al, 2007).  In addition, heavy downpours can trigger sewage 
overflows, contaminating drinking water (Karl et al., 2009) 
 
The IPCC (2007d) also projects likely increases in intense tropical cyclone activity as described in 
Section 6(b).  Increases in tropical cyclone intensity are linked to increases in the risk of deaths, injuries, 
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waterborne and foodborne diseases, as well as post-traumatic stress disorders (IPCC, 2007b).   Drowning 
by storm surge, heightened by rising sea levels and more intense storms (as projected by IPCC), is the 
major killer in coastal storms where there are large numbers of deaths (Confalonieri et al, 2007).  High-
density populations in low-lying coastal regions such as the U.S. Gulf of Mexico experience a high health 
burden from weather disasters, particularly among lower income groups.  In 2005, Hurricane Katrina 
claimed more than 1,800 lives in the vicinity of the low-lying United States. Gulf Coast and lower income 
groups were disproportionately affected (Graumann et al., 2005; Nicholls et al., 2007; Confalonieri et al., 
2007). While Katrina was a Category 3 hurricane, and its path was forecast well in advance, there was a 
secondary failure of the levee system.  This illustrates that multiple factors contribute to making a disaster 
and that adaptation measures may not fully avert adverse consequences (Ebi et al., 2008).  Additional 
information about U.S. vulnerability to the potential for more intense tropical cyclones can be found in 
Section 12(b). 
 
Droughts 
 
Areas affected by droughts are likely to increase according to the IPCC (2007d) as noted in Section 6(e).  
The health impacts associated with drought tend to most affect semi-arid and arid regions, poor areas and 
populations, and areas with human-induced water scarcity; hence, many of these effects are likely to be 
experienced in developing countries and not directly in the United States.  Information about the effects 
of increasing drought on U.S. agriculture can be found in Section 9(c). 
 
Wildfires 
 
In some regions, changes in the mean and variability of temperature and precipitation are projected to 
increase the size and severity of fire events, including in parts of the United States (Easterling et al., 
2007). Wildfires can increase eye and respiratory illnesses and injuries, including burns and smoke 
inhalation (Ebi et al., 2008). A study cited in Confalonieri et al. (2007) indicates large fires are also 
accompanied by an increased number of patients seeking emergency services for inhalation of smoke and 
ash. The IPCC (Field et al., 2007) noted a number of observed changes in U.S. wildfire size and 
frequency. Additional information on the effects of forest fires can be found in Sections 8(b) and 10(b). 
 
7(c) Climate-Sensitive Diseases 
 
The IPCC (2007b) notes that many human diseases are sensitive to weather. Similarly Karl et al. (2009) 
reports that important disease-causing agents commonly transmitted by food, water, or animals are 
susceptible to changes in replication, survival, persistence, habitat range, and transmission as a result of 
changing climatic conditions such as increasing temperature, precipitation, and extreme weather events.  
They conclude some diseases transmitted by food, water, and insects are likely to increase. 
 
 The incidence of airborne infectious diseases (e.g., coccidioidomycosis) varies seasonally and annually, 
due partly to climate variations such as drought, which is projected to increase in the southwestern United 
States (Field et al., 2007; Karl et al., 2008).   
 
Waterborne disease outbreaks are distinctly seasonal (which suggests potential underlying environmental 
or weather control), clustered in particular watersheds, and associated with heavy precipitation. IPCC 
(Confalonieri et al., 2007) reports that the risk of infectious disease following flooding in high-income 
countries is generally low, although increases in respiratory and diarrheal diseases have been reported 
after floods. However, CCSP (Peterson et al., 2008) finds that analyses of the United States indicate that 
the assumption that developed countries have low vulnerability may be premature, citing to studies that 
“have repeatedly concluded that water and food-borne pathogens (that cause diarrhea) will likely increase 
with projected increases in regional flooding events, primarily by contamination of main waterways.” In 

A-184



 87

another report, CCSP (2008b) notes that flooding can overwhelm sanitation infrastructure and lead to 
water-related illnesses. A U.S. study documented that 51% of waterborne disease outbreaks were 
preceded by precipitation events in the top 10% of occurrences, with 68% of outbreaks preceded by 
precipitation in the top 20% (Peterson et al., 2008). After hurricanes Katrina and Rita in 2005, 
contamination of water supplies with fecal bacteria led to many cases of diarrheal illness and some deaths 
(Ebi et al., 2008; CDC, 2005; Confalonieri et al., 2007).  
 
Foodborne diseases show some relationship with temperature (e.g., increased temperatures have been 
associated with increased cases of Salmonellosis) (Confalonieri et al, 2007).  Vibrio spp. infections from 
shellfish consumption may also be influenced by temperature (Confalonieri et al, 2007).  For example, 
Confalonieri et al. (2007) cited a study documenting a 2004 outbreak of V. parahaemolyticus linked to 
atypically high temperatures in Alaskan coastal waters.   
 
According to the CCSP (2008b) report, for the U.S., it is not anticipated that climate change will lead to 
loss of life or years of life due to chronic illness or injury from waterborne or foodborne illnesses. 
However, it notes there will likely be an increase in the spread of several foodborne and waterborne 
pathogens among susceptible populations depending on the pathogens’ survival, persistence, habitat 
range, and transmission under changing climate and environmental conditions.  While the United States 
has successful programs to protect water quality under the Safe Drinking Water Act and the Clean Water 
Act, some contamination pathways and routes of exposure do not fall under regulatory programs (e.g., 
dermal absorption from floodwaters, swimming in lakes and ponds with elevated pathogen levels).  The 
primary climate-related factors that affect these pathogens include temperature, precipitation, extreme 
weather events, and shifts in ecological regimes.  Consistent with the latest understanding of climate 
change on human health, the impact of climate on foodborne and waterborne pathogens will seldom be 
the only factor determining the burden of human injuries, illness, and death (CCSP 2008b).  
 
The sensitivity of many zoonotic52 diseases to climate fluctuations is also highlighted by the IPCC (Field 
et al., 2007).  Saint Louis encephalitis has a tendency to appear during hot, dry La Nina years according to 
a study cited in Field et al. (2007).  Associations between temperature and precipitation and tick-borne 
Lyme disease are also noted by IPCC (Field et al., 2007).  A study cited in Field et al. (2007) found that 
the northern range limit of Ixodes scapularis, the tick that carries Lyme disease, could shift north by 120 
mi (200 km) by the 2020s and 620 mi (1,000 km) by the 2080s.  According to Ebi et al. (2008), studies 
suggest that higher minimum temperatures generally were favorable to the potential of expanding tick 
distributions and greater local abundance of these vectors. However, Ebi et al. (2008) add that: “changing 
patterns of tick-borne disease in Europe are not consistently related to changing climate (Randolph, 
2004a). Climate change is projected to decrease the geographic range of TBE (tick-borne encephalitis) in 
areas of lower latitude and elevation as transmission expands northward (Randolph and Rogers, 2000)".   
 
A study discussed in Field et al. (2007) linked above-average temperatures in the United States during the 
summers of 2002–2004 to the greatest transmissions of West Nile virus.   Karl et al. (2009) refer to a 
study that suggests greater risks from West Nile virus may result from increases in the frequency of 
heatwaves, though the risk will also depend on the effectiveness of mosquito control programs.   
 
Although large portions of the United States may be at potential risk for diseases such as malaria based on 
the distribution of competent disease vectors, locally acquired cases have been virtually eliminated, in 
part due to effective public health interventions, including vector and disease control activities.  (Ebi et 
al., 2008; Confalonieri et al, 2007).   
 

                                                 
52A zoonotic disease is any infectious disease that is able to be transmitted from an animal or nonhuman species to 
humans.  The natural reservoir is a nonhuman reservoir. 
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7(d) Aeroallergens 
 
Climate change, including changes in CO2 concentrations, could impact the production, distribution, 
dispersion and allergenicity of aeroallergens and the growth and distribution of weeds, grasses, and trees 
that produce them (McMichael. et al., 2001; Confalonieri et al., 2007).  These changes in aeroallergens 
and subsequent human exposures could affect the prevalence and severity of allergy symptoms.  
However, the scientific literature does not provide definitive data or conclusions on how climate change 
might impact aeroallergens and subsequently the prevalence of allergenic illnesses in the United States In 
addition, there are numerous other factors that affect aeroallergen levels and the prevalence of associated 
allergenic illnesses, such as changes in land use, air pollution, and adaptive responses, many of which are 
difficult to assess (Ebi et al., 2008). 
 
It has generally been observed that the presence of elevated CO2 concentrations and temperatures 
stimulates plants to increase photosynthesis, biomass, water use efficiency, and reproductive effort.  The 
IPCC concluded that pollens are likely to increase with elevated temperature and CO2 (Field et al., 2007).  
Laboratory studies cited by Field et al. (2007) stimulated increased ragweed-pollen production by over 
50% using a doubling of CO2. A U.S.-based field study referenced by Field et al. (2007), which used 
existing temperature/CO2 concentration differences between urban and rural areas as a proxy for climate 
change, found that ragweed grew faster, flowered earlier, and produced significantly greater aboveground 
biomass and ragweed pollen at urban locations than at rural locations.  
 
The IPCC (Confalonieri et al, 2007) noted that climate change has caused an earlier onset of the spring 
pollen season in North America and that there is limited evidence that the length of the pollen season has 
increased for some species.  However, it is unclear whether the allergenic content of these pollens has 
changed.  The IPCC concluded that introductions of new invasive plant species with high allergenic 
pollen present important health risks, noting that ragweed (Ambrosia artemisiifolia) is spreading in 
several parts of the world (Confalonieri et al, 2007). 
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Section 8 
 
Air Quality 
 
Surface air concentrations of air pollutants are highly sensitive to winds, temperature, humidity, and 
precipitation (Denman et al., 2007).  Climate change can be expected to influence the concentration and 
distribution of air pollutants through a variety of direct and indirect processes, including the modification 
of biogenic emissions, the change of chemical reaction rates, wash-out of pollutants by precipitation, and 
modification of weather patterns that influence pollutant buildup.  In summarizing the impact of climate 
change on ozone and particulate matter (PM), the IPCC (Denman et al., 2007) states that “future climate 
change may cause significant air quality degradation by changing the dispersion rate of pollutants, the 
chemical environment for ozone and PM generation and the strength of emissions from the biosphere, 
fires and dust.”   
 
This section describes how climate change may alter ambient concentrations of ozone and PM with 
associated impacts on public health and welfare in the United States.   
 
8(a) Tropospheric Ozone 
 
According to the IPCC (Denman et al., 2007), climate change is expected to lead to increases in regional 
ozone pollution in the United States and other countries.  Ozone impacts on pubic health and welfare are 
described in EPA’s Air Quality Criteria Document for Ozone (U.S. EPA, 2006). Breathing ozone at 
sufficient concentrations can reduce lung function, thereby aggravating asthma or other respiratory 
conditions.  Ozone exposure at sufficient concentrations has been associated with increases in respiratory 
infection susceptibility, medicine use by asthmatics, emergency department visits, and hospital 
admissions.  Ozone exposure may contribute to premature death, especially in susceptible populations.  In 
contrast to human health effects, which are associated with short-term exposures, the most significant 
ozone-induced plant effects (e.g., biomass loss, yield reductions) result from the accumulation of ozone 
exposures over the growing season, with differentially greater impact resulting from exposures to higher 
concentrations and/or longer durations.   
 
Tropospheric ozone is both naturally occurring and, as the primary constituent of urban smog, a 
secondary pollutant formed through photochemical reactions involving nitrogen oxides (NOx) and volatile 
organic compounds (VOCs) in the presence of sunlight.  As described below, climate change can affect 
ozone by modifying 1) emissions of precursors, 2) atmospheric chemistry, and 3) transport and removal 
(Denman et al., 2007).  There is now consistent evidence from models and observations that 21st century 
climate change will worsen summertime surface ozone in polluted regions of North America compared to 
a future with no climate change (Jacob and Winner, 2009).  
 
The IPCC (Denman et al., 2007) states that, for all world regions, “climate change affects the sources of 
ozone precursors through physical response (lightning), biological response (soils, vegetation, and 
biomass burning) and human response (energy generation, land use, and agriculture).”  NOx emissions 
due to lightning are expected to increase in a warmer climate (Denman et al., 2007).  Additionally, studies 
using general circulation models (GCM) concur that influx of ozone from the stratosphere to the 
troposphere could increase due to large-scale atmospheric circulation shifts (i.e., the Brewer-Dobson 
circulation) in response to climate warming (Denman et al., 2007).  The sensitivity of microbial activity in 
soils to temperature also points toward a substantial increase in the nitric oxide emissions (Brasseur et al., 
2006).  As described below, biogenic VOC emissions increase with increasing temperature.   
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Climate-induced changes of biogenic VOC emissions alone may be regionally substantial and cause 
significant increases in ozone concentrations (Hauglustaine et al., 2005; Hogrefe et al., 2004; European 
Commission, 2003).  Sensitivity simulations for the 2050s, relative to the 1990s suggest under the A2 
(high-end) climate scenario that increased biogenic emissions alone add 1 to 3 ppb to summertime 
average daily maximum 8-hour ozone concentrations in the Midwest and along the eastern seaboard 
(Hogrefe et al., 2004).  The IPCC (Meehl et al., 2007) reports that biogenic emissions are projected to 
increase by between 27 and 59%, contributing to a 30 to 50% increase in ozone formation over northern 
continental regions (for the 2090–2100 timeframe, relative to 1990–2000). 
 
Consistent with this, for nearly all simulations in the EPA Interim Assessment (2009a), climate change is 
associated with increases in biogenic VOC emissions over most of the United States, with especially 
pronounced increases in the Southeast.  These biogenic emissions increases do not necessarily correspond 
with ozone concentration increases, however.  The report suggests that the response of ozone to changes 
in biogenic emissions depends on how isoprene chemistry is represented in the models—models that 
recycle isoprene nitrates back to NOx will tend to simulate significant ozone concentration increases in 
regions with biogenic emissions increases, while models that do not recycle isoprene nitrates will tend to 
simulate small changes, or even ozone decreases. 
 
Climate change impacts on temperature could affect ozone chemistry significantly (Denman et al., 2007).  
A number of studies in the United States have shown that summer daytime ozone concentrations correlate 
strongly with temperature. That is, ozone generally increases at higher temperatures. This correlation 
appears to reflect contributions of comparable magnitude from 1) temperature-dependent biogenic VOC 
emissions, as mentioned previously, 2) thermal decomposition of peroxyacetylnitrate (PAN), which acts 
as a reservoir for NOx, as described immediately below, and 3) association of high temperatures with 
regional stagnation, also discussed below (Denman et al., 2007).   
 
The EPA Interim Assessment (IA) (2009a), however, reports that considering a single meteorological 
variable, such as temperature, may not provide a sufficient basis for determining future ozone risks due to 
climate change in every region. This is consistent with the potential for different competing effects in 
different regions.  The modeling studies found some regions of the country where simulated increases in 
cloud cover, and hence decreases in the amount of sunlight reaching the surface, partially counteracted 
the effects of warming temperatures on ozone concentrations in these regions, to go along with the many 
regions where the effects of temperature and cloud cover reinforced each other in producing ozone 
increases. 
 
Climate change is projected to increase surface layer ozone concentrations in both urban and polluted 
rural environments due to decomposition of PAN at higher temperatures (Sillman and Samson, 1995; 
Liao and Seinfeld, 2006).  Warming enhances decomposition of PAN, releasing NOx, an important ozone 
precursor (Stevenson et al., 2005).  Model simulations (using the high-end A2 emissions scenario) with 
higher temperatures for the year 2100 showed that enhanced PAN thermal decomposition caused this 
species to decrease by up to 50% over source regions and ozone net production to increase (Hauglustaine 
et al., 2005). 
 
Atmospheric circulation can be expected to change in a warming climate and, thus, modify pollutant 
transport and removal.  The CCSP (2008b) reports that stagnant air masses related to climate change are 
likely to degrade air quality in some densely populated areas.  More frequent occurrences of stagnant air 
events in urban or industrial areas could enhance the intensity of air pollution events, although the 
importance of these effects is not yet well quantified (Denman et al., 2007).  The IPCC (2007d) concluded 
that “extra-tropical storm tracks are projected to move poleward, with consequent changes in wind, 
precipitation, and temperature patterns, continuing the broad pattern of observed trends over the last half-
century.”  
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The IPCC (Denman et al., 2007) cites a study for the eastern United States that found an increase in the 
severity and persistence of regional pollution episodes due to the reduced frequency of ventilation by 
storms tracking across Canada.  This study found that surface cyclone activity decreased by 
approximately 10 to 20% in a future simulation (for 2050, under the mid-range IPCC A1B scenario), in 
general agreement with a number of observational studies over the northern mid-latitudes and North 
America. Northeast U.S. summer pollution episodes are projected in this study to increase in severity and 
duration; pollutant concentrations in episodes increase 5 to 10%, and episode durations increase from two 
to three or four days.  Analysis of historical data supports both the trend in decreasing frequency of 
ventilation and the increase in summer pollution episodes (Leibensperger et al., 2008). 
 
Regarding the role water vapor plays in tropospheric ozone formation, the IPCC (Denman et al., 2007) 
reports that simulations for the 21st century indicate a decrease in the lifetime of tropospheric ozone due 
to increasing water vapor.  The projected increase in water vapor both decelerates the chemical 
production and accelerates the chemical destruction of ozone (Meehl et al., 2007).  Overall, the IPCC 
states that climate change is expected to decrease background tropospheric ozone due to higher water 
vapor and to increase regional and urban-scale ozone pollution due to higher temperatures and weaker air 
circulation (Denman et al., 2007; Confalonieri et al., 2007).   
 
For North America, the IPCC (Field et al., 2007) reports that surface ozone concentration may increase 
with a warmer climate.  For the continental United States, the CCSP (2008b) report states that the 
northern latitudes are likely to experience the largest increases in average temperatures, and they will also 
bear the brunt of increases in ground-level ozone and other airborne pollutants. 
 
Modeling studies discussed in EPA’s IA (U.S. EPA, 2009a) show that simulated climate change causes 
increases in summertime ozone concentrations over substantial regions of the country, though this was 
not uniform, and some areas showed little change or decreases, though the decreases tend to be less 
pronounced than the increases. For those regions that showed climate-induced increases, the increase in 
maximum daily 8-hour average ozone concentration, a key metric for regulating U.S. air quality, was in 
the range of 2 to 8 ppb, averaged over the summer season. The increases were substantially greater than 
this during the peak pollution episodes that tend to occur over a number of days each summer. While the 
results from the different research groups agreed on the above points, their modeling systems did not 
always simulate the same regional patterns of climate-induced ozone changes across the United States. 
Certain regions show greater agreement than others: for example, there is more agreement on climate-
induced increases for the eastern half of the country than for the West. Parts of the Southeast also show 
strong disagreements across the modeling groups. Where climate-change-induced increases in ozone do 
occur, damaging effects on ecosystems, agriculture, and health are expected to be especially pronounced, 
due to increases in the frequency of extreme pollution events. 
 
The EPA IA (U.S. EPA, 2009a) suggests that climate change effects on ozone grow continuously over 
time, with evidence for significant increases emerging as early as the 2020s.   
 
The results in the IA demonstrate that O3 responds to climate change in a qualitatively consistent manner 
across the simulations from multiple research groups. The patterns of relative changes in regional climate 
vary across the same simulations. Figure 3-11 of the IA graphically illustrates the net change in daily 
average ozone values across the research results for summertime ozone. Ozone concentrations increase 
across most areas of the country with decreases limited to some parts of the Southwest. The net increases 
of ozone concentrations in the large population centers of the northeastern and middle Atlantic United 
States are the results with the highest confidence. The net increases in the Southeast and the small net 
changes in the Northwest are the features with the lower confidence.   
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The IA and the IPCC (Field et al., 2007; Wilbanks et al., 2007) cite a study that evaluates the effects of 
climate change on regional ozone in 15 U.S. cities, finding that average summertime daily 8-hour 
maximum ozone concentrations could increase by 2.7 ppb in the 2020s and by 4.2 ppb in the 2050s under 
the A2 (high-end) scenario.   
 
Studies reviewed in the IA and Jacob and Winner (2009) indicate the largest increases in ozone 
concentrations due to climate change occur during peak pollution events.  The locations of peak ozone 
episodes tend to be large metropolitan areas such as Los Angeles, Houston, and the Northeast corridor, 
suggesting higher increases of potentially dangerous levels of ozone over significant population centers.  
Mickley et al. (2004) find that climate change projected to occur under the A1B (mid-range) scenario 
results in significant changes that occur at the high end of the pollutant concentration distribution 
(episodes) in the Midwest and Northeast between 2000 and 2050 given constant levels of criteria 
pollutant emissions.  Using the A2 (high-end) emissions scenario, Hogrefe et al. (2004) find that while 
regional climate change in the eastern United States causes the summer average daily maximum 8-hour 
ozone concentrations to increase by 2.7, 4.2, and 5.0 ppb in 2020s, 2050s, and 2080s (compared to 
1990s), respectively, regional climate changes causes the fourth-highest summertime daily maximum 8-
hour ozone concentrations to increase by 5.0, 6.4, and 8.2 ppb for the 2020s, 2050s, and 2080s, 
respectively (compared to 1990s) (Hogrefe et al., 2004).  The CCSP (2008b) also reports climate change 
is projected to have a much greater impact on extreme values and to shift the distribution of ozone 
concentrations towards higher values, with larger relative increases in future decades. In addition, 
simulations reviewed in the IA showed that, for parts of the country with a defined summertime ozone 
season, climate change expanded its duration into the fall and spring.  These findings raise particular 
health concerns.   
 
The IPCC (Field et al., 2007) states that, “warming and climate extremes are likely to increase respiratory 
illness, including exposure to pollen and ozone.”  And the IPCC further states that “severe heat waves, 
characterized by stagnant, warm air masses and consecutive nights with high minimum temperatures will 
intensify in magnitude and duration over the portions of the United States and Canada, where they already 
occur (high confidence) (Field et al., 2007).” Further, as described in CCSP (2008b), there is some 
evidence that combined effects of heat stress and air pollution may be greater than simple additive effects 
and historical data show relationships between mortality and temperature extremes. 
 
Holding population, dose-response characteristics, and pollution prevention measures constant, ozone-
related deaths from climate change in the New York City metropolitan area are projected to increase by 
approximately 4.5% from the 1990s to the 2050s (under the high-end IPCC A2 scenario) (Field et al., 
2007).  According to the IPCC (Field et al., 2007), the “large potential population exposed to outdoor air 
pollution translates this small relative risk into a substantial attributable health risk.”  In New York City, 
health impacts could be further exacerbated by climate change interacting with urban heat island effects 
(Field et al., 2007).  For A2 scenario in the 2050s, Bell et al. (2007) report that the projected effects of 
climate change on ozone in 50 eastern U.S. cities increased the number of summer days exceeding the 8-
hour EPA standard by 68%.  On average across the 50 cities, the summertime daily 8-hour maximum 
increased 4.4 ppb.  Elevated ozone levels correspond to approximately a 0.11% to 0.27% increase in daily 
total mortality.  The largest ozone increases are estimated to occur in cities with present-day high 
pollution. 
 
As noted in CCSP (2008b), the influence of climate change on air quality will play out against a backdrop 
of ongoing regulatory control of both ozone and PM that will shift the baseline concentrations of these 
two important pollutants.  Both emissions and climate changes can significantly affect ozone and PM 
concentrations.  Thus, modeling of future emission control programs coupled with climate change does 
not isolate the impact of GHGs on air quality.  Modeling of future climate change without future emission 
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control programs does isolate this impact of GHGs on air quality.  Further, the range of plausible short-
lived emission projections is very large.  For example, emission projections used in CCSP (2008d) and in 
the IPCC Fourth Assessment Report (IPCC, 2007a) differ on whether black carbon particle and nitrogen 
oxides emission trends continue to increase or decrease. Improvements in our ability to project social, 
economic, and technological developments affecting future emissions are needed.  Additionally, most 
studies to date that have examined potential future climate change impacts on air quality isolate the 
climate effect by holding precursor air pollutant emissions constant over time.  For the above reasons, the 
analyses referenced in this TSD generally held emissions constant while varying meteorological factors 
consistent with future climate change. 
 
The National Ambient Air Quality Standards (NAAQS) for ozone and their accompanying regulations 
have helped to reduce the dangers from ozone in the United States.  However, half of all Americans—158 
million people—live in counties where air pollution exceeds national health standards (U.S. EPA 2008).  
To predict future conditions, models are essential tools. As noted in the IA, coupling atmospheric 
chemical processes and the climate system presents considerable challenges because of the large number 
of physical, chemical, and biological processes involved, many of which are poorly understood, all 
interacting in complex ways.  The types of modeling systems developed under this assessment permit the 
detailed exploration of the potential responses of air quality to climate change over the next few decades 
in a way that would be difficult or impossible with other approaches.  They permit the systematic 
investigation of the multiple competing climate- and weather-related drivers of air quality interactions on 
the regional scale, which produce aggregate patterns of air quality change.  The IPCC reports (Denman et 
al., 2007) that “the current generation of tropospheric ozone models is generally successful in describing 
the principal features of the present-day global ozone distribution.”  The IPCC (Denman et al., 2007) also 
states that “there are major discrepancies with observed long-term trends in ozone concentrations over the 
20th century” and “resolving these discrepancies is needed to establish confidence in the models.”  
 
In addition to human health effects, elevated levels of tropospheric ozone have significant adverse effects 
on crop yields in the United States and other world regions, pasture and forest growth, and species 
composition (Easterling et al., 2007).  Furthermore, the effects of air pollution on plant function may 
indirectly affect carbon storage; recent research showed that tropospheric ozone resulted in significantly 
less enhancement of carbon sequestration rates under elevated CO2, due to negative effects of ozone on 
biomass productivity and changes in litter chemistry (Easterling et al., 2007).   
 
8(b) Particulate Matter 
 
Particulate matter (PM) effects on public health and welfare are described in EPA’s Air Quality Criteria 
Document for Particulate Matter (U.S. EPA, 2004).  Particulate matter is a complex mixture of 
anthropogenic, biogenic, and natural materials, suspended as aerosol particles in the atmosphere.  When 
inhaled, the smallest of these particles can reach the deepest regions of the lungs. Scientific studies have 
found an association between exposure to PM and significant health problems, including aggravated 
asthma, chronic bronchitis, reduced lung function, irregular heartbeat, heart attack, and premature death in 
people with heart or lung disease.  Particle pollution also is the main cause of visibility impairment in the 
nation’s cities and national parks. 
 
The overall directional impact of climate change on PM levels in the United States remains uncertain   
(CENR, 2008), as too few data yet exist on PM to draw firm conclusions about the direction or 
magnitude of climate impacts (CCSP, 2008b).  However, preliminary results of modeling analyses 
reported in the EPA IA are listed below.  These analyses show a range of increases and decreases in PM 
concentrations in different regions and for different component chemical species in the same region: 
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1.  Precipitation is a more important primary meteorological driver of PM than of ozone, due to its 
role in removing PM from the atmosphere (wet deposition). Precipitation, however, is particularly 
difficult to model and shows greater disagreement across simulations than other variables. 

2.  Aerosol chemical processes, especially those concerning the formation of organic aerosols, are 
not fully understood and therefore not well characterized in current regional air quality models. 

3.  Preliminary simulation results suggest that, globally, PM generally decreases as a result of 
simulated climate change, due to increased atmospheric humidity and increased precipitation. 

4.  Regionally, simulated 2050 climate change produces increases and decreases in PM (on the order 
of a few percent), depending on region. For the United States, the largest simulated increases are 
found in the Midwest and Northeast. 

5.  This PM response reflects the combined climate change responses of the individual species that 
make up PM (e.g., sulfate, nitrate, ammonium, black carbon, organic carbon). Depending on the 
region, these individual responses can be in competing directions. 

6.  Increase in wildfire frequency associated with a warmer climate has the potential to increase PM 
levels in certain regions. 

 
Further, Jacob and Winner (2009) summarize the current state of knowledge as: 
 
“The response of PM to climate change is more complicated than that for ozone because of the diversity 
of PM components, compensating effects, and general uncertainty in GCM projections of the future 
hydrological cycle. Observations show little useful correlation of PM with climate variables to guide 
inferences of the effect of climate change. Rising temperature is expected to have a mild negative effect 
on PM due to volatilization of semi-volatile components (nitrate, organic), partly compensated by 
increasing sulfate production. Increasing stagnation should cause PM to increase. Precipitation frequency, 
which largely determines PM loss, is expected to increase globally but to decrease in southern North 
America and southern Europe. PM is highly sensitive to mixing depths but there is no consensus among 
models on how these will respond to climate change… Increases in wildfires driven by climate change 
could significantly increase PM concentrations beyond the direct effect of changes in meteorological 
variables.” 
 
PM and PM precursor emissions are affected by climate change through physical response (windblown 
dust), biological response (forest fires and vegetation type/distribution), and human response (energy 
generation).  Most natural aerosol sources are controlled by climatic parameters like wind, moisture, and 
temperature; thus, human-induced climate change is expected to affect the natural aerosol burden.  
Biogenic organic material is directly emitted into the atmosphere and produced by VOCs.  All biogenic 
VOC emissions are highly sensitive to changes in temperature and are also highly sensitive to climate-
induced changes in plant species composition and biomass distributions.  Denman et al. (2007) cite a 
study in which biogenic emission rates are predicted to increase on average across world regions by 10% 
per 1°C increase in surface temperature.  The response of biogenic secondary organic carbon aerosol 
production to a temperature change, however, could be considerably lower than the response of biogenic 
VOC emissions since aerosol yields can decrease with increasing temperature (Denman et al., 2007).   
 
Particulate matter emissions from forest fires can contribute to acute and chronic illnesses of the 
respiratory system, particularly in children, including pneumonia, upper respiratory diseases, asthma, and 
chronic obstructive pulmonary diseases (Confalonieri et al., 2007).  The IPCC (Field et al., 2007) reported 
with very high confidence that in North America, disturbances like wildfire are increasing and are likely 
to intensify in a warmer future with drier soils and longer growing seasons.  Forest fires with their 
associated decrements to air quality and pulmonary effects are likely to increase in frequency, severity, 
distribution, and duration in the Southeast, the Intermountain West, and the West compared to a future 
with no climate change (CCSP, 2008b).  Pollutants from forest fires can affect air quality for thousands of 
kilometers (Confalonieri et al., 2007).  A study cited in Field et al. (2007) found that in the last three 
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decades the wildfire season in the western United States has increased by 78 days, and burn durations of 
large fires have increased from 7.5 to 37.1 days, in response to a spring-summer warming of 1.6F 
(0.87°C).  It also found earlier spring snowmelt has led to longer growing seasons and drought, especially 
at higher elevations, where the increase in wildfire activity has been greatest.  Analysis by the state of 
California suggests that large wildfires could become up to 55% more frequent in some areas toward the 
end of the century due to continued global warming (California Climate Change Center, 2006).   
 
PM chemistry is affected by changes in temperature brought about by climate change.  Temperature is 
one of the most important meteorological variables influencing air quality in urban atmospheres because 
it directly affects gas and heterogeneous chemical reaction rates and gas-to-particle partitioning.  The net 
effect that increased temperature has on airborne particle concentrations is a balance between increased 
production rates for secondary particulate matter (increases particulate concentrations) and increased 
equilibrium vapor pressures for semi-volatile particulate compounds (decreases particulate 
concentrations). Increased temperatures may either increase or decrease the concentration of semi-volatile 
secondary reaction products such as ammonium nitrate depending on ambient conditions.  
 
Denman et al., 2007 note that there has been less work on the sensitivity of aerosols to meteorological 
conditions.  It cites a study that produces regional model simulations for Southern California on 
September 25, 1996, projecting decreases in 24-hour average PM2.5 concentrations with increasing 
temperatures for inland portions of the South Coast air basin, and projecting increases for coastal regions.  
In CCSP (2008b), using the New York Climate and Health Project (NYCHP)-integrated model, PM2.5 
concentrations are projected to increase with climate change, with the effects differing by component 
species, with sulfates and primary PM increasing markedly and with organic and nitrated components 
decreasing, mainly due to movement of these volatile species from the particulate to the gaseous phase. 
 
The transport and removal of PM is highly sensitive to winds and precipitation.  Removal of PM from the 
atmosphere occurs mainly by wet deposition (NRC, 2005).  Sulfate lifetime, for example, is estimated to 
be reduced from 4.7 days to 4.0 days as a result of increased wet deposition (Liao and Seinfeld, 2006).  
Precipitation also affects soil moisture, with impacts on dust source strength and on stomatal 
opening/closure of plant leaves, hence affecting biogenic emissions (Denman et al., 2007).  Precipitation 
has generally increased over land north of 30°N over the period 1900 to 2005, and it has become 
significantly wetter in eastern parts of North America (Trenberth et al., 2007).  However, model 
parameterizations of wet deposition are highly uncertain and not fully realistic in their coupling to the 
hydrological cycle (NRC, 2005).  For models to simulate accurately the seasonally varying pattern of 
precipitation, they must correctly simulate a number of processes (e.g., evapotranspiration, condensation, 
transport) that are difficult to evaluate at a global scale (Randall et al., 2007).   
 
In 1997 (62 FR 38680), EPA concluded that particulate matter produces adverse effects on visibility, and 
that visibility impairment is experienced (though not necessarily attributed to climate change) throughout 
the United States, in multi-state regions, urban areas, and remote Federal Class I areas53.  Visibility 
impairment depends strongly on ambient relative humidity (NARSTO, 2004).  Although surface specific 
humidity globally has generally increased after 1976 in close association with higher temperatures over 
both land and ocean, observations suggest that relative humidity has remained about the same overall, 
from the surface throughout the troposphere (Trenberth et al., 2007).  Nevertheless, increases in PM due 
to increases in wildfires induced by climate change might increase visibility impairment. 
 

                                                 
53 The Clean Air Act defines mandatory Federal Class I areas as certain national parks (greater than 6,000 acres), 
wilderness areas (greater than 5,000 acres), national memorial parks (greater than 5,000 acres), and international 
parks that were in existence as of August 7, 1977. 
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8(c) Health Effects Due to CO2-Induced Increases in Tropospheric Ozone and Particulate 
Matter 
 
In addition to the analyses described previously of climate change impacts on air quality, one study 
specifically examined the more direct effect of CO2 on air pollution mortality.  As described in the CCSP 
(2008b) report, using a coupled climate-air pollution three-dimensional model, a study compared the 
health effects of pre-industrial vs. present-day atmospheric concentrations of CO2. The results suggest 
that increasing concentrations of CO2 increased tropospheric ozone and PM2.5, which increased mortality 
by about 1.1% per degree temperature increase over the baseline rate; the study estimated that about 40% 
of the increase was due to ozone and the rest to particulate matter. The estimated mortality increase was 
higher in locations with poorer air quality. 
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Section 9 
 
Food Production and Agriculture 
 
Food production and the agricultural sector within the United States are sensitive to short-term climate 
variability and long-term climate change.  This section addresses how observed and projected climate 
change may affect U.S. food production and agriculture.  Food production and agriculture here include 
crop yields and production, livestock production (e.g., milk and meat), freshwater fisheries, and key 
climate-sensitive issues for this sector including drought risk and pests and weeds.   
 
In addition to changes in average temperatures and precipitation patterns, this section also addresses how 
U.S. food production and agriculture may be affected directly by elevated CO2 levels, as well as the 
frequency and severity of extreme events, such as droughts and storms. Climate change-induced effects 
on tropospheric ozone levels and their impacts on agriculture are discussed briefly in Section 8 on Air 
Quality. 
 
Vulnerability of the U.S. agricultural sector to climate change is a function of many interacting factors 
including pre-existing climatic and soil conditions, changes in pest competition, water availability, and 
the sector’s capacity to respond to climate change through management practices, improved seed and 
cultivar technology, and changes in economic competition among regions. 
 
The CCSP report on U.S. agriculture (Backlund et al., 2008a) made the following general conclusions for 
the United States: 
 
 With increased CO2 and temperature, the life cycle of grain and oilseed crops will likely progress 

more rapidly.  But, as temperature rises, these crops will increasingly begin to experience failure, 
especially if climate variability increases and precipitation lessens or becomes more variable. 

 
 The marketable yield of many horticultural crops (e.g., tomatoes, onions, fruits) is very likely to be 

more sensitive to climate change than grain and oilseed crops. 
 
 Climate change is likely to lead to a northern migration of weeds. Many weeds respond more 

positively to increasing CO2 than most cash crops, particularly C3 “invasive” weeds54. Recent 
research also suggests that glyphosate, the most widely used herbicide in the United States, loses its 
efficacy on weeds grown at the increased CO2 levels likely in the coming decades. 

 
 Disease pressure on crops and domestic animals will likely increase with earlier springs and warmer 

winters, which will allow proliferation and higher survival rates of pathogens and parasites.  Regional 
variation in warming and changes in rainfall will also affect spatial and temporal distribution of 
disease. 

 
 Projected increases in temperature and a lengthening of the growing season will likely extend forage 

production into late fall and early spring, thereby decreasing need for winter season forage reserves. 
However, these benefits will very likely be affected by regional variations in water availability. 

 

                                                 
54 C3 and C4 refer to different carbon fixation pathways in plants during photosynthesis.  C3 is the most common 
pathway, and C3 crops (e.g., wheat, soybeans and rice) are more responsive than C4 crops such as maize. 
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 Climate change-induced shifts in plant species are already underway in rangelands.  Establishment of 
perennial herbaceous species is reducing soil water availability early in the growing season. Shifts in 
plant productivity and type will likely also have significant impact on livestock operations. 

 
 Higher temperatures will very likely reduce livestock production during the summer season, but these 

losses will very likely be partially offset by warmer temperatures during the winter season. For 
ruminants, current management systems generally do not provide shelter to buffer the adverse effects 
of changing climate; such protection is more frequently available for non-ruminants (e.g., swine and 
poultry). 

 
The IPCC (2007b) made the following general conclusion about food production and agriculture for 
North America: 
 
 Moderate climate change in the early decades of the century is projected to increase aggregate yields 

of rain-fed agriculture (water demand met primarily derived from precipitation) by 5 to 20% , but 
with important variability among regions. Future trends in precipitation are difficult to project but will 
be associated with strong regional and seasonal variation, which means some areas in United States 
will continue to get wetter (e.g., Northeast and large parts of the Midwest) while some areas 
particularly, in the West, will become drier.  Major challenges are projected for crops that are near the 
warm end of their suitable range or depend on highly utilized water resources [high confidence].55 

 
9(a) Crop Yields and Productivity 
 
Observational evidence shows that, over the last century, aggregate yields of major U.S. crops have been 
increasing (USDA, 2007; Field et al., 2007), with significant regional and temporal variation.  Multiple 
factors contribute to these long-term trends, including seed technology, use of fertilizers, management 
practices, and climate change (i.e., lengthening of the growing season). 

 
For projected climate change effects, the IPCC summary conclusion of net beneficial effects in the early 
decades in the United States under moderate climate change, with significant regional variation, is 
supported by a number of recent assessments for most major crops, and is consistent with the previous 
IPCC Third Assessment (2001) conclusion.56  Moderate climate change for temperate regions such as the 
United States is described as local increases in temperature of ~2 to 5ºF (~1 to 3ºC), which may occur 
within the next few decades or past mid-century depending on scenario (see Section 6 for temperature 
projections).  Increased average warming leads to an extended growing season, especially for northern 
regions of the United States.  Further warming, however, is projected to have increasingly negative 
impacts in all regions (meaning both temperate, including the United States, and tropical regions of the 
world) (Easterling et al. 2007). 
 
The CCSP report on agriculture (Hatfield et al., 2008) provides further crop-specific detail about optimum 
temperatures in order to assess the effects of future climate change.  Crops are characterized by an upper 
failure-point temperature at which pollination and grain-set processes fail. Considering these aspects, 
Hatfield et al., (2008) detail the following optimum mean temperatures for grain yields of the major 
agronomic crops: 64 to 72F (18 to 22ºC) for maize, 72 to 75F (22 to 24ºC) for soybean, 59F (15ºC) for 

                                                 
55 According to IPCC terminology, “high confidence” conveys an 8 out of 10 chance of being correct.  See Box 12 
for a full description of IPCC’s uncertainty terms. 
56 The North America chapter from the IPCC Third Assessment Report (Cohen et al., 2001) concluded: “Food 
production is projected to benefit from a warmer climate, but there probably will be strong regional effects, with 
some areas in North America suffering significant loss of comparative advantage to other regions (high 
confidence).” 
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wheat, 73 to 79F (23 to 26ºC) for rice, 77F (25ºC) for sorghum, 77 to 79F (25 to 26ºC) for cotton, 68 
to 79F (20 to 26ºC) for peanut, 73 to 75F (23 to 24ºC) for dry bean, and 72 to 77F (22 to 25ºC) for 
tomato. 
 
Given the variable responses of different crops to temperature (and other climatic) changes and the fact 
that different areas of the country specialize in different crops and have different regional climates, the 
variable future climate change effects among regions and crops are important to consider.  The 
southeastern United States may be more vulnerable to increases in average temperature than more 
northern regions due to pre-existing temperatures that are already relatively high.  Likewise, certain crops 
that are currently near climate thresholds (e.g., wine grapes in California) are likely to experience 
decreases in yields, quality, or both, even under moderate climate change scenarios (Field et al., 2007).  
As cited by USGCRP (Karl et al., 2009), a seemingly paradoxical impact of warming is that it appears to 
be increasing the risk of plant frost damage.  Mild winters and warm, early springs, which are beginning 
to occur more frequently as climate warms, induce premature plant development and blooming, resulting 
in exposure of vulnerable young plants and plant tissues to subsequent late-season frosts.  The 2007 
spring freeze in the eastern United States caused widespread devastation of crops and natural vegetation 
because the frost occurred during the flowering period of many trees and during early grain development 
on wheat plants 
 
Without the benefit of CO2, the anticipated 2.2F (1.2ºC) rise in temperature over the next 30 years (a 
baseline assumption assumed in the CCSP (Hatfield et al., 2008) report) is projected to decrease maize, 
wheat, sorghum, and dry bean yields by 4.0, 6.7, 9.4, and 8.6%, respectively, in their major production 
regions. For soybean, the 2.2F (1.2ºC) temperature rise is projected to increase yield 2.5% in the Mid-
west where temperatures during July, August, and September average 72.5F (22.5ºC), but will decrease 
yield 3.5% in the South, where mean temperature during July, August, and September averages 80F 
(26.7ºC). Likewise, in the South, that same mean temperature will result in reduced rice, cotton, and 
peanut yields, which will decrease 12.0, 5.7, and 5.4%, respectively (Hatfield et al., 2008).  An 
anticipated CO2 increase from 380 to 440 ppm is projected to increase maize and sorghum yield by only 
1%, whereas the listed C3 crops will increase yield by 6.1 to 7.4%, except for cotton, which shows a 9.2% 
increase (Hatfield et al., 2008). 
 
Changes in precipitation patterns will play a large role in determining the net impacts of climate change at 
the national and sub-national scales, where there is considerable variation and precipitation changes 
remain difficult to predict.  Information on regional precipitation patterns in the United States is provided 
in Section 15.  The IPCC (Field et al., 2007) reviewed integrated assessment modeling studies exploring 
the interacting impacts of climate and economic factors on agriculture, water resources, and biome 
boundaries in the United States and concluded that scenarios with decreased precipitation create 
important challenges, restricting the availability of water for irrigation and at the same time increasing 
water demand for irrigated agriculture, as well as urban and ecological uses.  The critical importance of 
specific agro-climatic events, such as last frost, also introduces uncertainty in future projections (Field et 
al., 2007). 
 
There is still uncertainty about the sensitivity of crop yields in the United States and other world regions 
to the direct effects of elevated CO2 levels. The IPCC (Easterling et al., 2007) concluded that elevated 
CO2 levels are expected to contribute to small beneficial impacts on crop yields.  The IPCC confirmed the 
general conclusions from its previous Third Assessment Report in 2001.  Experimental research on crop 
responses to elevated CO2 through the FACE (Free Air CO2 Enrichment)57 experiments indicate that, at 
ambient CO2 concentrations of 550 ppm (approximately double the concentration from pre-industrial 

                                                 
57 http://www.bnl.gov/face/ 
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times), crop yields increase under unstressed conditions by 10 to 25% for C3 crops and by 0 to 10% for 
C4 crops (medium confidence). Crop model simulations under elevated CO2 are consistent with these 
ranges (high confidence) (Easterling et al., 2007).  Carbon dioxide also makes some plants more water-
use efficient, meaning they produce more plant material, such as grain, on less water.  This is a benefit in 
water-limited areas and in seasons with less than normal rainfall (Karl et al., 2009).   High temperatures, 
water and nutrient availability, and ozone exposure, however, can significantly limit the direct stimulatory 
CO2 response.   
 
Hatfield et al. (2008) provides further detail about individual crop species responses to elevated CO2 

concentrations and the interactive effects with other climate change factors.  Overall, the benefits of CO2 
rise over the next 30 years are projected to mostly offset the negative effects of temperature for most C3 
crops except rice and bean, while the C4 crop yields are reduced by rising temperature because they have 
little response to the CO2 rise (Hatfield et al., 2008). Thus, according to Hatfield et al. (2008), the 30-year 
outlook for U.S. crop production is relatively neutral. However, the outlook for U.S. crop production over 
the next 100 years would not be as optimistic, if temperature continues to rise along with climbing CO2 
concentrations, because the C3 response to rising CO2 is reaching a saturating plateau, while the negative 
temperature effects will become progressively more severe (Hatfield et al., 2008).  
 
There are continual changes in the genetic resources of crop varieties and horticultural crops that will 
provide increases in yield due to increased resistance to water and pest stresses. These need to be 
considered in any future assessments of the climatic impacts; however, the genetic modifications have not 
altered the basic temperature response or CO2 response of the biological system (Hatfield et al., 2008). 
 
Although horticultural crops (fruits, vegetables and nuts) account for more than 40% of total crop market 
value in the United States (2002 Census of Agriculture), there is relatively little information on their re-
sponse to CO2, and few reliable crop simulation models for use in climate change assessments compared 
to that which is available for major grain and oilseed crops (Hatfield et al., 2008). The marketable yield of 
many horticultural crops is likely to be more sensitive to climate change than grain and oilseed crops 
because even short-term, minor environmental stresses can negatively affect visual and flavor quality 
(Hatfield et al., 2008). 
 
9(b) Irrigation Requirements 
 
The impacts of climate change on irrigation water requirements may be large (Easterling et al., 2007).  
The IPCC considered this to be a new, robust finding since the Third Assessment Report in 2001.  The 
increase in irrigation demand due to climate change is expected in the majority of world regions including 
the United States due to decreased rainfall in certain regions and/or increased evaporation arising from 
increased temperatures.  Longer growing seasons may contribute to the increased irrigation demands as 
well.  Hatfield et al. (2008) describe studies that examine changes in irrigation required for the United 
States under climate change scenarios.  For corn, a study cited in Hatfield et al. (2008) calculated that by 
2030, irrigation requirements will change from -1 (Lower Colorado Basin) to +451% (Lower Mississippi 
Basin), because of rainfall variation. Given the variation in the sizes and baseline irrigation requirements 
of U.S. basins, a representative figure for the overall U.S. increase in irrigation requirements is 64% if 
stomatal effects are ignored, or 35% if they are included. Similar calculations were made for alfalfa, for 
which overall irrigation requirements are predicted to increase 50 and 29% in the next 30 years in the 
cases of ignoring and including stomatal effects, respectively. These increases are more likely due to the 
decrease in rainfall during the growing season and the reduction in soil water availability. 
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9(c) Climate Variability and Extreme Events 
 
Weather events are a major factor in annual crop yield variation.  The projected impacts of climate change 
often consider changes in average temperature and precipitation patterns alone, while not reflecting the 
potential for altered variability in events such as droughts and floods.  The potential for these events to 
change in frequency and magnitude introduces a key uncertainty regarding future projections of changes 
in agricultural and food production due to climate change.  On this issue, the IPCC (Easterling et al. 2007) 
drew the following conclusion: “Recent studies indicate that climate change scenarios that include 
increased frequency of heat stress, droughts and flooding events reduce crop yields and livestock 
productivity beyond the impacts due to changes in mean variables alone, creating the possibility for 
surprises. Climate variability and change also modify the risks of fires, and pest and pathogen outbreaks, 
with negative consequences for food, fiber and forestry (high confidence).”  The adverse effects on crop 
yields due to droughts and other extreme events may offset the beneficial direct effects of elevated CO2, 
moderate temperature increases over the near term and longer growing seasons. 
 
Drought events are already a frequent occurrence, especially in the western United States  Vulnerability to 
extended drought is, according to IPCC (Field et al., 2007), increasing across North America as 
population growth and economic development increase demands from agricultural, municipal, and 
industrial uses, resulting in frequent over-allocation of water resources.  Though droughts occur more 
frequently and intensely in the western part of the United States, the East is not immune from droughts 
and attendant reductions in water supply, changes in water quality and ecosystem function, and challenges 
in allocation (Field et al., 2007). 
 
Average annual precipitation is projected to decrease in the southwestern United States but increase over 
the rest of North America (Christensen et al., 2007).  Some studies project widespread increases in 
extreme precipitation (Christensen et al., 2007), with greater risks of not only flooding from intense 
precipitation, but also droughts from greater temporal variability in precipitation. Increased runoff due to 
intense precipitation on crop fields and animal agriculture operations may result in an increased 
contribution of sediments, nutrients, pathogens, and pesticides in surface waters (Kundzewicz et al., 
2007). 
 
One economic consequence of excessive rainfall is delayed spring planting, which jeopardizes profits for 
farmers paid a premium for early season production of high-value horticultural crops such as melon, 
sweet corn, and tomatoes (Hatfield et al., 2008). Field flooding during the growing season causes crop 
losses associated with anoxia, increases susceptibility to root diseases, increases soil compaction (due to 
use of heavy farm equipment on wet soils), and causes more runoff and leaching of nutrients and 
agricultural chemicals into ground water and surface water (Hatfield et al., 2008). 
 
9(d) Pests and Weeds 
 
Pests and weeds can reduce crop yields, cause economic losses to farmers, and require management 
control options.  How climate change (elevated CO2, increased temperatures, altered precipitation 
patterns, and changes in the frequency and intensity of extreme events) might affect the prevalence of 
pests and weeds is an issue of concern for food production and the agricultural sector.  Recent warming 
trends in the United States have led to earlier insect spring activity and proliferation of some species 
(Easterling, et al., 2007).   
 
The growth of many crops and weeds is being stimulated (Backlund et al., 2008a). Weeds generally 
respond more positively to increasing CO2 than most cash crops, particularly C3 invasive weeds; and 
while there are many weed species that have the C4 photosynthetic pathway and therefore show a smaller 
response to atmospheric CO2 relative to C3 crops, in most agronomic situations, crops are in competition 
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with both C3 and C4 weeds (Backlund et al., 2008a).  The IPCC (Easterling et al., 2007) concluded, with 
high confidence, that climate variability and change modify the risks of fires, and pest and pathogen 
outbreaks, with negative consequences for food, fiber, and forestry across all world regions. 
 
Climate change is likely to lead to a northern migration of weeds (Backlund et al, 2008a). Recent research 
also suggests that glyphosate, the most widely used herbicide in the United States, loses its efficacy on 
weeds grown at the increased CO2 levels likely in the coming decades (Backlund et al., 2008a). 
 
Disease pressure on crops and domestic animals will likely increase with earlier springs and warmer 
winters, which will allow proliferation and higher survival rates of pathogens and parasites. Regional 
variation in warming and changes in rainfall will also affect the spatial and temporal distribution of 
diseases (Backlund et al., 2008a). 
 
Most studies, however, continue to investigate pest damage as a separate function of either elevated 
ambient CO2 concentrations or temperature.  Pests and weeds are additional factors that, for example, are 
often omitted when projecting the direct stimulatory effect of elevated CO2 on crop yields.  Research on 
the combined effects of elevated CO2 and climate change on pests, weeds and disease is still insufficient 
for U.S. and world agriculture (Easterling et al., 2007). 
 
9(e) Livestock 
 
Hatfield et al. (2008) describe how temperature changes and environmental stresses can result in declines 
in physical activity and an associated decline in eating and grazing activity (for ruminants and other 
herbivores) or elicit a panting or shivering response, which increases maintenance requirements of the 
animal and contributes to decreases in animal productivity. 
 
Climate change has the potential to influence livestock productivity in a number of ways.  Elevated CO2 
concentrations can affect forage quality; thermal stress can directly affect the health of livestock animals; 
an increase in the frequency or magnitude of extreme events can lead to livestock loss; and climate 
change may affect the spread of animal diseases.  The IPCC has generated a number of new conclusions 
in this area compared to the Third Assessment Report in 2001.  These conclusions (Easterling et al., 
2007), along with those from the more recent CCSP report (Hatfield et al., 2008) include: 
 
 Higher temperatures will very likely reduce livestock production during the summer season, but these 

losses will very likely be partially offset by warmer temperatures during the winter season. For 
ruminants, current management systems generally do not provide shelter to buffer the adverse effects 
of a changing climate; such protection is more frequently available for non-ruminants (e.g., swine and 
poultry). 

 
 Based on expected vegetation changes and known environmental effects on forage protein, 

carbohydrate, and fiber contents, both positive and negative changes in forage quality are possible as 
a result of atmospheric and climatic change.  Elevated CO2 can increase the carbon-to-nitrogen ratio 
in forages and thus reduce the nutritional value of those grasses, which in turn affects animal weight 
and performance. Under elevated CO2, a decrease of C4 grasses and an increase of C3 grasses 
(depending upon the plant species that remain) may occur, which could potentially reduce or alter the 
nutritional quality of the forage grasses available to grazing livestock; however the exact effects on 
both types of grasses and their nutritional quality still needs to be determined.  

 
 Increased climate variability (including extremes in both heat and cold) and droughts may lead to 

livestock loss. The impact on animal productivity due to increased variability in weather patterns will 
likely be far greater than effects associated with the average change in climatic conditions. 
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9(f) Freshwater and Marine Fisheries 
 
Freshwater fisheries are sensitive to changes in temperature and water supply, which affect flows of rivers 
and streams, as well as lake levels.  Climate change can interact with other factors that affect the health of 
fish and productivity of fisheries (e.g., habitat loss, land-use change).   
 
The IPCC (Field et al., 2007 and references therein) reviewed a number of North American studies 
showing how freshwater fish are sensitive to, or are being affected by, observed changes in climate: 
 
 Cold- and cool-water fish, especially salmonids, have been declining as warmer/drier conditions 

reduce their habitat. The sea-run salmon stocks are in steep decline throughout much of North 
America.  

 Pacific salmon have been appearing in Arctic rivers.58 
 Salmonid species have been affected by warming in U.S. streams.  
 Success of adult spawning and survival of fry brook trout is closely linked to cold ground water 

seeps, which provide preferred temperature refuges for lake-dwelling populations. Rates of fish egg 
development and mortality increase with temperature rise within species-specific tolerance ranges. 

 
Regarding the impacts of future climate change, IPCC concluded, with high confidence for North 
America, that cold-water fisheries will likely be negatively affected; warm-water fisheries will generally 
benefit; and the results for cool-water fisheries will be mixed, with gains in the northern and losses in the 
southern portions of ranges (Field et al., 2007).  A number of specific impacts by fish species and region 
in North America are projected (Field et al., 2007 and references therein): 
 
 Salmonids, which prefer cold water, are likely to experience the most negative impacts.  
 Arctic freshwaters will likely be most affected, as they will experience the greatest warming.  
 Many warm-water and cool-water species will shift their ranges northward or to higher altitudes.  
 In the continental United States, cold-water species will likely disappear from all but the deeper lakes, 

cool-water species will be lost mainly from shallow lakes, and warm water species will thrive except 
in the far south, where temperatures in shallow lakes will exceed survival thresholds. 

 
Climate variability and change can also impact fisheries in coastal and estuarine waters, although non-
climatic factors, such as overfishing and habitat loss and degradation, are already responsible for reducing 
fish stocks (Nicholls et al., 2007).  Coral reefs, for example, are vulnerable to a range of stresses and for 
many reefs, thermal stress thresholds will be crossed, resulting in bleaching, with severe adverse 
consequences for reef-based fisheries (Nicholls et al., 2007).  Increased storm intensity, temperature, and 
salt-water intrusion in coastal water bodies can also adversely impact coastal fisheries production. 
 

                                                 
58 Arctic includes large regions of Alaska, and the Alaskan indigenous population makes up largest indigenous 
population of the Arctic (see ACIA, 2004). 
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Section 10 
 
Forestry 
 
This section addresses how climate change may affect forestry, including timber yields, wildfires and 
drought risk, forest composition, and pests in the United States   
. 
The CCSP report addressing forestry and land resources (Ryan et al., 2008) notes climate strongly 
influences forest productivity, species composition, and the frequency of and magnitude of disturbances 
that impact forests and made the following general conclusions for the United States:  
 
 Climate change has very likely increased the size and number of forest fires, insect outbreaks, and 

tree mortality in the interior West, the Southwest, and Alaska, and will continue to do so. An 
increased frequency of disturbance (such as drought, storms, insect outbreaks, and wildfire) is at least 
as important to ecosystem function as incremental changes in temperature, precipitation, atmospheric 
CO2, nitrogen deposition, and ozone pollution. Disturbances partially or completely change forest 
ecosystem structure and species composition, cause short-term productivity and carbon storage loss, 
allow better opportunities for invasive alien species to become established, and command more public 
and management attention and resources.  

 
 Rising CO2 will very likely increase photosynthesis for forests, but the increased photosynthesis will 

likely only increase wood production in young forests on fertile soils. 
 
 Nitrogen deposition and warmer temperatures have very likely increased forest growth where water is 

not limiting and will continue to do so in the near future. 
 
 The combined effects of expected increased temperature, CO2, nitrogen deposition, ozone, and forest 

disturbance on soil processes and soil carbon storage remain unclear. 
 
Globally, the IPCC (Easterling et al., 2007) concludes that modeling studies predict increased global 
timber production but that regional production will exhibit large variability.  However, it notes CO2 
enrichment effects may be overestimated in models. 
 
For North America, the IPCC (Field et al., 2007) concludes: 
 
 Overall forest growth in North America will likely increase modestly (10 to 20%) as a result of 

extended growing seasons and elevated CO2 over the next century but with important spatial and 
temporal variation (medium confidence).59 

 
 Disturbances like wildfire and insect outbreaks are increasing and are likely to intensify in a warmer 

future with drier soils and longer growing seasons (very high confidence).  Although recent climate 
trends have increased vegetation growth, continuing increases in disturbances are likely to limit 
carbon storage, facilitate invasive species, and disrupt ecosystem services.  

 
 Over the 21st century, pressure for tree species to shift north and to higher elevations will 

fundamentally rearrange North American ecosystems.  Differential capacities for range shifts and 

                                                 
59 According to IPCC terminology, “medium confidence” conveys a 5 out of 10 chance of being correct.  See Box 
1.2 for a full description of IPCC’s uncertainty terms. 
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constraints from development, habitat fragmentation, invasive species, and broken ecological 
connections will alter ecosystem structure, function, and services. 

 
10(a)  Forest Productivity   
 
Forestry productivity is known to be sensitive to changes in climate variables (e.g. temperature, radiation, 
precipitation, water vapor pressure in the air, and wind speed), as these affect a number of physical, 
chemical, and biological processes in forest systems (Easterling, et al., 2007).  However, as noted in a 
CCSP report addressing the forest sector (Ryan et al., 2008), it is difficult to separate the role of climate 
from other potentially influencing factors, particularly because these interactions vary by location. 
 
For the United States as a whole, forest growth and productivity have been observed to increase since the 
middle of the 20th century, in part due to observed climate change.  Nitrogen deposition and warmer 
temperatures have very likely increased forest growth where water is not limiting (Ryan et al., 2008).  The 
IPCC (Field et al., 2007 and references therein) outlines a number of studies demonstrating the observed 
connection between changes in U.S. forest growth and changes in climate variables: 
 
 Forest growth appears to be slowly accelerating (less than 1% per decade) in regions where tree 

growth has historically been limited by low temperatures and short growing seasons.   
 The length of the vegetation growing season has increased an average of two days per decade since 

1950 in the conterminous United States, with most of the increase resulting from earlier spring 
warming.   

 Growth is slowing in areas subject to drought.  
 On dry south-facing slopes in Alaska, growth of white spruce has decreased over the last 90 years, 

due to increased drought stress.   
 In semi-arid forests of the southwestern United States, growth rates have decreased since 1895, 

correlated with drought from warming temperatures. 
 Mountain forests are increasingly encroached upon from other species native to adjacent lowlands, 

while simultaneously losing high altitude habitats due to warming (Fischlin et al., 2007). 
 In Colorado, aspen have advanced into the more cold-tolerant spruce-fir forests over the past 100 

years. 
 A combination of warmer temperatures and insect infestations has resulted in economically 

significant losses of the forest resource base in Alaska. 
 
Forest productivity gains may result through: 1) the direct stimulatory CO2 fertilization effect (although 
the magnitude of this effect remains uncertain over the long term and can be curtailed by other changing 
factors); 2) warming in cold climates, given concomitant precipitation increases to compensate for 
possibly increasing water vapor pressure deficits; and 3) precipitation increases under water-limited 
conditions (Fischlin et al., 2007).  Most trees and shrubs use the C3 photosynthetic pathway, which means 
they respond more favorably to CO2 enrichment than plants that use the C4 pathway increasing the 
competitive ability of C3 versus C4 plants in water-limited systems (Ryan et al., 2008). 
 
New studies suggest that direct CO2 effects on tree growth may be lower than previously assumed 
(Easterling et al., 2007).  Additionally, the initial increase in growth increments may be limited by 
competition, disturbance, air pollutants (primarily tropospheric ozone), nutrient limitations, ecological 
processes, and other factors, and the response is site- and species-specific (Easterling et al., 2007).  
Similarly, Ryan et al. (2008) stated that, where nutrients are not limiting, rising CO2 increases 
photosynthesis and wood production (with younger stands responding most strongly), but that on infertile 
soils the extra carbon from increased photosynthesis will be quickly respired. 
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The general findings from a number of recent syntheses using data from the three American and one 
European CO2-enrichment FACE study sites show that North American forests will absorb more CO2 and 
might retain more carbon as atmospheric CO2 increases. The increase in the rate of carbon sequestration 
will be highest (mostly in wood) on nutrient-rich soils with no water limitation and will decrease with 
decreasing fertility and water supply. Several yet unresolved questions prevent a definitive assessment of 
the effect of elevated CO2 on other components of the carbon cycle in forest ecosystems (Ryan et al., 
2008). 
 
Precipitation and weather extremes are key to many forestry impacts, accounting for part of the regional 
variability in forest response (Easterling et al., 2007).  Ryan et al. (2008) note forest productivity varies 
with annual precipitation across broad gradients and with interannual variability within sites.  They 
conclude if existing trends in precipitation continue: 
 
 Forest productivity will likely decrease in the Interior West, the Southwest, eastern portions of the 

Southeast, and Alaska.  
 Forest productivity will likely increase in the northeastern United States, the Lake States, and in 

western portions of the Southeast.  
 
They also state an increase in drought events will very likely reduce forest productivity wherever these 
events occur. 
 
As with crop yields, ozone pollution will modify the effects of elevated CO2 and any changes in 
temperature and precipitation, but these multiple interactions are difficult to predict because they have 
been poorly studied (Ryan et al., 2008).  Nitrogen deposition has likely increased forest growth rates over 
large areas, and interacts positively to enhance the forest growth response to increasing CO2. These 
effects are expected to continue in the future as nitrogen deposition and rising CO2 continue. 
 
For the projected temperature increases over the next few decades, most studies support the conclusion 
that a modest warming of a few degrees Celsius will lead to greater tree growth in the United States 
Simulations with yield models show that climate change can increase global timber production through 
location changes of forests and higher growth rates, especially when positive effects of elevated CO2 
concentration are taken into consideration (Easterling et al., 2007).  There are many causes for this 
enhancement including direct physiological CO2 effects, a longer growing season, and potentially greater 
mineralization of soil nutrients. Because different species may respond somewhat differently to warming, 
the competitive balance of species in forests may change. Trees will probably become established in 
formerly colder habitats (more northerly, higher altitude) than at present (Ryan et al., 2008). 
 
Productivity gains in one area can occur simultaneously with productivity losses in other areas.  For a 
widespread species like lodgepole pine, a 3ºC temperature increase would increase growth in the northern 
part of its range, decrease growth in the middle, and decimate southern forests (Field et al., 2007). 
Climate change is expected to increase California timber production by the 2020s because of stimulated 
growth in the standing forest.  In the long run (up to 2100), these productivity gains would be offset by 
reductions in productive area for softwoods growth.  Risks of losses from southern pine beetle likely 
depend on the seasonality of warming, with winter and spring warming leading to the greatest damage 
(Easterling et al., 2007 and references therein).  
 
10(b)  Wildfire and Drought Risk 
 
While in some cases a changing climate may have positive impacts on the productivity of forest systems, 
changes in disturbance patterns are expected to have a substantial impact on overall gains or losses.  More 
prevalent forest fire disturbances have recently been observed in the United States and other world 
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regions (Fischlin, et al., 2007).  According to a study cited in the recent USGCRP report (Karl et al., 
2009), Alaska has experienced large increases in fire, with the area burned more than doubling in recent 
decades, and as in the western United States higher, air temperature is a key factor.  Wildfires and 
droughts, among other extreme events (e.g., hurricanes) that can cause forest damage, pose the largest 
threats over time to forest ecosystems.   
 
Several lines of evidence suggest that large, stand-replacing wildfires will likely increase in frequency 
over the next several decades because of climate warming (Ryan et al., 2008).  General climate warming 
encourages wildfires by extending the summer period that dries fuels, promoting easier ignition and faster 
spread (Field et al., 2007).   
 
The IPCC (Field et al., 2007 and references therein) noted a number of observed changes to U.S. wildfire 
size and frequency, often associating these changes with changes in average temperatures: 
 
 Since 1980, an average of about 22,000 km2 yr-1 (8,500 mi2 yr-1) has burned in wildfires, almost twice 

the 1920–1980 average of about 13,000 km2 yr-1 (5,020 mi2 yr-1).   
 The forested area burned in the western United States from 1987–2003 is 6.7 times the area burned 

from 1970-1986.  
 Human vulnerability to wildfires has increased, with a rising population in the wildland-urban 

interface. 
 In the last three decades, the wildfire season in the western United States has increased by 78 days, 

and burn durations of fires greater than 1,000 hectares (ha) (2,470 acres) have increased from 7.5 to 
37.1 days, in response to a spring/summer warming of 1.6°F (0.87°C).  

 Earlier spring snowmelt has led to longer growing seasons and drought, especially at higher 
elevations, where the increase in wildfire activity has been greatest.   

 In the southwestern United States, fire activity is correlated with ENSO positive phases (La Niña) and 
higher Palmer Drought Severity Indices.60  El Niño events tend to bring wetter conditions to the 
southwest, enhancing the production of fine fuels61 and, La Niña events tend to bring drier conditions.  
Major fire years tend to follow the switching from El Niño to La Niña conditions due to buildup of 
material during wet years followed by desiccation during a dry year, whereas small fires are strongly 
associated directly with previous year drought. Other modes of atmospheric and oceanic variability 
are known to impact temperature and precipitation (Gutowski et al., 2008) and hence wildfire patterns 
and activity.  

 Increased temperature in the future will likely extend fire seasons throughout the western United 
States, with more fires occurring earlier and later than is currently typical, and will increase the total 
area burned in some regions.   

 
Though fires and extreme events are not well represented in models, current climate modeling studies 
suggest that increased temperatures and longer growing seasons will elevate fire risk in connection with 
increased aridity.  Some research identifies the possibility of a 10% increase in the seasonal severity of 
fire hazard over much of the United States under climate change (Easterling, et al., 2007).  For Arctic 
regions, forest fires are expected to increase in frequency and intensity (ACIA, 2004).  In California, the 
risk of increased wildfires as a result of climate change has been identified as a significant issue 
(California Energy Commission, 2006). 
 
                                                 
60 The Palmer Drought Severity Index (PSDI), used by NOAA, uses a formula that includes temperature and rainfall 
to determine dryness.  It is most effective in determining long-term drought.  Positive PDSI indicates wet conditions, 
and negative PDSI indicates dry conditions. 
61 Fine fuels are defined as fast-drying fuels which are less than 1/4-inch (0.64 cm) in diameter. These fuels (e.g., 
grass, leaves, needles) ignite readily and are consumed rapidly by fire when dry. 
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10(c) Forest Composition 
 
Climate change and associated changes in disturbance regimes will cause shifts in the distributions of tree 
species and alter forest species composition.  With warming, forests will extend further north and to 
higher elevations.  Over currently dry regions, increased precipitation may allow forests to displace 
grasslands and savannas.  Changes in forest composition in turn can alter the frequencies, intensities, and 
impacts of disturbances such as fire, insect outbreaks, and disease. 
 
In Alaska and neighboring Arctic regions, there is strong evidence of recent vegetation composition 
change, as outlined by the IPCC (Anisimov et al., 2007 and references therein): 
 
 Aerial photographs show increased shrub abundance in 70% of 200 locations.   
 Along the Arctic to sub-Arctic boundary, the tree-line has moved about 6 mi (10 km) northwards, and 

2% of Alaskan tundra on the Seward Peninsula has been displaced by forest in the past 50 years.  
 The pattern of northward and upward tree-line advances is comparable with earlier Holocene 

changes.  
 Analyses of satellite images indicate that the length of growing season is increasing by three days per 

decade in Alaska. 
 
Likely rates of migration northward and to higher elevations are uncertain and depend not only on climate 
change but also on future land-use patterns and habitat fragmentation, which can impede species 
migration.  Evidence of shifts in tree species has been observed in the Green Mountains of Vermont 
where temperatures have risen 2 to 4°F (4 to 7C) in the last 40 years.  As reported by USGCRP, the 
ranges of some mountain tree species in this region have shifted to higher elevations by 350 feet (107 m) 
in the last 40 years (Karl et al., 2009).  Tree communities were relatively unchanged at low and high 
elevations but in mid-elevation transition zones, the changes have been dramatic.  Tree species suited to 
cold conditions in the Green Mountains declined from 43 to 18% while species suited to warmer 
conditions increased from 57 to 82%. 
 
Bioclimate modeling based on outputs from five general circulation models suggests increases in tree 
species richness in the Northwest and decreases in the Southwest on long time scales (millennia).  Over 
the next century, however, even positive long-term species richness may lead to short-term decreases 
because species that are intolerant of local conditions may disappear relatively quickly while migration of 
new species into the area may be quite slow (Field, et al., 2007).  The Arctic Climate Impact Assessment 
(ACIA, 2004) also concluded that vegetation zones are projected to migrate northward, with forests 
encroaching on tundra and tundra encroaching on polar deserts.  Limitations in amount and quality of 
soils are likely to hinder these poleward shifts.   
 
10(d) Insects and Diseases 
 
Insects and diseases are a natural part of forested ecosystems and outbreaks often have complex causes.  
The effects of insects and diseases can vary from defoliation and retarded growth, to timber damage, to 
massive forest diebacks. Insect life cycles can be a factor in pest outbreaks; and insect life cycles are 
sensitive to climate change.  Many northern insects have a two-year life cycle, and warmer winter 
temperatures allow a larger fraction of overwintering larvae to survive.  Recently, spruce budworm in 
Alaska has completed its life cycle in one year, rather than the previously observed duration of two years 
(Field et al., 2007).  Recent warming trends in the United States have led to earlier spring activity of 
insects and proliferation of some species, such as the mountain pine beetle (Easterling et al., 2007).  
During the 1990s, Alaska’s Kenai Peninsula experienced an outbreak of spruce bark beetle over 6,200 
square miles (16,000 km2) with 10 to 20% tree mortality (Anisimov et al., 2007).  Also following recent 
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warming in Alaska, spruce budworm has reproduced farther north reaching problematic numbers 
(Anisimov et al., 2007).  Climate change may indirectly affect insect outbreaks by affecting the overall 
health and productivity of trees.  For example, susceptibility of trees to insects is increased when multi-
year droughts degrade the trees’ ability to generate defensive chemicals (Field, et al., 2007).  Warmer 
temperatures have already enhanced the opportunities for insect spread across the landscape in the United 
States and other world regions (Easterling et al., 2007). 
 
The IPCC (Easterling et al., 2007) stated that modeling of future climate change impacts on insect and 
pathogen outbreaks remains limited.  Nevertheless, the IPCC (Field et al., 2007) states with high 
confidence that, across North America, impacts of climate change on commercial forestry potential are 
likely to be sensitive to changes in disturbances from insects and diseases, as well as wildfires.   
 
The CCSP report (Ryan et al., 2008) states that the ranges of  the mountain pine beetle and southern pine 
beetle are projected to expand northward as a result of average temperature increases. Increased 
probability of spruce beetle outbreak as well as increase in climate suitability for mountain pine beetle 
attack in high-elevation ecosystems has also been projected in response to warming (Ryan et al., 2008). 
 
Climate change can shift the current boundaries of insects and pathogens and modify tree physiology and 
tree defense.  An increase in climate extremes may also promote plant disease and pest outbreaks 
(Easterling et al., 2007).  
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Section 11 
 
Water Resources 
 
This section covers climate change effects on U.S. water supply, water quality, extreme events affecting 
water resources, and water uses.  Information about observed trends as well as projected impacts is 
provided. 
 
The vulnerability of freshwater resources in the United States to climate change varies from region to 
region.  Although water management practices in the United States are generally advanced, particularly in 
the West, the reliance on past conditions as the basis for current and future planning may no longer be 
appropriate, as climate change increasingly creates conditions well outside of historical observations 
(Lettenmaier et al., 2008).  Examples of large U.S. water bodies where climate change raises a concern 
include the Great Lakes, Chesapeake Bay, Gulf of Mexico, and the Columbia River Basin. 
 
For North America, the IPCC (Field et al., 2007) concluded: 
 
 Climate change will constrain North America’s overallocated water resources, increasing competition 

among agricultural, municipal, industrial, and ecological uses (very high confidence)62.  Rising 
temperatures will diminish snowpack and increase evaporation, affecting seasonal availability of 
water.  Higher demand from economic development, agriculture and population growth will further 
limit surface and ground water availability.  In the Great Lakes and major river systems, lower levels 
are likely to exacerbate challenges relating to water quality, navigation, recreation, hydropower 
generation, water transfers, and binational relationships. 

 
11(a)  Water Supply and Snowpack 
 
Surface Water and Snowpack 
 
The semi-humid conditions of the eastern United States transition to drier conditions in the West that are 
interrupted by the Rocky Mountains.  The driest climates, however, exist in the Intermountain West and 
Southwest, becoming more humid toward the west and north to more humid conditions on the upslope 
areas of the Cascade and coastal mountain ranges, especially in the Pacific Northwest (Lettenmaier et al., 
2008). 
 
The IPCC and USGCRP reviewed a number of studies showing trends in U.S. precipitation patterns, 
surface water supply, and snowpack, and how climate change may be contributing to some of these trends 
(Field et al., 2007; Karl et al., 2009): 
 
 On average, annual precipitation has increased throughout most of North America.  However, much 

of the Southeast and West has experienced reductions in precipitation and increases in drought 
severity and duration, especially in the Southwest (Field et al., 2007).     

 Streamflow in the eastern United States has increased 25% in the last 60 years but has decreased by 
about 2% per decade in the central Rocky Mountain region over the last century (Field et al., 2007).   

 Since 1950, stream discharge in both the Colorado and Columbia river basins has decreased (Field et 
al., 2007).   

                                                 
62 According to IPCC terminology, “very high confidence” conveys a 9 out of 10 chance of being correct.  See Box 
1.2 for a full description of IPCC’s uncertainty terms. 
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 Over the past 50 years, there have been widespread temperature-related reductions in snowpack in the 
West, with the largest reductions occurring in lower elevation mountains in the Northwest and 
California where snowfall occurs at temperatures close to the freezing point (Karl et al., 2009).   

 In regions with winter snow, warming has shifted the magnitude and timing of hydrologic events.  
The fraction of annual precipitation falling as rain (rather than snow) increased at 74% of the weather 
stations studied in the western mountains of the United States from 1949 to 2004 (Field et al., 2007).  
Runoff in snowmelt-dominated areas is occurring up to 20 days earlier or more in the West, and up to 
14 days earlier in the Northeast (Karl et al., 2009).   

 Spring and summer snow cover has also decreased in the U.S. West (Field et al., 2007).   
 Break-up of river and lake ice across North America advanced by 0.2 to 12.9 days over the last 100 

years (Field et al., 2007). 
 
In the Arctic, precipitation has increased by about 8% on average over the past century. Much of the 
increase has fallen as rain, with the largest increases occurring in autumn and winter.  Later freeze-up and 
earlier break-up of river and lake ice have combined to reduce the ice season by one to three weeks in 
some areas.  Glaciers throughout North America are melting, and the particularly rapid retreat of Alaskan 
glaciers represents about half of the estimated loss of glacial mass worldwide (ACIA, 2004).  Permafrost 
plays a large role in the hydrology of lakes and ponds.  The spatial pattern of lake disappearance strongly 
suggests that permafrost thawing is driving the changes.  These changes to Arctic precipitation, ice extent, 
and glacial abundance will affect key regional biophysical systems, act as climatic feedbacks (primarily 
by changing surface albedo), and have socioeconomic impacts (high confidence) (Anisimov et al., 2007). 
 
In regions including the Colorado River, Columbia River, and Ogallala Aquifer, surface and/or ground 
water resources are intensively used and subject to competition from agricultural, municipal, industrial, 
and ecological needs.  This increases the potential vulnerability to future changes in timing and 
availability of water (Field et al., 2007).   
 
Climate change has already altered, and will continue to alter, the water cycle, affecting where, when, and 
how much water is available for all uses (Karl et al., 2009).  With higher temperatures, the water-holding 
capacity of the atmosphere and evaporation into the atmosphere increase, and this favors increased 
climate variability, with more intense precipitation and more droughts (Kundzewicz et al., 2007).  
Projections for the western mountains of the United States suggest that warming, and changes in the form, 
timing, and amount of precipitation will very likely (high confidence) lead to earlier melting and 
significant reductions in snowpack by the middle of the 21st century (Lettenmaier et al., 2008; Field et al., 
2007).  In mountainous snowmelt-dominated watersheds, projections suggest advances in the timing of 
snowmelt runoff, increases in winter and early spring flows (raising flooding potential), and substantially 
decreased summer flows.  Heavily utilized water systems of the western United States that rely on 
capturing snowmelt runoff, such as the Columbia River system, will be especially vulnerable (Field et al., 
2007).  Reduced snowpack has been identified as a major concern for the state of California (California 
Energy Commission, 2006). 
 
Globally, current water management practices are very likely to be inadequate to reduce the negative 
impacts of climate change on water supply reliability, flood risk, and aquatic ecosystems (very high 
confidence) (Kundzewicz et al., 2007).  Less reliable supplies of water are likely to create challenges for 
managing urban water systems as well as for industries that depend on large volumes of water.  It is 
projected that the negative impacts of climate change on freshwater systems outweigh its benefits (high 
confidence).  Areas in which runoff is projected to decline are likely to face a reduction in the value of the 
services provided by water resources (very high confidence).  The beneficial impacts of increased annual 
runoff in other areas will be tempered by the negative effects of increased precipitation variability and 
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seasonal runoff shifts on water supply, water quality, and flood risks (high confidence) (Kundzewicz, 
2007).   
 
U.S. water managers currently anticipate local, regional, or state-wide water shortages over the next 10 
years.  Threats to reliable supply are complicated by high population growth rates in western states where 
many resources are at or approaching full utilization.  In eastern North America, daily precipitation so 
heavy that it now occurs only once every 20 years is projected to occur approximately every eight years 
by the end of this century, under a mid-range emissions scenario (CCSP, 2008i).  Potential increases in 
heavy precipitation, with expanding impervious surfaces, could increase urban flood risks and create 
additional design challenges and costs for stormwater management (Field et al., 2007).  The IPCC (Field 
et al., 2007 and references therein) reviewed several regional-level studies on climate change impacts to 
U.S. water management which showed: 
 
 In the Great Lakes–St. Lawrence Basin, many, but not all, assessments project lower net basin 

supplies and lake water levels. Lower water levels are likely to influence many sectors, with multiple, 
interacting impacts (IPCC: high confidence). Atmosphere–lake interactions contribute to the 
uncertainty in assessing these impacts.   

 Urban water supply systems in North America often draw water from considerable distances, so 
climate impacts need not be local to affect cities.  By the 2020s, 41% of the water supply to southern 
California is likely to be vulnerable due to snowpack loss in the Sierra Nevadas and Colorado River 
basin.   

 The New York area will likely experience greater water supply variability.  New York City’s system 
can likely adapt to future changes, but the region’s smaller systems may be vulnerable, leading to a 
need for enhanced regional water distribution plans. 

 
In the Arctic, river discharge to the ocean has increased during the past few decades, and peak flows in 
the spring are occurring earlier.  These changes are projected to accelerate with future climate change.  
Snow cover extent in Alaska is projected to decrease by 10 to 20% by the 2070s, with greatest declines in 
spring (ACIA, 2004 and reference therein). 
 
The IPCC concluded with high confidence that under most climate change scenarios, water resources in 
small islands around the globe are likely to be seriously compromised (Mimura et al., 2007).  Most small 
islands have a limited water supply, and water resources in these islands are especially vulnerable to 
future changes and distribution of rainfall.  Reduced rainfall typically leads to decreased surface water 
supply and slower recharge rates of the freshwater lens63, which can result in prolonged drought impacts. 
Many islands in the Caribbean (which include U.S. territories of Puerto Rico and U.S. Virgin Islands) and 
Pacific (including American Samoa, the Marshall Islands, and Republic of Palau) are likely to experience 
increased water stress as a result of climate change.  Under all SRES scenarios, reduced rainfall in 
summer is projected for the Caribbean, making it unlikely that the demand for water resources will be 
met.  Increased rainfall in winter is unlikely to compensate for these water deficits due to lack of storage 
capacity (Mimura et al., 2007). 
 
Ground Water 
 
Ground water systems generally respond more slowly to climate change than surface water systems.  
Limited data on existing supplies of ground water makes it difficult to understand and measure climate 

                                                 
63 Freshwater lens is defined as a relatively thin layer of freshwater within island aquifer systems that floats on an 
underlying mass of denser seawater.  Numerous factors control the shape and thickness of the lens, including the 
rate of recharge from precipitation, island geometry, and geologic features such as the permeability of soil layers. 

A-210



 113

effects.  In general, ground water levels correlate most strongly with precipitation, but temperature 
becomes more important for shallow aquifers, especially during warm periods.  In semi-arid and arid 
areas, ground water resources are particularly vulnerable because precipitation and streamflow are 
concentrated over a few months, year-to-year variability is high, and deep ground water wells or 
reservoirs generally do not exist (Kundzewicz et al., 2007). 
 
With climate change, availability of ground water is likely to be influenced by changes in withdrawals 
(reflecting development, demand, and availability of other sources) and recharge (determined by 
temperature, timing, and amount of precipitation, and surface water interactions) (medium confidence). In 
general, simulated aquifer levels respond to changes in temperature, precipitation, and the level of 
withdrawal.  According to IPCC, base flows were found to decrease in scenarios that are drier or have 
higher pumping rates, and increase in wetter scenarios on average across world regions (Kundzewicz et 
al., 2007).  Changes in vegetation and soils that occur as temperature changes or due to fire or pest 
outbreaks are also likely to affect recharge by altering evaporation and infiltration rates.  More frequent 
and larger floods are likely to increase ground water recharge in semi-arid and arid areas, where most 
recharge occurs through dry streambeds after heavy rainfalls and floods (Karl et al., 2009).   
 
Projections suggest that efforts to offset declining surface water availability by increasing ground water 
withdrawals will be hampered by decreases in ground water recharge in some water-stressed regions, 
such as the southwest United States.  Vulnerability in these areas is also often exacerbated by the rapid 
increase of population and water demand (high confidence) (Kundzewicz et al., 2007).  Projections for the 
Ogallala aquifer region suggest that natural ground water recharge decreases more than 20% in all 
simulations with different climate models and future warming scenarios of 4.5F (2.5°C) or greater (Field 
et al., 2007 and reference therein). 
 
In addition, sea level rise will extend areas of salinization of ground water and estuaries, resulting in a 
decrease in freshwater availability for humans and ecosystems in coastal areas.  For a discussion of these 
impacts, see Section 12. 
 
11(b) Water Quality 
 
The IPCC concluded with high confidence that higher water temperatures, increased precipitation 
intensity, and longer periods of low flows exacerbate many forms of water pollution and can impact 
ecosystems, human health, and water system reliability and operating costs (Kundzewicz et al., 2007).  A 
CCSP (2008e) report also acknowledges that water quality is sensitive to both increased water 
temperatures and changes in precipitation; however, most water quality changes observed so far in the 
United States are likely attributable to causes other than climate change. 
 
Pollutants of concern particularly relevant to climate change effects include sediment, nutrients, organic 
matter, pathogens, pesticides, salt, and thermal pollution (Kundzewicz et al., 2007).  The IPCC 
(Kundzewicz et al., 2007) reviewed several studies discussing the observed impacts of climate change on 
water quality that showed: 
 
 In lakes and reservoirs, climate change effects are primarily caused by water temperature variations.  

These variations can be caused by climate change or indirectly through increases in thermal pollution 
as a result of higher demand for cooling water in the energy sector.  This affects, for the United States 
and all world regions, dissolved oxygen regimes, redox potentials64, lake stratification, mixing rates, 
and the development of aquatic biota, as they all depend on water temperature.  Increasing water 

                                                 
64 Redox potential is defined as the tendency of a chemical species to acquire electrons and therefore be reduced. 
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temperature affects the self-purification capacity of rivers by reducing the amount of dissolved 
oxygen available for biodegradation.     

 
 Water pollution problems are exacerbated during low flow conditions where small water quantities 

result in less dilution and greater concentrations of pollutants.    
 
 Heavy precipitation frequencies in the United States were at a minimum in the 1920s and 1930s and 

have increased through the 1990s (Field, et al., 2007).  Increases in intense rain events result in the 
introduction of more sediment, nutrients, pathogens, and toxics into water bodies from non-point 
sources but these events also provide the pulse flow needed for some ecosystems.   

 
North American simulations of future surface and bottom water temperatures of lakes, reservoirs, rivers, 
and estuaries consistently increase, with summer surface temperatures exceeding 86F (30°C) in 
Midwestern and southern lakes and reservoirs. The IPCC projects that warming is likely to extend and 
intensify summer thermal stratification in surface waters, further contributing to oxygen depletion (Field 
et al., 2007 and references therein).  Oxygen is essential for most living things, and its availability is 
reduced at higher temperatures both because the amount that can be dissolved in water is lower and 
because respiration rates of living things are higher.  Low oxygen stresses aquatic animals such as 
coldwater fish and the insects and crustaceans on which they feed.  Lower oxygen levels also decrease the 
self-purification capabilities of rivers (Karl et al., 2009). 
 
Climate models consistently project that the eastern United States will experience increased runoff, while 
there will be substantial declines in the interior West, especially the Southwest.  While this represents the 
projected general trends, important regional and seasonal differences exist, and there is less agreement 
among model projections for some areas (e.g., the Southeast).  Projections for runoff in California and 
other parts of the West also show reductions, although less than in the interior West (Karl et al., 2009).  
Higher water temperature and variations in runoff are likely to produce adverse changes in water quality 
affecting human health, ecosystems, and water uses.  Elevated surface water temperatures will promote 
algal blooms and increases in bacteria and fungi levels.  Increases in water temperature can also make 
some contaminants, such as ammonia (U.S. EPA, 1999), more toxic for some species and foster the 
growth of microbial pathogens in sources of drinking water.  Warmer waters  also transfer volatile and 
semi-volatile compounds (ammonia, mercury, polychlorinated biphenyls [PCBs], dioxins, pesticides) 
from surface water bodies to the atmosphere more rapidly (Kundzewicz et al., 2007).  Although this 
transfer will improve water quality, this may have implications for air quality. 
 
Lowering of the water levels in rivers and lakes can lead to re-suspension of bottom sediments and 
liberating compounds, with negative effects on water supplies (Field et al., 2007 and references therein).  
These impacts can lead to a bad odor and taste in chlorinated drinking water and greater occurrence of 
toxins.  More intense rainfall will lead to increases in suspended solids (turbidity) and pollutant levels in 
water bodies due to soil erosion (Kundzewicz et al., 2007).  Moreover, even with enhanced phosphorus 
removal in wastewater treatment plants, algal growth in water bodies may increase with warming over the 
long term.  Increasing nutrient and sediment loads due to more intense runoff events will negatively affect 
water quality, requiring additional treatment to render it suitable for drinking water. 
 
In coastal areas, precipitation increases on land have increased river runoff, polluting coastal waters with 
more nitrogen and phosphorous, sediments, and other contaminants (Karl et al., 2009).  The direct 
influence of sea level rise on freshwater resources comes principally from seawater intrusion into surface 
waters and coastal aquifers and further encroachment of saltwater into estuaries and coastal river systems.  
These changes can have significant impacts on coastal populations relying on surface water or coastal 
aquifers for drinking water (Nicholls et al., 2007). 
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Climate change is likely to make it more difficult to achieve existing water quality goals for sediment 
(IPCC: high confidence) because hydrologic changes affect many geomorphic processes including soil 
erosion, slope stability, channel erosion, and sediment transport (Field et al., 2007).  IPCC reviewed a 
number of region-specific studies on U.S. water quality and projected that: 
 
 Changes in precipitation may increase nitrogen loads from rivers in the Chesapeake and Delaware 

Bay regions by up to 50% by 2030 (Kundzewicz et al., 2007 and reference therein). 
 
 Decreases in snow cover and increases in winter rain on bare soil will likely lengthen the erosion 

season and enhance erosion intensity.  This will increase the potential for sediment-related water 
quality impacts in agricultural areas without appropriate soil management techniques (Field et al., 
2007 and reference therein).  All studies on soil erosion suggest that increased rainfall amounts and 
intensities will lead to greater rates of erosion, within the United States and in other regions, unless 
protection measures are taken (Kundzewicz et al., 2007).  Soil management practices (e.g., crop 
residue, no-till) in some regions (e.g., the Corn Belt) may not provide sufficient erosion protection 
against future intense precipitation and associated runoff (Field et al., 2007). 

 
11(c)  Extreme Events 
 
There are a number of climatic and non-climatic drivers influencing flood and drought impacts. Whether 
risks are realized depends on several factors.  Floods can be caused by intense and/or long-lasting 
precipitation events, rapid snowmelt, dam failure, or reduced conveyance due to ice jams or landslides.  
Flood magnitude and spatial extent depend on the intensity, volume, and time of precipitation, and the 
antecedent conditions of rivers and their drainage basins (e.g., presence of snow and ice, soil composition, 
level of human development, existence of dikes, dams, and reservoirs) (Kundzewicz et al., 2007).   
 
Precipitation intensity will increase across the United States, but particularly at mid- and high latitudes 
where mean precipitation also increases.  This increase will affect the risk of flash flooding and urban 
flooding (Kundzewicz et al., 2007).  Some studies project widespread increases in extreme precipitation 
with greater risks of not only flooding from intense precipitation but also droughts from greater temporal 
variability in precipitation.  In general, projected changes in precipitation extremes are larger than 
changes in mean precipitation (Field et al., 2007). 
 
It is likely that anthropogenic warming has increased the impacts of drought over North America in recent 
decades, but the magnitude of the effect is uncertain (CCSP, 2008g).  The socioeconomic impacts of 
droughts arise from the interaction between climate, natural conditions, and human factors such as 
changes in land use.  In dry areas, excessive water withdrawals from surface and ground water sources 
can exacerbate the impacts of drought (Kundzewicz et al., 2007).  Although drought has been more 
frequent and intense in the western part of the United States, the East is also vulnerable to droughts and 
attendant reductions in water supply, changes in water quality and ecosystem function, and challenges in 
allocation (Field et al., 2007).   
 
An additional impact of greenhouse warming is a likely increase in evapotranspiration during drought 
episodes, thus sustaining and amplifying impacts, because of warmer land surface temperatures.  This 
effect would not have initiated drought conditions but would be an additional factor, one that is likely to 
grow as climate warms and result in longer, more intense droughts.  Hence, by adding additional water 
stress, warming can exacerbate naturally occurring droughts, in addition to influencing the meteorological 
conditions responsible for drought (Hoerling et al., 2008). 
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In addition to the effects on water supply, extreme events, such as floods and droughts, will likely reduce 
water quality.  Increased erosion and runoff rates during flood events will wash pollutants (e.g., organic 
matter, fertilizers, pesticides, heavy metals) from soils into water bodies, with subsequent impacts to 
species and ecosystems. Heavy rains and floods beyond the design capacity of water treatment systems 
will likely cause overflows of combined sewer systems65 and untreated wastewater discharges from 
overwhelmed or damaged wastewater treatment plants, resulting in impaired water quality and risks to 
human health (Karl et al., 2009). During drought events, the lack of precipitation and subsequent low flow 
conditions will impair water quality by reducing the amount of water available to dilute pollutants.  These 
effects from floods and droughts will make it more difficult to achieve pollutant discharge limits and 
water quality goals (Kundzewicz et al., 2007). 
 
11(d)   Implications for Water Uses 
 
There are many competing water uses in the United States that will be adversely impacted by climate 
change impacts to water supply and quality.  Furthermore, the past century is no longer a reasonable 
guide to the future for water management (Karl et al., 2009).  The IPCC reviewed a number of studies 
describing the impacts of climate change on water uses in the United States that showed: 
 
 Decreased water supply and lower water levels are likely to exacerbate challenges relating to 

navigation in the United States (Field et al., 2007).  Some studies have found that low-flow conditions 
may restrict ship loading in shallow ports and harbors (Kundzewicz et al., 2007).  However, 
navigational benefits from climate change exist as well.  For example, the navigation season for the 
North Sea Route is projected to increase from the current 20 to 30 days per year to 90 to 100 days by 
2080 (ACIA, 2004 and references therein).    

 Climate change impacts to water supply and quality will affect agricultural practices, including the 
increase of irrigation demand in dry regions and the aggravation of non-point source water pollution 
problems in areas susceptible to intense rainfall events and flooding (Field et al., 2007).  For more 
information on climate change impacts to agriculture, see Section 9. 

 The U.S. energy sector, which relies heavily on water for generation (hydropower) and cooling 
capacity, will be adversely impacted by changes to water supply and quality in reservoirs and other 
water bodies (Wilbanks et al., 2007).  For more information on climate change impacts to the energy 
sector, see Section 13. 

 Climate-induced environmental changes (e.g., loss of glaciers, reduced river discharge in some 
regions, reduced snow fall in winter) will affect park tourism, winter sport activities, inland water 
sports (e.g., fishing, rafting, boating), and other recreational uses dependent upon precipitation (Field 
et al., 2007).  While the North American tourism industry acknowledges the important influence of 
climate, its impacts have not been analyzed comprehensively. 

 Ecological uses of water could be adversely impacted by climate change.  Temperature increases and 
changed precipitation patterns alter flow and flow timing.  These changes will threaten aquatic 
ecosystems (Kundzewicz et. al., 2007).  For more information, on climate change impacts on 
ecosystems and wildlife, see Section 14. 

 By changing the existing patterns of precipitation and runoff, climate change will further stress 
existing water disputes across the United States.  Disputes currently exist in the Klamath River, 
Sacramento Delta, Colorado River, Great Lakes region, and Apalachicola-Chattahoochee-Flint River 
system (Karl et al., 2009).  

                                                 
65 Combined sewer systems are an older infrastructure design that carries storm water and sewage in the same pipes.  
During heavy rains, these systems often cannot handle the volume, and untreated sewage is discharged into lakes or 
waterways, including drinking water supplies and places where people swim. 
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Section 12 
 
Sea Level Rise and Coastal Areas 
 
This section discusses areas in the United States vulnerable to sea level rise, associated interactions with 
coastal development, important coastal processes, observed and projected impacts, and how climate 
change effects on extreme events will impact coastal areas.  Information on the observed and projected 
rates of sea level rise due to climate change can be found in Sections 4(g) and 6(c), respectively. 
Information on ocean acidification is discussed in Sections 4(l), 6(b), and 14(a). 
 
The IPCC (Field et al., 2007) concluded the following when considering how climate change effects, 
including sea level rise, may result in impacts to North American coasts: 
 
 Coastal communities and habitats will be increasingly stressed by climate change impacts interacting 

with development and pollution (very high confidence).66  Sea level is rising along much of the coast, 
and the rate of change will increase in the future, exacerbating the impacts of progressive inundation, 
storm-surge flooding, and shoreline erosion.   

 Storm impacts are likely to be more severe, especially along the Gulf and Atlantic coasts.  Salt 
marshes, other coastal habitats, and dependent species are threatened by sea level rise, fixed structures 
blocking landward migration, and changes in vegetation.  Population growth and rising value of 
infrastructure in coastal areas increases vulnerability to climate variability and future climate change.  

 
12(a)  Vulnerable Areas  
 
Interaction With Coastal Zone Development 
 
Coastal population growth in deltas, barrier islands, and estuaries has led to widespread conversion of 
natural coastal landscapes to agriculture and aquaculture as well as industrial and residential uses.  
According to NOAA (Crossett et al., 2004), approximately 153 million people (53% of the total 
population) lived in the 673 U.S. coastal counties67 in 2003.  This represents an increase of 33 million 
people since 1980, and by 2008, the number was projected to rise to 160 million.  This population growth, 
the rising value of coastal property, and the projected increases in storm intensity have increased the 
vulnerability of coastal areas to climate variability and future climate change (IPCC, 2007b). 
   
For small islands, the coastline is long, relative to island area.  As a result, many resources and ecosystem 
services are threatened by a combination of human pressures and climate change effects, including sea 
level rise, increases in sea surface temperature, and possible increases in extreme weather events (Mimura 
et al., 2007).  
 
Coastal and ocean activities contribute more than $1 trillion to the U.S. gross domestic product (Karl et 
al., 2009).  Although climate change is impacting coastal systems, non-climate human impacts have been 
more damaging over the past century.  The major non-climate impacts for the United States and other 
world regions include drainage of coastal wetlands, resource extraction68, deforestation, introductions of 
invasive species, shoreline protection, and the discharge of sewage, fertilizers, and contaminants into 
                                                 
66 According to IPCC terminology, “very high confidence” conveys a 9 out of 10 chance of being correct.  See Box 
1.2 for a full description of IPCC’s uncertainty terms. 
67 “Coastal county” is generally defined in NOAA reports as a county in which at least 15% of its total land area is 
located within a coastal watershed.   
68 Resource extraction activities in coastal areas include sand/coral mining, hydrocarbon production, and commercial 
and recreational fishing. 
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coastal waters (Nicholls et al., 2007).  The cumulative effect of these non-climate, anthropogenic impacts 
increases the vulnerability of coastal systems to climate-related stressors.  
 
Coastal Processes 
 
Climate change and sea level rise affect sediment transport in complex ways.  Erosion and ecosystem loss 
is affecting many parts of the U.S. coastline, but it remains unclear to what extent these losses result from 
climate change instead of land loss associated with relative sea level rise due to subsidence and other 
human drivers (Nicholls et al., 2007).   
 
Coastal wetland loss is also being observed in the United States where these ecosystems are squeezed 
between natural and artificial landward boundaries and rising sea levels, a process known as “coastal 
squeeze” (Field et al., 2007).  The degradation of coastal ecosystems, especially wetlands and coral reefs, 
can have serious implications for the well-being of societies dependent on them for goods and services 
(Nicholls et al., 2007).  For more information regarding climate change impacts to coral reefs, see Section 
14. 
 
Engineering structures, such as bulkheads, dams, channelizations, and diversions of coastal waterways, 
limit sediment supply to coastal areas.  Wetlands are especially threatened by sea level rise when 
insufficient amounts of sediment from upland watersheds are deposited on them.  If sea level rises slowly, 
the balance between sediment supply and morphological adjustment can be maintained if a salt marsh 
vertically accretes69, or a lagoon infills, at the same rate.  However, an acceleration in the rate of sea level 
rise may mean that coastal marshes and wetlands cannot keep up, particularly where the supply of 
sediment is limited (e.g., where coastal floodplains are inundated after natural levees or artificial 
embankments are overtopped) (Nicholls et al., 2007). 
 
Although open coasts have been the focus of research on erosion and shore stabilization technology, 
sheltered coastal areas in the United States are also vulnerable and suffer secondary effects from rising 
seas (NRC, 2006a).  For example, barrier island erosion in Louisiana has increased the height of waves 
reaching the shorelines of coastal bays.  This has enhanced erosion rates of beaches, tidal creeks, and 
adjacent wetlands.  The impacts on gravel beaches have received less attention than sandy beaches; 
however these systems are threatened by sea level rise, even under high wetland accretion rates.  The 
persistence of gravel and cobble-boulder beaches will also be influenced by storms, tectonic events, and 
other factors that build and reshape these highly dynamic shorelines (Nicholls et al., 2007). 
 
Observed Changes 
 
According to the IPCC, most of the world’s sandy shorelines retreated during the past century, and 
climate change-induced sea level rise is one underlying cause.  Over the past century in the United States, 
more than 50% of the original salt marsh habitat has been lost.  In Mississippi and Texas, over half of the 
shorelines eroded at average rates of 8.5 to 10 feet yr-1 (2.6 to 3.1 m yr–1)  since the 1970s, while 90% of 
the Louisiana shoreline eroded at a rate of 39 feet yr-1 (12.0 m yr-1 ) (Nicholls et al., 2007 and references 
therein).  High rates of relative sea level rise, coupled with cutting off the supply of sediments from the 
Mississippi River and other human alterations, have resulted in the loss of 1,900 square miles (4900 km2) 
of Louisiana’s coastal wetlands during the past century, weakening their capacity to absorb the storm 
surge of hurricanes such as Katrina (Karl et al., 2009). 
 

                                                 
69 The term “vertical accretion” is defined as the accumulation of sediments and other materials in a wetland habitat 
that results in build-up of the land in a vertical direction. 
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In the Great Lakes where sea level rise is not a concern, both extremely high and low water levels 
resulting from changes to the hydrological cycle have been damaging and disruptive to shoreline 
communities (Nicholls et al., 2007).  Future changes to the hydrological cycle brought on by climate 
change may exacerbate these effects (Field et al., 2007; Bates et al., 2008).  High lake water levels 
increase storm surge flooding, accelerate shoreline erosion, and damage industrial and commercial 
infrastructure located on the shore.  Conversely, low lake water levels can pose problems for navigation, 
expose intake/discharge pipes for electrical utilities and municipal water treatment plants, and cause 
unpleasant odors.   
 
In the Arctic, coastal stability is affected by factors common to all areas (e.g., shoreline exposure, relative 
sea level change, climate, and local geology), and by factors specific to the high latitudes (e.g., low 
temperatures, ground ice, and sea ice) (Anisimov et al., 2007).  Adverse impacts have already been 
observed along Alaskan coasts, and traditional knowledge points to widespread coastal change in Alaska.  
Rising temperatures in Alaska are reducing the thickness and spatial extent of sea ice.  This creates more 
open water and allows for winds to generate stronger waves, which increase shoreline erosion.  Sea level 
rise and thawing of coastal permafrost exacerbate this problem.  Higher waves will create even greater 
potential for this kind of erosion damage (ACIA, 2004). 
 
Projected Impacts 
 
The U.S. coastline is long and diverse with a wide range of coastal characteristics.  Sea level rise changes 
the shape and location of coastlines by moving them landward along low-lying contours and exposing 
new areas to erosion (NRC, 2006a).  Coasts subsiding due to natural or human-induced causes will 
experience larger relative rises in sea level.  In some locations, such as deltas and coastal cities (e.g., the 
Mississippi delta and surrounding cities), this effect can be significant (Nicholls et al., 2007).  Rapid 
development, including an additional 25 million people in the coastal United States over the next 25 
years, will further reduce the resilience of coastal areas to rising sea levels (Field et al., 2007).  
Superimposed on the impacts of erosion and subsidence, the effects of rising sea level will exacerbate the 
loss of waterfront property and increase vulnerability to inundation hazards (Nicholls et al., 2007).  Cities 
such as New Orleans, Miami, and New York are particularly at risk, and could have difficulty coping with 
the sea level rise projected by the end of the century under a higher emissions scenario (Karl et al., 2009). 
 
If sea level rise occurs over the next century at a rate consistent with the higher range of the 2007 IPCC 
scenarios (i.e., 1.6 to 2.0 feet (50 to 60 cm) rise in sea level by 2100), it is about as likely as not that some 
barrier island coasts in the mid-Atlantic region will cross a geomorphic threshold and experience 
significant changes.  Such changes include more rapid landward migration or barrier island segmentation 
(Gutierrez et al., 2009). 
 
Up to 21% of the remaining coastal wetlands in the U.S. Mid-Atlantic region are potentially at risk of 
inundation between 2000 and 2100 (Field et al., 2007 and reference therein).  Rates of coastal wetland 
loss, in the Chesapeake Bay and elsewhere, will increase with accelerated sea level rise, in part due to 
“coastal squeeze” (IPCC: high confidence).  It is virtually certain that those tidal wetlands already 
experiencing submergence by sea level rise, and associated high rates of loss will continue to lose area in 
the future due to both accelerated rates sea level rise as well as changes in other environmental and 
climate drivers (Cahoon et al., 2009).  Salt-marsh biodiversity is likely to decrease in northeastern 
marshes through expansion of non-native species such as cordgrass (Spartina alterniflora), at the expense 
of high-marsh species (Field et al., 2007).  The IPCC (Field et al., 2007) projects that many U.S. salt 
marshes in less developed areas can potentially keep pace with sea level rise through vertical accretion.  
Furthermore, the CCSP concluded that those wetlands keeping pace with 20th century rates of sea level 
rise would survive a 0.08 inch (0.2 cm) yr-1 acceleration of sea level rise only under optimal hydrology 
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and sediment supply conditions, and would not survive a 0.3 inch (0.7 cm) yr-1 acceleration of sea level 
rise (Cahoon et al., 2009). 
 
Climate change is likely to have a strong impact on saltwater intrusion into coastal sources of ground 
water in the United States and other world regions.  Sea level rise and high rates of water withdrawal 
promote the intrusion of saline water into the ground water supplies, which adversely affects water 
quality.  Reduced ground water recharge associated with decreases in precipitation and increased 
evapotranspiration70 will exacerbate sea level rise effects on salinization rates (Kundzewicz et al., 2007).  
This effect could impose enormous costs on water treatment infrastructure (i.e., costs associated with 
relocating infrastructure or building desalinization capacity), especially in densely populated coastal 
areas.  Saltwater intrusion is also projected to occur in freshwater bodies along the coast.  Estuarine and 
mangrove ecosystems can withstand a range of salinities on a short term basis; however, they are unlikely 
to survive permanent exposure to high salinity environments. Saltwater intrusion into freshwater rivers 
has already been linked with the decline of bald cypress forests in Louisiana and cabbage palm forests in 
Florida.  Given that these ecosystems provide a variety of ecosystem services and goods (e.g., spawning 
habitat for fish, pollutant filtration, sediment control, storm surge attenuation), the loss of these areas 
could be significant (Kundzewicz et al., 2007). 
 
The vulnerable nature of coastal indigenous communities to climate change arises from their geographical 
location, reliance on the local environment for aspects of everyday life such as diet and economy, and the 
current state of social, cultural, economic, and political change taking place in these regions (Anisimov et 
al., 2007).  Sea ice extent in the Arctic Ocean is expected to continue to decrease and may even disappear 
entirely during summer months in the coming decades.  This reduction of sea ice increases extreme 
coastal erosion in Arctic Alaska, due to the increased exposure of the coastline to strong wave action 
(CCSP, 2008i).  These effects, along with sea level rise, will accelerate the already high coastal erosion 
rates in permafrost-rich areas of Alaska’s coastline, thereby forcing the issue of relocation for threatened 
settlements.  It has been estimated that relocating the village of Kivalina, Alaska, to a nearby site would 
cost $54 million (Anisimov et al., 2007). 
 
For small islands, some studies suggest that sea level rise could reduce island size, particularly in the 
Pacific, raising concerns for Hawaii and other U.S. territories (Mimura et al., 2007).  In some cases, 
accelerated coastal erosion may lead to island abandonment, as has been documented in the Chesapeake 
Bay.  Island infrastructure tends to predominate in coastal locations.  In the Caribbean and Pacific islands, 
more than 50% of the population lives within 0.9 mi (1.5 km) of the shore.  International airports, roads, 
capital cities, and other types of infrastructure are typically sited along the coasts of these islands as well.  
Therefore, the socioeconomic well-being of island communities will be threatened by inundation, storm 
surge, erosion, and other coastal hazards resulting from climate change (high confidence) (Mimura et al., 
2007). 
 
12(b)  Extreme Events 
 
Although increases in mean sea level over the 21st century and beyond will inundate unprotected, low-
lying areas, the most devastating impacts are likely to be associated with storm surge.  Superimposed on 
accelerated sea level rise, the present storm and wave climatology and storm surge frequency distributions 
suggest more severe coastal flooding and erosion hazards (Nicholls et al., 2007).  Higher sea level 
provides an elevated base for storm surges to build upon and diminishes the rate at which low-lying areas 
drain, thereby increasing the risk of flooding from rainstorms (CCSP, 2009b).  In New York City and 

                                                 
70 Evapotranspiration is defined as the total amount of evaporation from surface water bodies (e.g., lakes, rivers, 
reservoirs), soil, and plant transpiration.  In this context, warmer temperatures brought on by climate change will 
drive greater levels of evapotranspiration. 
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Long Island, flooding from a combination of sea level rise and storm surge could be several meters deep 
(Field et al., 2007).  Projections suggest that the return period of a 100-year flood event in this area might 
be reduced to 19 to 68 years, on average, by the 2050s, and to four to 60 years by the 2080s (Wilbanks et 
al., 2007; and references therein).   
 
Additionally, some major urban centers in the United States are situated in low-lying flood plains.  For 
example, areas of New Orleans and its vicinity are 59 to 118 inches (150 to 300 cm) below sea level.  
Considering the rate of subsidence and using a mid-range estimate of 19 inches (48 cm) sea level rise by 
2100, it is projected that this region could be 98 to 157 inches (250 to 400 cm) or more below mean sea 
level by 2100 (Field et al., 2007).  In this scenario, a storm surge from a Category 3 hurricane (estimated 
at 118 to 157 inches (300 to 400 cm) without waves) could be 20 to 23 feet (6 to 7 m) above areas that 
were heavily populated in 2004 (Field et al., 2007 and references therein). 
 
The IPCC discusses a number of other extreme event scenarios and observations with implications for 
coastal areas of the United States (see also Section 6(f) for a discussion of abrupt changes and sea level 
rise): 
 
 Very large sea level rises that would result from widespread deglaciation of Greenland and West 

Antarctic ice sheets imply major changes in coastlines and ecosystems, and inundation of low-lying 
areas, with greatest effects in river deltas. Relocating populations, economic activity, and 
infrastructure would be costly and challenging (IPCC, 2007b). 

 Under El Niño conditions, high water levels combined with changes in winter storms along the 
Pacific coast have produced severe coastal flooding and storm impacts.  In San Francisco, 140 years 
of tide-gauge data suggest an increase in severe winter storms since 1950, and some studies have 
detected accelerated coastal erosion (Field et al., 2007).   

 Recent winters with less ice in the Great Lakes and Gulf of St. Lawrence have increased coastal 
exposure to damage from winter storms (Field et al., 2007). 

 Recent severe tropical and extra-tropical storms demonstrate that North American urban centers with 
assumed high adaptive capacity remain vulnerable to extreme events (Field et al., 2007). 

 
Demand for waterfront property and building land in the United States continues to grow, increasing the 
value of property at risk.  Of the $19 trillion value of all insured residential and commercial property in 
the U.S. states exposed to North Atlantic hurricanes, $7.2 trillion (41%) is located in coastal counties71.  
According to a study referenced in Field et al. (2007), this economic value includes 79% of the property 
in Florida, 63% of property in New York, and 61% of the property in Connecticut.  The devastating 
effects of hurricanes Ivan in 2004 and Katrina, Rita, and Wilma in 2005 illustrate the vulnerability of 
North American infrastructure and urban systems that were not designed or not maintained to adequate 
safety margins.  When protective systems fail, impacts can be widespread and multi-dimensional (Field et 
al., 2007). 

                                                 
71 “Coastal county” is generally defined in NOAA reports as a county in which at least 15% of its total land area is 
located within a coastal watershed.   
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Section 13 
 
Energy, Infrastructure, and Settlements 
 
According to the IPCC (Wilbanks et al., 2007), “[i]ndustries, settlements and human society are 
accustomed to variability in environmental conditions, and in many ways they have become resilient to it 
when it is a part of their normal experience. Environmental changes that are more extreme or persistent 
than that experience, however, can lead to vulnerabilities, especially if the changes are not foreseen and/or 
if capacities for adaptation are limited.” 
 
Climate change is likely72 to affect U.S. energy use and energy production, physical infrastructures, and 
institutional infrastructures and will likely interact with and possibly exacerbate ongoing environmental 
change and environmental pressures in settlements (Wilbanks et al., 2007), particularly in Alaska where 
indigenous communities are facing major environmental and cultural impacts on their historic lifestyles 
(ACIA, 2004).   Climate warming will be accompanied by decreases in demand for heating energy and 
increases in demand for cooling energy (Karl et al., 2009). These changes will vary by region and by 
season, but they will affect household and business energy costs and their demands on energy supply 
institutions. The latter will result in significant increases in electricity use and higher peak demand in 
most regions (Karl et al., 2009).  Other effects on energy consumption are less clear (CCSP, 2007a). 
 
13(a)   Heating and Cooling Requirements 
 
With climate warming, less heating is required for industrial, commercial, and residential buildings in the 
United States, but more cooling is required, with changes varying by region and by season.  Net energy 
demand at a national scale will be influenced by the structure of the energy supply.  The main source of 
energy for cooling is electricity, while coal, oil, gas, biomass, and electricity are used for space heating.  
Regions with substantial requirements for both cooling and heating could find that net annual electricity 
demands increase while demands for other heating energy sources decline.  Critical factors for the United 
States are the relative efficiency of space cooling in summer compared to space heating in winter and the 
relative distribution of populations in colder northern or warmer southern regions.  Seasonal variation in 
total demand is also important.  In some cases, due to infrastructure limitations, peak demand could go 
beyond the maximum capacity of the electricity transmission system (Wilbanks et al., 2007).  An increase 
in peak demand can lead to a disproportionate increase in energy infrastructure investment (Karl et al., 
2009). 
 
Recent North American studies generally confirm earlier work showing a small net change (increase or 
decrease, depending on methods, scenarios, and location) in net demand for energy in buildings but a 
significant increase in demand for electricity for space cooling, with further increases caused by 
additional market penetration of air conditioning (high confidence) (Field et al., 2007).  Generally 
speaking, the net effects of climate change in the United States on total energy demand are projected to 
amount to between perhaps a 5% increase and decrease in demand per 1ºC in warming in buildings.  
Existing studies do not agree on whether there would be a net increase or decrease in energy consumption 
with changed climate because a variety of methodologies have been used (CCSP, 2007a). 
 
In California, if temperatures rise according to a high scenario range (8 to 10.5ºF [~4.5 to 5.6ºC]), annual 
electricity demand for air conditioning could increase by as much as 20% by the end of the century 
(relative to the 1961–1990 base period, assuming population remains unchanged and limited 

                                                 
72 According to IPCC terminology, “likely” conveys a 66 to 90% probability of occurrence.  See Box 1.2 for a full 
description of IPCC’s uncertainty terms. 
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implementation of efficiency measures) (California Energy Commission, 2006)73.  In Alaska, there will 
be savings on heating costs; modeling has predicted a 15% decline in the demand for heating energy in 
the populated parts of the Arctic and sub-Arctic and up to one month decrease in the duration of a period 
when heating is needed (Anisimov et al., 2007). 
 
Overall, both net delivered energy and net primary energy consumption increase or decrease only a few 
percent with a 2 or 4ºF [1 or 2ºC] warming; however, there is a robust result that, in the absence of an 
energy efficiency policy directed at space cooling, climate change would cause a significant increase in 
the demand for electricity in the United States, which would require the building of additional electricity 
generation capacity (and probably transmission facilities) worth many billions of dollars (CCSP, 2007a). 
 
Beyond the general changes described above, general temperature increases can mean changes in energy 
consumption in key climate-sensitive sectors of the economy, such as transportation, construction, 
agriculture, and others.  Furthermore, there may be increases in energy used to supply other resources for 
climate-sensitive processes, such as pumping water for irrigated agriculture and municipal uses (CENR, 
2008). 
 
13(b)   Energy Production 
 
Climate change could affect U.S. energy production and supply a) if extreme weather events become 
more intense, b) where regions dependent on water supplies for hydropower and/or thermal power plant 
cooling face reductions or increases in water supplies, c) where changed conditions affect facility siting 
decisions, and d) where climatic conditions change (positively or negatively) for biomass, wind power, or 
solar energy production (Wilbanks et al., 2007; CCSP 2007a). 
 
Significant uncertainty exists about the potential impacts of climate change on energy production and 
distribution, in part because the timing and magnitude of climate impacts are uncertain.  Nonetheless, 
every existing source of energy in the United States has some vulnerability to climate variability.  
Renewable energy sources tend to be more sensitive to climate variables, but fossil energy production can 
also be adversely effected by air and water temperatures, and the thermoelectric cooling process that is 
critical to maintaining high electrical generation efficiencies also applies to nuclear energy. In addition, 
extreme weather events have adverse effects on energy production, distribution, and fuel transportation 
(CCSP, 2007a). 
 
Fossil and Nuclear Energy 
 
Climate change impacts on U.S. electricity generation at fossil and nuclear power plants are likely to be 
similar. The most direct climate impacts are related to power plant cooling and water availability.  As 
currently designed, power plants require significant amounts of water, and they are vulnerable to 
fluctuations in water supply. Regional-scale changes would likely mean that some areas would see 
significant increases in water availability while other regions would see significant decreases. In those 
areas seeing a decline, the impact on power plant availability or even siting new capacity could be 
significant. Plant designs are flexible and new technologies for water reuse, heat rejection, and use of 
alternative water sources are being developed; but, at present, some impact—significant on a local level—
can be foreseen (CCSP, 2007a). 
 

                                                 
73 Temperature projections for the state of California are based on IPCC global emissions scenarios as discussed in 
Section 6(a). 
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Renewable Energy 
 
Because renewable energy depends directly on ambient natural resources such as hydrological resources, 
wind patterns and intensity, and solar radiation, it is likely to be more sensitive to climate variability than 
fossil or nuclear energy systems that rely on geological stores. Renewable energy systems in the United 
States are also vulnerable to damage from extreme weather events (CCSP, 2007a). 
 
Hydropower generation is sensitive to the amount, timing, and geographical pattern of precipitation as 
well as temperature (rain or snow, timing of melting).  Reduced streamflows are expected to jeopardize 
hydropower production in some areas of the United States, whereas greater streamflows, depending on 
their timing, might be beneficial (Wilbanks et al., 2007; Bates et al., 2008).  In California, where 
hydropower now comprises about 15% of in-state energy production, diminished snow melt flowing 
through dams will decrease the potential for hydropower production by up to 30% if temperatures rise to 
the medium warming range by the end of the century (~5.5 to 8ºF [~3.1 to 4.4ºC] increase in California) 
and precipitation decreases by 10 to 20%.  However, future precipitation projections are quite uncertain 
so it is possible that precipitation may increase and expand hydropower generation (California Energy 
Commission, 2006). 
 
North American wind and solar resources are about as likely as not to increase (medium confidence).  
Studies to date project wind resources that are either unchanged by climate change, or reduced by 0 to 
40%.  Future changes in cloudiness could slightly increase the potential for solar energy in North America 
south of 60°N, but one study projected that increased cloudiness will likely decrease the output of 
photovoltaics by 0 to 20% (Field et al., 2007). 
 
Bioenergy potential is climate-sensitive through direct impacts on crop growth and availability of water 
for irrigation and biofuel processing purposes.  Warming and precipitation increases are expected to allow 
the bioenergy crop switchgrass, for instance, to compete effectively with traditional crops in central 
United States (Field et al., 2007).  Renewable energy production is highly susceptible to localized and 
regional changes in the resource base. As a result, the greater uncertainties on regional impacts under 
current climate change modeling pose a significant challenge in evaluating medium to long-term impacts 
on renewable energy production (CCSP, 2007a). 
 
Energy Supply and Transmission 
 
Extreme weather events can threaten coastal energy infrastructures and electricity transmission and 
distribution infrastructures in the United States and other world regions (Wilbanks et al., 2007).  
Hurricanes, in particular, can have severe impacts on energy infrastructure.  In 2004, Hurricane Ivan 
destroyed seven Gulf of Mexico oil drilling platforms and damaged 102 pipelines, while Hurricanes 
Katrina and Rita in 2005 destroyed more than 100 platforms and damaged 558 pipelines (CCSP, 2007a).  
Though it is not possible to attribute the occurrence of any singular hurricane to climate change, 
projections of climate change suggest that extreme weather events are very likely to become more intense.  
If so, then the impacts of Katrina may be a possible indicator of the kinds of impacts that could manifest 
as a result of climate change (CCSP, 2007a). 
 
In addition to the direct effects on operating facilities themselves, U.S. networks for transport, electric 
transmission, and delivery would be susceptible to changes due to climate change in streamflow, annual 
and seasonal precipitation patterns, storm severity, and even temperature increases (e.g., pipelines 
handling supercritical fluids may be impacted by greater heat loads) (CCSP, 2007a).  It is not yet possible 
to project effects of climate change on  the grid, because so many of the effects would be more localized 
than current climate change models can depict, but weather-related grid disturbances are recognized as a 
challenge for strategic planning and risk management (Karl et al., 2009). 
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A significant fraction of the U.S. energy infrastructure is located near the coasts.  In these locations, rising 
sea levels are likely to lead to direct losses (e.g., equipment damage from flooding) as well as indirect 
effects such as the costs associated with raising vulnerable assets to higher levels.  The U.S. East Coast 
and Gulf Coast have been identified as particularly vulnerable to sea level rise because the land is 
relatively low with respect to mean sea level and also sinking in many places (Karl et al., 2009).   
 
U.S. rail transportation lines, which transport approximately two-thirds of the coal to the nation’s power 
plants (CCSP, 2007a), often closely follow riverbeds. More severe rainstorms can lead to flooding of 
rivers which then can wash out or degrade the nearby roadbeds. Flooding may also disrupt the operation 
of inland waterways, the second-most important method of transporting coal. With utilities carrying 
smaller stockpiles and projections showing a growing reliance on coal for a majority of the nation’s 
electricity production, any significant disruption to the transportation network has serious implications for 
the overall reliability of the grid as a whole (CCSP, 2007a). 
 
In the Arctic, soil subsidence caused by the melting of permafrost is a risk to gas and oil pipelines, 
electrical transmission towers, and natural gas processing plants (Wilbanks et al., 2007).  Along the 
Beaufort Sea in Alaska, climate impacts on oil and gas development in the region are likely to result in 
both financial benefits and costs in the future.  For example, offshore oil exploration and production are 
likely to benefit from less extensive and thinner sea ice, although equipment will have to be designed to 
withstand increased wave forces and ice movement (ACIA, 2004). 
 
13(c)   Infrastructure and Settlements 
 
Climate change vulnerabilities of industry, settlement, and society are mainly related to extreme weather 
events rather than to gradual climate change.  The significance of gradual climate change (e.g., increases 
in the mean temperature) lies mainly in changes in the intensity and frequency of extreme events, 
although gradual changes can also be associated with thresholds beyond which impacts become 
significant, such as in the capacities of infrastructures (Field et al., 2007). Such climate-related thresholds 
for human settlements in the United States are currently not well understood (Wilbanks et al., 2008). 
 
Extreme weather events could threaten U.S. coastal energy infrastructure and electricity transmission and 
distribution infrastructures.  Moreover, soil subsidence caused by the melting of permafrost in the Arctic 
region is a risk to gas and oil pipelines, and electrical transmission towers. Vulnerabilities of industry, 
infrastructures, settlements, and society to climate change are generally greater in certain high-risk 
locations, particularly coastal and riverine areas, and areas whose economies are closely linked with 
climate-sensitive resources, such as agricultural and forest product industries, water demands, and 
tourism.  These vulnerabilities tend to be localized but are often large and growing (high confidence) 
(Wilbanks et al., 2007).  Additionally, infrastructures are often connected, meaning that an impact on one 
can also affect others.  For example, an interruption in energy supply can increase heat stress for 
vulnerable populations (Wilbanks et al., 2008).   As noted previously, rising sea levels are likely to result 
in direct losses and indirect effects for the significant portion of the U.S. energy infrastructure located 
near the coasts (Karl et al., 2009). 
 
A few studies have projected increasing vulnerability of U.S. infrastructure to extreme weather related to 
climate warming unless adaptation is effective (high confidence).  Examples include the New York 
Metropolitan Region, the Mid-Atlantic Region, and the urban transportation network of the Boston 
metropolitan area (Wilbanks et al., 2007).  In Alaska, examples where infrastructure is projected to be at 
“moderate to high hazard” in the mid-21st century include Shishmaref, Nome, Barrow, the Dalton 
Highway, and the Alaska Railroad (Field et al., 2007).  Where extreme weather events become more 
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intense and/or more frequent with climate change, the economic and social costs of those events will 
increase (high confidence) (Wilbanks et al., 2007). 
 
Buildings and Construction 
 
In some Arctic areas, interactions between climate warming and inadequate engineering are causing 
problems.  The weight of buildings on permafrost is an important factor; while many heavy, multi-story 
buildings of northern Russia have suffered structural failures, the lighter-weight buildings of North 
America have had fewer such problems as permafrost has warmed.  Continuous repair and maintenance is 
also required for building on permafrost, a lesson learned because many of the buildings that failed were 
not properly maintained.  The problems now being experienced in Russia may be expected to occur 
elsewhere in the Arctic if buildings are not designed and maintained to accommodate future warming 
(ACIA, 2004). 
 
The cost of rehabilitating community infrastructure damaged by thawing permafrost could be significant.  
Even buildings designed specifically for permafrost environments may be subject to severe damage if 
design criteria are exceeded.  The impervious nature of ice-rich permafrost has been relied on for 
contaminant-holding facilities, and thawing such areas could result in severe contamination of 
hydrological resources and large cleanup costs, even for relatively small spills (Anisimov et al., 2007).   A 
significant number of Alaskan airstrips are built on permafrost and will require major repairs or relocation 
if their foundations are compromised by thawing.  Overall, the cost of maintaining Alaska’s public 
infrastructure is projected to increase by 10 to 20% by 2030 due to warming, costing the state an 
additional $4 billion to $6 billion, with roads and airports accounting for about half of this cost (Karl et 
al., 2009). 
 
The construction season in the northern United States likely will lengthen with warming.  In permafrost 
areas in Alaska, increasing the depth of the “active layer” or loss of permafrost can lead to substantial 
decreases in soil strength.  Construction methods are likely to require changes in areas currently underlain 
by permafrost, potentially increasing construction and maintenance cost (high confidence) (Field et al., 
2007). 
 
Transportation 
 
In a 2008 report entitled Potential Impacts of Climate Change on U.S. Transportation, the National 
Research Council (NRC) issued the following finding: 
 

Climate change will affect transportation primarily through increases in several types of weather and 
climate extremes, such as very hot days; intense precipitation events; intense hurricanes; drought; and 
rising sea levels, coupled with storm surges and land subsidence. The impacts will vary by mode of 
transportation and region of the country, but they will be widespread and costly in both human and 
economic terms and will require significant changes in the planning, design, construction, operation, 
and maintenance of transportation systems (NRC, 2008). 

 
NRC states that transportation infrastructure was designed for typical weather patterns, reflecting local 
climate and incorporating assumptions about a reasonable range of temperatures and precipitation levels 
(NRC, 2008).  Stronger hurricanes would lead to a higher probability of such infrastructure failures as 
displacement of highway and rail bridge decks, or railroad tracks being washed away. The increase in 
heavy precipitation will cause increases in weather-related accidents, delays, and traffic disruptions in a 
network that is already being challenged by increasing congestion (Karl et al., 2009).   
 

A-224



 127

An increase in the frequency, intensity, or duration of heat spells in the United States and other world 
regions could cause railroad tracks to buckle and affect roads through softening and traffic-related rutting.  
Warmer or less snowy winters will likely reduce delays, improve ground and air transportation reliability, 
and decrease the need for winter road maintenance.  More intense winter storms could, however, increase 
risk for traveler safety and require increased snow removal.  Continuation of the declining fog trend in at 
least some parts of North America should benefit transport (Field et al., 2007).   
 
Warming will likely affect infrastructure for surface transport at high northern latitudes, such as Alaska.  
Permafrost degradation reduces surface bearing capacity and potentially triggers landslides.  While the 
season for transport by barge is likely to be extended, the season for ice roads will likely be compressed.  
Other types of roads are likely to incur costly improvements in design and construction (Field et al., 
2007).   
 
Similarly, NRC found the following: 
 

Potentially, the greatest impact of climate change for North America’s transportation systems will be 
flooding of coastal roads, railways, transit systems, and runways because of global rising sea levels, 
coupled with storm surges and exacerbated in some locations by land subsidence (NRC, 2008). 

 
An example of this vulnerability lies in the fact that an estimated 60,000 miles (96,600 km) of coastal 
highway in the United States are already exposed to periodic flooding from coastal storms and high waves 
(Karl et al., 2009). 
 
Because of warming, the number of days per year in which travel on the tundra is allowed under Alaska 
Department of Natural Resources standards has dropped from more than 200 to about 100 in the past 30 
years, resulting in a 50% reduction in days that oil and gas exploration and extraction can occur (ACIA, 
2004).  Forestry is another industry in the Arctic region that requires frozen ground and rivers.  Higher 
temperatures mean thinner ice on rivers and a longer period during which the ground is thawed.  This 
leads to a shortened period during which timber can be moved from forests to sawmills and increasing 
problems associated with transporting wood (ACIA, 2004). 
 
Lakes and river ice have historically provided major winter transportation routes and connections to 
smaller settlements in the Arctic.  Reductions in ice thickness will reduce the load-bearing capacity, and 
shortening of the ice season will shorten period of access.  Where an open-water network is viable, it will 
be sensible to increase reliance on water transport.  In land-locked locations, construction of all-weather 
roads may be the only viable option, with implications for significantly increased costs.  Similar issues 
will impact the use of sea ice roads primarily used to access offshore facilities (Anisimov et al., 2007).  
Loss of summer sea ice will bring an increasingly navigable Northwest Passage.  Increased marine 
navigation and longer summers will improve conditions for tourism and travel associated with research 
(Anisimov et al., 2007).  Along with rising water temperatures, however, increased shipping will also 
multiply the risk of marine pests and pollution (Anisimov et al., 2007).  Sea ice reduction will likely 
increase erosion rates on land as well, thereby raising the maintenance costs for ports and other 
transportation infrastructure (Karl et al., 2009). 
 
Negative impacts on transportation very likely will include coastal and riverine flooding and landslides.  
Although offset to some degree by fewer ice threats to navigation, reduced water depth in the Great Lakes 
would lead to “light loading” and adverse economic impacts (Field et al., 2007).  A recent study found 
that the projected reduction in Great Lakes water levels would increase shipping costs for Canadian 
commercial navigation by an estimated 13 to 29% by 2050, all else remaining equal (Karl et al., 2009). 
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Of all the possible impacts on transportation, the greatest in terms of cost is that of flooding.  The costs of 
delays and lost trips would be relatively small compared with damage to the infrastructure and to other 
property (Wilbanks et al., 2007). 
 
The central Gulf Coast is particularly vulnerable to climate variability and change because of the 
frequency with which hurricanes strike, because much of its land is sinking relative to mean sea level and 
because much of its natural protection—in the form of barrier islands and wetlands—has been lost.  
While difficult to quantify, the loss of natural storm buffers will likely intensify many climate impacts, 
particularly in relation to storm damage (CCSP, 2008f). 
 
Since much of the land in the Gulf Coast is sinking, this area is facing much higher increases in relative 
sea level rise (the combination of local land surface movement and change in mean sea level) than most 
other parts of the U.S. coast.  A CCSP report found that relative sea level rise in the study area is very 
likely to increase by at least 12 inches (30 cm) across the region and possibly as much as 7 feet (2 m) in 
some parts of the study area over the next 50 to 100 years.  The analysis of even a middle range of 
potential sea level rise of 12 to 35 inches (30 to 90 cm) indicates that a vast portion of the Gulf Coast 
from Houston to Mobile may be inundated in the future.  The projected rate of relative sea level rise for 
the region during the next 50 to 100 years is consistent with historical trends, region-specific analyses, 
and the IPCC Fourth Assessment Report (IPCC, 2007a) findings, which assume no major changes in ice-
sheet dynamics (CCSP, 2008f). 
 
Twenty-seven percent of the major roads, 9% of the rail lines, and 72% of the ports in the region are at or 
below 48 inches (122 cm) in elevation, although portions of the infrastructure are guarded by protective 
structures such as levees and dikes.  These protective structures could mitigate some impacts, but 
considerable land area is still at risk to permanent flooding from rising tides, sinking land, and erosion 
during storms.  Furthermore, the crucial connectivity of the intermodal system in the area means that the 
services of the network can be threatened even if small segments are inundated (CCSP, 2008f). 
 
A great deal of the Gulf Coast study area’s infrastructure is subject to temporary flooding associated with 
storm surge.  More than half of the area’s major highways (64% of interstates, 57% of arterials), almost 
half of the rail miles, 29 airports, and virtually all of the ports are subject to flooding based on the study of 
a 18- and 23-feet (5.5- and 7.0-m) storm surge (CCSP, 2008f).  The national importance of this area’s 
transportation infrastructure is borne out by the fact that seven of the nation’s 10 largest ports (by tons of 
traffic) are located along the Gulf Coast.  Additionally, approximately two-thirds of U.S. oil imports are 
transported through this region (Karl et al., 2009). 
 
Aviation may also be affected.  Increases in precipitation and the frequency of severe weather events 
could negatively affect aviation. Higher temperatures affect aircraft performance and increase the 
necessary runway lengths. Some of these risks are expected to be offset by improvements in technology 
and information systems (CENR, 2008).  Sea level rise and storm surge will increase the risk to coastal 
airports, and several of the nation’s busiest airports that lie in coastal zones face the potential for closure 
or restrictions.  Rising temperatures will affect airport ground facilities and runways similar to how roads 
will be affected.  Airports in some areas will likely benefit through reduction in the cost of snow and ice 
removal and the impacts of salt and chemical use, though some locations have seen increases in snowfall 
(Karl et al., 2009). 
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Settlements 
 
Since societies and their built environments have developed under a climate that has fluctuated within a 
relatively confined range of conditions, most impacts of a rapidly changing climate will present 
challenges.  Society is especially vulnerable to extremes, many of which are increasing as climate 
changes.  While there are likely to be some benefits and opportunities in the early stages of warming, 
negative impacts are projected to dominate as climate continues to change.  Additionally, climate change 
impacts do not affect society in isolation but rather are exacerbated when combined with the effects of an 
aging and growing population, pollution, poverty, and natural environmental fluctuations (Karl et al., 
2009).   
 
According to the IPCC (2007b), “[t]he most vulnerable industries, settlements and societies are generally 
those in coastal and river flood plains, those whose economies are closely linked with climate-sensitive 
resources, and those in areas prone to extreme weather events, especially where rapid urbanization is 
occurring (high confidence).  Poor communities can be especially vulnerable, in particular those 
concentrated in high-risk areas.  They tend to have more limited adaptive capacities, and are more 
dependent on climate-sensitive resources such as local water and food supplies (high confidence)”. 
 
Effects of climate change on human settlements in the United States are very likely to vary considerably 
according to location-specific vulnerabilities, with the most vulnerable areas likely to include Alaska, 
flood-risk coastal zones and river basins, arid areas with associated water scarcity, and areas where the 
economic base is climate sensitive (CCSP, 2007a).   
 
In Alaska and elsewhere in the Arctic, indigenous communities are facing major economic and cultural 
impacts.  Many indigenous peoples depend on hunting polar bear, walrus, seals, and caribou, and herding 
reindeer, fishing and gathering, not only for food and to support the local economy but also as the basis 
for cultural and social identity.  Changes in species’ ranges and availability, access to these species, a 
perceived reduction in weather predictability, and travel safety in changing ice and weather conditions 
present serious challenges to human health and food security, and possibly even the survival of some 
cultures (ACIA, 2004).  More than 100 coastal villages in Alaska are subject to increased flooding and 
erosion due to warming (Karl et al., 2009).     
 
More broadly, Native American communities possess unique vulnerabilities to climate change.  Native 
Americans who live on established reservations are restricted to reservation boundaries and therefore 
have limited relocation options.  Southwest native cultures are especially vulnerable to water quality and 
availability impacts (Karl et al., 2009). 

Communities in risk-prone U.S. regions have reason to be particularly concerned about any potential 
increase in severe weather events. The combined effects of severe storms and sea level rise in coastal 
areas or increased risks of fire in drier arid areas are examples of how climate change may increase the 
magnitude of challenges already facing risk-prone communities. Vulnerabilities may be especially great 
for rapidly growing and/or larger metropolitan areas, where the potential magnitude of both impacts and 
coping requirements are likely to be very large. On the other hand, such regions have greater opportunity 
to put more adaptable infrastructure in place and make decisions that limit vulnerability (CCSP, 2007a).  

 
Climate change has the potential not only to affect U.S. communities directly but also through 
undermining their economic bases. In particular, some regional economies are dependent on sectors 
highly sensitive to changes in climate: agriculture, forestry, water resources, or tourism. Climate change 
can add to stress on social and political structures by increasing management and budget requirements for 
public services such as public health care, disaster risk reduction, and even public safety. As sources of 
stress grow and combine, the resilience of social and political structures are expected to suffer, especially 
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in locales with relatively limited social and political capital (CCSP, 2007a). Additionally, as noted in 
Wilbanks et al. (2008), “[h]uman settlements are the foci for many economic, social, and governmental 
processes, and historical experience has shown that catastrophes in cities can have significant economic, 
financial, and political effects much more broadly.” 
 
Within settlements experiencing climate change, certain parts of the population may be especially 
vulnerable.  These include the poor, the elderly, those already in poor health, the disabled, those living 
alone, and/or indigenous populations dependent on one or a few resources.  Environmental justice issues 
are clearly raised through examples such as warmer temperatures in urban areas having a more direct 
impact on those without air-conditioning (Wilbanks et al., 2008).  Notably, vulnerable groups represent a 
more significant portion of the total population in some regions and localities than others (Karl et al., 
2009). 
 
More than 80% of the U.S. population currently resides in urban areas, which are becoming increasingly 
spread out, complex, and interconnected with regional and national economies and infrastructure.  
Climate-related changes will add further stress to an existing host of social problems that cities 
experience, including neighborhood degradation, traffic congestion, crime, unemployment, poverty, and 
inequities in health and well-being.  Climate change impacts on cities are further compounded by aging 
infrastructure, buildings, and populations, as well as air pollution and population growth (Karl et al., 
2009).   
 
Finally, growth and development is generally moving toward areas more likely to be vulnerable to the 
effects of climate change.  Overlaying projections of future climate change and its impacts on expected 
changes in U.S. population and development patterns reveals that more Americans will be living in the 
areas most vulnerable to climate change (Karl et al., 2009). For example, approximately half of the U.S. 
population—160 million people—were projected to live in one of 673 coastal counties by 2008. Coastal 
residents—particularly those on gently sloping coasts—should be concerned about sea level rise in the 
longer term, especially if these areas are subject to severe storms and storm surges and/or if their regions 
are showing gradual land subsidence. Areas that have been classified as highly vulnerable to climate 
change (based on measures of physical vulnerability and adaptive capacity) include counties lying along 
the East and West coasts and Great Lakes, with medium vulnerability counties mostly inland in the 
Southeast, Southwest, and Northeast (CCSP, 2007a). 
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Section 14 
 
Ecosystems and Wildlife 
 
This section of the document covers: 1) ecosystem and species-level impacts due to climate change and 
elevated CO2 levels, 2) implications for ecosystem services, 3) how climate change effects on extreme 
event frequency and intensity may impact ecosystems, 4) implication for tribes, and 5) implications for 
tourism.   
 
For North America, the IPCC (Field et al., 2007; Fischlin et al., 200774) concluded: 
 
 Disturbances such as wildfire and insect outbreaks are increasing and are likely to intensify in a 

warmer future with drier soils and longer growing seasons (very high confidence).75  Although recent 
climate trends have increased vegetation growth, continuing increases in disturbances are likely to 
limit carbon storage, facilitate invasive species, and disrupt ecosystem services.  Over the 21st 
century, changes in climate will cause species to shift north and to higher elevations and 
fundamentally rearrange North American ecosystems.  Differential capacities for range shifts and 
constraints from development, habitat fragmentation, invasive species, and broken ecological 
connections will alter ecosystem structure, function, and services. 

 
14(a) Ecosystems and Species 
 
Ecosystems, plants, and animals are sensitive to climate variability and always have been.  Three clearly 
observable connections between climate and terrestrial ecosystems are the seasonal timing of life cycle 
events (referred to as phenology), responses of plant growth or primary production, and the biogeographic 
distribution of species (see Figure 14.1).  However, climate change effects on ecosystems do not occur in 
isolation.  Ecosystems are increasingly being subjected to other human-induced pressures, such as land-
use change, extractive use of goods, increasing degradation of natural habitats, air pollution, wildfires, 
and competition with invasives (Field et al., 2007; Fischlin et al., 2007).  In the medium term (i.e., 
decades), climate change will increasingly exacerbate these human-induced pressures, causing a 
progressive decline in biodiversity (Fischlin et al., 2007). 
 
The IPCC reviewed a number of studies describing observations of climate change effects on plant 
species (Field, et al., 2007 and references therein): 
 
 Between 1981 and 2000, global daily satellite data indicate earlier onset of spring “greenness” by 10 

to 14 days, particularly across temperate latitudes of the Northern Hemisphere.  Field studies 
conducted in the same areas confirm these satellite observations.   
o Leaves are expanding earlier (e.g., apple and grape plants by two days per decade at 72 sites in 

Northeastern United States). 
o Flowering plants are blooming earlier (e.g., lilac by 1.8 days per decade earlier from 1959 to 

1993, at 800 sites across North America; honeysuckle by 3.8 days per decade earlier in the 
western United States). 

                                                 
74 Fischlin et al., 2007 citation refers to Chapter 4, “Ecosystems, Their Properties, Goods, and Services” in IPCC’s 
2007 Fourth Assessment Report, Working Group II. 
75 According to IPCC terminology, “very high confidence” conveys a 9 out of 10 chance of being correct.  See Box 
1.2 for a full description of IPCC’s uncertainty terms. 
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Figure 14.1: North American Observations  

Source: Field, et al. (2007). Observed trends in some biophysical and socioeconomic indicators.  
Background: change in annual mean temperature from 1955 to 2005. Insets: (a) trend in April 1 SWE across 
western North America from 1925 to2002, with a linear fit from 1950 to 2002, (b) spring bud-burst dates for 
trembling aspen in Edmonton since 1900, (c) anomaly in five-year mean area burned annually in wildfires in 
Canada since 1930, plus observed mean summer air temperature anomaly, weighted for fire areas, relative 
to 1920 to 1999, (d) relative sea level rise from 1850 to 2000 for Churchill, MB; Pointe-au-Père, QB; New 
York, NY; and Galveston, TX, (e) hurricane energy (PDI), economic damages, and deaths from Atlantic 
hurricanes since 1900, and (f) trend in North American NPP (Net Primary Productivity) from 1981 to 1998.  
The 10 studies on which the data of this figure is based are summarized and referenced in Field et al. 
(2007).   
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 The timing of autumn leaf senescence76 across the continental United States, which is controlled by a 

combination of temperature, photoperiod, and water deficits, shows weaker trends. 
 
The IPCC also discussed several studies showing how North American animals are responding to climate 
change, with effects on phenology, migration, reproduction, dormancy, and geographic range (Field, et 
al., 2007 and references therein): 
 
 Warmer springs have led to earlier nesting for 28 migrating bird species on the East Coast of the 

United States and to earlier egg laying for Mexican jays and tree swallows.   
 Several frog species now initiate breeding calls 10 to 13 days earlier than a century ago in the Upstate 

New York region.   
 In lowland California, 16 of 23 butterfly species advanced the date of first spring flights an average 

24 days over 31 years.   
 Reduced water depth, related to recent warming, in Oregon lakes has increased exposure of toad eggs 

to ultraviolet (UV) radiation (UV-B), leading to increased mortality from a fungal parasite.  
 The Edith’s checkerspot butterfly has become locally extinct in the southern, low elevation portion of 

its western North American range, but has extended its range 56 mi (90 km) north and 394 feet (120 
m) higher in elevation. 

 
Changes in phenology vary between species, and the life cycles of plants, prey animals, and predators 
may shift out of sync, causing species to become decoupled from their resource requirements.  For 
example, the decline of long-distance migratory birds in the United States may originate in mistiming of 
breeding and food abundance due to differences in phenological shifts in response to climate change 
(Scott et al., 2008).  As warming drives changes in timing and geographic ranges for various species, it is 
important to note that entire communities of species do not shift intact (Karl et al., 2009).  Many changes 
in phenology are occurring faster than the abilities of ecosystems and species to resist adverse impacts 
(Fischlin et al., 2007). 
 
Many North American species, like the Edith’s checkerspot butterfly, have shifted their ranges, typically 
to the north or to higher elevations (Field, et al., 2007).  Migrating to higher elevations with more suitable 
temperatures can be an effective strategy for species if habitat connectivity77 exists and other biotic and 
abiotic conditions are appropriate. However, many organisms cannot shift their ranges fast enough to 
keep up with the current pace of climate change (Fischlin et al., 2007).  For example, migration rates of 
tree species from paleoecological records are on average 660 to 980 feet (200 to 300 m) yr-1, which is 
significantly slower that what would be required to respond to anticipated climate change, which has been 
estimated to be greater than 0.6 mi (1 km) yr-1 (Fischlin et al., 2007).  In addition, species that require 
higher elevation habitat (e.g., alpine pikas), or assemblages for which no substrate may exist at higher 
latitudes (e.g., coral reefs), often have nowhere to migrate (Fischlin et al., 2007).  Major changes have 
already been observed in alpine pika, as previously reported populations have disappeared entirely as 
climate has warmed over recent decades (Karl et al., 2009).  Cold- and cool-water fisheries, especially 
salmonids, have been declining as warmer/drier conditions reduce their habitat (Field et al., 2007).  The 
rates of changing conditions and the resulting habitat shifts, changes in phenology, and timing of 
migration generally have adverse effects on species, including decreased productivity and fitness 
(Fischlin et al., 2007). 

                                                 
76 The term “senescence” is defined as the last stage of leaf development that includes changes in pigment 
expression, cell death, and eventual leaf drop. 
77 Connectivity is defined as the degree to which a habitat is physically linked with other suitable areas for a 
particular species.   
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The direct effects of elevated CO2 concentrations and climate change to marine ecosystems include ocean 
warming, increased thermal stratification, reduced upwelling, sea level rise, increased wave height and 
frequency, loss of sea ice, and decreases in the pH and carbonate ion concentration of the surface oceans 
(see Box 14.1). With lower pH, aragonite (calcium carbonate) that is used by many organisms to make 
their shells or skeletons will decline or become undersaturated, affecting coral reefs and other marine 
calcifiers (e.g., pteropods-marine snails). Additional compounding effects, such as higher seawater 
temperatures leading to bleaching events, or higher seawater temperatures and nutrients leading to 
increased risk of diseases in marine biota will make these ecosystems even more vulnerable to changes in 
ocean chemistry along the United States and other world regions (Fischlin, et al., 2007).  Subtropical and 
tropical coral reefs in shallow waters have already suffered major bleaching events that are clearly driven 
by increases in sea surface temperatures (Janetos et al., 2008). The effects of various other stressors, 
particularly human impacts such as overfishing, pollution, and the introduction of invasive species, appear 
to be exacerbating the thermal stresses on reef systems and, at least on a local scale, exceeding the 
thresholds beyond which coral is replaced by other organisms (Nicholls, et al., 2007).  As a result of 
bleaching events and the subsequent disease outbreaks among those coral that survived the bleaching, 
approximately 50% of the corals in Virgin Islands National Park have died (Karl et al., 2009). 
 
Box 14.1: Ocean Acidification Effects on Marine Calcifiers  
 
Elevated atmospheric concentrations of GHGs impact the health of marine calcifiers by changing the physical and 
chemical properties of the oceans.  Calcifiers play important roles in marine ecosystems by serving as the base of 
food chains, providing substrate, and helping to regulate biogeochemical cycles (Fischlin et al., 2007).   
 
Ocean acidification lowers the saturation of calcium carbonate (CaCO3) in sea water, making it more difficult for 
marine calcifiers to build shells and skeletons (Fischlin et al., 2007).  The IPCC (Denman et al., 2007) made the 
following statements regarding ocean acidification: 

 The biological production of corals, as well as calcifying photoplankton and zooplankton within the water 
column, may be inhibited or slowed down as a result of ocean acidification;  

 Cold-water corals are likely to show large reductions in geographic range this century. 
 The dissolution of CaCO3 at the ocean floor will be enhanced, making it difficult for benthic calcifiers to 

develop protective structures. 
 Acidification can influence the marine food web at higher trophic levels. 

 
The impacts of elevated CO2 concentrations on oceanic chemistry will likely be greater at higher latitudes (Fischlin 
et al., 2007).  Carbonate decreases at high latitudes and particularly in the Southern Ocean may have particularly 
adverse consequences for marine ecosystems because the current saturation horizon is closer to the surface than in 
other basins (Bindoff et al., 2007). Polar and sub-polar surface waters and the southern ocean are projected to be 
aragonite (a form of CaCO3) under-saturated by 2100, and Arctic waters will be similarly threatened (Denman et al., 
2007).  These impacts will likely threaten ecosystem dynamics in these areas where marine calcifiers play dominant 
roles in the food web and in carbon cycling (Fischlin et al., 2007).   
 
The overall reaction of marine biological carbon cycling and ecosystems to a warm and high-CO2 world is not yet 
well understood.  In addition, the response of marine biota to ocean acidification is not yet clear, both for the 
physiology of individual organisms and for ecosystem functioning as a whole (Denman et al., 2007).   
 
 
In the Bering Sea along the Alaskan coast, rising air and sea water temperatures have caused reductions in 
sea ice cover and primary productivity in benthic ecosystems78 (Anisimov et al., 2007).  A change from 
Arctic to sub-Arctic conditions is happening with a northward movement of the pelagic-dominated 
marine ecosystem that was previously confined to the southeastern Bering Sea (Anisimov, et al., 2007).  

                                                 
78 Benthic is defined as the deepest environment of a water body, which usually includes the seabed or lake floor.   
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Climate-related impacts observed in the Bering Sea include significant reductions in seabird and marine 
mammal populations, increases in pelagic fish, occurrences of previously rare algal blooms, abnormally 
high water temperatures, and smaller salmon runs in coastal rivers (ACIA, 2004).  Plants and animals in 
polar regions are also vulnerable to attacks from pests and parasites that develop faster and are more 
prolific in warmer and moister conditions (Anisimov, et al., 2007).  See Box 14.2 for more information on 
potential climate change impacts to polar bears.   
 
Box 14.2: Polar Bears (adapted from Box 4.3 in Fischlin et al., 2007) 
 
There are an estimated 20,000 to 25,000 polar bears (Ursus maritimus) worldwide, mostly inhabiting the annual sea 
ice over the continental shelves and inter-island archipelagos of the circumpolar Arctic.  Polar bears are specialized 
predators that hunt ice-breeding seals and are therefore dependent on sea ice for survival.  After emerging in spring 
from a five to seven month fast in nursing dens, females require immediate nourishment and thus, depend on close 
proximity between land and sea ice before the sea ice breaks up.  Continuous access to sea ice allows bears to hunt 
throughout the year, but in areas where the sea ice melts completely each summer, they are forced to spend several 
months in tundra fasting on stored fat reserves until freeze-up (Fischlin et al., 2007). 
 
Polar bears face great challenges from the effects of climatic warming, as projected reductions in sea ice will 
drastically shrink marine habitat for polar bears, ice-inhabiting seals, and other animals (Fischlin, et al., 2007). The 
two Alaskan populations (Chukchi Sea: ~2,000 individuals in 1993, Southern Beaufort Seas: ~1,500 individuals in 
2006) are vulnerable to large-scale dramatic seasonal fluctuations in ice movements because of the associated 
decreases in abundance and access to prey and increases in the energy costs of hunting (FWS, 2007).  The IPCC 
projects that with a warming of 5F (2.8C) above pre-industrial temperatures and associated declines in sea ice, 
polar bears will face a high risk of extinction.  Other ice-dependent species (e.g., walruses  [for resting location]; 
small whales  [for protection from predators]) face similar consequences, not only in the Arctic but also in the 
Antarctic (Fischlin et al., 2007). 
 
In 2005, the World Conservation Union’s (IUCN) Polar Bear Specialist Group concluded that the IUCN Red List 
classification for polar bears should be upgraded from Least Concern to Vulnerable based on the likelihood of an 
overall decline in the size of the total population of more than 30% within the next 35 to 50 years (Fischlin et al., 
2007).  In May 2008, the U.S. Fish and Wildlife Service listed the polar bear as a threatened species under the 
Endangered Species Act.  This decision was based on scientific evidence showing that sea ice loss threatens, and 
will likely continue to threaten, polar bear habitat (FWS, 2008).     
 
 
 
One consequence of longer and warmer growing seasons and less extreme cold in winter is that 
opportunities are created for many insect pests and disease pathogens to flourish.  Accumulating evidence 
links the spread of some disease pathogens to a warming climate (Karl et al., 2009). 
 
Ecosystem-Level Projections 
 
For terrestrial ecosystems across all world regions, the IPCC concluded that substantial changes in 
structure and functioning of terrestrial ecosystems are very likely to occur with a global warming greater 
than 4 to 5F (2 to 3°C) above pre-industrial levels (high confidence) (Fischlin, et al., 2007).  
Furthermore, changes in ecosystem structure and function, ecological interactions, and species’ 
geographical ranges are projected to have predominantly negative consequences for biodiversity and the 
provisioning of ecosystem goods and services (IPCC, 2007b).  Fischlin et al. (2007) concludes that 
ecosystems are expected to tolerate some level of future climate change and, in some form or another, 
will continue to persist, as they have done repeatedly with palaeoclimatic changes.  A key issue, however, 
is whether ecosystem resilience79 inferred from these responses will be sufficient to tolerate future 

                                                 
79 Ecosystem resilience is the disturbance an ecosystem can tolerate before it shifts into a different state. 
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anthropogenic climate change (Fischlin et al., 2009).  In North America, disturbances like wildfire and 
insect outbreaks are increasing and are likely to intensify in a warmer future with drier soils and longer 
growing seasons (very high confidence) (Field, et al., 2007). 
 
At high latitudes, several models project longer growing seasons and increased net primary productivity 
(NPP) as a result of forest expansion into tundra ecosystems.  In the mid-latitudes, simulated changes in 
NPP are variable, depending on whether there is sufficient enhancement of precipitation to offset 
increased evapotranspiration in a warmer climate.  By the end of the 21st century, ecosystems in the 
northeast and southeast United States are projected to become carbon sources, while the western United 
States remains a carbon sink (Field, et al., 2007).  Figure 14.1 shows the observed NPP trend in North 
America between 1981 and 1998. 
 
The areal extent of drought-limited ecosystems is projected to increase 11% per degree celsius warming 
in the continental United States  Climate change and direct human land-use pressures are both likely to 
have adverse impacts on desert ecosystems and species.  Increases in plant productivity resulting from the 
direct effects of rising atmospheric CO2 concentrations may partially offset these adverse effects.  In 
California, temperature increases greater than 4F (2°C) may lead to the conversion of shrubland into 
desert and grassland ecosystems and evergreen conifer forests into mixed deciduous forests (Fischlin, et 
al., 2007).  Climate models suggest a warmer, drier future climate for the Prairie Pothole Region, which 
would result in a reduction in, or elimination of, wetlands that provide waterfowl breeding habitat (CCSP, 
2009d). These types of regional impacts are indicative of the kinds of changes that can be expected across 
large parts of the country.    
 
The sea ice biome accounts for a large proportion of primary production in polar waters and supports a 
substantial food web.  In the Northern Hemisphere, projections of ocean biological response to climate 
warming by 2050 show contraction of the highly productive marginal sea ice biome by 42% (Fischlin, et 
al., 2007).  In the Bering Sea, primary productivity in surface waters is projected to increase, the ranges of 
some cold-water species will shift north, and ice-dwelling species (e.g., polar bears and walruses) will 
experience habitat loss (ACIA, 2004). 
 
Species-Level Projections 
 
After reviewing studies on the projected impacts of climate change on species, IPCC concluded that on a 
global scale (Fischlin et al., 2007 and references therein): 
 
 Projected impacts on biodiversity are significant and of key relevance, since global losses in 

biodiversity are irreversible (very high confidence). 
 Endemic species80 richness is highest where regional palaeoclimatic changes have been subtle, 

providing circumstantial evidence of their vulnerability to projected climate change (medium 
confidence).  With global average temperature changes of 4F (2°C) above pre-industrial levels, 
many terrestrial, freshwater, and marine species (particularly endemics across the globe) are at a far 
greater risk of extinction than in the geological past (medium confidence).   

 Approximately 20 to 30% of species (global uncertainty range from 10 to 40%, but varying among 
regional biota from as low as 1% to as high as 80%) will be at increasingly high risk of extinction by 
2100.  

 
In North America, climate change impacts on inland aquatic ecosystems will range from the direct effects 
of increased temperature and CO2 concentration to indirect effects associated with alterations in 

                                                 
80 Endemic species are unique to their location or region and are not found anywhere else on Earth. 
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hydrological systems resulting from changes to precipitation regimes and melting glaciers and snow pack 
(Fischlin et al., 2007).  For many freshwater animals, such as amphibians, migration to breeding ponds 
and the production of eggs is intimately tied to temperature and moisture availability.  Asynchronous 
timing of breeding cycles and pond drying due to the lack of precipitation can lead to reproductive failure.  
Differential responses among species in arrival or persistence in ponds will likely lead to changes in 
community composition and nutrient flow in ponds (Fischlin et al., 2007).  Many warm-water and cool-
water (freshwater) fish species will shift their ranges northward and to higher altitudes.  In the continental 
United States, cold-water species will likely disappear from all but the deeper lakes, cool-water species 
will be lost mainly from shallow lakes, and warm water species will thrive except in the far South, where 
temperatures in shallow lakes will exceed survival thresholds (Field et al., 2007).  See also Section 9(f) 
for a discussion of climate change impacts to freshwater and marine fish populations. 
 
Bioclimate modeling based on output from five general circulation models (GCMs) suggests that on the 
long (millennial) timescale there may be decreases of bird and mammal species richness in warmer, low 
elevation areas, but increases in cold high elevation zones, and increases of reptile species richness in all 
areas.  IPCC found that climate change impacts will vary regionally and across biomes and will lead to 
increasing levels of global biodiversity loss, as expressed through area reductions of wild habitats and 
declines in the abundance of wild species, putting those species at risk of extinction.  Overall, climate 
change has been estimated to be a major driver of biodiversity loss in cool conifer forests, savannas, 
mediterranean-climate systems, tropical forests, in the Arctic tundra, and in coral reefs (Fischlin et al., 
2007).  In the United States, some common forests types are projected to expand, such as oak-hickory; 
others are projected to contract, such as maple-beech-birch.  Still others, such as spruce-fir, are likely to 
disappear from the contiguous United States (Karl et al., 2009).  Changes in plant species composition in 
response to climate change can increase ecosystem vulnerability to other disturbances, including fire and 
biological invasion.  There are other possible, and even probable, impacts and changes in biodiversity-
related relationships (e.g., disruption of the interactions between pollinators, such as bees, and flowering 
plants), for which there is not a substantial observational database (Janetos et al., 2008). 
 
On small oceanic islands with cloud forests or high elevation ecosystems, such as the Hawaiian Islands, 
extreme elevation gradients exist, ranging from nearly tropical to alpine environments.  In these 
ecosystems, anthropogenic climate change, land-use changes, and biological invasions will work 
synergistically to drive several species (e.g., endemic birds) to extinction (Mimura et al., 2007). 
 
Coastal waters in the United States are very likely to continue to warm.  In the Northeast, water 
temperatures may increase by as much 4 to 8°F (2 to 4C) in this century, both in summer and winter.  
This will result in a northward shift in the geographic distribution of marine life along the coasts, which is 
already being observed in some areas.  The shift occurs because some species cannot tolerate the higher 
temperatures and others are outcompeted by species moving in from more southerly locations.  Warming 
also opens the door to invasion by species that humans are intentionally or unintentionally transporting 
around the world, for example in the ballast water carried by ships.  Species that were previously unable 
to establish populations because of cold winters are likely to find the warmer conditions more suitable and 
gain a foothold, particularly as native species are under stress from climate change and other human 
activities.  Non-native clams and small crustaceans have already had major effects on the San Francisco 
Bay ecosystem and the health of its fishery resources (Karl et al., 2009). 
 
According to the IPCC, climate change (very high confidence) and ocean acidification (see Box 14.1) due 
to the direct effects of elevated CO2 concentrations (medium confidence) will impair a wide range of 
planktonic and other marine organisms that use aragonite to make their shells or skeletons (Fischlin et al., 
2007).  Average pH for the ocean surface is projected to decrease by up to 0.3 to 0.4 units by 2100 
(Fischlin et al., 2007).  These impacts could result in potentially severe ecological changes to tropical and 
coldwater marine ecosystems where carbonate-based phytoplankton and corals are the foundation for the 
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trophic system (Schneider et al., 2007).  Calcification rates in aragonitic corals may decline by 20 to 60% 
under a doubling of atmospheric CO2 concentrations, with erosion outpacing reef formation at even lower 
concentrations (Fischlin et al., 2007).  The IPCC concluded that it is very likely that a projected future sea 
surface temperature increase of 2 to 5F (1 to 3°C) will result in more frequent bleaching events and 
widespread mortality, if there is not thermal adaptation or acclimatization by corals and their algal 
symbionts (Nicholls et al., 2007).  The ability of coral reef ecosystems to withstand the impacts of climate 
change will depend to a large degree on the extent of degradation from other anthropogenic pressures 
(Nicholls et al., 2007).  Furthermore, the migration of corals to higher latitudes with more optimal sea 
surface temperatures is unlikely, due to latitudinally decreasing aragonite concentrations, projected 
acidification from increasing CO2 in the atmosphere, and the lack of available substrate (Fischlin et al., 
2007). 
 
For the Arctic, the IPCC (Anisimov et al., 2007 and references therein) concluded that: 
 
 Decreases in the abundance of keystone species81 are expected to be the primary factor in causing 

ecological cascades82 and other changes to ecological dynamics.   
 Arctic animals are likely to be most vulnerable to warming-induced drying of small water bodies; 

changes in snow cover and freeze-thaw cycles that affect access to food (e.g., polar bear dependence 
on sea ice for seal hunting; see Box 14.2) and protection from predators (e.g., snow rabbit camouflage 
in snow); changes that affect the timing of behavior (e.g., migration and reproduction); and influx of 
new competitors, predators, parasites, and diseases.   

 In the past, sub-arctic species have been unable to live at higher latitudes because of harsh conditions.  
Climate-change-induced warming will increase the rate at which sub-arctic species are able to 
establish.  Some non-native species, such as the North American mink, will become invasive, while 
other species that have already colonized some Arctic areas are likely to expand into other regions.  
The spread of non-native, invasive plants will likely have adverse impacts on native plant species.  
For example, experimental warming and nutrient addition has shown that native mosses and lichens 
become less abundant when non-native plant biomass increases. 

 Bird migration routes and timing are likely to change as the availability of suitable habitat in the 
Arctic decreases. 

 Loss of sea ice will impact species, such as harp seals, which are dependent on it for survival. 
 Climate warming is likely to increase the incidence of pests, parasites, and diseases such as musk ox 

lung worm and abomasal nematodes of reindeer. 
 
14(b) Ecosystem Services 
 
Ecosystems provide many goods and services that are of vital importance for biosphere function and 
provide the basis for the delivery of tangible benefits to humans. These services include: maintenance of 
biodiversity, nutrient regulation, shoreline protection, food and habitat provisioning, sediment control, 
carbon sequestration, regulation of the water cycle and water quality, protection of human health, and the 
production of raw materials (Fischlin et al., 2007).  Climate change is projected to have an increasing 
effect on the provisioning of ecosystem services in the United States. Increasing temperatures and shifting 
precipitation patterns, along with the direct effects of elevated CO2 concentrations, sea level rise, and 
changes in climatic variability, will affect the quantity and quality of these services.  By the end of the 

                                                 
81 Keystone species are species that have a disproportionate effect on their environment relative to their abundance 
or total biomass.  Typically, ecosystems experience dramatic changes with the removal of such species. 
82 Ecological cascades are defined as sequential chains of ecological effects, including starvation and death, 
beginning at the bottom levels of the food chain and ascending to higher levels, including apex predators.  
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21st century, climate change and its impacts may be the dominant driver of biodiversity loss and changes 
in ecosystem services globally (Millennium Ecosystem Assessment-Synthesis, 2005).   
 
Many U.S. ecosystems and the services they provide are already threatened by natural and anthropogenic 
non-climate stressors.  Climate-related effects on ecosystems services will amplify the effects of non-
climate stressors.  Multiple U.S. industries, such as timber, fisheries, travel, tourism, and agriculture that 
are already threatened could face substantially greater impacts with concurrent effects on financial 
markets (Ryan et al., 2008; Field et al., 2007). 
 
14(c)  Extreme Events 
 
Many significant impacts of climate change on U.S. ecosystems and wildlife may emerge through 
changes in the intensity and the frequency of extreme weather events.  Extreme events, such as 
hurricanes, can cause mass mortality in wildlife populations and contribute significantly to alterations in 
species distribution and abundance following the disturbance.  For example, the aftermath of a hurricane 
can cause coastal forest to die from storm surge-induced salt deposition, leading to habitat loss.  More 
intense hurricanes may therefore increase coastal flooding resulting in a larger extent of forest dieback 
(Karl et al., 2009). 
 
Droughts play an important role in forest dynamics as well, causing pulses of tree mortality in the North 
American woodlands.  Greater intensity and frequency of extreme events may alter disturbance regimes 
in North American coastal ecosystems leading to changes in diversity and ecosystem functioning (Field et 
al., 2007; Fischlin et al., 2007).  Species inhabiting saltmarshes, mangroves, and coral reefs are likely to 
be particularly vulnerable to these effects (Fischlin et al., 2007).  Higher temperatures, increased drought, 
and more intense thunderstorms will very likely increase erosion and promote invasion of exotic grass 
species in arid lands (Ryan et al., 2008). 
  
14(d)  Implications for Tribes 
 
North American indigenous communities whose health, economic well-being, and cultural traditions 
depend upon the natural environment will likely be affected by the degradation of ecosystem goods and 
services associated with climate change (Field et al., 2007).  Among the most climate-sensitive North 
American communities are those of indigenous populations dependent on one or a few natural resources.  
About 1.2 million (60%) of U.S. tribal members live on or near reservations, and many pursue lifestyles 
with a mix of traditional subsistence activities and wage labor (Field et al., 2007).   
 
In Alaska and elsewhere in the Arctic, indigenous communities are facing major economic and cultural 
impacts.  Many indigenous peoples depend on hunting polar bear, walrus, seals, and caribou, and herding 
reindeer, fishing and gathering, not only for food and to support the local economy, but also as the basis 
for cultural and social identity.  These livelihoods are already being threatened by multiple climate-related 
factors, including reduced or displaced populations of marine mammals, caribou, seabirds, and other 
wildlife; losses of forest resources due to insect damage; and reduced/thinner sea ice, making hunting 
more difficult and dangerous (ACIA, 2004).  
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14(e) Implications for Tourism 
 
The United States ranks among the top 10 nations for international tourism receipts (US$112 billion), 
with domestic tourism and outdoor recreation markets that are several times larger than most other 
countries.  Nature-based tourism is a major market segment in North America, with more than 900 
million visitor-days in national/provincial/state parks in 2001.  Climate variability affects many segments 
of this growing economic sector.  For example, wildfires in Colorado (2002) caused tens of millions of 
dollars in tourism losses by reducing visitation and destroying infrastructure.  Similar economic losses 
during that same year were caused by drought-affected water levels in rivers and reservoirs in the western 
United States and parts of the Great Lakes.  The 10-day closure and clean-up following Hurricane 
Georges (September 1998) resulted in tourism revenue losses of approximately $32 million in the Florida 
Keys. While the North American tourism industry acknowledges the important influence of climate, its 
impacts have not been analyzed comprehensively (Field et al., 2007 and references therein). 
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Section 15  
 
U.S. Regional Climate Change Impacts 
 
This section summarizes the present and future impacts of climate change on the different regions of the 
United States.  The information presented here is taken from a recent report by the USGCRP entitled 
Global Climate Change Impacts in the United States (Karl et al., 2009), which includes key conclusions 
from all 21 CCSP synthesis and assessment products.  All of the information presented in this section 
derives from this comprehensive assessment report.  The discussion of impacts is divided into the nine 
regions used in Karl et al., (2009): Northeast, Southeast, Midwest, Great Plains, Southwest, Northwest, 
Alaska, and Islands (Figure 15.1).  Information about observed trends as well as projected impacts is 
provided.  In some cases, a range of potential future impacts is described, reflecting lower and higher 
emissions scenarios.83    
 

 

                                                 
83 Karl et al. (2009) use “lower emission scenario” to refer to the IPCC SRES B1 and “higher emission scenario” to 
refer to A2.  The SRES emission scenarios are described in Section 6(a). 

Figure 15.1:  Map of U.S. Regions Discussed in USGCRP  
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Source: Karl et al. (2009).  This section summarizes key climate change impacts on 
specific regions of the United States. 
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15(a) Northeast 
 
According to studies cited in Karl et al. (2009), the annual average temperature in the Northeast has 
increased by 2°F (1C) (relative to a 1960-1979 base period) since 1970; winter temperatures have risen 
by 4°F (2C); and there are more frequent days with temperatures above 90°F (32C).  Temperatures in 
the Northeast are projected to rise an additional 2.5 to 4°F (1.4 to 2C) in winter and 1.4 to 3.4°F (0.78 to 
1.9C) in summer over the next several decades (across low and high emissions scenarios).  Precipitation 
changes are likely84 to include an increase in heavy rainfall events and less winter precipitation falling as 
snow and more as rain.   
 
Water and Coastal Resources 
 
Given the anticipated changes in temperature and precipitation, the Northeast is likely to experience 
reduced snowpack in the mountains, earlier breakup of winter ice on lakes and rivers, and earlier spring 
snowmelt resulting in earlier peak river flows.  These projected changes in regional hydrology would 
impact summer water storage and availability, and could cause short-term (one- to three-month) droughts 
to occur as frequently as once each summer across the New England states and in the Catskill and 
Adirondack Mountains. 
 
The densely populated coasts of the Northeast are particularly vulnerable to sea level rise, which is 
projected to rise more than the global average and increase the frequency and severity of damaging storm 
surges, coastal flooding, and related impacts like erosion, property damage, and loss of wetlands.  New 
York State alone has more than $2.3 trillion in insured coastal property, but some major insurance 
companies are beginning to withdraw coverage in coastal areas of the Northeast, including New York 
City.  A coastal flood in New York City currently considered a once-in-a-century event (also known as a 
100-year flood) is projected to occur every 10 to 22 years on average by late this century, depending on a 
higher or lower emissions scenario. 
 
Human Health  
 
Rising temperatures will impact human health, particularly among vulnerable populations like children, 
the elderly, and the economically disadvantaged. Under a high-emissions scenario, hot summer conditions 
are projected to arrive three weeks earlier and last three weeks longer into the fall by late this century.  
Cities that presently experience on average few days over 100°F (38C) each summer would experience 
20 such days on average by late this century.  Certain cities such as Hartford and Philadelphia would 
average nearly 30 days over 100°F (38C) (under a high emissions scenario).  Heat waves are currently 
rare in the Northeast but are likely to become much more commonplace.  In addition, the number of days 
that fail to meet federal air quality standards is projected to increase with rising temperatures if there are 
no additional controls on ozone-causing pollutants. 
 
Key Economic Sectors 
 
Rising temperatures will extend the growing season for the region’s agriculture, but are also likely to 
make large areas unsuitable for growing apples, blueberries, and cranberries typical of the Northeast.  The 
maple-beech-birch forests of the Northeast are projected to shift dramatically northward as temperatures 
rise, affecting the viability of maple sugar businesses.  An important agricultural sector in the Northeast—
the dairy industry—is projected to experience a 10 to 20% decline in milk production by the end of the 

                                                 
84 Kart et al. (2009) use the term “likely” to reflect at least a two-thirds chance of occurring and “very likely” to 
reflect at least a 90% chance of occurring.  
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century in the southern parts of the region.  Winter recreation industries including downhill and cross-
country skiing and snowshoeing will be adversely affected by the projected decline in snow cover.  The 
region’s lobster and cod fishing industry may also be impacted by rising ocean temperatures and 
subsequent northward shift of species in search of cooler waters.  
 
15(b) Southeast 
 
The annual average temperature in the Southeast has risen about 2°F (1C) since 1970, with the greatest 
seasonal increase in winter (Karl et al., 2009).  On average, there have been four to seven fewer freezing 
days per year for most of the region since the mid-1970s.  Under a lower future emissions scenario, 
average temperatures in the region are projected to rise by about 4.5°F (2.5C) by the 2080s.  Under a 
higher emissions scenario, climate models project a temperature increase of 9°F (5C) on average, with 
about a 10°F (5.8C) increase in summer.  Current precipitation trends indicate an increase in autumn 
rainfall in some parts of the region. Winter and spring rainfall is projected to decline across most of the 
Southeast, with greater reductions expected in Gulf Coast states compared with the more northern states 
in the region.   
 
Water and Coastal Resources 
 
The extent of the region experiencing moderate to severe spring and summer drought has increased by 
12% and 14%, respectively, since the mid-1970s.  The future frequency, duration, and intensity of 
droughts are likely to increase.  Increasing evaporation and plant water loss rates could affect the amount 
of runoff and groundwater recharge, which would likely lead to saltwater intrusion into shallow aquifers 
in many parts of the Southeast.  Any increase in groundwater pumping would further stress or deplete 
aquifers, which could in turn place additional strain on surface water resources.   
 
Major hurricanes already pose a severe risk to people, personal property, and public infrastructure in the 
Southeast, particularly in low-lying coastal ecosystems and coastal communities along the Gulf and South 
Atlantic coasts.  The intensity of Atlantic hurricanes has increased since 1970, correlated with an increase 
in ocean surface temperature; however, a similar correlation has not been established for the frequency of 
hurricanes making landfall.  The intensity of Atlantic hurricanes is likely to increase during this century 
with higher peak wind speeds, rainfall intensity, and storm surge height and strength.  Even with no 
increase in hurricane intensity, more frequent storm surge flooding, shoreline retreat, and permanent 
inundation of coastal ecosystems and communities is likely.  An increase in average sea level of up to 24 
inches (60 cm) or more is projected for the Southeast, with greatest impact expected in low-lying areas 
such as those along the central Gulf Coast where the land surface is sinking.  
 
Human Health and Ecosystems  
 
Climate changes and associated impacts projected to occur in the Southeast, including increases in water 
scarcity, sea level rise, extreme weather events, and heat stress, have implications for health and quality of 
life.  The number of very hot days is projected to rise at a greater rate than the average temperature 
(Figure 15.2), and both heat stress and heat-stress related deaths in the summer months are likely to 
increase.  While fewer cold-related deaths are expected, this is not expected to offset the increase in heat-
related deaths.   
 
Ecosystem impacts from projected temperature increases may include altered distribution of native plants 
and animals; local extinction of many threatened and endangered species; displacement of native species 
by invasive species; more frequent and intense wildfires, forest pest outbreaks (such as the southern pine 
beetle); and loss of lakes, ponds, and wetlands from intense droughts.  Sea level rise and associated 
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impacts are also likely to increase the salinity of estuaries, coastal wetlands, and tidal rivers.  Salinity 
changes may reduce viable habitat and displace native plant and animal species farther inland (if no 
migration barriers exist). 
 
 

 
 
Key Economic Sectors 
 
The Southeast’s projected rate of warming over the next 50 to 100 years would contribute to heat-related 
stress for trees and crop species.  Warmer water temperatures reduce dissolved oxygen in stream, lakes, 
and shallow aquatic habitats, potentially leading to fish kills and negatively impacting the region’s 
fisheries.  Beef cattle production is negatively affected at continuous temperatures in the 90 to 100°F (32 
to 38C) range; cattle and other rangeland livestock may also experience significant production declines.  
Although the poultry and swine industries primarily use indoor operations, projected temperature 
increases could significantly increase energy requirements. 
 
15(c) Midwest 
 
In recent decades, an increase in average temperatures in the Midwest has been observed despite the 
strong year-to-year variations (Karl et al., 2009).  The greatest increase has been measured in winter, 
reducing lake ice and extending the length of the frost-free or growing season by more than one week.  
Heat waves have been more frequent in the Midwest in the last three decades than any time in the last 
century outside of the Dust Bowl years of the 1930s.  Climate models indicate that summer average 
temperature in Illinois and Michigan is expected to feel progressively more like summers currently 
experienced in the southeastern states.  The last three decades have been the wettest period in a century, 
with above average summer and winter precipitation.  Precipitation in the Midwest is projected to 
increase in winter and spring, but decrease in summer in some parts of the region.  Heavy downpours are 

Figure 15.2: Number of Very Hot Days Per Year in the Southeast United States 

 
Source: Karl et al. (2009). The number of days per year with peak temperature over 90ºF (32C). 
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now twice as frequent as they were a century ago, and the intensity of rainfall events is also expected to 
increase in the future. 
 
Human Health 
 
Rising temperatures will increase the frequency of hot days as well as the frequency, severity, and 
duration of heat waves in the Midwest.  Warmer air temperatures, more stagnant air, and more emissions 
from vegetation could contribute to increased ground-level ozone (a component of smog) and affect air 
quality throughout the region unless the emissions of ozone-forming pollutants are significantly reduced.  
Increased tick and mosquito survival during warmer winters may contribute to the spread of diseases like 
West Nile virus.  Warmer water temperatures may increase the risk of waterborne diseases as many 
pathogens thrive in warmer conditions.  The projected increase in heavy downpours may overload 
drainage systems and water treatment facilities, which can result in beach closures to reduce the risk of 
disease transmission.  Additionally, warmer water and low-oxygen conditions can more readily mobilize 
mercury and other persistent pollutants in contaminated lake sediment.  These contaminants can then be 
taken up in the aquatic food chain, increasing the health risks for humans and wildlife that eat fish from 
the lakes.  Expected positive benefits of warming include improved traffic safety due to fewer days with 
snow on the ground and decreased heating oil demand. 
 
Water Resources and Ecosystems  
 
Projected increases in evaporation rates and longer periods between rainfalls in the summer may decrease 
ground water recharge and surface water flows, and increase the likelihood of drought in the Midwest.  
Water levels in rivers, streams, lakes, and wetlands are likely to decline, which may degrade aquatic and 
wetland habitat for native plants and animals.  Water levels in the Great Lakes are projected to fall up to 
12 inches (30 cm) by the end of the century under a lower emissions scenario and between 12 and 24 
inches (30 and 60 cm) under a higher emissions scenario.  In some lakes, warming water temperatures 
also contribute to the creation of oxygen-poor or oxygen-free “dead zones” that kill fish and other species.  
Populations of cold-water fish, such as brook trout, lake trout, and whitefish, are expected to decline 
dramatically while cool-water and warm-water fish such as muskie, smallmouth bass, and bluegill would 
benefit from warmer water temperatures.  Non-native and invasive aquatic species, which tend to thrive 
under a wide range of environmental conditions, may displace native species that are adapted to a 
narrower range of conditions. 
 
In response to warming temperatures, plants native to the Southeast are likely to shift their ranges 
northward and become established throughout the Midwest by the end of the century.  The ability of 
plants and animals native to the Midwest to shift their ranges northward to keep pace with the changing 
climate will be inhibited by migration barriers such as major urban areas and the Great Lakes.  Likely 
climate change impacts on forests include both the positive effects of higher CO2 and nitrogen levels 
acting as fertilizers as well as the negative effects of decreasing air quality, more frequent droughts and 
wildfire hazards, and an increase in insect pests like gypsy moths.  
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Regional Infrastructure and Economy 
 
The Midwest has experienced two record-breaking floods in the past 15 years, and this trend is expected 
to continue given projected future increases in winter and spring precipitation combined with greater 
frequency of heavy downpours.  More frequent flooding is likely to cause increased property damage, 
insurance rates, emergency management costs, and clean-up and rebuilding costs.  High electricity 
demand for air conditioning during heat waves may stress energy production systems and increase the 
likelihood of electricity shortages, brownouts, and blackouts.  Positive benefits of rising temperatures 
include a decreased demand for heating oil and gas in the winter.  Projected reductions in water levels in 
the Great Lakes and Mississippi and Missouri river systems may impact and increase costs associated 
with dredging, infrastructure, river barge traffic, and shipping (low water levels reduce a ship’s ability to 
carry freight).   Climate change impacts on agriculture include both the positive effects of longer growing 
seasons and CO2 fertilization as well as the negative effects of increased flooding, disease-causing 
pathogens, insect pests, and weeds.  The livestock industry is expected to face higher costs as higher 
temperatures stress livestock and decrease production.  
 
15(d) Great Plains 
 
Studies cited by Karl et al. (2009) indicate that average temperatures in the Great Plains region have 
increased approximately 1.4°F (0.78C) relative to a 1960s and 1970s baseline, with the largest changes 
occurring in winter months and over the northern states. Relatively cold days are becoming less frequent 
and relatively hot days more frequent.  By the end of the century, temperatures are projected to continue 
to increase by 2.5°F (1.4C) to more than 13°F (7.2C) compared with the 1960 to 1979 baseline, 
depending on future emissions.  Summer warming is projected to be greater than that in winter throughout 
the southern and central Great Plains.  Increased spring precipitation and overall wetter conditions are 
expected in the northern part of the region, while the South is projected to experience decreased spring 
precipitation and overall drier conditions by the end of the century (Figure 15.3).   
 
Water Resources  
 
The High Plains aquifer (sometimes called the Ogallala aquifer, after its largest formation) stretches from 
South Dakota to Texas and supplies the Great Plains with most of its drinking and irrigation water.  
Current water use on the Great Plains is unsustainable, with more water withdrawn (19 billion gallons 
daily on average) than the rate of recharge.  Projected changes including increasing temperatures, faster 
evaporation rates, and more sustained droughts will further stress the region’s ground water resources.  
The region will likely be challenged with supplying water for agriculture, ranching, and the region’s 
rapidly growing cities.  The largest effects are expected in heavily irrigated areas in the southern Great 
Plains, already experiencing unsustainable water use and greater frequency of extreme heat.   
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Ecosystems  
 
Changes in temperature and precipitation affect the composition and diversity of native animals and 
plants by altering their breeding patterns, water and food supply, and habitat availability.  Climate-driven 
changes combined with other human-induced stresses are likely to further increase the vulnerability of 
ecosystems to pests, invasive species, and loss of native species.  Some pest populations such as red fire 
ants and rodents are projected to increase because they are better adapted to a warmer climate.  Key 

Figure 15.3: Projected Spring Precipitation Change (2080-2099) in the Great Plains 
Region 

Source:  Karl et al. (2009).  Percentage change in March-April-May precipitation for 2080-2099 compared 
to 1960-1979 in the Great Plains region of the United States. Confidence in the projected changes is 
highest in the hatched areas. 
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ecosystems like grasslands and wetlands are already threatened by urban sprawl and certain agriculture 
and ranching practices and may be further impacted by future heat and water stress.  These ecosystems 
provide crucial habitat for grassland and plains birds, migratory waterfowl and shorebirds, and some 
threatened and endangered species, all of which may experience significant shifts and reductions in their 
ranges as a result of climate change.   
 
Regional Economy and Human Health 
 
As temperatures increase over this century, agriculture will be affected as optimal areas for growing 
particular crops shift.  Insect pests that were historically unable to survive in the Great Plains’ cooler areas 
are expected to increase in population and spread northward.  Rising CO2 levels in the atmosphere can 
increase crop growth, but also make some types of weeds grow even faster.  Projected precipitation 
increases in the northern Great Plains are unlikely to be sufficient to offset decreasing soil moisture and 
aquifer depletion.  Some areas are expected to be unable to sustain even current agricultural usage given 
projections of future water supply.  
 
Many rural areas in the Great Plains region have relatively large populations of very old and very young 
people, who are at greater risk of health impacts from climate change.  Urban populations, particularly the 
young, elderly, and economically disadvantaged, may also be disproportionately affected by heat. 
 
15(e) Southwest 
 
According to studies cited in Karl et al. (2009), the average annual temperature in the Southwest has 
increased 1.4°F (0.78C) compared to a 1960–1979 baseline. Average annual temperature across the 
region is projected to rise approximately 4°F to 10°F (2 to 5.6C) above the historical baseline by the end 
of the century, depending on emissions scenarios.  Summer temperature increases are projected to be 
greater than the annual average increases in some parts of the region.  Spring precipitation is expected to 
decline across most of the region (Figure. 15.4), but future changes in the summer rainy season remain 
uncertain. 
 
Water Resources 
 
Since 1999, the Southwest has experienced the most severe drought in over a century, which has been 
exacerbated by recent temperature increases.  Studies cited by Karl et al. (2009) point to an increasing 
probability of future drought for the region.  Warm, dry conditions have reduced spring snowpack levels 
and flows of major rivers like the Colorado.  Droughts are features of the region’s natural climate 
variability, but human-induced climate change may increase the incidence and severity of prolonged 
drought and amplify impacts to water resources.  Climate impacts may also be intensified by the region’s 
rapid population growth and increased demand for water, which has already lowered water tables in some 
areas due to ground water pumping.  Current climate trends in addition to population growth suggest that 
water supplies will likely be substantially diminished in the future.  Water shortages will necessitate 
trade-offs among competing uses—for example,  agriculture, hydroelectricity, ecosystems, and urban 
areas.   
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Despite a greater likelihood of drier overall conditions in the Southwest, precipitation patterns are 
expected to fluctuate between extremely dry and extremely wet winters.  If there is rainfall, it is more 
likely to occur in heavy downpours and may trigger rain-on-snow events (i.e., rapid snowmelt associated 
with heavy rainfall).  The projected future increase in the amount of precipitation falling as rain rather 
than snow in lower mountain elevations also contributes to the likelihood of flooding. 
 
Forestry and Ecosystems 
 
In recent years, rising temperatures and related reductions in spring snowpack and soil moisture have led 
to record wildfires (Karl et al., 2009).  Overall total area burned by wildfire is projected to increase, 
although the likelihood of impacts at any given location will depend on local conditions.  Some forest 
types, such as piñon pine-juniper woodlands in the Four Corners region of the Southwest, have 
experienced substantial die-off due to the severity of current drought conditions and are at greater risk of 
wildfire. Grasslands are also projected to expand in some areas of the Southwest as a result of increasing 
temperatures and shifting precipitation patterns, which will likely increase fire risk. 
 
Climate-sensitive ecosystems such as high-elevation alpine forests and tundra are expected to decline 
under future temperature and precipitation changes.  In California, studies project that high-elevation 
forests will be reduced by 60 to 90% by the end of the century under higher emissions scenarios.  Climate 
change is also expected to threaten the future viability of globally significant biodiversity “hotspots” of 

Figure 15.4: Projected Change in Spring Precipitation (2080-2099) in the Southwest 

Source: Karl et al. (2009). Percentage change in March-April-May precipitation for 2080-2099 compared 
to 1961-1979 in the Southwest. Confidence in the projected changes is highest in the hatched areas. 
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the Southwest such as the Madrean pine-oak woodlands, which presently exist only in isolated 
mountaintop patches in southern Arizona, New Mexico, and West Texas.  This unique ecosystem 
contains numerous endemic plant and animal species as well as the greatest diversity of pine species in 
the world. 
 
In response to projected changes in temperature, precipitation, and drought patterns in the Southwest, 
some native species are expected to experience substantial range reductions and competition from non-
native and invasive species.  Studies cited in Karl et al. (2009) project that two-thirds of the more than 
5,500 native plant species in California will decline up to 80% by the end of the century under higher 
emissions scenarios.  The Sonoran Desert is already being invaded by red brome and buffle grasses native 
to Africa and may be threatened with future loss of its iconic species, the saguaro cactus.  Some species 
may be able to shift their ranges northward and upward in elevation to cooler climates but will be 
challenged by the mountainous topography and human-caused fragmentation of the landscape. 
 
Regional Infrastructure, Economy, and Health  
 
Increased risk of wildfire and flooding expected under future climate change threatens infrastructure and 
the region’s rapidly expanding cities.  In addition, projected temperature increases in a region that already 
experiences very high summer temperatures and poor air quality will significantly stress human health, 
electricity, and water supply.  This will be particularly evident in major cities such as Phoenix, 
Albuquerque, and Las Vegas, and many California cities with substantial urban heat island effects.  More 
intense, longer-lasting heat wave events are projected to occur over this century, which may increase  
risks of electricity brownouts and blackouts as demands for air conditioning increase.  Hydroelectric 
systems will also be affected by changes in the timing and amount of river flows, particularly in areas 
with limited storage capacity. 
 
Much of the region’s agriculture may be negatively impacted by future warming, particularly specialty 
crops in California such as apricots, almonds, artichokes, figs, kiwis, olives, and walnuts.  These crops 
require a minimum number of hours at a certain winter temperature threshold to become dormant and set 
fruit for the following year.  Tourism and outdoor recreation, also important to the region’s economy, will 
be affected by increasing temperatures and changing precipitation patterns.  The winter recreation and 
associated businesses such as downhill and cross-country skiing, snowshoeing, and snowmobiling will 
likely be affected by a decline in snowpack. Under a high emissions scenario 40% to almost 90% 
decreases in end-of-season snowpack have been projected in counties with major ski resorts from New 
Mexico to California.  The recreational experience of hikers, bikers, birders, boaters, and others may be 
affected by reductions in river flow and lake/reservoir levels and changes to the region’s iconic 
ecosystems and landscapes.  
 
15(f) Northwest 
 
Studies cited by Karl et al. (2009) indicate that average annual temperature in the Northwest rose about 
1.5°F (0.83C) over the past century, with some areas experiencing increases up to 4°F (2C).  By the end 
of the century, regional temperature is projected to increase another 3°F to 10°F (2 to 5.6C) under lower 
and higher emissions scenarios, respectively.  Precipitation is expected to increase in the winter and 
decrease in the summer, though these projections are less certain than those for temperature. 
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Water and Coastal Resources 
 
The majority of the Northwest is highly dependent on water stored in spring snowpack to maintain 
streamflow throughout the summer (measured as April 1 snow water equivalent).  April 1 snowpack has 
already declined substantially throughout the region and is projected to decline up to 40% in the Cascades 
by the 2040s.  Warming temperatures will cause more precipitation to fall as rain rather than snow and 
contribute to earlier snowmelt and major changes in the timing of runoff.  Over the past 50 years, the peak 
spring runoff has occurred up to 25 to 30 days earlier and this trend is projected to continue, with runoff 
shifting 20 to 40 days earlier within this century.  Streamflow is projected to increase in winter and early 
spring but decrease in late spring, summer, and fall.  Given these changes, some sensitive watersheds may 
experience both increased flood risk in winter and increased drought risk in summer.   
 
Sea level rise will likely contribute to increased coastal erosion and loss of beaches in the Northwest.  
Some climate models have projected changes in atmospheric pressure patterns that suggest a more 
southwesterly direction of future winter winds.  This change, combined with higher sea levels, would 
accelerate coastal erosion all along the Pacific Coast.  Risk of landslides on coastal bluffs may increase 
due to the projected heavier winter rainfall that saturates soils and causes them to become unstable. 
 
Forestry and Ecosystems 
 
In recent decades, the risk of forest fires has risen as the region has experienced higher summer 
temperatures, earlier spring snowmelt, and increased summer moisture deficits; this trend is expected to 
continue under future climate change.  In the short term, the growth of high elevation forests on the west 
side of the Cascade Mountains is expected to increase; however, projected soil moisture deficits will 
likely decrease tree growth and limit forest productivity over the long term, with low elevation forests 
experiencing these changes first.  The extent and species composition of Northwest forests are also 
expected to change in response to climate change.  The frequency and intensity of mountain pine beetle 
and other insect attacks is likely to rise, which may further increase fire risk as the number of standing 
dead trees increases.  Local populations of plants and animals may become extirpated if species are 
unable or if environmental changes outpace their ability to shift their ranges to more favorable habitat.  
For example, already threatened or endangered species like wild Pacific salmon will be further impacted 
by earlier peak streamflows, lower summer streamflows, warmer water temperatures, and changes in the 
ocean environment.  Studies cited by Karl et al. (2009) indicate that about one-third of the current habitat 
for the Northwest’s salmon and other cold-water fish will no longer be suitable for them by the end of this 
century when temperature surpasses key thresholds. 
 
Regional Infrastructure and Economy 
 
The Northwest’s network of dams and reservoirs are operated for a complex set of competing uses—
including flood protection, hydropower, municipal and industrial uses, agricultural irrigation, navigation, 
and ecosystem protection—and is not designed to accommodate projected precipitation and streamflow 
changes.  For example, reservoirs might have to release (rather than store) large amounts of runoff during 
the winter and early spring to fulfill flood protection objectives, leaving the region without a reliable 
water supply for hydroelectric power production in summer and early fall when temperatures reach their 
peak and electricity demand for air conditioning and refrigeration is greatest.  Conflicts and the need for 
trade-offs between all of these water uses are expected to increase. 
 
Much of the region’s agriculture, especially production of tree fruit such as apples, is likely to be 
negatively impacted by future warming and precipitation changes.  Impacts may include a decline water 
supply for irrigation, an increase in insect pests and disease, and increased competition from weeds.  The 
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projected decline in forest productivity and limited tree growth may affect the Northwest’s timber 
industry. 
 
15(g) Alaska 
 
Over the past 50 years, Alaska’s annual average temperature has increased by 3.4°F (1.9C) and winters 
have warmed by 6.3°F (3.5C), which is more than twice the rate of the rest of the United States  These 
observed changes are consistent with climate model projections of temperature increases in Alaska of 4 to 
7°F (2 to 4C) by mid-century.  Climate models also project precipitation increases; however, higher air 
temperatures coupled with increased evaporation are expected to result in reduced soil moisture and drier 
overall conditions.   
 
Forestry and Ecosystems  
 
Alaska’s higher average annual temperatures are already contributing to earlier spring snowmelt, reduced 
sea ice, widespread glacier retreat, and permafrost thawing.  Across southern Alaska, increased rates of 
evaporation and permafrost thawing have reduced areas covered by surface waters, particularly closed-
basin lakes (i.e., lakes without stream inputs and outputs).  Drought stress has substantially reduced the 
rate of growth in white spruce forests in interior Alaska, and continued warming could lead to widespread 
tree mortality.  Alaska’s tree line is shifting northward into tundra, impacting wildlife such as migratory 
birds and caribou that depend on open tundra habitat.   
 
Warmer, drier conditions have also led to an increased incidence of forest insect pest outbreaks and 
wildfire.  The largest outbreak of spruce beetles in the world occurred in south-central Alaska during the 
1990s, worsened by a multi-year drought that left trees too stressed to withstand the infestation. 
Outbreaks of spruce budworm are also expected to increase as summers become warmer and drier; prior 
to 1990, interior Alaskan winters were too severe for this species to reproduce.  Pest infestations can 
create large, dense areas of dead trees, which are highly flammable and increase the likelihood of 
wildfire.  The area burned by wildfire in Alaska and northwest Canada tripled between the 1960s and the 
1990s.  Under future climate conditions, the average area burned per year in Alaska is projected to double 
by mid-century.  By the end of this century, area burned by fire could triple or quadruple under moderate 
or higher GHG emissions scenarios. 
 
Regional Infrastructure and Economy 
 
Throughout Alaska, warming air temperatures have increased permafrost temperatures to the point of 
thawing, putting roads, runways, water and sewer systems, and other infrastructure at risk from land 
subsidence.  Forest ecosystems are also threatened as thawing permafrost undermines tree root systems.  
Agriculture may benefit from longer summers and growing seasons associated with warming 
temperatures.  However, crop production may also be negatively affected due to an increased likelihood 
of summer drought and decreased soil moisture.   
 
Over this century, increased sea surface temperatures and reduced sea ice cover are likely to lead to 
northward shifts in the Pacific storm track, an increased frequency and/or intensity of storms, and 
increased impacts on Alaska’s coasts.  High-wind events have already become more frequent along the 
western and northern coasts and the rate of erosion along Alaska’s northeastern coastline has doubled 
over the past 50 years.  Coastal areas are increasingly vulnerable to wind and wave damage due to the loss 
of their protective sea ice buffer, increasing storm activity, and thawing coastal permafrost.  These 
impacts are especially significant given that Alaska has more coastline than all other U.S. states 
combined.   
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Potential benefits of reduced sea ice include increased economic opportunities such as shipping and 
resource extraction.  Potential negative effects include increased coastal erosion and flooding associated 
with coastal storms. Rising air and water temperatures and reduced sea ice will also affect the timing and 
location of plankton blooms, which may displace marine species dependent on plankton such as pollock 
and other commercial fish stocks, seabirds, seals, and walruses.  Species ranges are shifting northward in 
search of colder waters and food sources; one study found that between 1982 and 2006, the center of the 
range for the examined species moved 19 miles (31 km) north.  The commercial fishing industry may be 
affected by rising costs as the most productive commercial fisheries move further away from existing 
fishing ports and processing infrastructure, requiring either relocation or increased transportation time and 
fuel expense. 
 
Native Alaskans  
 
Climate change threatens the livelihoods and communities of the indigenous peoples of Alaska, whose 
cultural identities often depend on traditional ways of collecting and sharing food.  Reduced sea ice is 
already affecting the availability and accessibility of seal, walrus, and fish populations that are traditional 
food sources for Native Alaskans.  Caribou, another traditional food source, are likely to be affected by 
future warming since their migration patterns depend on being able to cross frozen rivers and wetlands.  
In addition, over 100 Native Alaskan villages on the coast and in low-lying areas along rivers are at risk 
of increased flooding and erosion due to warming.  
 
15(h) Islands 
 
Impacts from a changing climate pose challenges to the U.S.-affiliated islands of the Caribbean and 
Pacific.  In the Caribbean, this includes Puerto Rico and the U.S. Virgin Islands. In the Pacific, this 
includes the Hawaiian Islands, American Samoa, the Commonwealth of the Northern Mariana Islands, 
Guam, the Federated States of Micronesia, the Republic of the Marshall Islands, and the Republic of 
Palau.  According to studies cited by Karl et al. (2009), the Caribbean and Pacific islands have 
experienced rising air temperatures over the last century, with even larger increases (up to 6 or 7oF [3 or 
4C]) under higher emissions scenarios) projected for the future (Figure 15.5).  Ocean surface 
temperatures in both the Pacific and Caribbean are also expected to increase.  Average annual 
precipitation is projected to decrease in the Caribbean, while the Pacific Islands are expected to 
experience an increased frequency of heavy downpours and increased rainfall in summer rather than the 
normal winter rainy season (although projections are less certain).   
 
Small islands are considered among the most vulnerable to climate change; however, the degree to which 
climate change will affect each island depends upon a variety of factors, including the island’s geology, 
area, height above sea level, extent of reef formation, and the size of its freshwater aquifer.  Although the 
exact nature and magnitude of climate change impacts will be unique for each island, the following 
discussion highlights general types of impacts the U.S.-affiliated islands are expected to experience under 
a changing climate. 
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Water Resources  
 
The majority of islands in the Pacific and the Caribbean have limited sources of the freshwater needed to 
support unique ecosystems, public health, agriculture, and tourism.  These limited water resources are 
already strained in some areas by a rapidly rising population.  Because rainfall and tropical storms serve 
to replenish ground water supplies, the significant decreases in precipitation projected for the Caribbean 
and changes in tropical storm patterns will likely reduce the availability of freshwater.  In the Pacific 
Islands, potential positive impacts of projected increases in rainfall during the summer months include an 
increased seasonal water supply.  Potential negative impacts include increased flooding, which would 
increase the risk of water contamination from agricultural or sewage pollution.  Sea level rise and 
increased frequency of flooding from higher storm tides may also increase risk of contamination of the 
freshwater supply by saltwater.   
 
Island Coastal and Marine Ecosystems  
 
Sea level rise will likely contribute to increased erosion and permanent loss of shorelines and coastal land, 
particularly in low-lying island areas.  “Extreme” sea level days (with a daily average of more than 6 
inches (15 cm) above the long-term average) and their associated impacts may also result from a 
combination of gradual sea level rise, seasonal heating, and high tides.  Flooding is expected to become 
more frequent due to higher storm tides.  Certain plant and animal species, many of which are endemic to 
specific islands and exist nowhere else in the world, may experience habitat loss as a result of these 
impacts, potentially threatening the survival of many already vulnerable species.  Sea level rise, 
increasing storm damage, warmer water temperatures, and ocean acidification due to a rising carbon 
dioxide concentration will likely contribute to a decline in important island ecosystems such as 
mangroves and coral reefs.  Even small increases in water temperature can cause coral bleaching, which 
damages and kills corals.  If carbon dioxide concentrations continue to rise at their current rate, the 
Florida Keys, Puerto Rico, Hawaii, and the Pacific Islands are projected to lose their coral reef 
ecosystems as a result of these stresses. 
 

Figure 15.5: Pacific and Caribbean Island Air Temperature Change 

Source: Karl et al. (2009).  Observed and projected air temperature changes, 1900 to 2100, relative to 
1960 to 1979. The shaded areas show the likely ranges, while the lines show the central projections from 
a set of climate models. 
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Island Infrastructure and Economy 
 
Hurricanes, typhoons, and other storm events, with their intense precipitation and storm surge, already 
cause major impacts to Pacific and Caribbean island communities each year.  As the climate continues to 
warm, peak wind intensities and precipitation from future tropical cyclones are likely to increase.  This in 
addition to sea level rise is expected to cause higher storm surge levels and flooding that could potentially 
impact critical infrastructure such as communications, port facilities and harbors, roads, airports, and 
bridges.  Many islands already have weak water distribution systems and old infrastructure, which would 
be severely strained by extreme events.  Long-term infrastructure damage would affect communities’ 
ability to recover between events and increase costs associated with disaster risk management, health 
care, education, management of freshwater resources, and food production.  
 
The tourism and fisheries industries, critical to most island economies, would be impacted by climate 
changes affecting freshwater supplies, infrastructure, and coastal and marine ecosystems, particularly 
coral reefs.  In the Caribbean, coral reefs provide between $3.1 billion and $4.6 billion of annual net 
benefits from fisheries, tourism, and shoreline protection services.  The loss of income from degraded 
reefs is conservatively estimated at several hundred million dollars annually by 2015. 
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Observed and Projected Human Health and Welfare Effects From 
Climate Change in Other World Regions 
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Section 16 
 
Impacts in Other World Regions 
 
The primary focus of this document is on the observed and potential future impacts associated with 
elevated GHG concentrations and associated climate change within the United States.  However, EPA has 
considered the global nature of climate change in at least two ways for purposes of this document.   
 
First, GHGs, once emitted, remain in the atmosphere for decades to centuries, and thus become, for all 
practical purposes, uniformly mixed in the atmosphere, meaning that U.S. emissions have climatic effects 
not only in the United States but in all parts of the world.  Likewise, GHG emissions from other countries 
can influence the climate of the United States, and therefore affect human health, society, and the natural 
environment within the United States. All observed and potential future climate change impacts within 
the United States reviewed in this document consider climate change driven by global anthropogenic 
GHG emissions.   
 
Second, despite widely discussed metrics such as global average temperature, climate change will 
manifest itself very differently in different parts of the world, where regional changes in temperatures and 
precipitation patterns, for example, can deviate significantly from changes in the global average.  This 
regional variation in climate change, coupled with the fact that countries are in very different positions 
with respect to their vulnerability and adaptive capacity, means that the impacts of climate change will be 
experienced very differently in different parts of the world.  In general, the relatively poor nations may 
experience the most severe impacts, due to their heavier reliance on climate-sensitive sectors such as 
agriculture and tourism, and due to their lack of resources for increasing resilience and adaptive capacity 
to climate change (see Parry et al., 2007).  In addition to the fact that U.S. GHG emissions contribute to 
these impacts (see Section 2 for a comparison of U.S. total and transportation emissions to other 
countries’ emissions), climate change impacts in certain regions of the world will have political, social, 
economic, and environmental ramifications for the United States.  Climate change has the potential to 
alter trade relationships and may exacerbate problems that raise humanitarian and national security issues 
for the United States (Karl et al., 2009). 
 
16(a) National Security Concerns 
 
A number of analyses and publications inside and outside the government have focused on the potential 
U.S. national security implications of climate change.85  For the most part, this body of work has been 
developed by organizations such as the Center for Naval Analyses (CNA) Corporation and National 
Intelligence Council rather than teams of scientists.  These organizations have leveraged their national 
security expertise to synthesize the potential security implications of various climate impacts.  The recent 
USGCRP scientific assessment (Karl et al., 2009) has also recognized this issue, stating: 
 

In an increasingly interdependent world, U.S. vulnerability to climate change is linked to the fates 
of other nations.  For examples, conflicts or mass migrations of people resulting from food 
scarcity and other resource limits, health impacts, or environmental stresses in other parts of the 
world could threaten U.S. national security … Meeting the challenge of improving conditions for 
the world’s poor has economic implications for the United States, as does intervention and 
resolution of intra- and intergroup conflicts.  Where climate change exacerbates such challenges, 

                                                 
85 As the discussion on the national security risks of climate change is limited in the assessment literature, this 
section relies upon the following sources: U.S. government-published or -funded analyses — including the 2009 
assessment report Global Climate Change Impacts in the United States — and a report by the Center for Naval 
Analyses (CNA) Corporation.  These sources typically rely on the assessment literature for their underlying science. 
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for example by limiting access to scarce resources or increasing incidence of damaging weather 
events, consequences are likely for the U.S. economy and security.” 

  
A public report prepared for the Department of Defense (Schwartz and Randall, 2003) examined what the 
effects on U.S. national security might be from an abrupt climate change scenario.86  Based on their 
interviews with leading climate scientists and their independent research, the authors conclude that the 
resultant climatic conditions could lead to resource constraints and potentially destabilize the global geo-
political environment, with resultant national security concerns for the United States. 
 
ACIA (2004) raised security issues, stating that as Arctic sea ice declines, historically closed sea passages 
will open, thus raising questions regarding sovereignty over shipping routes and ocean resources.  In 
IPCC (Anisimov, 2007), a study shows projections suggesting that by 2050, the Northern Sea Route will 
have 125 days per year with less than 75% sea ice cover, which represents favorable conditions for 
navigation by ice-strengthened cargo ships.  This may have implications for trade and tourism as well. 
 
CNA Corporation, a nonprofit national security analysis institution, issued a report entitled National 
Security and the Threat of Climate Change (2007), in which a dozen retired generals and admirals 
prepared an assessment of the threats of climate change to national security, based on briefings from the 
U.S. intelligence community, climate scientists, and business and state leaders. Among their conclusions 
was that climate change acts as a “threat multiplier” for instability in some of the most volatile regions of 
the world.  “Projected climate change will seriously exacerbate already marginal living standards in many 
Asian, African, and Middle Eastern nations, causing widespread political instability and the likelihood of 
failed states,” said the authors.  Regarding the potential impact of climate change on military systems, 
infrastructure and operations, the report stated that climate change will stress the U.S. military by 
affecting weapons systems and platforms, bases, and military operations.  A U.S. Navy (2001) study was 
cited which states that an ice-free Arctic will require an increased scope for naval operations.  Given these 
concerns, one of the recommendations of the CNA (2007) report was for the Department of Defense to 
conduct an assessment of the impact on U.S. military installations worldwide of rising sea levels, extreme 
weather events, and other possible climate change impacts over the next 30 to 40 years. 
 
The U.S. Congress has recognized there are potential national security concerns due to climate change 
and requested that the defense and intelligence communities examine these linkages. H.R. 4986, passed in 
January 2008, requires the Department of Defense to consider the effect of climate change on its facilities, 
capabilities, and missions.  Specific directives in the bill include that future national security strategies 
and national defense strategies must include guidance for military planners to assess the risks of projected 
climate change on current and future armed forces missions, as well as update defense plans based on 
these assessments (H.R. 4986, 2008). 
 
In June 2008 testimony before the House, Dr. Thomas Fingar, Deputy Director of National Intelligence 
for Analysis, laid out a national intelligence statement on the U.S. national security implications from 
climate change projected out to 2030.  Using a broad definition for national security,87 the assessment 
found that: 
 

                                                 
86 The abrupt climate change used for the study was the unlikely, but plausible, collapse of the thermohaline 
circulation in the Atlantic, modeled after an event that occurred 8,200 years ago. 
87 This definition of national security considered if the effects would directly impact the U.S. homeland, a U.S. 
economic partner, or a U.S. ally.  Additionally, the potential for humanitarian disaster was focused on as well as if 
an effect would result in degrading or enhancing an element of national power.  For more information, see Fingar, 
2008. 
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“[G]lobal climate change will have wide-ranging implications for U.S. national security interests 
over the next 20 years…We judge that the most significant impact for the United States will be 
indirect and result from climate-driven effects on many other countries and their potential to 
seriously affect U.S. national security interests.  We assess that climate change alone is unlikely 
to trigger state failure in any state out to 2030, but the impacts will worsen existing problems—
such as poverty, social tensions, environmental degradation, ineffectual leadership, and weak 
political institutions. Climate change could threaten domestic stability in some states, potentially 
contributing to intra- or, less likely, interstate conflict, particularly over access to increasingly 
scarce water resources.” (Fingar, 2008) 

 
Building on that work, the National Intelligence Council in November 2008, in its publication Global 
Trends 2025: A Transformed World, discussed climate change impacts prominently.  The report posed a 
scenario named “October Surprise,” which discussed the economic and sociopolitical ramifications of an 
extreme flooding event linked to global climate change in New York City in 2020 (NIC, 2008). 
 
 
16(b) Overview of International Impacts 
 
The IPCC Working Group II volume of the Fourth Assessment Report reviews the potential impacts in 
different regions of the world.  The IPCC (Parry et al., 2007) identifies as the most vulnerable regions: 
 
 The Arctic, because of high rates of projected warming on natural systems. 
 Africa, especially the sub-Saharan region, because of current low adaptive capacity as well as climate 

change. 
 Small islands, due to high exposure of population and infrastructure to risk of sea level rise and 

increased storm surge. 
 Asian mega deltas, such as the Ganges-Brahmaputra and the Zhujiang, due to large populations and 

high exposure to sea level rise, storm surge and river flooding. 
 
Table 16.1 summarizes the vulnerabilities and projected impacts for different regions of the world, as 
identified by the IPCC (2007b); the paragraphs that follow provide some additional detail for key sectoral 
impacts that have received attention by the research community.   
 
On a global basis, according to IPCC, “projected climate change-related exposures are likely to affect the 
health status of millions of people, particularly those with low adaptive capacity,” through several factors 
including “the increased frequency of cardio-respiratory diseases due to higher concentrations of ground 
level ozone related to climate change (IPCC, 2007b).”  More specifically, “cities that currently experience 
heat waves are expected to be further challenged by an increased number, intensity and duration of heat 
waves during the course of the century, with potential for adverse health impacts.” 
 
Mosquito-borne diseases which are sensitive to climate change, such as dengue and malaria are of great 
importance globally.  Studies cited in Confalonieri et al. (2007) have reported associations between 
spatial, temporal, or spatiotemporal patterns of dengue and climate, although these are not entirely 
consistent.  Similarly, the spatial distribution, intensity of transmission, and seasonality of malaria is 
observed to be influenced by climate in sub-Saharan Africa (Confalonieri et al., 2007). In other world 
regions (e.g., South America, continental regions of the Russian Federation), there is no clear evidence 
that malaria has been affected by climate change (Confalonieri et al., 2007).  Changes in reporting, 
surveillance, disease control measures, population, land use, and other factors must to be taken into 
account when attempting to attribute changes in human diseases to climate change (Confalonieri et al., 
2007). 
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Food production is expected to be much more vulnerable to climate change in poorer regions of the world 
compared to food production in the United States and other high, northern latitude regions.  The IPCC 
(2007b) stated with medium confidence88 that, at lower latitudes, especially seasonally dry and tropical 
regions, crop productivity is projected to decrease for even small local temperature increases (~2 to 3.5F 
[1 to 2°C]), which would increase risk of hunger. Furthermore, increases in the frequency of droughts and 
floods are projected to affect local production negatively, especially in subsistence sectors at low 
latitudes.  Drought conditions, flooding, and pest outbreaks are some of the current stressors to food 
security that may be influenced by future climate change.  Sub-Saharan Africa is currently highly 
vulnerable to food insecurity (Easterling et al., 2007).   A study cited by Easterling et al. (2007) projected 
increases in carbon storage on croplands globally under climate change up to 2100 but found that ozone 
damage to crops could significantly offset these gains.   
 
Regarding global forest production, the IPCC (Easterling et al., 2007) concluded that forestry production 
is estimated to change modestly with climate change in the short- and medium-term (medium 
confidence).  The projected change in global forest products output ranges from a modest increase to a 
slight decrease, with significant variations regionally.  There is projected to be a production shift from 
low latitude regions in the short-term, to high latitude regions in the long-term.  Projected changes in the 
frequency and severity of extreme climate events have significant consequences for forestry production in 
addition to impacts of projected mean climate (high confidence) (Easterling et al., 2007).  Climate 
variability and change also modify the risks of fires, and pest and pathogen outbreaks, with negative 
consequences for forestry (high confidence) (Easterling et al., 2007). 
 
The IPCC made the following conclusions when considering how climate change may affect water 
resources across all world regions: 
 
 The impacts of climate change on freshwater systems and their management are mainly due to the 

observed and projected increases in temperature, sea level, and precipitation variability (very high 
confidence) (Kundzewicz et al., 2007).   

 All regions show an overall net negative impact of climate change on water resources and freshwater 
ecosystems (high confidence).  Areas in which runoff is projected to decline are likely to face a 
reduction in the value of the services provided by water resources (very high confidence).  The 
beneficial impacts of increased annual runoff in other areas will be tempered by negative effects due 
to increased precipitation variability and seasonal runoff shifts on water supply, water quality, and 
flood risk (high confidence) (Kundzewicz et al., 2007). 

 Climate change affects the function and operation of existing water infrastructure as well as water 
management practices.  Adverse effects of climate change on freshwater systems aggravate the 
impacts of other stresses, such as population growth, changing economic activity, land-use change, 
and urbanization.  Globally, water demand will grow in the coming decades, primarily due to 
population growth and increased affluence; regionally, large changes in irrigation water demand as a 
result of climate changes are likely.  Current water management practices are very likely to be 
inadequate to reduce negative impacts of climate change on water supply reliability, flood risk, 
health, energy, and aquatic ecosystems (very high confidence) (Kundzewicz et al., 2007). 

                                                 
88 According to IPCC terminology, “medium confidence” conveys a 5 out of 10 chance of being correct.  See Box 
1.2 for a full description of IPCC’s uncertainty terms. 
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 In polar regions, components of the terrestrial cryosphere and hydrology are increasingly being 
affected by climate change.  Changes to cryospheric processes89 are also modifying seasonal runoff 
(very high confidence) (Anisimov et al., 2007).   

 
The IPCC (Nicholls et al., 2007) identified that coasts are experiencing the adverse consequences of 
hazards related to climate and sea level (very high confidence).  They are highly vulnerable to extreme 
events, such as storms which impose substantial costs on coastal societies.  Through the 20th century, 
global rise of sea level contributed to increased coastal inundation, erosion, and ecosystem losses but with 
considerable local and regional variation due to other factors (Nicholls et al., 2007).  Many large cities are 
located in areas that are vulnerable to sea level rise and flooding.  In most of these cities, the poor often 
live in areas that are susceptible to extreme events and face constraints on their ability to adapt (Karl et 
al., 2009). 
 
The IPCC (Fischlin et al., 2007) recently made the following conclusions when considering how climate 
change may affect ecosystems across all world regions: 
 
 During the course of this century, the resilience of many ecosystems is likely to be exceeded by an 

unprecedented combination of changes in climate and in other global change drivers (especially land 
use, pollution, and overexploitation), if GHG emissions and other changes continue at or above 
current rates (high confidence).  The elevated CO2 levels and associated climatic changes will alter 
ecosystem structure, reduce biodiversity, perturb functioning of most ecosystems, and compromise 
the services they currently provide (high confidence). Present and future land-use change and 
associated landscape fragmentation are very likely to impede species’ migrations and geographic 
range shifts in response to changes in climate (very high confidence). 

 Ecosystems and species are very likely to show a wide range of vulnerabilities to climate change, 
depending on the extent to which climate change alters conditions that could cross critical, 
ecosystem-specific thresholds (very high confidence).  The most vulnerable ecosystems include coral 
reefs, the sea ice biome and other high latitude ecosystems (e.g., boreal forests), mountain 
ecosystems, and Mediterranean-climate ecosystems90 (high confidence).  Least vulnerable ecosystems 
include savannas and species–poor deserts, but this assessment is especially subject to uncertainty 
relating to the CO2 fertilization effect and disturbance regimes such as fire (low confidence).   

 
While there is currently a lack of information about how potential impacts due to climate change may 
influence trade and migration patterns, there is considerable evidence that they will be affected.  The 
USGCRP (Karl et al., 2009) concluded that the number of people wanting to immigrate to the United 
States will increase as conditions worsen elsewhere, and that climate change has the potential to alter 
trade relationships by changing the comparative trade advantages of regions or nations.  Shifts in both 
trade and migration can have multiple causes and the direct cause of potential increased migration, such 
as extreme climatic events, will be difficult to separate from other forces that drive people to migrate 
(Karl et al., 2009). 

                                                 
89 Cryospheric processes are defined to include the annual freezing and melting of snow cover, ice sheets, lake and 
river ice, permafrost, and sea ice. 
90 Mediterranean climate ecosystems feature subtropical climate with dry summers.  Despite the name, these 
ecosystems exist in the United States along the coasts of central and southern California. 
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Table 16.1:  Examples of Key Regional Impacts as Identified by IPCC (2007b)* 
 
Africa 

 
 New studies confirm that Africa is one of the most vulnerable continents to climate 

variability and change because of multiple stresses and low adaptive capacity. Some 
adaptation to current climate variability is taking place; however, this may be insufficient for 
future changes in climate. 

 By 2020, between 75 million and 250 million people are projected to be exposed to 
increased water stress due to climate change. If coupled with increased demand, this will 
adversely affect livelihoods and exacerbate water-related problems. 

 Agricultural production, including access to food, in many countries and regions is projected 
to be severely compromised by climate variability and change. The area suitable for 
agriculture, the length of growing seasons, and yield potential, particularly along the 
margins of semi-arid and arid areas, are expected to decrease. This would further 
adversely affect food security and exacerbate malnutrition in the continent. In some 
countries, yields from rain-fed agriculture could be reduced by up to 50% by 2020. 

 
 
Asia 

 
 Glacier melt in the Himalayas is projected to increase flooding and rock avalanches from 

destabilized slopes and to affect water resources within the next two to three decades. This 
will be followed by decreased river flows as the glaciers recede. 

 Freshwater availability in Central, South, East and South-East Asia, particularly in large 
river basins, is projected to decrease due to climate change, which, along with population 
growth and increasing demand arising from higher standards of living, could adversely 
affect more than a billion people by the 2050s. 

 Coastal areas, especially heavilypopulated mega delta regions in South, East, and South-
East Asia, will be at greatest risk due to increased flooding from the sea and, in some mega 
deltas, flooding from the rivers. 

 It is projected that crop yields could increase up to 20% in East and South-East Asia, while 
they could decrease up to 30% in Central and South Asia by the mid-21st century. The risk 
of hunger is projected to remain very high in several developing countries. 

 Endemic morbidity and mortality due to diarrhea disease primarily associated with floods 
and droughts is expected to rise in East, South, and South-East Asia due to projected 
changes in the hydrological cycle associated with global warming. Increases in coastal 
water temperature would exacerbate the abundance and/or toxicity of cholera in South 
Asia. 

 
 
Latin 
America 

 
 By mid-century, increases in temperature and associated decreases in soil water are 

projected to lead to gradual replacement of tropical forest by savanna in eastern Amazonia. 
Semi-arid vegetation will tend to be replaced by arid-land vegetation. There is a risk of 
significant biodiversity loss through species extinction in many areas of tropical Latin 
America. 

 In drier areas, climate change is expected to lead to salinization and desertification of 
agricultural land. Productivity of some important crops is projected to decrease and 
livestock productivity to decline, with adverse consequences for food security. In temperate 
zones, soybean yields are projected to increase. 

 Sea level rise is projected to cause increased risk of flooding in low-lying areas. Increases 
in sea surface temperature due to climate change are projected to have adverse effects on 
Mesoamerican coral reefs and cause shifts in the location of Southeast Pacific fish stocks. 

 Changes in precipitation patterns and the disappearance of glaciers are projected to 
significantly affect water availability for human consumption, agriculture, and energy 
generation. 
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Polar 
Regions 

 
 For human communities in the Arctic, impacts, particularly those resulting from changing 

snow and ice conditions, are projected to be mixed. Detrimental impacts would include 
those on infrastructure and traditional indigenous ways of life. 

 Beneficial impacts would include reduced heating costs and more navigable northern sea 
routes. 

 
 
Small 
Islands 

 
 Small islands, whether located in the tropics or at higher latitudes, have characteristics that 

make them especially vulnerable to the effects of climate change, sea level rise, and 
extreme events. 

 Deterioration in coastal conditions  (e.g., through erosion of beaches and coral bleaching) 
is expected to affect local resources (e.g., fisheries) and reduce the value of these 
destinations for tourism. 

 Sea level rise is expected to exacerbate inundation, storm surge, erosion, and other coastal 
hazards, thus threatening vital infrastructure, settlements, and facilities that support the 
livelihood of island communities. 

 By mid-century climate change is projected to reduce water resources in many small 
islands, (e.g., in the Caribbean and Pacific), to the point where they become insufficient to 
meet demand during low-rainfall periods. 

 
* With the exception of some very high-confidence statements for small islands, all other IPCC conclusions within this 
box are of either high or medium confidence. 
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Appendix A:  Brief Overview of Adaptation 

 
Adaptation to climate change is the adjustment in the behavior or nature of a system to the effects of 
climate change.  In the process of developing information to support the Administrator’s decision 
regarding whether elevated combined greenhouse gas (GHG) concentrations endanger public health or 
welfare, various questions were raised about the relevance of adaptation.  As noted in the Introduction, 
this document does not focus on adaptation because it (like GHG mitigation) is essentially a response to 
any known and/or perceived risks due to climate change.  Although adaptation was not considered 
explicitly in the document, it does note where the underlying references already take into account certain 
assumptions about adaptation. This appendix provides a brief overview of the state of knowledge 
pertaining to adaptation.  

 
What is Adaptation? 
 
As defined in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (2007): 
 

Adaptation to climate change takes place through adjustments to reduce vulnerability or enhance 
resilience in response to observed or expected changes in climate and associated extreme weather 
events.  Adaptation occurs in physical, ecological and human systems.  It involves changes in social 
and environmental processes, perceptions of climate risk, practices and functions to reduce potential 
damages or to realize new opportunities. 

 
Adaptations vary according to the system in which they occur; who undertakes them, the climatic stimuli 
that prompts them: and their timing, functions, forms, and effects.  Adaptation can be of two broad types: 

 
 Reactive or autonomous adaptation is the process by which species and ecosystems respond to 

changed conditions.  An example is the northward migration of a species in response to increasing 
temperature. 

 
 Anticipatory adaptation is planned and implemented before impacts of climate change are observed.  

An example is the construction of dikes in response to (and to prepare for) expected sea level rise. 
 
Summary of the Scientific Literature on Adaptation 
 

1. There is experience with adapting to weather, climate variability, and the current and projected 
impacts of climate change.  

  
o There is a long record of practices to adapt to the impacts of weather, as well as natural 

climate variability.  These practices include proactive steps like water storage and crop and 
livelihood diversification, as well as reactive or ex-post steps like emergency response, 
disaster recovery and migration.91 

 
o The IPCC (2007) states–with very high confidence92–that “Adaptation to climate change is 

already taking place, but on a limited basis.”93  
                                                 
91 Adger et al. (2007), p. 720 
92 A set of terms to describe uncertainties in current knowledge was used throughout IPCC’s Fourth Assessment 
Report.  On the basis of a comprehensive reading of the literature and their expert judgment, IPCC authors assigned 
a confidence level to major statements on the basis of their assessment of current knowledge, as follows: 
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o A wide array of adaptation options is available, ranging from purely technological (e.g., sea 

walls), through behavioral changes (e.g., altered food and recreational choices), to managerial 
(e.g., altered farm practices), and to policy (e.g., planning regulations).94   

 
o Some programs have developed strategic plans for responding to climate change.  An 

example is EPA’s National Water Program Strategy: Response to Climate Change (U.S. 
EPA, 2008). 

 
2. Although adaptation options are known, available, and used in some places, there are 

significant barriers to their adoption. 
 

o The IPCC states with very high confidence that “there are substantial limits and barriers to 
adaptation.” These include formidable environmental, economic, informational, social, 
attitudinal, and behavioral barriers to the implementation of adaptation that are not fully 
understood.95  The IPCC also states that there are significant knowledge gaps for adaptation, 
as well as impediments to flows of knowledge and information relevant to adaptation 
decisions.96   

 
3. Current scientific information does not provide sufficient information to assess how effective 

current and future adaptation options will be at reducing vulnerability to the impacts of climate 
change.  The fact that a country has a high capacity to adapt to climate change does not mean 
that its actions will be effective at reducing vulnerability. 

  
o While many technologies and adaptation strategies are known and developed in some 

countries, the available scientific literature does not indicate how effective various options are 
at fully reducing risks, particularly at higher levels of warming and related impacts, and for 
vulnerable groups.97 

 
o High adaptive capacity does not necessarily translate into actions that reduce vulnerability.  

For example, despite a high capacity to adapt to heat stress through relatively inexpensive 
adaptations, residents in urban areas in some parts of the world, including European cities, 
continue to experience high levels of mortality.98   To minimize the risks of heat stress 
domestically, EPA (2006) has worked collaboratively with other government agencies to 
provide guidance to municipalities on steps they can take to reduce heat-related morbidity 
and mortality.99  

 

                                                                                                                                                             
Very high confidence   At least 9 out of 10 chance of being correct 
High confidence    About 8 out of 10 chance 
Medium confidence   About 5 out of 10 chance 
Low confidence    About 2 out of 10 chance 
Very low confidence   Less than a 1 out of 10 chance 

 
93Adger et al. (2007), p. 720 
94 ibid 
95 ibid 
96 Adger et al. (2007), p. 719 
97 ibid 
98 ibid 
99 Excessive Heat Events Guidebook  (2006) 
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o Further research is needed to monitor progress on adaptation and to assess the direct as well 
as ancillary effects of adaptation measures.100   

 
4. For any country–even one with high adaptive capacitySit is particularly difficult to reduce 

vulnerability for all segments of the population.  The most vulnerable and difficult to reach 
populations are the elderly, children, and the poor. 

 
o The IPCC states with very high confidence that “adaptive capacity is uneven across and 

within societies.”  There are individuals and groups within all societies that have insufficient 
capacity to adapt to climate change.101    

 
5. More adaptation will be required to reduce vulnerability to climate change. 102  Additional 

adaptation can potentially reduce, but is never expected to completely eliminate, vulnerability 
to current and future climate change. 

 
o According to the IPCC, “adaptation alone is not expected to cope with all the projected 

effects of climate change, and especially not over the long term as most impacts increase in 
magnitude.” 103  

 
6. A portfolio of adaptation and mitigation measures can diminish the risks associated with 

climate change. 
 

o Even the most stringent mitigation efforts cannot avoid further impacts of climate change in 
the next few decades, which makes adaptation essential, particularly in addressing near-term 
impacts.  Unmitigated climate change would, in the long term, be likely to exceed the 
capacity of natural, managed, and human systems to adapt.104 

 
 

                                                 
100 Adger et al. (2007) p. 737 
101 Adger et al. (2007), p. 719 
102Adger et al. (2007), p. 719 
103 IPCC (2007), p. 19 
104 IPCC (2007), p. 20 
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Appendix B: Greenhouse Gas Emissions From Section 202(a) Source Categories 
 
This Appendix provides greenhouse gas (GHG) emission information from Clean Air Act 
Section 202(a) source categories.  It includes an overview of the respective source categories 
with a description of how the emission data from the Inventory of U.S. Greenhouse Gas 
Emissions and Sinks map to these source categories. Then, relevant emission data are presented 
and comparisons are made between U.S. GHG emissions from Section 202(a) source categories 
and domestic and global emission data. To inform the Administrator’s assessment, the following 
types of comparisons for both the collective and individual emissions of GHGs from Section 
202(a) source categories are provided: 
 
 As a share of total global aggregate emissions of the well-mixed GHGs  
 As a share of total U.S. aggregate emissions of the six GHGs 
 As a share of the total global transportation emissions of the six GHGs 
 
In addition, for each individual GHG, the following comparisons were also calculated: 
 
 As a share of total U.S. Section 202(a) GHG emissions 
 As a share of U.S. emissions of that individual GHG, including comparisons to the 

magnitude of emissions of that GHG from non-transport related source categories 
 As a share of global emissions of that individual GHG 
 As a share of global transport GHG emissions 
 As a share of all global GHG emissions 
 
(A) Overview of Section 202(a) Source Categories 
 
To inform the Administrator’s cause or contribute finding, EPA analyzed historical GHG 
emission data for motor vehicles and motor vehicle engines in the United States from 1990 to 
2007 (the most recent year for which official EPA estimates are available).  The motor vehicles 
and motor vehicle engines addressed include: 
 
 Passenger cars 
 Light-duty trucks 
 Motorcycles 
 Buses 
 Medium/heavy-duty trucks 
 
The source of the emissions data is the Inventory of U.S. Greenhouse Gas Emissions and Sinks: 
1990-2007 (U.S. EPA, 2009).  The U.S. Inventory is organized around the source classification 
scheme put forth by the Intergovernmental Panel on Climate Change, in which emissions from 
motor vehicles and motor vehicle engines are reported within two different sectors:  Energy and 
Industrial Processes.  Table B.1 describes the correspondence between Section 202(a) GHG 
emission source categories and IPCC source categories: 
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Table B.1:Source Categories Included Under Section 202(a) 
Section 202(a) Source 

Category IPCC Sector IPCC Source Category Greenhouse Gases 
Passenger Cars Energy 1A3b (i) Cars  CO2, CH4, N2O 
Light-Duty Trucks Energy 1A3b (ii) L ight-duty trucks CO2, CH4, N2O 
Motorcycles Energy 1A3b (iv) Motorcycles CO2, CH4, N2O 
Buses Energy 1A3b (iii) Heavy-duty trucks 

and buses 
CO2, CH4, N2O 

Medium/Heavy-Duty 
Trucks 

Energy 1A3b (iii) Heavy-duty trucks 
and buses 

CO2, CH4, N2O 

Cooling (from section 
202(a) sources) 

Industrial 
Processes 

2F1 Refrigeration and Air 
Conditioning Equipment 

Hydrofluorocarbons 
(HFCs) 

 
 
 
GHG emissions from aviation, pipelines, railways, and marine transport are included in the IPCC 
Energy Sector under 1A3 but are not included within Section 202(a). 
 
(B) GHG Emissions from Section 202(a) Source Categories  
 
(1)  Total, combined GHG emissions from Section 202(a) source categories 
 
Table B.2 presents historical emissions of all GHGs (CO2, CH4, N2O, and HFCs) from 
Section 202(a) source categories from 1990-2007 in carbon dioxide equivalent units 
(TgCO2e).105  Passenger cars (38.7. percent), light-duty trucks (32.4 percent), and 
medium/heavy-duty trucks (24.8 percent) emitted the largest shares of GHG emissions in 2007, 
followed by cooling (from section 202(a) sources) (3.2 percent), buses (0.7 percent), and 
motorcycles (0.1 percent).  From 1990 to 2007, GHG emissions from Section 202(a) source 
categories grew by 33.9 %due in part to increased demand for travel and the stagnation of fuel 
efficiency across the U.S. vehicle fleet. Since the 1970s, the number of highway vehicles 
registered in the United States has increased faster than the overall population, according to the 
Federal Highway Administration (FHWA).106 Likewise, the number of miles driven (up 41.3% 
from 1990 to 2007) and the gallons of gasoline consumed each year in the United States have 
increased steadily since the 1980s, according to the FHWA and Energy Information 

                                                 
105 A Tg is one teragram, or one million metric tons. 
106 FHWA (1996 through 2008) Highway Statistics.  Federal Highway Administration, U.S. Department of 
Transportation, Washington, DC. Report FHWA-PL-96-023-annual. Available online at 
<http://www.fhwa.dot.gov/policy/ohpi/hss/hsspubs.htm>. 
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Administration, respectively.107 These increases in motor vehicle use are the result of a 
confluence of factors, including population growth, economic growth, urban sprawl, low fuel 
prices, and increasing popularity of sport utility vehicles and other light-duty trucks that tend to 
have lower fuel efficiency. 

                                                 
107 DOE (1993 through 2008) Transportation Energy Data Book. Office of Transportation Technologies, Center for 
Transportation Analysis, Energy Division, Oak Ridge National Laboratory. ORNL-5198. 
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Table B.2: Total Greenhouse Gas Emissions by Section 202(a) Source Category (Tg CO2e)  
Section 202(a) Sources 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Passenger Cars 656.9 633.9 670.3 673.1 686.5 664.4 660.7 677.3 651.1 639.6 
Light-Duty Trucks 336.2 428.6 489.7 492.9 502.9 536.5 557.3 517.1 528.8 533.8 
Motorcycles 1.8 1.8 1.9 1.7 1.7 1.7 1.8 1.7 1.9 2.1 
Buses 8.3 9.0 10.9 10.0 9.7 10.5 14.7 11.8 12.1 12.1 
Medium/Heavy-Duty Trucks 228.8 272.4 342.7 341.8 355.9 352.3 365.0 392.9 402.3 408.6 
Cooling (from section 202(a) 
sources) 0.0 16.2 43.0 46.7 49.9 52.4 55.1 56.5 55.9 53.2 
Total 1231.9 1362.1 1558.5 1566.3 1606.6 1617.7 1654.6 1657.3 1652.1 1649.3 

 
Between 1990 and 2007, GHG emissions from passenger cars decreased 2.6%, though there was some growth in GHG emissions from 
2000 to 2002, and again from 2004 to 2005.  Emissions from light-duty trucks increased 58.8% from 1990 to2007, largely due to the 
increased use of sport-utility vehicles and other light-duty trucks.  Meanwhile, GHG emissions from heavy-duty trucks increased 
78.6%, reflecting the increased volume of total freight movement and an increasing share transported by trucks.  In 1990, there were 
no hydrofluorocarbons (HFCs) used in vehicle cooling systems.  HFCs were gradually introduced into motor vehicle air conditioning 
and refrigerating systems during the 1990s as chlorofluorocarbons (CFCs), and hydrochlorofluorocarbons (HCFCs) started to phase 
out of production as required under the Montreal Protocol and Title VI of the Clean Air Act. 
 
Table B.3 presents GHG emissions from Section 202(a) source categories alongside total U.S. emissions.  The table also presents 
emissions from the electricity generation and industrial sectors for comparison.  In 1990, Section 202(a) source categories emitted 
20.2% of total U.S. emissions, behind the electricity generation sector (30.5%) and the industrial sector (24.5%).  By 2007, Section 
202(a) source categories collectively were the second largest sector with 23.1% of total U.S. emissions, due both to growth in vehicle 
emissions and a decline in emissions from industry. 
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Table B.3: Sectoral Comparison to Total U.S. Greenhouse Gas Emissions (Tg CO2e)  
U.S. Emissions 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Section 202(a) GHG emissions 1231.9 1362.1 1558.5 1566.3 1606.6 1617.7 1654.6 1657.3 1652.1 1649.3 

Share of U.S. (%) 20.2% 21.1% 22.2% 22.7% 23.1% 23.2% 23.4% 23.3% 23.4% 23.1% 
Electricity sector emissions 1859.1 1989.0 2329.3 2292.1 2301.1 2329.6 2362.0 2429.4 2375.5 2445.1 

Share of U.S. (%) 30.5 30.8 33.2 33.2 33.1 33.4 33.4 34.2 33.7 34.2 
Industrial sector emissions 1496.0 1524.5 1467.5 1415.0 1418.4 1394.7 1408.7 1364.9 1388.4 1386.3 

Share of U.S. (%) 24.5 23.6 20.9 20.5 20.4 20.0 19.9 19.2 19.7 19.4 
Total U.S. GHG emissions 6098.7 6463.3 7008.2 6896.3 6942.3 6981.1 7064.9 7108.6 7051.1 7150.1 

 
Table B.4 compares total GHG emissions from Section 202(a) source categories to all U.S. GHG emissions, global GHG emissions 
from the transport sector (as defined by IPCC), and total global GHG emissions from all source categories, for 2005.108  Section 
202(a) GHG emissions are a significantly larger share of global transport GHG emissions (28.0%) than the corresponding share of all 
U.S. GHG emissions to the global total (18.4%), reflecting the relative size of the transport sector in the United States compared to the 
global average.  Section 202(a) GHG emissions were 4.3% of total global emissions in 2005.  The global transport sector was 15.3% 
of all global emissions in 2005.   

                                                 
108 The year 2005 is the most recent year for which comprehensive greenhouse gas emissions data are available for all gases, all countries, and all sources. Global 
estimates are ‘gross’ emissions estimates and do not include removals of greenhouse gas emissions from the atmosphere by terrestrial sinks (i.e., forests and other 
biomass). Global data come from the World Resources Institute’s Climate Analysis Indicators Tool, which contains national data submitted by Parties to the 
UNFCCC, and other independent and peer-reviewed datasets (e.g., International Energy Agency).  
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Table B.4: Comparison to Global Greenhouse Gas Emissions (Tg CO2e) 

  2005 Sec 202(a) Share 
All U.S. GHG emissions 7,109 23.3% 
Global transport GHG emissions 5,925 28.0% 
All global GHG emissions 38,726 4.3% 

 
(2) Individual GHG emissions from Section 202(a) source categories 
 
Table B.5 presents total GHG emissions from Section 202(a) source categories by gas, in CO2 equivalent units.  In 2007, CO2 made up 
the largest share of emissions (95.1%), followed by HFCs (3.2%), N2O (1.6%) and CH4 (0.1%).  Since 1990, the share of HFCs has 
increased (from zero in 1990), whereas the share of the other gases has correspondingly decreased.   Methane and N2O emissions have 
decreased in absolute terms since 1990. 
 
Table B.5: Greenhouse Gas Emissions From Section 202(a) Source Categories by Gas (Tg CO2e)  
Section 202(a) Sources 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
CO2 1187.3 1291.9 1463.8 1470.5 1512.0 1524.2 1561.4 1566.2 1564.9 1568.5 

Share of Sec 202 GHGs 96% 95% 94% 94% 94% 94% 94% 95% 95% 95% 
CH4 4.2 3.8 2.9 2.8 2.4 2.2 2.1 1.9 1.8 1.7 

Share of Sec 202 GHGs 0.34% 0.28% 0.18% 0.18% 0.15% 0.14% 0.13% 0.12% 0.11% 0.10% 
N2O 40.4 50.1 48.8 46.4 42.3 38.9 36.1 32.7 29.5 26.0 

Share of Sec 202 GHGs 3.3% 3.7% 3.1% 3.0% 2.6% 2.4% 2.2% 2.0% 1.8% 1.6% 
HFCs 0.0 16.2 43.0 46.7 49.9 52.4 55.1 56.5 55.9 53.2 

Share of Sec 202 GHGs 0.0% 1.2% 2.8% 3.0% 3.1% 3.2% 3.3% 3.4% 3.4% 3.2% 
Total GHGs 1231.9 1362.1 1558.5 1566.3 1606.6 1617.7 1654.6 1657.3 1652.1 1649.3 

 
(a) Carbon dioxide emissions from Section 202(a) source categories 
 
Carbon dioxide is emitted from motor vehicles and motor vehicle engines during the fossil fuel combustion process.  During 
combustion, the carbon (C) stored in the fuels is oxidized and emitted as CO2 and smaller amounts of other carbon compounds, 
including CH4, carbon monoxide (CO), and non-methane volatile organic compounds (NMVOCs).  These other C-containing non-
CO2 gases are emitted as by-products of incomplete fuel combustion, but are, for the most part, eventually oxidized to CO2 in the 
atmosphere.   
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As the dominant GHG emitted from motor vehicles and motor vehicle engines (95.1% of total emissions in 2007), CO2 emission 
trends in Table B.6 mirror those of the GHG emission total.  Carbon dioxide emissions grew by 32.1% between 1990 and 2007.  Most 
of this growth occurred as a result of increased CO2 emissions from light-duty trucks (62.8%) and medium/heavy-duty trucks (78.8%).  
Emissions from passenger cars did not grow over the same time period. 
 
Table B.6: CO2 Emissions by Section 202(a) Source Category (Tg CO2)  
Sec. 202 Source Categories 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Passenger Cars 628.8 604.9 643.5 647.9 662.6 642.1 640.0 658.4 634.4 625.0
Light-Duty Trucks 320.7 405.0 466.2 470.5 483.5 519.1 541.2 502.8 515.5 522.0
Motorcycles 1.7 1.8 1.8 1.7 1.7 1.6 1.7 1.6 1.9 2.0
Buses 8.3 9.0 10.9 10.0 9.6 10.5 14.7 11.8 12.1 12.0
Medium/Heavy-Duty Trucks 227.8 271.2 341.3 340.4 354.5 350.8 363.7 391.6 401.1 407.4
Cooling (from section 202(a) 
sources) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Total 1187.3 1291.9 1463.8 1470.5 1512.0 1524.2 1561.4 1566.2 1564.9 1568.5

 
Table B.7 presents CO2 emissions from Section 202(a) source categories alongside total U.S. CO2 emissions.  The table also presents 
emissions from the electricity generation and industrial sectors for comparison.  In 1990, Section 202(a) source categories emitted 
23.4% of total U.S. CO2 emissions, behind the electricity generation sector (36.0%), and ahead of the industrial sector (22.3%).  By 
2007, emissions from Section 202(a) source categories increased to 25.7% of total U.S. CO2 emissions. 
 
Table B.7: Sectoral Comparison to Total U.S. CO2 Emissions (Tg CO2)  
U.S. CO2 Emissions 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Section 202 CO2 emissions 1187.3 1291.9 1463.8 1470.5 1512.0 1524.2 1561.4 1566.2 1564.9 1568.5 

Share of U.S. CO2 (%) 23.4% 23.9% 24.6% 25.1% 25.6% 25.6% 25.8% 25.7% 26.0% 25.7% 

Electricity Sector CO2 1829.7 1964.2 2311.7 2274.6 2284.0 2313.6 2345.0 2412.0 2358.3 2429.4 

Share of U.S. CO2 (%) 36.0 36.3 38.8 38.8 38.7 38.8 38.8 39.6 39.2 39.8 

Industrial Sector CO2 1132.6 1176.5 1148.6 1119.7 1122.5 1111.6 1130.4 1100.3 1126.0 1115.7 

Share of U.S. CO2 (%) 22.3 21.8 19.3 19.1 19.0 18.6 18.7 18.1 18.7 18.3 

Total U.S. CO2 emissions 5076.7 5407.9 5955.2 5860.0 5908.2 5963.2 6048.1 6090.8 6014.9 6103.4 
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Table B.8 compares total CO2 emissions from Section 202(a) source categories to total U.S. emissions, global GHG emissions from 
the transport sector (as defined by IPCC), and total global GHG emissions from all source categories, for 2005.  Section 202(a) CO2 
emissions are a significantly larger share of global transport GHG emissions (26.4%) than the corresponding share of all U.S. CO2 
emissions to the global total (22.0%), reflecting the relative size of the transport sector in the U.S. compared to the global average. 
Section 202(a) CO2 emissions were 4.0% of total global GHG emissions in 2005.   
 
Table B.8: Comparison to U.S. and Global Greenhouse Gas Emissions (Tg CO2e) 

Global Emissions 2005 Sec 202(a) CO2 Share 

All U.S. GHG emissions 7,109 22.0% 

All global CO2 emissions 27,526 5.7% 
Global transport GHG emissions 5,925 26.4% 
All global GHG emissions 38,726 4.0% 

 
(b) Methane emissions from Section 202(a) source categories 
 
Methane emissions from motor vehicles are a function of the CH4 and hydrocarbon content of the motor fuel, the amount of 
hydrocarbons passing uncombusted through the engine, and any post-combustion control of hydrocarbon emissions (such as catalytic 
converters). 
 
Table B.9 shows the trend in CH4 emissions from Section 202(a) source categories since 1990, presented in carbon dioxide 
equivalents.  The combustion of gasoline in passenger cars and light-duty trucks was responsible for the majority (91.2%) of the CH4 
emitted from Section 202(a) source categories.  From 1990 to 2007, CH4 emissions decreased by 61%. 
 
Table B.9: CH4 Emissions by Section 202(a) Source Category (Tg CO2e)  
202(a) Sources 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Passenger Cars 2.6 2.1 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 
Light-Duty Trucks 1.4 1.4 1.1 1.1 0.9 0.8 0.7 0.7 0.7 0.6 
Motorcycles 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Buses 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Medium/Heavy-Duty Trucks 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Cooling (from section 202(a) 
sources) N/A N/A N/A N/A N/A N/A N/A N/A N/A` N/A 
Total 4.2 3.8 2.9 2.8 2.4 2.2 2.1 1.9 1.8 1.7 
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Table B.10 presents CH4 emissions from Section 202(a) source categories alongside total U.S. CH4 emissions.  The table also presents 
CH4 emissions from landfills and natural gas systems for comparison.  In 2007, Section 202(a) source categories emitted 0.3% of total 
U.S. CH4 emissions; landfills (22.7%) and natural gas systems (17.9.%) represented a significantly larger share.  Overall, total U.S. 
CH4 emissions decreased by 5.1% (31.3 TgCO2e) from 1990 to 2007, in part due to efforts to reduce emissions at individual sources 
such as landfills and coal mines. 
 
Table B.10: Sectoral Comparison to Total U.S. CH4 Emissions (Tg CO2e)  
U.S. CH4 Emissions 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Section 202(a) CH4 emissions 4.2 3.8 2.9 2.8 2.4 2.2 2.1 1.9 1.8 1.7 

Share of U.S. CH4 (%) 0.69 0.62 0.48 0.48 0.42 0.39 0.37 0.34 0.31 0.28 
Landfill CH4 emissions 149.2 144.3 122.3 119.5 121.9 128.3 126.2 127.8 130.4 132.9 

Share of U.S. CH4 (%) 24.2 23.4 20.7 20.7 21.0 22.2 22.4 22.8 22.4 22.7 
Natural Gas CH4 emissions 129.6 132.6 130.8 129.5 129.0 127.2 118.0 106.3 104.8 104.7 

Share of U.S. CH4 (%) 21.0 21.5 22.1 22.4 22.2 22.0 21.0 18.9 18.0 17.9 

Total U.S. CH4 emissions 616.6 615.8 591.1 577.1 580.9 578.7 562.7 561.7 582.0 585.3 
 
 
Table B.11 compares total CH4 emissions from Section 202(a) source categories to U.S. GHG emissions, global GHG emissions from 
the transport sector (as defined by IPCC), and total global GHG emissions from all source categories, for 2005.  Section 202(a) CH4 
emissions are a significantly smaller share of U.S., global transport, and global emissions in comparison to Section 202(a) CO2 
emissions.  
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Table B.11: Comparison to US and global greenhouse gas emissions (Tg CO2e) 
Global Emissions 2005 Sec 202(a) CH4 Share 
All U.S. GHG emissions 7,109 0.03% 
All global CH4 emissions 6,408 0.03% 
Global transport GHG emissions 5,925 0.03% 
All global GHG emissions 38,726 0.005% 

 
(c) Nitrous oxide emissions from Section 202(a) source categories 
 
Nitrous oxide (N2O) is a product of the reaction that occurs between nitrogen and oxygen during fuel combustion. N2O emissions 
from motor vehicles and motor vehicle engines are closely related to fuel characteristics, air-fuel mixes, combustion temperatures, and 
the use of pollution control equipment.  For example, some types of catalytic converters installed to reduce motor vehicle NOX, CO, 
and hydrocarbon emissions can promote the formation of N2O.   
 
Table B.12 shows the trend in N2O emissions from Section 202(a) source categories since 1990, presented in carbon dioxide 
equivalents.  Section 202(a) emissions of N2O decreased by 35.55% from 1990 to 2007.  Earlier generation control technologies 
initially resulted in higher N2O emissions, causing a 24.2% increase in N2O emissions from motor vehicles between 1990 and 1995. 
Improvements in later-generation emission control technologies have reduced N2O output, resulting in a 48.1% decrease in N2O 
emissions from 1995 to 2007. Overall, Section 202(a) N2O emissions were predominantly from gasoline-fueled passenger cars (52.8 
%) and light-duty trucks (42.8%) in 2007. 
 
Table B.12: N2O Emissions by Section 202(a) Source Category (Tg CO2e)  
202(a) Sources 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Passenger Cars 25.4 26.9 25.2 23.8 22.5 21.0 19.5 17.8 15.7 13.7 
Light-Duty Trucks 14.1 22.1 22.4 21.3 18.5 16.6 15.3 13.7 12.6 11.1 
Motorcycles 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Buses 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Medium/Heavy-Duty Trucks 0.8 1.0 1.2 1.2 1.3 1.3 1.2 1.2 1.1 1.1 
Cooling (from section 202(a) 
sources) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
Total 40.4 50.1 48.8 46.4 42.3 38.9 36.1 32.7 29.5 26.0 
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Table B.13 presents N2O emissions from Section 202(a) source categories alongside total U.S. N2O emissions.  The table also presents 
N2O emissions from agricultural soil management and nitric acid production for comparison.  In 2007, Section 202(a) source 
categories emitted 8.3% of total United States N2O emissions, making it the second largest source category.  By far the largest source 
category in the United States is agricultural soil management, representing 66.7% of total N2O emissions in 2007. The third largest 
source in 2007 was nitric acid production (7.0%).  
 
Table B.13: Sectoral Comparison to Total U.S. N2O Emissions (Tg CO2e)  
U.S. N2O Emissions 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Section 202(a) N2O emissions 40.4 50.1 48.8 46.4 42.3 38.9 36.1 32.7 29.5 26.0 

Share of U.S. N2O (%) 12.8 15.0 14.8 13.8 13.1 12.5 11.4 10.3 9.4 8.3 
Agricultural Soil N2O emissions 200.3 202.3 204.5 220.4 207.6 202.8 211.2 210.6 208.4 207.9 

Share of U.S. N2O (%) 63.6 60.6 62.1 65.5 64.5 64.9 66.4 66.7 66.8 66.7 
Nitric Acid N2O emissions 20.0 22.3 21.9 17.8 19.3 18.1 18.0 18.6 18.2 21.7 

Share of U.S. N2O (%) 6.3 6.7 6.7 5.3 6.0 5.8 5.6 5.9 5.8 7.0 

Total U.S. N2O emissions 315.0 334.1 329.2 336.5 322.0 312.5 317.8 315.9 312.1 311.9 
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Table B.14 compares total N2O emissions from Section 202(a) source categories to U.S. GHG emissions, global GHG emissions from 
the transport sector (as defined by IPCC), total global N2O emissions, and total global GHG emissions from all source categories, for 
2005.  Section 202(a) N2O emissions are just under 0.55% of global transport emissions and 0.08% of all global GHG emissions.  
 
Table B.14: Comparison to U.S. and Global Greenhouse Gas Emissions (Tg CO2e) 

  2005 Sec 202(a) N2O Share 
All U.S. GHG emissions 7,109 0.46% 
All global N2O emissions 3,286 0.99% 
Global transport GHG emissions 5,925 0.55% 
All global GHG emissions 38,726 0.08% 

 
(d) HFC emissions from Section 202(a) source categories 
 
HFCs (a term that encompasses a group of 11 related compounds) are progressively replacing CFCs and HCFCs in Section 202(a) 
cooling and refrigeration systems as they are being phased out under the Montreal Protocol and Title VI of the Clean Air Act.109  For 
example, HFC-134a has become a replacement for CFC-12 in mobile air conditioning systems.  A number of HFC blends, containing 
multiple compounds, have also been introduced.  The emission pathway can be complex, with HFCs being emitted to the atmosphere 
during the charging, operation, and decommissioning/disposal of cooling and refrigeration system.   
 
Table B.15 shows the trend in HFC emissions from Section 202(a) source categories since 1990, presented in carbon dioxide 
equivalents.  As opposed to the GHGs discussed above, estimates of HFC emissions are presented here as the sum of HFC emissions 
from all vehicle modes that qualify as section 202(a) source categories. This was done because the U.S. Inventory does not 
disaggregate HFC emission data into vehicle types in exactly the same way as it does for other GHGs. The vehicle modes that are 
included in the HFC emission estimates are passenger cars, light-duty trucks and buses. Additionally, while HFC emissions associated 
with comfort cooling for passengers in medium and heavy duty trucks are considered a section 202(a) source, these emissions are not 
included here because they are not estimated for the U.S. Inventory due to insufficient data. As such, the numbers presented here are 
likely a slight underestimate of total section 202(a) HFC emissions.  HFCs were not used in motor vehicles in 1990, but by 2007 
emissions had increased to 53.2 Tg CO2e.  From 1995 to 2007, HFC emissions from Section 202(a) source categories increased by 
227%.   

                                                 
109 2006 IPCC Guidelines, Volume 3, Chapter 7.  Page 43 (IPCC, 2006a). 
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Table B.15: HFC Emissions by Section 202(a) Source Category (Tg CO2e)  
202(a) HFC Sources 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Cooling (from section 202(a) 
sources) 0.0 16.2 43.0 46.7 49.9 52.4 55.1 56.5 55.9 53.2 

 
Table B.16 presents HFC emissions from Section 202(a) source categories alongside total U.S. HFC emissions.  The table also 
presents HFC emissions from HCFC-22 production and all other end-use applications of substitutes for ozone-depleting substances 
(ODS substitutes) for comparison.  In 2007, Section 202(a) source categories emitted 42.4% of total U.S. HFC emissions, making it 
the largest source category.  Other applications of ODS substitutes (including foam blowing, fire protection, aerosol propellants, 
solvents, and other applications) accounted for 44.1%.  HCFC-22 chemical production results in byproduct releases of HFC-23, which 
accounted for 98.6% of HFC emissions in 1990, but declined by 2007 and now represents 13.5%. 
 
Table B.16: Sectoral Comparison to Total U.S. HFC Emissions (Tg CO2e)  
U.S. HFC Emissions 1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 
Section 202(a) HFC emissions 0.0 16.2 43.0 46.7 49.9 52.4 55.1 56.5 55.9 53.2 

Share of U.S. HFC (%) 0 26 43 48 48 52 49 49 46.9 42.4 
HCFC-22 Production 36.4 33.0 28.6 19.7 21.1 12.3 17.2 15.8 13.8 17.0 

Share of U.S. HFC (%) 98.6 53.4 28.6 20.4 20.2 12.1 15.3 13.6 11.6 13.5 
Other ODS Substitutes 0.5 12.6 28.5 30.4 33.3 36.7 40.1 43.8 49.4 55.4 

Share of U.S. HFC (%) 1.4 20.4 28.5 31.4 31.9 36.2 35.7 37.7 41.5 44.1 
Total U.S. HFC emissions 36.9 61.8 100.1 96.9 104.3 101.4 112.4 116.1 119.1 125.5 

 
Table B.17 compares total HFC emissions from Section 202(a) source categories to U.S. GHG emissions, global GHG emissions from 
the transport sector (as defined by IPCC), total global HFC emissions, and total global GHG emissions from all source categories, for 
2005.  Section 202(a) HFC emissions are 0.95% of global transport emissions and 0.15% of all global GHG emissions, but actually 
make up 14.8% of global HFC emissions.  
 
Table B.17: Comparison to U.S. and Global Greenhouse Gas Emissions (Tg CO2e) 
  2005 Sec 202(a) HFC Share 
All U.S. GHG emissions 7,109 0.79% 
All global HFC emissions 381 14.8% 
Global transport GHG emissions 5,925 0.95% 
All global GHG emissions 38,726 0.15% 
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(e) PFC and SF6 emissions 
 
Perfluorocarbons (PFCs) are not emitted from motor vehicles or motor vehicle engines in the United States.  The main sources of PFC 
emissions in the United States are aluminum smelting and semiconductor manufacturing. 
 
Similarly, sulfur hexafluoride (SF6) is not emitted from motor vehicles or motor vehicle engines in the United States, although use of 
SF6 for tire inflation has been reported in other countries.110  The main sources of SF6 emissions in the United States are electrical 
transmission and distribution systems and primary magnesium smelting.  
  

                                                 
110 2006 IPCC Guidelines, Volume 3, Chapter 8 (IPCC, 2006b). 
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Appendix C:  Direct Effects of Ambient GHG Concentrations on Human Health 
 
Greenhouse gases (GHG), at both current and projected atmospheric concentrations, are not expected to 
pose exposure risks on human respiratory systems (i.e., breathing/inhalation).  The literature supporting 
this conclusion is described below. 
 
Carbon dioxide (CO2) 
 
The direct effects of high CO2 concentrations on human health were assessed in the EPA (2000a) report, 
Carbon Dioxide as a Fire Suppressant: Examining the Risks, and have also been reviewed by the IPCC 
(2005) Special Report on Carbon Dioxide Capture and Storage.  At concentrations above about 2%, CO2 
has a strong effect on respiratory physiology, and at concentrations above 7 to 10%, it can cause 
unconsciousness and death (IPCC, 2005). Exposure studies have not revealed any adverse health effect of 
chronic exposure to concentrations below 1%. At concentrations greater than 17%, loss of controlled and 
purposeful activity, unconsciousness, convulsions, coma, and death occur within one minute of initial 
inhalation of CO2 (OSHA, 1989; CCOHS, 1990; Dalgaard et al., 1972; CATAMA, 1953; Lambertsen, 
1971). But CO2 is a physiologically active gas and is a normal component of blood gases (U.S. EPA, 
2000b).  Acute CO2 exposure of up to 1% and 1.5% by volume is tolerated quite comfortably (U.S. EPA, 
2000b).   
 
The ambient concentration of CO2 in the atmosphere is presently about 0.039% by volume (or 386 ppm).  
Projected increases in CO2 concentrations from anthropogenic emissions range from 41 to 158% above 
2005 levels (of about 380 ppm) or 535 to 983 ppm by 2100 (Meehl et al., 2007) (see Section 5).  Such 
increases would result in atmospheric CO2 concentrations of 0.054 to 0.098% by volume in 2100, which 
is well below published thresholds for adverse health effects.   
 
Methane (CH4) 
 
CH4 is flammable or explosive at concentrations of 5 to 15% by volume (50,000 to 150,000 ppm) of air 
(NIOSH, 1994; NRC, 2000).  At high enough concentrations, CH4 is also a simple asphyxiant, capable of 
displacing enough oxygen to cause death by suffocation.  Threshold limit values are not specified because 
the limiting factor is the available oxygen (NRC, 2000).  Atmospheres with oxygen concentrations below 
19.5% can have adverse physiological effects, and atmospheres with less than 16% oxygen can become 
life threatening (MSHA, 2007).  Methane displaces oxygen to 18% in air when present at 14% (140,000 
ppm). 
 
When oxygen is readily available, CH4 has little toxic effect (NRC, 2000).   In assessing emergency 
exposure limits for CH4, the NRC (2000) determined that an exposure limit that presents an explosion 
hazard cannot be recommended, even if it is well below a concentration that would produce toxicity.  As 
such, it recommended an exposure limit of 5,000 ppm for methane (NRC, 2000).  The National Institute 
for Occupational Health Safety (NIOSH, 1994) established a threshold limit value (TLV) for methane at 
1,000 ppm. 
 
The current atmospheric concentration of CH4 is 1.78 ppm.  The projected CH4 concentration in 2100 
ranges from 1.46 to 3.39 ppm by 2100, well below any recommended exposure limits (Meehl et al., 
2007). 
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Nitrous Oxide (N2O) 

N2O is an asphyxiant at high concentrations. At lower concentrations, exposure causes central nervous 
system, cardiovascular, hepatic (pertaining to the liver), hematopoietic (pertaining to the formation of 
blood or blood cells), and reproductive effects in humans (Hathaway et al., 1991). At a concentration of 
50 to 67% (500,000 to 670,000 ppm) N2O is used to induce anesthesia in humans (Rom, 1992). 
 
NIOSH has established a recommended exposure limit (REL) for N2O of 25 ppm as a time-weighted 
average (TWA) for the duration of the exposure (NIOSH, 1992).  The American Conference of 
Governmental Industrial Hygienists (ACGIH) has assigned N2O a TLV of 50 ppm as a TWA for a normal 
8-hour workday and a 40-hour workweek (ACGIH, 1994). 
 
The NIOSH limit is based on the risk of reproductive system effects and decreases in audiovisual 
performance (NIOSH, 1992). The ACGIH limit is based on the risk of reproductive, hematological 
(related to the study of the nature, function, and diseases of the blood and of blood-forming organs), and 
nervous system effects (ACGIH, 1994). 
 
The current atmospheric concentration of N2O is 0.32 ppm.  The projected N2O concentration in 2100 
ranges from 0.36 to 0.46 ppm,, well below any exposure limits (Meehl et al., 2007). 
 
Fluorinated Gases (HFCs, PFCs, SF6) 
 
Most fluorinated gases emitted from anthropogenic activities are released in very small quantities relative 
to established thresholds for adverse health outcomes from exposure.  The health effects of exposure to 
one illustrative HFC gas, one illustrative HCFC gas, and sulfur hexafluoride (SF6) are given in the context 
of their current atmospheric concentration.  Chlorofluorocarbons are not included in this discussion given 
their phaseout under the Montreal Protocol. 
 
The NRC (1996) recommended a 1-hour emergency exposure guidance level (EEGL) of 4,000 ppm for 
HFC-134a.  This recommendation was based on a no-observed-adverse-effect level of 40,000 ppm in 
cardiac-sensitization tests of male beagles (NRC, 1996).  It recommended 24-hour EEGL of 1,000 ppm 
based on the fetotoxicity effects (slight retardation of skeletal ossification) observed in rats exposed to 
HFC-134a.  Finally, it recommended a 90-day Continuous Exposure Guidance Level (CEGL) of 900 ppm 
based on a two-year chronic toxicity study conducted in male rats exposed to HFC-134a at different 
concentrations for six hours/day, five days/week. The atmospheric concentration of HFC 134a in 2003 
was in the range of 26 to 31 parts per trillion according to IPCC/TEAP (2005), many orders of magnitude 
below EEGLs. 
 
For HCFC-123, the end points of pharmacological or adverse effects considered for establishing an EEGL 
are cardiac sensitization, anesthesia or CNS-related effects, malignant hyperthermia, and hepatotoxicity.  
According to the NRC (1996), the concentration required to produce cardiac sensitization in 50% of the 
animals for HCFC-123 was determined in dog studies to be 1.9% (19,000 ppm) for a 5-minute exposure.  
The NRC recommended that 1,900 ppm (19,000 ppm divided by an uncertainty factor of 10 for 
interspecies variability) should be considered the human no-observed-effect level for a 1-minute exposure 
to HCFC-123 on the basis of the dog cardiac-sensitization model.  The concentration of HCFC-123 in 
1996 was 0.03 parts per trillion according to IPCC/TEAP (2005), many orders of magnitude below the 
established effect level. 
 
SF6 is a relatively nontoxic gas but an asphyxiant at high concentrations. The NIOSH) recommended 
exposure limit is 1,000 ppm (NIOSH, 1997).  The SF6 concentration in 2003 was about 5 parts per trillion 
according to IPCC/TEAP (2005), many orders of magnitude below the exposure limit. 
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Abstract: We assess climate impacts of global warming
using ongoing observations and paleoclimate data. We
use Earth’s measured energy imbalance, paleoclimate
data, and simple representations of the global carbon
cycle and temperature to define emission reductions
needed to stabilize climate and avoid potentially disas-
trous impacts on today’s young people, future genera-
tions, and nature. A cumulative industrial-era limit of
,500 GtC fossil fuel emissions and 100 GtC storage in the
biosphere and soil would keep climate close to the
Holocene range to which humanity and other species are
adapted. Cumulative emissions of ,1000 GtC, sometimes
associated with 2uC global warming, would spur ‘‘slow’’
feedbacks and eventual warming of 3–4uC with disastrous
consequences. Rapid emissions reduction is required to
restore Earth’s energy balance and avoid ocean heat
uptake that would practically guarantee irreversible
effects. Continuation of high fossil fuel emissions, given
current knowledge of the consequences, would be an act
of extraordinary witting intergenerational injustice. Re-
sponsible policymaking requires a rising price on carbon
emissions that would preclude emissions from most
remaining coal and unconventional fossil fuels and phase
down emissions from conventional fossil fuels.

Introduction

Humans are now the main cause of changes of Earth’s

atmospheric composition and thus the drive for future climate

change [1]. The principal climate forcing, defined as an imposed

change of planetary energy balance [1–2], is increasing carbon

dioxide (CO2) from fossil fuel emissions, much of which will

remain in the atmosphere for millennia [1,3]. The climate

response to this forcing and society’s response to climate change

are complicated by the system’s inertia, mainly due to the ocean

and the ice sheets on Greenland and Antarctica together with the

long residence time of fossil fuel carbon in the climate system. The

inertia causes climate to appear to respond slowly to this human-

made forcing, but further long-lasting responses can be locked in.

More than 170 nations have agreed on the need to limit fossil

fuel emissions to avoid dangerous human-made climate change, as

formalized in the 1992 Framework Convention on Climate

Change [6]. However, the stark reality is that global emissions

have accelerated (Fig. 1) and new efforts are underway to

massively expand fossil fuel extraction [7–9] by drilling to

increasing ocean depths and into the Arctic, squeezing oil from

tar sands and tar shale, hydro-fracking to expand extraction of

natural gas, developing exploitation of methane hydrates, and

mining of coal via mountaintop removal and mechanized long-

wall mining. The growth rate of fossil fuel emissions increased

from 1.5%/year during 1980–2000 to 3%/year in 2000–2012,

mainly because of increased coal use [4–5].

The Framework Convention [6] does not define a dangerous

level for global warming or an emissions limit for fossil fuels. The
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European Union in 1996 proposed to limit global warming to 2uC

relative to pre-industrial times [10], based partly on evidence that

many ecosystems are at risk with larger climate change. The 2uC

target was reaffirmed in the 2009 ‘‘Copenhagen Accord’’

emerging from the 15th Conference of the Parties of the

Framework Convention [11], with specific language ‘‘We agree

that deep cuts in global emissions are required according to

science, as documented in the IPCC Fourth Assessment Report

with a view to reduce global emissions so as to hold the increase in

global temperature below 2 degrees Celsius…’’.

A global warming target is converted to a fossil fuel emissions

target with the help of global climate-carbon-cycle models, which

reveal that eventual warming depends on cumulative carbon

emissions, not on the temporal history of emissions [12]. The

emission limit depends on climate sensitivity, but central estimates

[12–13], including those in the upcoming Fifth Assessment of the

Intergovernmental Panel on Climate Change [14], are that a 2uC

global warming limit implies a cumulative carbon emissions limit

of the order of 1000 GtC. In comparing carbon emissions, note

that some authors emphasize the sum of fossil fuel and

deforestation carbon. We bookkeep fossil fuel and deforestation

carbon separately, because the larger fossil fuel term is known

more accurately and this carbon stays in the climate system for

hundreds of thousands of years. Thus fossil fuel carbon is the

crucial human input that must be limited. Deforestation carbon is

more uncertain and potentially can be offset on the century time

scale by storage in the biosphere, including the soil, via

reforestation and improved agricultural and forestry practices.

There are sufficient fossil fuel resources to readily supply 1000

GtC, as fossil fuel emissions to date (370 GtC) are only a small

fraction of potential emissions from known reserves and potentially

recoverable resources (Fig. 2). Although there are uncertainties in

reserves and resources, ongoing fossil fuel subsidies and continuing

technological advances ensure that more and more of these fuels

will be economically recoverable. As we will show, Earth’s

paleoclimate record makes it clear that the CO2 produced by

burning all or most of these fossil fuels would lead to a very

different planet than the one that humanity knows.

Our evaluation of a fossil fuel emissions limit is not based on

climate models but rather on observational evidence of global

climate change as a function of global temperature and on the fact

that climate stabilization requires long-term planetary energy

balance. We use measured global temperature and Earth’s

measured energy imbalance to determine the atmospheric CO2

level required to stabilize climate at today’s global temperature,

which is near the upper end of the global temperature range in the

current interglacial period (the Holocene). We then examine

climate impacts during the past few decades of global warming

and in paleoclimate records including the Eemian period,

concluding that there are already clear indications of undesirable

impacts at the current level of warming and that 2uC warming

would have major deleterious consequences. We use simple

representations of the carbon cycle and global temperature,

consistent with observations, to simulate transient global temper-

ature and assess carbon emission scenarios that could keep global

climate near the Holocene range. Finally, we discuss likely over-

shooting of target emissions, the potential for carbon extraction

from the atmosphere, and implications for energy and economic

policies, as well as intergenerational justice.

Global Temperature and Earth’s Energy Balance

Global temperature and Earth’s energy imbalance provide our

most useful measuring sticks for quantifying global climate change

and the changes of global climate forcings that would be required

to stabilize global climate. Thus we must first quantify knowledge

of these quantities.

Temperature
Temperature change in the past century (Fig. 3; update of figures

in [16]) includes unforced variability and forced climate change.

The long-term global warming trend is predominantly a forced

climate change caused by increased human-made atmospheric

gases, mainly CO2 [1]. Increase of ‘‘greenhouse’’ gases such as CO2

has little effect on incoming sunlight but makes the atmosphere

more opaque at infrared wavelengths, causing infrared (heat)

radiation to space to emerge from higher, colder levels, which thus

reduces infrared radiation to space. The resulting planetary energy

imbalance, absorbed solar energy exceeding heat emitted to space,

causes Earth to warm. Observations, discussed below, confirm that

Earth is now substantially out of energy balance, so the long-term

warming will continue.

Figure 1. CO2 annual emissions from fossil fuel use and cement manufacture, based on data of British Petroleum [4] concatenated
with data of Boden et al. [5]. (A) is log scale and (B) is linear.
doi:10.1371/journal.pone.0081648.g001
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Global temperature appears to have leveled off since 1998 (Fig.

3a). That plateau is partly an illusion due to the 1998 global

temperature spike caused by the El Niño of the century that year.

The 11-year (132-month) running mean temperature (Fig. 3b)

shows only a moderate decline of the warming rate. The 11-year

averaging period minimizes the effect of variability due to the 10–

12 year periodicity of solar irradiance as well as irregular El Niño/

La Niña warming/cooling in the tropical Pacific Ocean. The

current solar cycle has weaker irradiance than the several prior

solar cycles, but the decreased irradiance can only partially

account for the decreased warming rate [17]. Variability of the El

Niño/La Niña cycle, described as a Pacific Decadal Oscillation,

largely accounts for the temporary decrease of warming [18], as

we discuss further below in conjunction with global temperature

simulations.

Assessments of dangerous climate change have focused on

estimating a permissible level of global warming. The Intergov-

ernmental Panel on Climate Change [1,19] summarized broad-

based assessments with a ‘‘burning embers’’ diagram, which

indicated that major problems begin with global warming of 2–

3uC. A probabilistic analysis [20], still partly subjective, found a

median ‘‘dangerous’’ threshold of 2.8uC, with 95% confidence

that the dangerous threshold was 1.5uC or higher. These

assessments were relative to global temperature in year 1990, so

add 0.6uC to these values to obtain the warming relative to 1880–

1920, which is the base period we use in this paper for

preindustrial time. The conclusion that humanity could tolerate

global warming up to a few degrees Celsius meshed with common

sense. After all, people readily tolerate much larger regional and

seasonal climate variations.

Figure 2. Fossil fuel CO2 emissions and carbon content (1 ppm atmospheric CO2 , 2.12 GtC). Estimates of reserves (profitable to extract
at current prices) and resources (potentially recoverable with advanced technology and/or at higher prices) are the mean of estimates of Energy
Information Administration (EIA) [7], German Advisory Council (GAC) [8], and Global Energy Assessment (GEA) [9]. GEA [9] suggests the possibility of
.15,000 GtC unconventional gas. Error estimates (vertical lines) are from GEA and probably underestimate the total uncertainty. We convert energy
content to carbon content using emission factors of Table 4.2 of [15] for coal, gas and conventional oil, and, also following [15], emission factor of
unconventional oil is approximated as being the same as for coal. Total emissions through 2012, including gas flaring and cement manufacture, are
384 GtC; fossil fuel emissions alone are ,370 GtC.
doi:10.1371/journal.pone.0081648.g002

Figure 3. Global surface temperature relative to 1880–1920 mean. B shows the 5 and 11 year means. Figures are updates of [16] using data
through August 2013.
doi:10.1371/journal.pone.0081648.g003
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The fallacy of this logic emerged recently as numerous impacts

of ongoing global warming emerged and as paleoclimate

implications for climate sensitivity became apparent. Arctic sea

ice end-of-summer minimum area, although variable from year to

year, has plummeted by more than a third in the past few decades,

at a faster rate than in most models [21], with the sea ice thickness

declining a factor of four faster than simulated in IPCC climate

models [22]. The Greenland and Antarctic ice sheets began to

shed ice at a rate, now several hundred cubic kilometers per year,

which is continuing to accelerate [23–25]. Mountain glaciers are

receding rapidly all around the world [26–29] with effects on

seasonal freshwater availability of major rivers [30–32]. The hot

dry subtropical climate belts have expanded as the troposphere has

warmed and the stratosphere cooled [33–36], contributing to

increases in the area and intensity of drought [37] and wildfires

[38]. The abundance of reef-building corals is decreasing at a rate

of 0.5–2%/year, at least in part due to ocean warming and

possibly ocean acidification caused by rising dissolved CO2 [39–

41]. More than half of all wild species have shown significant

changes in where they live and in the timing of major life events

[42–44]. Mega-heatwaves, such as those in Europe in 2003, the

Moscow area in 2010, Texas and Oklahoma in 2011, Greenland

in 2012, and Australia in 2013 have become more widespread

with the increase demonstrably linked to global warming [45–47].

These growing climate impacts, many more rapid than

anticipated and occurring while global warming is less than 1uC,

imply that society should reassess what constitutes a ‘‘dangerous

level’’ of global warming. Earth’s paleoclimate history provides a

valuable tool for that purpose.

Paleoclimate Temperature
Major progress in quantitative understanding of climate change

has occurred recently by use of the combination of data from high

resolution ice cores covering time scales of order several hundred

thousand years [48–49] and ocean cores for time scales of order

one hundred million years [50]. Quantitative insights on global

temperature sensitivity to external forcings [51–52] and sea level

sensitivity to global temperature [52–53] are crucial to our

analyses. Paleoclimate data also provide quantitative information

about how nominally slow feedback processes amplify climate

sensitivity [51–52,54–56], which also is important to our analyses.

Earth’s surface temperature prior to instrumental measurements

is estimated via proxy data. We will refer to the surface

temperature record in Fig. 4 of a recent paper [52]. Global mean

temperature during the Eemian interglacial period (120,000 years

ago) is constrained to be 2uC warmer than our pre-industrial

(1880–1920) level based on several studies of Eemian climate [52].

The concatenation of modern and instrumental records [52] is

based on an estimate that global temperature in the first decade of

the 21st century (+0.8uC relative to 1880–1920) exceeded the

Holocene mean by 0.2560.25uC. That estimate was based in part

on the fact that sea level is now rising 3.2 mm/yr (3.2 m/

millennium) [57], an order of magnitude faster than the rate

during the prior several thousand years, with rapid change of ice

sheet mass balance over the past few decades [23] and Greenland

and Antarctica now losing mass at accelerating rates [23–24]. This

concatenation, which has global temperature 13.9uC in the base

period 1951–1980, has the first decade of the 21st century slightly

(,0.1uC) warmer than the early Holocene maximum. A recent

reconstruction from proxy temperature data [55] concluded that

global temperature declined about 0.7uC between the Holocene

maximum and a pre-industrial minimum before recent warming

brought temperature back near the Holocene maximum, which is

consistent with our analysis.

Climate oscillations evident in Fig. 4 of Hansen et al. [52] were

instigated by perturbations of Earth’s orbit and spin axis tilt

relative to the orbital plane, which alter the geographical and

seasonal distribution of sunlight on Earth [58]. These forcings

change slowly, with periods between 20,000 and 400,000 years,

and thus climate is able to stay in quasi-equilibrium with these

forcings. Slow insolation changes initiated the climate oscillations,

but the mechanisms that caused the climate changes to be so large

were two powerful amplifying feedbacks: the planet’s surface

albedo (its reflectivity, literally its whiteness) and atmospheric CO2

amount. As the planet warms, ice and snow melt, causing the

surface to be darker, absorb more sunlight and warm further. As

the ocean and soil become warmer they release CO2 and other

greenhouse gases, causing further warming. Together with fast

feedbacks processes, via changes of water vapor, clouds, and the

vertical temperature profile, these slow amplifying feedbacks were

responsible for almost the entire glacial-to-interglacial temperature

change [59–62].

The albedo and CO2 feedbacks amplified weak orbital forcings,

the feedbacks necessarily changing slowly over millennia, at the

pace of orbital changes. Today, however, CO2 is under the control

of humans as fossil fuel emissions overwhelm natural changes.

Atmospheric CO2 has increased rapidly to a level not seen for at

least 3 million years [56,63]. Global warming induced by

increasing CO2 will cause ice to melt and hence sea level to rise

as the global volume of ice moves toward the quasi-equilibrium

amount that exists for a given global temperature [53]. As ice

melts and ice area decreases, the albedo feedback will amplify

global warming.

Earth, because of the climate system’s inertia, has not yet fully

responded to human-made changes of atmospheric composition.

The ocean’s thermal inertia, which delays some global warming

for decades and even centuries, is accounted for in global climate

models and its effect is confirmed via measurements of Earth’s

energy balance (see next section). In addition there are slow

climate feedbacks, such as changes of ice sheet size, that occur

mainly over centuries and millennia. Slow feedbacks have little

effect on the immediate planetary energy balance, instead coming

into play in response to temperature change. The slow feedbacks

are difficult to model, but paleoclimate data and observations of

ongoing changes help provide quantification.

Earth’s Energy Imbalance
At a time of climate stability, Earth radiates as much energy to

space as it absorbs from sunlight. Today Earth is out of balance

because increasing atmospheric gases such as CO2 reduce Earth’s

heat radiation to space, thus causing an energy imbalance, as there

is less energy going out than coming in. This imbalance causes

Earth to warm and move back toward energy balance. The

warming and restoration of energy balance take time, however,

because of Earth’s thermal inertia, which is due mainly to the

global ocean.

Earth warmed about 0.8uC in the past century. That warming

increased Earth’s radiation to space, thus reducing Earth’s energy

imbalance. The remaining energy imbalance helps us assess how

much additional warming is still ‘‘in the pipeline’’. Of course

increasing CO2 is only one of the factors affecting Earth’s energy

balance, even though it is the largest climate forcing. Other

forcings include changes of aerosols, solar irradiance, and Earth’s

surface albedo.

Determination of the state of Earth’s climate therefore requires

measuring the energy imbalance. This is a challenge, because the

imbalance is expected to be only about 1 W/m2 or less, so

accuracy approaching 0.1 W/m2 is needed. The most promising
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approach is to measure the rate of changing heat content of the

ocean, atmosphere, land, and ice [64]. Measurement of ocean heat

content is the most critical observation, as nearly 90 percent of the

energy surplus is stored in the ocean [64–65].

Observed Energy Imbalance
Nations of the world have launched a cooperative program to

measure changing ocean heat content, distributing more than

3000 Argo floats around the world ocean, with each float

repeatedly diving to a depth of 2 km and back [66]. Ocean

coverage by floats reached 90% by 2005 [66], with the gaps

mainly in sea ice regions, yielding the potential for an accurate

energy balance assessment, provided that several systematic

measurement biases exposed in the past decade are minimized

[67–69].

Argo data reveal that in 2005–2010 the ocean’s upper 2000 m

gained heat at a rate equal to 0.41 W/m2 averaged over Earth’s

surface [70]. Smaller contributions to planetary energy imbalance

are from heat gain by the deeper ocean (+0.10 W/m2), energy

used in net melting of ice (+0.05 W/m2), and energy taken up by

warming continents (+0.02 W/m2). Data sources for these

estimates and uncertainties are provided elsewhere [64]. The

resulting net planetary energy imbalance for the six years 2005–

2010 is +0.5860.15 W/m2.

The positive energy imbalance in 2005–2010 confirms that the

effect of solar variability on climate is much less than the effect of

human-made greenhouse gases. If the sun were the dominant

forcing, the planet would have a negative energy balance in 2005–

2010, when solar irradiance was at its lowest level in the period of

accurate data, i.e., since the 1970s [64,71]. Even though much of

the greenhouse gas forcing has been expended in causing observed

0.8uC global warming, the residual positive forcing overwhelms

the negative solar forcing. The full amplitude of solar cycle forcing

is about 0.25 W/m2 [64,71], but the reduction of solar forcing due

to the present weak solar cycle is about half that magnitude as we

illustrate below, so the energy imbalance measured during solar

minimum (0.58 W/m2) suggests an average imbalance over the

solar cycle of about 0.7 W/m2.

Earth’s measured energy imbalance has been used to infer the

climate forcing by aerosols, with two independent analyses yielding

a forcing in the past decade of about 21.5 W/m2 [64,72],

including the direct aerosol forcing and indirect effects via induced

cloud changes. Given this large (negative) aerosol forcing, precise

monitoring of changing aerosols is needed [73]. Public reaction to

increasingly bad air quality in developing regions [74] may lead to

future aerosol reductions, at least on a regional basis. Increase of

Earth’s energy imbalance from reduction of particulate air

pollution, which is needed for the sake of human health, can be

minimized via an emphasis on reducing absorbing black soot [75],

but the potential to constrain the net increase of climate forcing by

focusing on black soot is limited [76].

Energy Imbalance Implications for CO2 Target
Earth’s energy imbalance is the most vital number character-

izing the state of Earth’s climate. It informs us about the global

temperature change ‘‘in the pipeline’’ without further change of

climate forcings and it defines how much greenhouse gases must

be reduced to restore Earth’s energy balance, which, at least to a

good approximation, must be the requirement for stabilizing

global climate. The measured energy imbalance accounts for all

natural and human-made climate forcings, including changes of

atmospheric aerosols and Earth’s surface albedo.

If Earth’s mean energy imbalance today is +0.5 W/m2, CO2

must be reduced from the current level of 395 ppm (global-mean

annual-mean in mid-2013) to about 360 ppm to increase Earth’s

heat radiation to space by 0.5 W/m2 and restore energy balance.

If Earth’s energy imbalance is 0.75 W/m2, CO2 must be reduced

to about 345 ppm to restore energy balance [64,75].

The measured energy imbalance indicates that an initial CO2

target ‘‘,350 ppm’’ would be appropriate, if the aim is to stabilize

climate without further global warming. That target is consistent

with an earlier analysis [54]. Additional support for that target is

provided by our analyses of ongoing climate change and

paleoclimate, in later parts of our paper. Specification now of a

CO2 target more precise than ,350 ppm is difficult and

unnecessary, because of uncertain future changes of forcings

including other gases, aerosols and surface albedo. More precise

assessments will become available during the time that it takes to

turn around CO2 growth and approach the initial 350 ppm target.

Below we find the decreasing emissions scenario that would

achieve the 350 ppm target within the present century. Specifically,

we want to know the annual percentage rate at which emissions

must be reduced to reach this target, and the dependence of this rate

upon the date at which reductions are initiated. This approach is

complementary to the approach of estimating cumulative emissions

allowed to achieve a given limit on global warming [12].

Figure 4. Decay of atmospheric CO2 perturbations. (A) Instantaneous injection or extraction of CO2 with initial conditions at equilibrium. (B)
Fossil fuel emissions terminate at the end of 2015, 2030, or 2050 and land use emissions terminate after 2015 in all three cases, i.e., thereafter there is
no net deforestation.
doi:10.1371/journal.pone.0081648.g004
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If the only human-made climate forcing were changes of

atmospheric CO2, the appropriate CO2 target might be close to

the pre-industrial CO2 amount [53]. However, there are other

human forcings, including aerosols, the effect of aerosols on

clouds, non-CO2 greenhouse gases, and changes of surface albedo

that will not disappear even if fossil fuel burning is phased out.

Aerosol forcings are substantially a result of fossil fuel burning

[1,76], but the net aerosol forcing is a sensitive function of various

aerosol sources [76]. The indirect aerosol effect on clouds is non-

linear [1,76] such that it has been suggested that even the modest

aerosol amounts added by pre-industrial humans to an otherwise

pristine atmosphere may have caused a significant climate forcing

[59]. Thus continued precise monitoring of Earth’s radiation

imbalance is probably the best way to assess and adjust the

appropriate CO2 target.

Ironically, future reductions of particulate air pollution may

exacerbate global warming by reducing the cooling effect of

reflective aerosols. However, a concerted effort to reduce non-CO2

forcings by methane, tropospheric ozone, other trace gases, and

black soot might counteract the warming from a decline in

reflective aerosols [54,75]. Our calculations below of future global

temperature assume such compensation, as a first approximation.

To the extent that goal is not achieved, adjustments must be made

in the CO2 target or future warming may exceed calculated values.

Climate Impacts

Determination of the dangerous level of global warming

inherently is partly subjective, but we must be as quantitative as

possible. Early estimates for dangerous global warming based on

the ‘‘burning embers’’ approach [1,19–20] have been recognized

as probably being too conservative [77]. A target of limiting

warming to 2uC has been widely adopted, as discussed above. We

suspect, however, that this may be a case of inching toward a

better answer. If our suspicion is correct, then that gradual

approach is itself very dangerous, because of the climate system’s

inertia. It will become exceedingly difficult to keep warming below

a target smaller than 2uC, if high emissions continue much longer.

We consider several important climate impacts and use

evidence from current observations to assess the effect of 0.8uC

warming and paleoclimate data for the effect of larger warming,

especially the Eemian period, which had global mean temperature

about +2uC relative to pre-industrial time. Impacts of special

interest are sea level rise and species extermination, because they

are practically irreversible, and others important to humankind.

Sea Level
The prior interglacial period, the Eemian, was at most ,2uC

warmer than 1880–1920 (Fig. 3). Sea level reached heights several

meters above today’s level [78–80], probably with instances of sea

level change of the order of 1 m/century [81–83]. Geologic

shoreline evidence has been interpreted as indicating a rapid sea

level rise of a few meters late in the Eemian to a peak about 9

meters above present, suggesting the possibility that a critical

stability threshold was crossed that caused polar ice sheet collapse

[84–85], although there remains debate within the research

community about this specific history and interpretation. The

large Eemian sea level excursions imply that substantial ice sheet

melting occurred when the world was little warmer than today.

During the early Pliocene, which was only ,3uC warmer than

the Holocene, sea level attained heights as much as 15–25 meters

higher than today [53,86–89]. Such sea level rise suggests that

parts of East Antarctica must be vulnerable to eventual melting

with global temperature increase of a few degrees Celsius. Indeed,

satellite gravity data and radar altimetry reveal that the Totten

Glacier of East Antarctica, which fronts a large ice mass grounded

below sea level, is now losing mass [90].

Greenland ice core data suggest that the Greenland ice sheet

response to Eemian warmth was limited [91], but the fifth IPCC

assessment [14] concludes that Greenland very likely contributed

between 1.4 and 4.3 m to the higher sea level of the Eemian. The

West Antarctic ice sheet is probably more susceptible to rapid

change, because much of it rests on bedrock well below sea level

[92–93]. Thus the entire 3–4 meters of global sea level contained

in that ice sheet may be vulnerable to rapid disintegration,

although arguments for stability of even this marine ice sheet have

been made [94]. However, Earth’s history reveals sea level

changes of as much as a few meters per century, even though the

natural climate forcings changed much more slowly than the

present human-made forcing.

Expected human-caused sea level rise is controversial in part

because predictions focus on sea level at a specific time, 2100. Sea

level on a given date is inherently difficult to predict, as it depends

on how rapidly non-linear ice sheet disintegration begins. Focus on

a single date also encourages people to take the estimated result as

an indication of what humanity faces, thus failing to emphasize

that the likely rate of sea level rise immediately after 2100 will be

much larger than within the 21st century, especially if CO2

emissions continue to increase.

Recent estimates of sea level rise by 2100 have been of the order

of 1 m [95–96], which is higher than earlier assessments [26], but

these estimates still in part assume linear relations between

warming and sea level rise. It has been argued [97–98] that

continued business-as-usual CO2 emissions are likely to spur a

nonlinear response with multi-meter sea level rise this century.

Greenland and Antarctica have been losing mass at rapidly

increasing rates during the period of accurate satellite data [23];

the data are suggestive of exponential increase, but the records are

too short to be conclusive. The area on Greenland with summer

melt has increased markedly, with 97% of Greenland experiencing

melt in 2012 [99].

The important point is that the uncertainty is not about whether

continued rapid CO2 emissions would cause large sea level rise,

submerging global coastlines – it is about how soon the large

changes would begin. The carbon from fossil fuel burning will

remain in and affect the climate system for many millennia,

ensuring that over time sea level rise of many meters will occur –

tens of meters if most of the fossil fuels are burned [53]. That order

of sea level rise would result in the loss of hundreds of historical

coastal cities worldwide with incalculable economic consequences,

create hundreds of millions of global warming refugees from

highly-populated low-lying areas, and thus likely cause major

international conflicts.

Shifting Climate Zones
Theory and climate models indicate that the tropical overturn-

ing (Hadley) atmospheric circulation expands poleward with

global warming [33]. There is evidence in satellite and radiosonde

data and in observational data for poleward expansion of the

tropical circulation by as much as a few degrees of latitude since

the 1970s [34–35], but natural variability may have contributed to

that expansion [36]. Change in the overturning circulation likely

contributes to expansion of subtropical conditions and increased

aridity in the southern United States [30,100], the Mediterranean

region, South America, southern Africa, Madagascar, and

southern Australia. Increased aridity and temperature contribute

to increased forest fires that burn hotter and are more destructive

[38].
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Despite large year-to-year variability of temperature, decadal

averages reveal isotherms (lines of a given average temperature)

moving poleward at a typical rate of the order of 100 km/decade

in the past three decades [101], although the range shifts for

specific species follow more complex patterns [102]. This rapid

shifting of climate zones far exceeds natural rates of change.

Movement has been in the same direction (poleward, and upward

in elevation) since about 1975. Wild species have responded to

climate change, with three-quarters of marine species shifting their

ranges poleward as much as 1000 km [44,103] and more than half

of terrestrial species shifting ranges poleward as much as 600 km

and upward as much as 400 m [104].

Humans may adapt to shifting climate zones better than many

species. However, political borders can interfere with human

migration, and indigenous ways of life already have been adversely

affected [26]. Impacts are apparent in the Arctic, with melting

tundra, reduced sea ice, and increased shoreline erosion. Effects of

shifting climate zones also may be important for indigenous

Americans who possess specific designated land areas, as well as

other cultures with long-standing traditions in South America,

Africa, Asia and Australia.

Human Extermination of Species
Biodiversity is affected by many agents including overharvest-

ing, introduction of exotic species, land use changes, nitrogen

fertilization, and direct effects of increased atmospheric CO2 on

plant ecophysiology [43]. However, an overriding role of climate

change is exposed by diverse effects of rapid warming on animals,

plants, and insects in the past three decades.

A sudden widespread decline of frogs, with extinction of entire

mountain-restricted species attributed to global warming [105–

106], provided a dramatic awakening. There are multiple causes

of the detailed processes involved in global amphibian declines and

extinctions [107–108], but global warming is a key contributor

and portends a planetary-scale mass extinction in the making

unless action is taken to stabilize climate while also fighting

biodiversity’s other threats [109].

Mountain-restricted and polar-restricted species are particularly

vulnerable. As isotherms move up the mountainside and poleward,

so does the climate zone in which a given species can survive. If

global warming continues unabated, many of these species will be

effectively pushed off the planet. There are already reductions in

the population and health of Arctic species in the southern parts of

the Arctic, Antarctic species in the northern parts of the Antarctic,

and alpine species worldwide [43].

A critical factor for survival of some Arctic species is retention of

all-year sea ice. Continued growth of fossil fuel emissions will cause

loss of all Arctic summer sea ice within several decades. In

contrast, the scenario in Fig. 5A, with global warming peaking just

over 1uC and then declining slowly, should allow summer sea ice

to survive and then gradually increase to levels representative of

recent decades.

The threat to species survival is not limited to mountain and

polar species. Plant and animal distributions reflect the regional

climates to which they are adapted. Although species attempt to

migrate in response to climate change, their paths may be blocked

by human-constructed obstacles or natural barriers such as coast

lines and mountain ranges. As the shift of climate zones [110]

becomes comparable to the range of some species, less mobile

species can be driven to extinction. Because of extensive species

interdependencies, this can lead to mass extinctions.

Rising sea level poses a threat to a large number of uniquely

evolved endemic fauna living on islands in marine-dominated

ecosystems, with those living on low lying islands being especially

vulnerable. Evolutionary history on Bermuda offers numerous

examples of the direct and indirect impact of changing sea level on

evolutionary processes [111–112], with a number of taxa being

extirpated due to habitat changes, greater competition, and island

inundation [113]. Similarly, on Aldahabra Island in the Indian

Ocean, land tortoises were exterminated during sea level high

stands [114]. Vulnerabilities would be magnified by the speed of

human-made climate change and the potentially large sea level

rise [115].

IPCC [26] reviewed studies relevant to estimating eventual

extinctions. They estimate that if global warming exceeds 1.6uC

above preindustrial, 9–31 percent of species will be committed to

extinction. With global warming of 2.9uC, an estimated 21–52

percent of species will be committed to extinction. A compre-

hensive study of biodiversity indicators over the past decade [116]

reveals that, despite some local success in increasing extent of

protected areas, overall indicators of pressures on biodiversity

including that due to climate change are continuing to increase

and indicators of the state of biodiversity are continuing to

decline.

Mass extinctions occurred several times in Earth’s history [117–

118], often in conjunction with rapid climate change. New species

evolved over millions of years, but those time scales are almost

beyond human comprehension. If we drive many species to

extinction we will leave a more desolate, monotonous planet for

our children, grandchildren, and more generations than we can

imagine. We will also undermine ecosystem functions (e.g.,

pollination which is critical for food production) and ecosystem

resilience (when losing keystone species in food chains), as well as

reduce functional diversity (critical for the ability of ecosystems to

respond to shocks and stress) and genetic diversity that plays an

important role for development of new medicines, materials, and

sources of energy.

Coral Reef Ecosystems
Coral reefs are the most biologically diverse marine ecosystem,

often described as the rainforests of the ocean. Over a million

species, most not yet described [119], are estimated to populate

coral reef ecosystems generating crucial ecosystem services for at

least 500 million people in tropical coastal areas. These ecosystems

are highly vulnerable to the combined effects of ocean acidification

and warming.

Acidification arises as the ocean absorbs CO2, producing

carbonic acid [120], thus making the ocean more corrosive to the

calcium carbonate shells (exoskeletons) of many marine organ-

isms. Geochemical records show that ocean pH is already outside

its range of the past several million years [121–122]. Warming

causes coral bleaching, as overheated coral expel symbiotic algae

and become vulnerable to disease and mortality [123]. Coral

bleaching and slowing of coral calcification already are causing

mass mortalities, increased coral disease, and reduced reef

carbonate accretion, thus disrupting coral reef ecosystem health

[40,124].

Local human-made stresses add to the global warming and

acidification effects, all of these driving a contraction of 1–2% per

year in the abundance of reef-building corals [39]. Loss of the

three-dimensional coral reef frameworks has consequences for all

the species that depend on them. Loss of these frameworks also has

consequences for the important roles that coral reefs play in

supporting fisheries and protecting coastlines from wave stress.

Consequences of lost coral reefs can be economically devastating

for many nations, especially in combination with other impacts

such as sea level rise and intensification of storms.
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Climate Extremes
Changes in the frequency and magnitude of climate extremes,

of both moisture and temperature, are affected by climate trends

as well as changing variability. Extremes of the hydrologic cycle

are expected to intensify in a warmer world. A warmer

atmosphere holds more moisture, so precipitation can be heavier

and cause more extreme flooding. Higher temperatures, on the

other hand, increase evaporation and can intensify droughts when

they occur, as can expansion of the subtropics, as discussed above.

Global models for the 21st century find an increased variability of

precipitation minus evaporation [P-E] in most of the world,

especially near the equator and at high latitudes [125]. Some

models also show an intensification of droughts in the Sahel,

driven by increasing greenhouse gases [126].

Observations of ocean salinity patterns for the past 50 years

reveal an intensification of [P-E] patterns as predicted by models,

but at an even faster rate. Precipitation observations over land

show the expected general increase of precipitation poleward of

the subtropics and decrease at lower latitudes [1,26]. An increase

of intense precipitation events has been found on much of the

world’s land area [127–129]. Evidence for widespread drought

intensification is less clear and inherently difficult to confirm with

available data because of the increase of time-integrated precip-

itation at most locations other than the subtropics. Data analyses

have found an increase of drought intensity at many locations

[130–131] The magnitude of change depends on the drought

index employed [132], but soil moisture provides a good means to

separate the effect of shifting seasonal precipitation and confirms

an overall drought intensification [37].

Global warming of ,0.6uC since the 1970s (Fig. 3) has already

caused a notable increase in the occurrence of extreme summer heat

[46]. The likelihood of occurrence or the fractional area covered by

3-standard-deviation hot anomalies, relative to a base period (1951–

1980) that was still within the range of Holocene climate, has

increased by more than a factor of ten. Large areas aroundMoscow,

the Mediterranean region, the United States and Australia have

experienced such extreme anomalies in the past three years. Heat

waves lasting for weeks have a devastating impact on human health:

the European heat wave of summer 2003 caused over 70,000 excess

deaths [133]. This heat record for Europe was surpassed already in

2010 [134]. The number of extreme heat waves has increased

several-fold due to global warming [45–46,135] and will increase

further if temperatures continue to rise.

Human Health
Impacts of climate change cause widespread harm to human

health, with children often suffering the most. Food shortages,

polluted air, contaminated or scarce supplies of water, an

expanding area of vectors causing infectious diseases, and more

intensely allergenic plants are among the harmful impacts [26].

More extreme weather events cause physical and psychological

harm. World health experts have concluded with ‘‘very high

confidence’’ that climate change already contributes to the global

burden of disease and premature death [26].

IPCC [26] projects the following trends, if global warming

continue to increase, where only trends assigned very high

confidence or high confidence are included: (i) increased

malnutrition and consequent disorders, including those related

to child growth and development, (ii) increased death, disease and

injuries from heat waves, floods, storms, fires and droughts, (iii)

increased cardio-respiratory morbidity and mortality associated

with ground-level ozone. While IPCC also projects fewer deaths

from cold, this positive effect is far outweighed by the negative

ones.

Growing awareness of the consequences of human-caused

climate change triggers anxiety and feelings of helplessness [136–

137]. Children, already susceptible to age-related insecurities, face

additional destabilizing insecurities from questions about how they

will cope with future climate change [138–139]. Exposure to

media ensures that children cannot escape hearing that their

future and that of other species is at stake, and that the window of

opportunity to avoid dramatic climate impacts is closing. The

psychological health of our children is a priority, but denial of the

truth exposes our children to even greater risk.

Health impacts of climate change are in addition to direct

effects of air and water pollution. A clear illustration of direct

effects of fossil fuels on human health was provided by an

inadvertent experiment in China during the 1950–1980 period of

central planning, when free coal for winter heating was provided

to North China but not to the rest of the country. Analysis of the

impact was made [140] using the most comprehensive data file

ever compiled on mortality and air pollution in any developing

country. A principal conclusion was that the 500 million residents

of North China experienced during the 1990s a loss of more than

2.5 billion life years owing to the added air pollution, and an

average reduction in life expectancy of 5.5 years. The degree of air

pollution in China exceeded that in most of the world, yet

Figure 5. Atmospheric CO2 if fossil fuel emissions reduced. (A) 6% or 2% annual cut begins in 2013 and 100 GtC reforestation drawdown
occurs in 2031–2080, (B) effect of delaying onset of emission reduction.
doi:10.1371/journal.pone.0081648.g005
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assessments of total health effects must also include other fossil fuel

caused air and water pollutants, as discussed in the following

section on ecology and the environment.

The Text S1 has further discussion of health impacts of climate

change.

Ecology and the Environment
The ecological impact of fossil fuel mining increases as the

largest, easiest to access, resources are depleted [141]. A constant

fossil fuel production rate requires increasing energy input, but

also use of more land, water, and diluents, with the production of

more waste [142]. The increasing ecological and environmental

impact of a given amount of useful fossil fuel energy is a relevant

consideration in assessing alternative energy strategies.

Coal mining has progressively changed from predominantly

underground mining to surface mining [143], including moun-

taintop removal with valley fill, which is now widespread in the

Appalachian ecoregion in the United States. Forest cover and

topsoil are removed, explosives are used to break up rocks to

access coal, and the excess rock is pushed into adjacent valleys,

where it buries existing streams. Burial of headwater streams

causes loss of ecosystems that are important for nutrient cycling

and production of organic matter for downstream food webs

[144]. The surface alterations lead to greater storm runoff [145]

with likely impact on downstream flooding. Water emerging from

valley fills contain toxic solutes that have been linked to declines in

watershed biodiversity [146]. Even with mine-site reclamation

intended to restore pre-mined surface conditions, mine-derived

chemical constituents are found in domestic well water [147].

Reclaimed areas, compared with unmined areas, are found to

have increased soil density with decreased organic and nutrient

content, and with reduced water infiltration rates [148].

Reclaimed areas have been found to produce little if any regrowth

of woody vegetation even after 15 years [149], and, although this

deficiency might be addressed via more effective reclamation

methods, there remains a likely significant loss of carbon storage

[149].

Oil mining has an increasing ecological footprint per unit

delivered energy because of the decreasing size of new fields and

their increased geographical dispersion; transit distances are

greater and wells are deeper, thus requiring more energy input

[145]. Useful quantitative measures of the increasing ecological

impacts are provided by the history of oil development in Alberta,

Canada for production of both conventional oil and tar sands

development. The area of land required per barrel of produced oil

increased by a factor of 12 between 1955 and 2006 [150] leading

to ecosystem fragmentation by roads and pipelines needed to

support the wells [151]. Additional escalation of the mining impact

occurs as conventional oil mining is supplanted by tar sands

development, with mining and land disturbance from the latter

producing land use-related greenhouse gas emissions as much as

23 times greater than conventional oil production per unit area

[152], but with substantial variability and uncertainty [152–153].

Much of the tar sands bitumen is extracted through surface mining

that removes the ‘‘overburden’’ (i.e., boreal forest ecosystems) and

tar sand from large areas to a depth up to 100 m, with ecological

impacts downstream and in the mined area [154]. Although

mined areas are supposed to be reclaimed, as in the case of

mountaintop removal, there is no expectation that the ecological

value of reclaimed areas will be equivalent to predevelopment

condition [141,155]. Landscape changes due to tar sands mining

and reclamation cause a large loss of peatland and stored carbon,

while also significantly reducing carbon sequestration potential

[156]. Lake sediment cores document increased chemical

pollution of ecosystems during the past several decades traceable

to tar sands development [157] and snow and water samples

indicate that recent levels of numerous pollutants exceeded local

and national criteria for protection of aquatic organisms [158].

Gas mining by unconventional means has rapidly expanded in

recent years, without commensurate understanding of the

ecological, environmental and human health consequences

[159]. The predominant approach is hydraulic fracturing (‘‘frack-

ing’’) of deep shale formations via injection of millions of gallons of

water, sand and toxic chemicals under pressure, thus liberating

methane [155,160]. A large fraction of the injected water returns

to the surface as wastewater containing high concentrations of

heavy metals, oils, greases and soluble organic compounds [161].

Management of this wastewater is a major technical challenge,

especially because the polluted waters can continue to backflow

from the wells for many years [161]. Numerous instances of

groundwater and river contamination have been cited [162]. High

levels of methane leakage from fracking have been found [163], as

well as nitrogen oxides and volatile organic compounds [159].

Methane leaks increase the climate impact of shale gas, but

whether the leaks are sufficient to significantly alter the climate

forcing by total natural gas development is uncertain [164].

Overall, environmental and ecologic threats posed by unconven-

tional gas extraction are uncertain because of limited research,

however evidence for groundwater pollution on both local and

river basin scales is a major concern [165].

Today, with cumulative carbon emissions ,370 GtC from all

fossil fuels, we are at a point of severely escalating ecological and

environmental impacts from fossil fuel use and fossil fuel mining,

as is apparent from the mountaintop removal for coal, tar sands

extraction of oil, and fracking for gas. The ecological and

environmental implications of scenarios with carbon emissions of

1000 GtC or greater, as discussed below, would be profound and

should influence considerations of appropriate energy strategies.

Summary: Climate Impacts
Climate impacts accompanying global warming of 2uC or more

would be highly deleterious. Already there are numerous

indications of substantial effects in response to warming of the

past few decades. That warming has brought global temperature

close to if not slightly above the prior range of the Holocene. We

conclude that an appropriate target would be to keep global

temperature at a level within or close to the Holocene range.

Global warming of 2uC would be well outside the Holocene range

and far into the dangerous range.

Transient Climate Change

We must quantitatively relate fossil fuel emissions to global

temperature in order to assess how rapidly fossil fuel emissions

must be phased down to stay under a given temperature limit.

Thus we must deal with both a transient carbon cycle and

transient global climate change.

Global climate fluctuates stochastically and also responds to

natural and human-made climate forcings [1,166]. Forcings,

measured in W/m2 averaged over the globe, are imposed

perturbations of Earth’s energy balance caused by changing

forcing agents such as solar irradiance and human-made

greenhouse gases (GHGs). CO2 accounts for more than 80% of

the added GHG forcing in the past 15 years [64,167] and, if fossil

fuel emissions continue at a high level, CO2 will be the dominant

driver of future global temperature change.

We first define our method of calculating atmospheric CO2 as a

function of fossil fuel emissions. We then define our assumptions
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about the potential for drawing down atmospheric CO2 via

reforestation and increase of soil carbon, and we define fossil fuel

emission reduction scenarios that we employ in our study. Finally

we describe all forcings employed in our calculations of global

temperature and the method used to simulate global temperature.

Carbon Cycle and Atmospheric CO2

The carbon cycle defines the fate of CO2 injected into the air by

fossil fuel burning [1,168] as the additional CO2 distributes itself

over time among surface carbon reservoirs: the atmosphere,

ocean, soil, and biosphere. We use the dynamic-sink pulse-

response function version of the well-tested Bern carbon cycle

model [169], as described elsewhere [54,170].

Specifically, we solve equations 3–6, 16–17, A.2.2, and A.3 of

Joos et al. [169] using the same parameters and assumptions

therein, except that initial (1850) atmospheric CO2 is assumed to

be 285.2 ppm [167]. Historical fossil fuel CO2 emissions are from

Boden et al. [5]. This Bern model incorporates non-linear ocean

chemistry feedbacks and CO2 fertilization of the terrestrial

biosphere, but it omits climate-carbon feedbacks, e.g., assuming

static global climate and ocean circulation. Therefore our results

should be regarded as conservative, especially for scenarios with

large emissions.

A pulse of CO2 injected into the air decays by half in about 25

years as CO2 is taken up by the ocean, biosphere and soil, but

nearly one-fifth is still in the atmosphere after 500 years (Fig. 4A).

Eventually, over hundreds of millennia, weathering of rocks will

deposit all of this initial CO2 pulse on the ocean floor as carbonate

sediments [168].

Under equilibrium conditions a negative CO2 pulse, i.e.,

artificial extraction and storage of some CO2 amount, decays at

about the same rate as a positive pulse (Fig. 4A). Thus if it is

decided in the future that CO2 must be extracted from the air and

removed from the carbon cycle (e.g., by storing it underground or

in carbonate bricks), the impact on atmospheric CO2 amount will

diminish in time. This occurs because carbon is exchanged among

the surface carbon reservoirs as they move toward an equilibrium

distribution, and thus, e.g., CO2 out-gassing by the ocean can

offset some of the artificial drawdown. The CO2 extraction

required to reach a given target atmospheric CO2 level therefore

depends on the prior emission history and target timeframe, but

the amount that must be extracted substantially exceeds the net

reduction of the atmospheric CO2 level that will be achieved. We

clarify this matter below by means of specific scenarios for capture

of CO2.

It is instructive to see how fast atmospheric CO2 declines if fossil

fuel emissions are instantly terminated (Fig. 4B). Halting emissions

in 2015 causes CO2 to decline to 350 ppm at century’s end (Fig.

4B). A 20 year delay in halting emissions has CO2 returning to

350 ppm at about 2300. With a 40 year delay, CO2 does not

return to 350 ppm until after 3000. These results show how

difficult it is to get back to 350 ppm if emissions continue to grow

for even a few decades.

These results emphasize the urgency of initiating emissions reduction [171].
As discussed above, keeping global climate close to the Holocene

range requires a long-term atmospheric CO2 level of about

350 ppm or less, with other climate forcings similar to today’s

levels. If emissions reduction had begun in 2005, reduction at

3.5%/year would have achieved 350 ppm at 2100. Now the

requirement is at least 6%/year. Delay of emissions reductions

until 2020 requires a reduction rate of 15%/year to achieve

350 ppm in 2100. If we assume only 50 GtC reforestation, and

begin emissions reduction in 2013, the required reduction rate

becomes about 9%/year.

Reforestation and Soil Carbon
Of course fossil fuel emissions will not suddenly terminate.

Nevertheless, it is not impossible to return CO2 to 350 ppm this

century. Reforestation and increase of soil carbon can help draw

down atmospheric CO2. Fossil fuels account for,80% of the CO2

increase from preindustrial time, with land use/deforestation

accounting for 20% [1,170,172–173]. Net deforestation to date is

estimated to be 100 GtC (gigatons of carbon) with 650%

uncertainty [172].

Complete restoration of deforested areas is unrealistic, yet 100

GtC carbon drawdown is conceivable because: (1) the human-

enhanced atmospheric CO2 level increases carbon uptake by some

vegetation and soils, (2) improved agricultural practices can

convert agriculture from a CO2 ource into a CO2 sink [174], (3)

biomass-burning power plants with CO2 capture and storage can

contribute to CO2 drawdown.

Forest and soil storage of 100 GtC is challenging, but has other

benefits. Reforestation has been successful in diverse places [175].

Minimum tillage with biological nutrient recycling, as opposed to

plowing and chemical fertilizers, could sequester 0.4–1.2 GtC/year

[176] while conserving water in soils, building agricultural resilience

to climate change, and increasing productivity especially in

smallholder rain-fed agriculture, thereby reducing expansion of

agriculture into forested ecosystems [177–178]. Net tropical defor-

estation may have decreased in the past decade [179], but because of

extensive deforestation in earlier decades [170,172–173,180–181]

there is a large amount of land suitable for reforestation [182].

Use of bioenergy to draw down CO2 should employ feedstocks

from residues, wastes, and dedicated energy crops that do not

compete with food crops, thus avoiding loss of natural ecosystems and

cropland [183–185]. Reforestation competes with agricultural land

use; land needs could decline by reducing use of animal products, as

livestock now consume more than half of all crops [186].

Our reforestation scenarios assume that today’s net deforesta-

tion rate (,1 GtC/year; see [54]) will stay constant until 2020,

then linearly decrease to zero by 2030, followed by sinusoidal 100

GtC biospheric carbon storage over 2031–2080. Alternative

timings do not alter conclusions about the potential to achieve a

given CO2 level such as 350 ppm.

Emission Reduction Scenarios
A 6%/year decrease of fossil fuel emissions beginning in 2013,

with 100 GtC reforestation, achieves a CO2 decline to 350 ppm

near the end of this century (Fig. 5A). Cumulative fossil fuel

emissions in this scenario are ,129 GtC from 2013 to 2050, with

an additional 14 GtC by 2100. If our assumed land use changes

occur a decade earlier, CO2 returns to 350 ppm several years

earlier; however that has negligible effect on the maximum global

temperature calculated below.

Delaying fossil fuel emission cuts until 2020 (with 2%/year

emissions growth in 2012–2020) causes CO2 to remain above

350 ppm (with associated impacts on climate) until 2300 (Fig. 5B).

If reductions are delayed until 2030 or 2050, CO2 remains above

350 ppm or 400 ppm, respectively, until well after 2500.

We conclude that it is urgent that large, long-term emission

reductions begin soon. Even if a 6%/year reduction rate and 500

GtC are not achieved, it makes a huge difference when reductions

begin. There is no practical justification for why emissions

necessarily must even approach 1000 GtC.

Climate Forcings
Atmospheric CO2 and other GHGs have been well-measured

for the past half century, allowing accurate calculation of their

climate forcing. The growth rate of the GHG forcing has declined
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moderately since its peak values in the 1980s, as the growth rate of

CH4 and chlorofluorocarbons has slowed [187]. Annual changes

of CO2 are highly correlated with the El Niño cycle (Fig. 6). Two

strong La Niñas in the past five years have depressed CO2 growth

as well as the global warming rate (Fig. 3). The CO2 growth rate

and warming rate can be expected to increase as we move into the

next El Niño, with the CO2 growth already reaching 3 ppm/year

in mid-2013 [188]. The CO2 climate forcing does not increase as

rapidly as the CO2 amount because of partial saturation of CO2

absorption bands [75]. The GHG forcing is now increasing at a

rate of almost 0.4 W/m2 per decade [187].

Solar irradiance variations are sometimes assumed to be the

most likely natural driver of climate change. Solar irradiance has

been measured from satellites since the late 1970s (Fig. 7). These

data are from a composite of several satellite-measured time series.

Data through 28 February 2003 are from [189] and Physikalisch

Meteorologisches Observatorium Davos, World Radiation Center.

Subsequent update is from University of Colorado Solar Radiation

& Climate Experiment (SORCE). Data sets are concatenated by

matching the means over the first 12 months of SORCE data.

Monthly sunspot numbers (Fig. 7) support the conclusion that the

solar irradiance in the current solar cycle is significantly lower than

in the three preceding solar cycles. Amplification of the direct solar

forcing is conceivable, e.g., through effects on ozone or

atmospheric condensation nuclei, but empirical data place a

factor of two upper limit on the amplification, with the most likely

forcing in the range 100–120% of the directly measured solar

irradiance change [64].

Recent reduced solar irradiance (Fig. 7) may have decreased the

forcing over the past decade by about half of the full amplitude of

measured irradiance variability, thus yielding a negative forcing of,

say, 2 0.12 W/m2. This compares with a decadal increase of the

GHG forcing that is positive and about three times larger in

magnitude. Thus the solar forcing is not negligible and might

partially account for the slowdown in global warming in the past

decade [17]. However, we must (1) compare the solar forcing with

the net of other forcings, which enhances the importance of solar

change, because the net forcing is smaller than the GHG forcing,

and (2) consider forcing changes on longer time scales, which

greatly diminishes the importance of solar change, because solar

variability is mainly oscillatory.

Human-made tropospheric aerosols, which arise largely from

fossil fuel use, cause a substantial negative forcing. As noted above,

two independent analyses [64,72] yield a total (direct plus indirect)

aerosol forcing in the past decade of about 21.5 W/m2, half the

magnitude of the GHG forcing and opposite in sign. That

empirical aerosol forcing assessment for the past decade is

consistent with the climate forcings scenario (Fig. 8) that we use

for the past century in the present and prior studies [64,190].

Supplementary Table S1 specifies the historical forcings and Table

S2 gives several scenarios for future forcings.

Future Climate Forcings
Future global temperature change should depend mainly on

atmospheric CO2, at least if fossil fuel emissions remain high. Thus

to provide the clearest picture of the CO2 effect, we approximate

the net future change of human-made non-CO2 forcings as zero

and we exclude future changes of natural climate forcings, such as

solar irradiance and volcanic aerosols. Here we discuss possible

effects of these approximations.

Uncertainties in non-CO2 forcings concern principally solar,

aerosol and other GHG forcings. Judging from the sunspot

numbers (Fig. 7B and [191]) for the past four centuries, the current

solar cycle is almost as weak as the Dalton Minimum of the late

18th century. Conceivably irradiance could decline further to the

level of the Maunder Minimum of the late 17th century [192–

193]. For our simulation we choose an intermediate path between

recovery to the level before the current solar cycle and decline to a

still lower level. Specifically, we keep solar irradiance fixed at the

reduced level of 2010, which is probably not too far off in either

direction. Irradiance in 2010 is about 0.1 W/m2 less than the

mean of the prior three solar cycles, a decrease of forcing that

Figure 6. Annual increase of CO2 based on data from the NOAA Earth System Research Laboratory [188]. Prior to 1981 the CO2 change
is based on only Mauna Loa, Hawaii. Temperature changes in lower diagram are 12-month running means for the globe and Niño3.4 area [16].
doi:10.1371/journal.pone.0081648.g006
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would be restored by the CO2 increase within 3–4 years at its

current growth rate. Extensive simulations [17,194] confirm that

the effect of solar variability is small compared with GHGs if CO2

emissions continue at a high level. However, solar forcing can

affect the magnitude and detection of near-term warming. Also, if

rapidly declining GHG emissions are achieved, changes of solar

forcing will become relatively more important.

Aerosols present a larger uncertainty. Expectations of decreases

in large source regions such as China [195] may be counteracted

by aerosol increases other places as global population continues to

increase. Our assumption of unchanging human-made aerosols

could be substantially off in either direction. For the sake of

interpreting on-going and future climate change it is highly

desirable to obtain precise monitoring of the global aerosol forcing

[73].

Non-CO2 GHG forcing has continued to increase at a slow rate

since 1995 (Fig. 6 in [64]). A desire to constrain climate change

may help reduce emissions of these gases in the future. However, it

will be difficult to prevent or fully offset positive forcing from

increasing N2O, as its largest source is associated with food

production and the world’s population is continuing to rise.

On the other hand, we are also probably underestimating a

negative aerosol forcing, e.g., because we have not included future

volcanic aerosols. Given the absence of large volcanic eruptions in

the past two decades (the last one being Mount Pinatubo in 1991),

multiple volcanic eruptions would cause a cooling tendency [196]

and reduce heat storage in the ocean [197].

Overall, we expect the errors due to our simple approximation

of non-CO2 forcings to be partially off-setting. Specifically, we

have likely underestimated a positive forcing by non-CO2 GHGs,

while also likely underestimating a negative aerosol forcing.

Figure 7. Solar irradiance and sunspot number in the era of satellite data (see text). Left scale is the energy passing through an area
perpendicular to Sun-Earth line. Averaged over Earth’s surface the absorbed solar energy is ,240 W/m2, so the full amplitude of measured solar
variability is ,0.25 W/m2.
doi:10.1371/journal.pone.0081648.g007

Figure 8. Climate forcings employed in our six main scenarios. Forcings through 2010 are as in [64].
doi:10.1371/journal.pone.0081648.g008
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Note that uncertainty in forcings is partly obviated via the focus

on Earth’s energy imbalance in our analysis. The planet’s energy

imbalance is an integrative quantity that is especially useful for a

case in which some of the forcings are uncertain or unmeasured.

Earth’s measured energy imbalance includes the effects of all

forcings, whether they are measured or not.

Simulations of Future Global Temperature
We calculate global temperature change for a given CO2

scenario using a climate response function (Table S3) that

accurately replicates results from a global climate model with

sensitivity 3uC for doubled CO2 [64]. A best estimate of climate

sensitivity close to 3uC for doubled CO2 has been inferred from

paleoclimate data [51–52]. This empirical climate sensitivity is

generally consistent with that of global climate models [1], but the

empirical approach makes the inferred high sensitivity more

certain and the quantitative evaluation more precise. Because this

climate sensitivity is derived from empirical data on how Earth

responded to past changes of boundary conditions, including

atmospheric composition, our conclusions about limits on fossil

fuel emissions can be regarded as largely independent of climate

models.

The detailed temporal and geographical response of the climate

system to the rapid human-made change of climate forcings is not

well-constrained by empirical data, because there is no faithful

paleoclimate analog. Thus climate models necessarily play an

important role in assessing practical implications of climate

change. Nevertheless, it is possible to draw important conclusions

with transparent computations. A simple response function

(Green’s function) calculation [64] yields an estimate of global

mean temperature change in response to a specified time series for

global climate forcing. This approach accounts for the delayed

response of the climate system caused by the large thermal inertia

of the ocean, yielding a global mean temporal response in close

accord with that obtained from global climate models.

Tables S1 and S2 in Supporting Information give the forcings

we employ and Table S3 gives the climate response function for

our Green’s function calculation, defined by equation 2 of [64].

The Green’s function is driven by the net forcing, which, with the

response function, is sufficient information for our results to be

reproduced. However, we also include the individual forcings in

Table S1, in case researchers wish to replace specific forcings or

use them for other purposes.

Simulated global temperature (Fig. 9) is for CO2 scenarios of

Fig. 5. Peak global warming is ,1.1uC, declining to less than 1uC

by mid-century, if CO2 emissions are reduced 6%/year beginning

in 2013. In contrast, warming reaches 1.5uC and stays above 1uC

until after 2400 if emissions continue to increase until 2030, even

though fossil fuel emissions are phased out rapidly (5%/year) after

2030 and 100 GtC reforestation occurs during 2030–2080. If

emissions continue to increase until 2050, simulated warming

exceeds 2uC well into the 22nd century.

Increased global temperature persists for many centuries after

the climate forcing declines, because of the thermal inertia of the

ocean [198]. Some temperature reduction is possible if the climate

forcing is reduced rapidly, before heat has penetrated into the

deeper ocean. Cooling by a few tenths of a degree in Fig. 9 is a

result mainly of the 100 GtC biospheric uptake of CO2 during

2030–2080. Note the longevity of the warming, especially if

emissions reduction is as slow as 2%/year, which might be

considered to be a rapid rate of reduction.

The temporal response of the real world to the human-made

climate forcing could be more complex than suggested by a simple

response function calculation, especially if rapid emissions growth

continues, yielding an unprecedented climate forcing scenario. For

example, if ice sheet mass loss becomes rapid, it is conceivable that

the cold fresh water added to the ocean could cause regional

surface cooling [199], perhaps even at a point when sea level rise

has only reached a level of the order of a meter [200]. However,

any uncertainty in the surface thermal response this century due to

such phenomena has little effect on our estimate of the dangerous

level of emissions. The long lifetime of the fossil fuel carbon in the

climate system and the persistence of ocean warming for millennia

[201] provide sufficient time for the climate system to achieve full

response to the fast feedback processes included in the 3uC climate

sensitivity.

Indeed, the long lifetime of fossil fuel carbon in the climate

system and persistence of the ocean warming ensure that ‘‘slow’’

feedbacks, such as ice sheet disintegration, changes of the global

vegetation distribution, melting of permafrost, and possible release

of methane from methane hydrates on continental shelves, would

also have time to come into play. Given the unprecedented

rapidity of the human-made climate forcing, it is difficult to

establish how soon slow feedbacks will become important, but

clearly slow feedbacks should be considered in assessing the

‘‘dangerous’’ level of global warming, as discussed in the next

section.

Danger of Initiating Uncontrollable Climate

Change

Our calculated global warming as a function of CO2 amount is

based on equilibrium climate sensitivity 3uC for doubled CO2.

That is the central climate sensitivity estimate from climate models

[1], and it is consistent with climate sensitivity inferred from

Earth’s climate history [51–52]. However, this climate sensitivity

includes only the effects of fast feedbacks of the climate system,

such as water vapor, clouds, aerosols, and sea ice. Slow feedbacks,

such as change of ice sheet area and climate-driven changes of

greenhouse gases, are not included.

Slow Climate Feedbacks and Irreversible Climate Change
Excluding slow feedbacks was appropriate for simulations of the

past century, because we know the ice sheets were stable then and

our climate simulations used observed greenhouse gas amounts

that included any contribution from slow feedbacks. However, we

must include slow feedbacks in projections of warming for the 21st

century and beyond. Slow feedbacks are important because they

affect climate sensitivity and because their instigation is related to

the danger of passing ‘‘points of no return’’, beyond which

irreversible consequences become inevitable, out of humanity’s

control.

Antarctic and Greenland ice sheets present the danger of

change with consequences that are irreversible on time scales

important to society [1]. These ice sheets required millennia to

grow to their present sizes. If ice sheet disintegration reaches a

point such that the dynamics and momentum of the process take

over, at that point reducing greenhouse gases may be unable to

prevent major ice sheet mass loss, sea level rise of many meters,

and worldwide loss of coastal cities – a consequence that is

irreversible for practical purposes. Interactions between the ocean

and ice sheets are particularly important in determining ice sheet

changes, as a warming ocean can melt the ice shelves, the tongues

of ice that extend from the ice sheets into the ocean and buttress

the large land-based ice sheets [92,202–203]. Paleoclimate data for

sea level change indicate that sea level changed at rates of the

order of a meter per century [81–83], even at times when the

forcings driving climate change were far weaker than the human-
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made forcing. Thus, because ocean warming is persistent for

centuries, there is a danger that large irreversible change could be

initiated by excessive ocean warming.

Paleoclimate data are not as helpful for defining the likely rate of

sea level rise in coming decades, because there is no known case of

growth of a positive (warming) climate forcing as rapid as the

anthropogenic change. The potential for unstable ice sheet

disintegration is controversial, with opinion varying from likely

stability of even the (marine) West Antarctic ice sheet [94] to likely

rapid non-linear response extending up to multi-meter sea level

rise [97–98]. Data for the modern rate of annual ice sheet mass

changes indicate an accelerating rate of mass loss consistent with a

mass loss doubling time of a decade or less (Fig. 10). However, we

do not know the functional form of ice sheet response to a large

persistent climate forcing. Longer records are needed for empirical

assessment of this ostensibly nonlinear behavior.

Greenhouse gas amounts in the atmosphere, most importantly

CO2 and CH4, change in response to climate change, i.e., as a

feedback, in addition to the immediate gas changes from human-

caused emissions. As the ocean warms, for example, it releases

CO2 to the atmosphere, with one principal mechanism being the

simple fact that the solubility of CO2 decreases as the water

temperature rises [204]. We also include in the category of slow

feedbacks the global warming spikes, or ‘‘hyperthermals’’, that

have occurred a number of times in Earth’s history during the

course of slower global warming trends. The mechanisms behind

these hyperthermals are poorly understood, as discussed below,

but they are characterized by the injection into the surface climate

system of a large amount of carbon in the form of CH4 and/or

CO2 on the time scale of a millennium [205–207]. The average

rate of injection of carbon into the climate system during these

hyperthermals was slower than the present human-made injection

of fossil fuel carbon, yet it was faster than the time scale for

removal of carbon from the surface reservoirs via the weathering

process [3,208], which is tens to hundreds of thousands of years.

Methane hydrates – methane molecules trapped in frozen water

molecule cages in tundra and on continental shelves – and organic

matter such as peat locked in frozen soils (permafrost) are likely

mechanisms in the past hyperthermals, and they provide another

climate feedback with the potential to amplify global warming if

large scale thawing occurs [209–210]. Paleoclimate data reveal

instances of rapid global warming, as much as 5–6uC, as a sudden

additional warming spike during a longer period of gradual

warming [see Text S1]. The candidates for the carbon injected

into the climate system during those warmings are methane

hydrates on continental shelves destabilized by sea floor warming

[211] and carbon released from frozen soils [212]. As for the

present, there are reports of methane release from thawing

permafrost on land [213] and from sea-bed methane hydrate

deposits [214], but amounts so far are small and the data are

snapshots that do not prove that there is as yet a temporal increase

of emissions.

Figure 9. Simulated global temperature relative to 1880–1920 mean for CO2 scenarios of Figure 5.
doi:10.1371/journal.pone.0081648.g009

Figure 10. Annual Greenland and West Antarctic ice mass changes as estimated via alternative methods. Data were read from Figure 4
of Shepherd et al. [23] and averaged over the available records.
doi:10.1371/journal.pone.0081648.g010
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There is a possibility of rapid methane hydrate or permafrost

emissions in response to warming, but that risk is largely

unquantified [215]. The time needed to destabilize large methane

hydrate deposits in deep sediments is likely millennia [215].

Smaller but still large methane hydrate amounts below shallow

waters as in the Arctic Ocean are more vulnerable; the methane

may oxidize to CO2 in the water, but it will still add to the long-

term burden of CO2 in the carbon cycle. Terrestrial permafrost

emissions of CH4 and CO2 likely can occur on a time scale of a

few decades to several centuries if global warming continues [215].

These time scales are within the lifetime of anthropogenic CO2,

and thus these feedbacks must be considered in estimating the

dangerous level of global warming. Because human-made

warming is more rapid than natural long-term warmings in the

past, there is concern that methane hydrate or peat feedbacks

could be more rapid than the feedbacks that exist in the

paleoclimate record.

Climate model studies and empirical analyses of paleoclimate

data can provide estimates of the amplification of climate

sensitivity caused by slow feedbacks, excluding the singular

mechanisms that caused the hyperthermal events. Model studies

for climate change between the Holocene and the Pliocene, when

Earth was about 3uC warmer, find that slow feedbacks due to

changes of ice sheets and vegetation cover amplified the fast

feedback climate response by 30–50% [216]. These same slow

feedbacks are estimated to amplify climate sensitivity by almost a

factor of two for the climate change between the Holocene and the

nearly ice-free climate state that existed 35 million years ago [54].

Implication for Carbon Emissions Target
Evidence presented under Climate Impacts above makes clear

that 2uC global warming would have consequences that can be

described as disastrous. Multiple studies [12,198,201] show that

the warming would be very long lasting. The paleoclimate record

and changes underway in the Arctic and on the Greenland and

Antarctic ice sheets with only today’s warming imply that sea level

rise of several meters could be expected. Increased climate

extremes, already apparent at 0.8uC warming [46], would be

more severe. Coral reefs and associated species, already stressed

with current conditions [40], would be decimated by increased

acidification, temperature and sea level rise. More generally,

humanity and nature, the modern world as we know it, is adapted

to the Holocene climate that has existed more than 10,000 years.

Warming of 1uC relative to 1880–1920 keeps global temperature

close to the Holocene range, but warming of 2uC, to at least the

Eemian level, could cause major dislocations for civilization.

However, distinctions between pathways aimed at ,1uC and

2uC warming are much greater and more fundamental than the

numbers 1uC and 2uC themselves might suggest. These funda-

mental distinctions make scenarios with 2uC or more global

warming far more dangerous; so dangerous, we suggest, that

aiming for the 2uC pathway would be foolhardy.

First, most climate simulations, including ours above and those

of IPCC [1], do not include slow feedbacks such as reduction of ice

sheet size with global warming or release of greenhouse gases from

thawing tundra. These exclusions are reasonable for a ,1uC

scenario, because global temperature barely rises out of the

Holocene range and then begins to subside. In contrast, global

warming of 2uC or more is likely to bring slow feedbacks into play.

Indeed, it is slow feedbacks that cause long-term climate sensitivity

to be high in the empirical paleoclimate record [51–52]. The

lifetime of fossil fuel CO2 in the climate system is so long that it

must be assumed that these slow feedbacks will occur if

temperature rises well above the Holocene range.

Second, scenarios with 2uC or more warming necessarily imply

expansion of fossil fuels into sources that are harder to get at,

requiring greater energy using extraction techniques that are

increasingly invasive, destructive and polluting. Fossil fuel

emissions through 2012 total ,370 GtC (Fig. 2). If subsequent

emissions decrease 6%/year, additional emissions are ,130 GtC,

for a total ,500 GtC fossil fuel emissions. This 130 GtC can be

obtained mainly from the easily extracted conventional oil and gas

reserves (Fig. 2), with coal use rapidly phased out and unconven-

tional fossil fuels left in the ground. In contrast, 2uC scenarios have

total emissions of the order of 1000 GtC. The required additional

fossil fuels will involve exploitation of tar sands, tar shale,

hydrofracking for oil and gas, coal mining, drilling in the Arctic,

Amazon, deep ocean, and other remote regions, and possibly

exploitation of methane hydrates. Thus 2uC scenarios result in

more CO2 per unit useable energy, release of substantial CH4 via

the mining process and gas transportation, and release of CO2 and

other gases via destruction of forest ‘‘overburden’’ to extract

subterranean fossil fuels.

Third, with our ,1uC scenario it is more likely that the

biosphere and soil will be able to sequester a substantial portion of

the anthropogenic fossil fuel CO2 carbon than in the case of 2uC

or more global warming. Empirical data for the CO2 ‘‘airborne

fraction’’, the ratio of observed atmospheric CO2 increase divided

by fossil fuel CO2 emissions, show that almost half of the emissions

is being taken up by surface (terrestrial and ocean) carbon

reservoirs [187], despite a substantial but poorly measured

contribution of anthropogenic land use (deforestation and

agriculture) to airborne CO2 [179,216]. Indeed, uptake of CO2

by surface reservoirs has at least kept pace with the rapid growth of

emissions [187]. Increased uptake in the past decade may be a

consequence of a reduced rate of deforestation [217] and

fertilization of the biosphere by atmospheric CO2 and nitrogen

deposition [187]. With the stable climate of the,1uC scenario it is

plausible that major efforts in reforestation and improved

agricultural practices [15,173,175–177], with appropriate support

provided to developing countries, could take up an amount of

carbon comparable to the 100 GtC in our ,1uC scenario. On the

other hand, with warming of 2uC or more, carbon cycle feedbacks

are expected to lead to substantial additional atmospheric CO2

[218–219], perhaps even making the Amazon rainforest a source

of CO2 [219–220].

Fourth, a scenario that slows and then reverses global warming

makes it possible to reduce other greenhouse gases by reducing

their sources [75,221]. The most important of these gases is CH4,

whose reduction in turn reduces tropospheric O3 and stratospheric

H2O. In contrast, chemistry modeling and paleoclimate records

[222] show that trace gases increase with global warming, making

it unlikely that overall atmospheric CH4 will decrease even if a

decrease is achieved in anthropogenic CH4 sources. Reduction of

the amount of atmospheric CH4 and related gases is needed to

counterbalance expected forcing from increasing N2O and

decreasing sulfate aerosols.

Now let us compare the 1uC (500 GtC fossil fuel emissions) and

the 2uC (1000 GtC fossil fuel emissions) scenarios. Global

temperature in 2100 would be close to 1uC in the 500 GtC

scenario, and it is less than 1uC if 100 GtC uptake of carbon by the

biosphere and soil is achieved via improved agricultural and

forestry practices (Fig. 9). In contrast, the 1000 GtC scenario,

although nominally designed to yield a fast-feedback climate

response of, 2uC, would yield a larger eventual warming because

of slow feedbacks, probably at least 3uC.
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Danger of Uncontrollable Consequences
Inertia of the climate system reduces the near-term impact of

human-made climate forcings, but that inertia is not necessarily

our friend. One implication of the inertia is that climate impacts

‘‘in the pipeline’’ may be much greater than the impacts that we

presently observe. Slow climate feedbacks add further danger of

climate change running out of humanity’s control. The response

time of these slow feedbacks is uncertain, but there is evidence that

some of these feedbacks already are underway, at least to a minor

degree. Paleoclimate data show that on century and millennial

time scales the slow feedbacks are predominately amplifying

feedbacks.

The inertia of energy system infrastructure, i.e., the time

required to replace fossil fuel energy systems, will make it

exceedingly difficult to avoid a level of atmospheric CO2 that

would eventually have highly undesirable consequences. The

danger of uncontrollable and irreversible consequences necessarily

raises the question of whether it is feasible to extract CO2 from the

atmosphere on a large enough scale to affect climate change.

Carbon Extraction

We have shown that extraordinarily rapid emission reductions

are needed to stay close to the 1uC scenario. In absence of

extraordinary actions, it is likely that growing climate disruptions

will lead to a surge of interest in ‘‘geo-engineering’’ designed to

minimize human-made climate change [223]. Such efforts must

remove atmospheric CO2, if they are to address direct CO2 effects

such as ocean acidification as well as climate change. Schemes

such as adding sulfuric acid aerosols to the stratosphere to reflect

sunlight [224], an attempt to mask one pollutant with another, is a

temporary band-aid for a problem that will last for millennia;

besides it fails to address ocean acidification and may have other

unintended consequences [225].

Potential for Carbon Extraction
At present there are no proven technologies capable of large-

scale air capture of CO2. It has been suggested that, with strong

research and development support and industrial scale pilot

projects sustained over decades, costs as low as ,$500/tC may be

achievable [226]. Thermodynamic constraints [227] suggest that

this cost estimate may be low. An assessment by the American

Physical Society [228] argues that the lowest currently achievable

cost, using existing approaches, is much greater ($600/tCO2 or

$2200/tC).

The cost of capturing 50 ppm of CO2, at $500/tC (,$135/

tCO2), is ,$50 trillion (1 ppm CO2 is ,2.12 GtC), but more than

$200 trillion for the price estimate of the American Physical

Society study. Moreover, the resulting atmospheric CO2 reduction

will ultimately be less than 50 ppm for the reasons discussed

above. For example, let us consider the scenario of Fig. 5B in

which emissions continue to increase until 2030 before decreasing

at 5%/year – this scenario yields atmospheric CO2 of 410 ppm in

2100. Using our carbon cycle model we calculate that if we extract

100 ppm of CO2 from the air over the period 2030–2100

(10/7 ppm per year), say storing that CO2 in carbonate bricks, the

atmospheric CO2 amount in 2100 will be reduced 52 ppm to

358 ppm, i.e., the reduction of airborne CO2 is about half of the

amount extracted from the air and stored. The estimated cost of

this 52 ppm CO2 reduction is $100–400 trillion.

The cost of CO2 capture and storage conceivably may decline

in the future. Yet the practicality of carrying out such a program

with alacrity in response to a climate emergency is dubious. Thus

it may be appropriate to add a CO2 removal cost to the current

price of fossil fuels, which would both reduce ongoing emissions

and provide resources for future cleanup.

Responsibility for Carbon Extraction
We focus on fossil fuel carbon, because of its long lifetime in the

carbon cycle. Reversing the effects of deforestation is also

important and there will need to be incentives to achieve increased

carbon storage in the biosphere and soil, but the crucial

requirement now is to limit the amount of fossil fuel carbon in

the air.

The high cost of carbon extraction naturally raises the question

of responsibility for excess fossil fuel CO2 in the air. China has the

largest CO2 emissions today (Fig. 11A), but the global warming

effect is closely proportional to cumulative emissions [190]. The

United States is responsible for about one-quarter of cumulative

emissions, with China next at about 10% (Fig. 11B). Cumulative

responsibilities change rather slowly (compare Fig. 10 of 190).

Estimated per capita emissions (Fig. 12) are based on population

estimates for 2009–2011.

Various formulae might be devised to assign costs of CO2 air

capture, should removal prove essential for maintaining acceptable

climate. For the sake of estimating the potential cost, let us assume

that it proves necessary to extract 100 ppm of CO2 (yielding a

reduction of airborne CO2 of about 50 ppm) and let us assign each

country the responsibility to clean up its fraction of cumulative

emissions. Assuming a cost of $500/tC (,$135/tCO2) yields a cost

of $28 trillion for the United States, about $90,000 per individual.

Costs would be slightly higher for a UK citizen, but less for other

nations (Fig. 12B).

Cost of CO2 capture might decline, but the cost estimate used is

more than a factor of four smaller than estimated by the American

Physical Society [228] and 50 ppm is only a moderate reduction.

The cost should also include safe permanent disposal of the

captured CO2, which is a substantial mass. For the sake of scaling

the task, note that one GtC, made into carbonate bricks, would

produce the volume of ,3000 Empire State buildings or ,1200

Great Pyramids of Giza. Thus the 26 ppm assigned to the United

States, if made into carbonate bricks, would be equivalent to the

stone in 165,000 Empire State buildings or 66,000 Great Pyramids

of Giza. This is not intended as a practical suggestion: carbonate

bricks are not a good building material, and the transport and

construction costs would be additional.

The point of this graphic detail is to make clear the magnitude

of the cleanup task and potential costs, if fossil fuel emissions

continue unabated. More useful and economic ways of removing

CO2 may be devised with the incentive of a sufficient carbon price.

For example, a stream of pure CO2 becomes available for capture

and storage if biomass is used as the fuel for power plants or as

feedstock for production of liquid hydrocarbon fuels. Such clean

energy schemes and improved agricultural and forestry practices

are likely to be more economic than direct air capture of CO2, but

they must be carefully designed to minimize undesirable impacts

and the amount of CO2 that can be extracted on the time scale of

decades will be limited, thus emphasizing the need to limit the

magnitude of the cleanup task.

Policy Implications

Human-made climate change concerns physical sciences, but

leads to implications for policy and politics. Conclusions from the

physical sciences, such as the rapidity with which emissions must

be reduced to avoid obviously unacceptable consequences and the

long lag between emissions and consequences, lead to implications

in social sciences, including economics, law and ethics. Intergov-
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ernmental climate assessments [1,14] purposely are not policy

prescriptive. Yet there is also merit in analysis and discussion of the

full topic through the objective lens of science, i.e., ‘‘connecting the

dots’’ all the way to policy implications.

Energy and Carbon Pathways: A Fork in the Road
The industrial revolution began with wood being replaced by

coal as the primary energy source. Coal provided more

concentrated energy, and thus was more mobile and effective.

We show data for the United States (Fig. 13) because of the

availability of a long data record that includes wood [229]. More

limited global records yield a similar picture [Fig. 14], the largest

difference being global coal now at ,30% compared with ,20%

in the United States. Economic progress and wealth generation

were further spurred in the twentieth century by expansion into

liquid and gaseous fossil fuels, oil and gas being transported and

burned more readily than coal. Only in the latter part of the

twentieth century did it become clear that long-lived combustion

products from fossil fuels posed a global climate threat, as formally

acknowledged in the 1992 Framework Convention on Climate

Change [6]. However, efforts to slow emissions of the principal

atmospheric gas driving climate change, CO2, have been

ineffectual so far (Fig. 1).

Consequently, at present, as the most easily extracted oil and

gas reserves are being depleted, we stand at a fork in the road to

our energy and carbon future. Will we now feed our energy needs

by pursuing difficult to extract fossil fuels, or will we pursue energy

policies that phase out carbon emissions, moving on to the post

fossil fuel era as rapidly as practical?

This is not the first fork encountered. Most nations agreed to the

Framework Convention on Climate Change in 1992 [6]. Imagine

if a bloc of countries favoring action had agreed on a common

gradually rising carbon fee collected within each of country at

domestic mines and ports of entry. Such nations might place

equivalent border duties on products from nations not having a

carbon fee and they could rebate fees to their domestic industry for

export products to nations without an equivalent carbon fee. The

legality of such a border tax adjustment under international trade

law is untested, but is considered to be plausibly consistent with

trade principles [230]. As the carbon fee gradually rose and as

additional nations, for their own benefit, joined this bloc of

nations, development of carbon-free energies and energy efficiency

would have been spurred. If the carbon fee had begun in 1995, we

Figure 11. Fossil fuel CO2 emissions. (A) 2012 emissions by source region, and (B) cumulative 1751–2012 emissions. Results are an update of Fig.
10 of [190] using data from [5].
doi:10.1371/journal.pone.0081648.g011

Figure 12. Per capita fossil fuel CO2 emissions. Countries, regions and data sources are the same as in Fig. 11. Horizontal lines are the global
mean and multiples of the global mean.
doi:10.1371/journal.pone.0081648.g012
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calculate that global emissions would have needed to decline

2.1%/year to limit cumulative fossil fuel emissions to 500 GtC. A

start date of 2005 would have required a reduction of 3.5%/year

for the same result.

The task faced today is more difficult. Emissions reduction of

6%/year and 100 GtC storage in the biosphere and soils are

needed to get CO2 back to 350 ppm, the approximate require-

ment for restoring the planet’s energy balance and stabilizing

climate this century. Such a pathway is exceedingly difficult to

achieve, given the current widespread absence of policies to drive

rapid movement to carbon-free energies and the lifetime of energy

infrastructure in place.

Yet we suggest that a pathway is still conceivable that could

restore planetary energy balance on the century time scale. That

path requires policies that spur technology development and

provide economic incentives for consumers and businesses such

that social tipping points are reached where consumers move

rapidly to energy conservation and low carbon energies. Moderate

overshoot of required atmospheric CO2 levels can possibly be

counteracted via incentives for actions that more-or-less naturally

sequester carbon. Developed countries, responsible for most of the

excess CO2 in the air, might finance extensive efforts in developing

countries to sequester carbon in the soil and in forest regrowth on

marginal lands as described above. Burning sustainably designed

biofuels in power plants, with the CO2 captured and sequestered,

would also help draw down atmospheric CO2. This pathway

would need to be taken soon, as the magnitude of such carbon

extractions is likely limited and thus not a solution to unfettered

fossil fuel use.

The alternative pathway, which the world seems to be on now,

is continued extraction of all fossil fuels, including development of

unconventional fossil fuels such as tar sands, tar shale, hydro-

fracking to extract oil and gas, and exploitation of methane

hydrates. If that path (with 2%/year growth) continues for 20

years and is then followed by 3%/year emission reduction from

2033 to 2150, we find that fossil fuel emissions in 2150 would total

1022 GtC. Extraction of the excess CO2 from the air in this case

would be very expensive and perhaps implausible, and warming of

the ocean and resulting climate impacts would be practically

irreversible.

Economic Implications: Need for a Carbon Fee
The implication is that the world must move rapidly to carbon-

free energies and energy efficiency, leaving most remaining fossil

fuels in the ground, if climate is to be kept close to the Holocene

range and climate disasters averted. Is rapid change possible?

Figure 13. United States energy consumption [229].
doi:10.1371/journal.pone.0081648.g013

Figure 14. World energy consumption for indicated fuels, which excludes wood [4].
doi:10.1371/journal.pone.0081648.g014
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The potential for rapid change can be shown by examples. A

basic requirement for phasing down fossil fuel emissions is

abundant carbon-free electricity, which is the most rapidly

growing form of energy and also has the potential to provide

energy for transportation and heating of buildings. In one decade

(1977–1987), France increased its nuclear power production 15-

fold, with the nuclear portion of its electricity increasing from 8%

to 70% [231]. In one decade (2001–2011) Germany increased the

non-hydroelectric renewable energy portion of its electricity from

4% to 19%, with fossil fuels decreasing from 63% to 61%

(hydroelectric decreased from 4% to 3% and nuclear power

decreased from 29% to 18%) [231].

Given the huge task of replacing fossil fuels, contributions are

surely required from energy efficiency, renewable energies, and

nuclear power, with the mix depending on local preferences.

Renewable energy and nuclear power have been limited in part by

technical challenges. Nuclear power faces persistent concerns

about safety, nuclear waste, and potential weapons proliferation,

despite past contributions to mortality prevention and climate

change mitigation [232]. Most renewable energies tap diffuse

intermittent sources often at a distance from the user population,

thus requiring large-scale energy storage and transport. Develop-

ing technologies can ameliorate these issues, as discussed below.

However, apparent cost is the constraint that prevents nuclear and

renewable energies from fully supplanting fossil fuel electricity

generation.

Transition to a post-fossil fuel world of clean energies will not

occur as long as fossil fuels appear to the investor and consumer to

be the cheapest energy. Fossil fuels are cheap only because they do

not pay their costs to society and receive large direct and indirect

subsidies [233]. Air and water pollution from fossil fuel extraction

and use have high costs in human health, food production, and

natural ecosystems, killing more than 1,000,000 people per year

and affecting the health of billions of people [232,234], with costs

borne by the public. Costs of climate change and ocean

acidification, already substantial and expected to grow consider-

ably [26,235], also are borne by the public, especially by young

people and future generations.

Thus the essential underlying policy, albeit not sufficient, is for

emissions of CO2 to come with a price that allows these costs to be

internalized within the economics of energy use. Because so much

energy is used through expensive capital stock, the price should

rise in a predictable way to enable people and businesses to

efficiently adjust lifestyles and investments to minimize costs.

Reasons for preference of a carbon fee or tax over cap-and-trade

include the former’s simplicity and relative ease of becoming

global [236]. A near-global carbon tax might be achieved, e.g., via

a bi-lateral agreement between China and the United States, the

greatest emitters, with a border duty imposed on products from

nations without a carbon tax, which would provide a strong

incentive for other nations to impose an equivalent carbon tax.

The suggestion of a carbon fee collected from fossil fuel companies

with all revenues distributed to the public on a per capita basis

[237] has received at least limited support [238].

Economic analyses indicate that a carbon price fully incorpo-

rating environmental and climate damage would be high [239].

The cost of climate change is uncertain to a factor of 10 or more

and could be as high as ,$1000/tCO2 [235,240]. While the

imposition of such a high price on carbon emissions is outside the

realm of short-term political feasibility, a price of that magnitude is

not required to engender a large change in emissions trajectory.

An economic analysis indicates that a tax beginning at $15/

tCO2 and rising $10/tCO2 each year would reduce emissions in

the U.S. by 30% within 10 years [241]. Such a reduction is more

than 10 times as great as the carbon content of tar sands oil carried

by the proposed Keystone XL pipeline (830,000 barrels/day)

[242]. Reduced oil demand would be nearly six times the pipeline

capacity [241], thus the carbon fee is far more effective than the

proposed pipeline.

A rising carbon fee is the sine qua non for fossil fuel phase out, but

not enough by itself. Investment is needed in RD&D (research,

development and demonstration) to help renewable energies and

nuclear power overcome obstacles limiting their contributions.

Intermittency of solar and wind power can be alleviated with

advances in energy storage, low-loss smart electric grids, and

electrical vehicles interacting with the grid. Most of today’s nuclear

power plants have half-century-old technology with light-water

reactors [243] utilizing less than 1% of the energy in the nuclear

fuel and leaving unused fuel as long-lived nuclear ‘‘waste’’

requiring sequestration for millennia. Modern light-water reactors

can employ convective cooling to eliminate the need for external

cooling in the event of an anomaly such as an earthquake.

However, the long-term future of nuclear power will employ ‘‘fast’’

reactors, which utilize ,99% of the nuclear fuel and can ‘‘burn’’

nuclear waste and excess weapons material [243]. It should be

possible to reduce the cost of nuclear power via modular standard

reactor design, but governments need to provide a regulatory

environment that supports timely construction of approved

designs. RD&D on carbon capture and storage (CCS) technology

is needed, especially given our conclusion that the current

atmospheric CO2 level is already in the dangerous zone, but

continuing issues with CCS technology [7,244] make it inappro-

priate to construct fossil fuel power plants with a promise of future

retrofit for carbon capture. Governments should support energy

planning for housing and transportation, energy and carbon

efficiency requirements for buildings, vehicles and other manu-

factured products, and climate mitigation and adaptation in

undeveloped countries.

Economic efficiency would be improved by a rising carbon fee.

Energy efficiency and alternative low-carbon and no-carbon

energies should be allowed to compete on an equal footing,

without subsidies, and the public and business community should

be made aware that the fee will continually rise. The fee for

unconventional fossil fuels, such as oil from tar sands and gas from

hydrofracking, should include carbon released in mining and

refining processes, e.g., methane leakage in hydrofracking [245–

249]. If the carbon fee rises continually and predictably, the

resulting energy transformations should generate many jobs, a

welcome benefit for nations still suffering from long-standing

economic recession. Economic modeling shows that about 60% of

the public, especially low-income people, would receive more

money via a per capita 100% dispersal of the collected fee than

they would pay because of increased prices [241].

Fairness: Intergenerational Justice and Human Rights
Relevant fundamentals of climate science are clear. The

physical climate system has great inertia, which is due especially

to the thermal inertia of the ocean, the time required for ice sheets

to respond to global warming, and the longevity of fossil fuel CO2

in the surface carbon reservoirs (atmosphere, ocean, and

biosphere). This inertia implies that there is additional climate

change ‘‘in the pipeline’’ even without further change of

atmospheric composition. Climate system inertia also means that,

if large-scale climate change is allowed to occur, it will be

exceedingly long-lived, lasting for many centuries.

One implication is the likelihood of intergenerational effects,

with young people and future generations inheriting a situation in

which grave consequences are assured, practically out of their
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control, but not of their doing. The possibility of such intergen-

erational injustice is not remote – it is at our doorstep now. We

have a planetary climate crisis that requires urgent change to our

energy and carbon pathway to avoid dangerous consequences for

young people and other life on Earth.

Yet governments and industry are rushing into expanded use of

fossil fuels, including unconventional fossil fuels such as tar sands,

tar shale, shale gas extracted by hydrofracking, and methane

hydrates. How can this course be unfolding despite knowledge of

climate consequences and evidence that a rising carbon price

would be economically efficient and reduce demand for fossil

fuels? A case has been made that the absence of effective

governmental leadership is related to the effect of special interests

on policy, as well as to public relations efforts by organizations that

profit from the public’s addiction to fossil fuels [237,250].

The judicial branch of governments may be less subject to

pressures from special financial interests than the executive and

legislative branches, and the courts are expected to protect the

rights of all people, including the less powerful. The concept that

the atmosphere is a public trust [251], that today’s adults must

deliver to their children and future generations an atmosphere as

beneficial as the one they received, is the basis for a lawsuit [252]

in which it is argued that the U.S. government is obligated to

protect the atmosphere from harmful greenhouse gases.

Independent of this specific lawsuit, we suggest that intergen-

erational justice in this matter derives from fundamental rights of

equality and justice. The Universal Declaration of Human Rights

[253] declares ‘‘All are equal before the law and are entitled

without any discrimination to equal protection of the law.’’

Further, to consider a specific example, the United States

Constitution provides all citizens ‘‘equal protection of the laws’’

and states that no person can be deprived of ‘‘life, liberty or

property without due process of law’’. These fundamental rights

are a basis for young people to expect fairness and justice in a

matter as essential as the condition of the planet they will inhabit.

We do not prescribe the legal arguments by which these rights can

be achieved, but we maintain that failure of governments to

effectively address climate change infringes on fundamental rights

of young people.

Ultimately, however, human-made climate change is more a

matter of morality than a legal issue. Broad public support is

probably needed to achieve the changes needed to phase out fossil

fuel emissions. As with the issue of slavery and civil rights, public

recognition of the moral dimensions of human-made climate

change may be needed to stir the public’s conscience to the point

of action.

A scenario is conceivable in which growing evidence of climate

change and recognition of implications for young people lead to

massive public support for action. Influential industry leaders,

aware of the moral issue, may join the campaign to phase out

emissions, with more business leaders becoming supportive as they

recognize the merits of a rising price on carbon. Given the relative

ease with which a flat carbon price can be made international

[236], a rapid global emissions phasedown is feasible. As fossil fuels

are made to pay their costs to society, energy efficiency and clean

energies may reach tipping points and begin to be rapidly adopted.

Our analysis shows that a set of actions exists with a good

chance of averting ‘‘dangerous’’ climate change, if the actions

begin now. However, we also show that time is running out.

Unless a human ‘‘tipping point’’ is reached soon, with implemen-

tation of effective policy actions, large irreversible climate changes

will become unavoidable. Our parent’s generation did not know

that their energy use would harm future generations and other life

on the planet. If we do not change our course, we can only pretend

that we did not know.

Discussion

We conclude that an appropriate target is to keep global

temperature within or close to the temperature range in the

Holocene, the interglacial period in which civilization developed.

With warming of 0.8uC in the past century, Earth is just emerging

from that range, implying that we need to restore the planet’s

energy balance and curb further warming. A limit of approx-

imately 500 GtC on cumulative fossil fuel emissions, accompanied

by a net storage of 100 GtC in the biosphere and soil, could keep

global temperature close to the Holocene range, assuming that the

net future forcing change from other factors is small. The longevity

of global warming (Fig. 9) and the implausibility of removing the

warming if it is once allowed to penetrate the deep ocean

emphasize the urgency of slowing emissions so as to stay close to

the 500 GtC target.

Fossil fuel emissions of 1000 GtC, sometimes associated with a

2uC global warming target, would be expected to cause large

climate change with disastrous consequences. The eventual

warming from 1000 GtC fossil fuel emissions likely would reach

well over 2uC, for several reasons. With such emissions and

temperature tendency, other trace greenhouse gases including

methane and nitrous oxide would be expected to increase, adding

to the effect of CO2. The global warming and shifting climate

zones would make it less likely that a substantial increase in forest

and soil carbon could be achieved. Paleoclimate data indicate that

slow feedbacks would substantially amplify the 2uC global

warming. It is clear that pushing global climate far outside the

Holocene range is inherently dangerous and foolhardy.

The fifth IPCC assessment Summary for Policymakers [14]

concludes that to achieve a 50% chance of keeping global

warming below 2uC equivalent CO2 emissions should not exceed

1210 GtC, and after accounting for non-CO2 climate forcings this

limit on CO2 emissions becomes 840 GtC. The existing drafts of

the fifth IPCC assessment are not yet approved for comparison

and citation, but the IPCC assessment is consistent with studies of

Meinshausen et al. [254] and Allen et al. [13], hereafter M2009

and A2009, with which we can make comparisons. We will also

compare our conclusions with those of McKibben [255]. M2009

and A2009 appear together in the same journal with the two lead

authors on each paper being co-authors on the other paper.

McKibben [255], published in a popular magazine, uses

quantitative results of M2009 to conclude that most remaining

fossil fuel reserves must be left in the ground, if global warming this

century is to be kept below 2uC. McKibben [255] has been very

successful in drawing public attention to the urgency of rapidly

phasing down fossil fuel emissions.

M2009 use a simplified carbon cycle and climate model to make

a large ensemble of simulations in which principal uncertainties in

the carbon cycle, radiative forcings, and climate response are

allowed to vary, thus yielding a probability distribution for global

warming as a function of time throughout the 21st century. M2009

use this distribution to infer a limit on total (fossil fuel+net land use)

carbon emissions in the period 2000–2049 if global warming in the

21st century is to be kept below 2uC at some specified probability.

For example, they conclude that the limit on total 2000–2049

carbon emissions is 1440 GtCO2 (393 GtC) to achieve a 50%

chance that 21st century global warming will not exceed 2uC.

A2009 also use a large ensemble of model runs, varying

uncertain parameters, and conclude that total (fossil fuel+net land

use) carbon emissions of 1000 GtC would most likely yield a peak
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CO2-induced warming of 2uC, with 90% confidence that the peak

warming would be in the range 1.3–3.9uC. They note that their

results are consistent with those of M2009, as the A2009 scenarios

that yield 2uC warming have 400–500 GtC emissions during

2000–2049; M2009 find 393 GtC emissions for 2uC warming, but

M2009 included a net warming effect of non-CO2 forcings, while

A2009 neglected non-CO2 forcings.

McKibben [255] uses results of M2009 to infer allowable fossil

fuel emissions up to 2050 if there is to be an 80% chance that

maximum warming in the 21st century will not exceed 2uC above

the pre-industrial level. M2009 conclude that staying under this

2uC limit with 80% probability requires that 2000–2049 emissions

must be limited to 656 GtCO2 (179 GtC) for 2007–2049.

McKibben [255] used this M2009 result to determine a remaining

carbon budget (at a time not specified exactly) of 565 GtCO2 (154

GtC) if warming is to stay under 2uC. Let us update this analysis to

the present: fossil fuel emissions in 2007–2012 were 51 GtC [5], so,

assuming no net emissions from land use in these few years, the

M2009 study implies that the remaining budget at the beginning

of 2013 was 128 GtC.

Thus, coincidentally, the McKibben [255] approach via M2009

yields almost exactly the same remaining carbon budget (128 GtC)

as our analysis (130 GtC). However, our budget is that required to

limit warming to about 1uC (there is a temporary maximum

during this century at about 1.1–1.2uC, Fig. 9), while McKibben

[255] is allowing global warming to reach 2uC, which we have

concluded would be a disaster scenario! This apparently vast

difference arises from three major factors.

First, we assumed that reforestation and improved agricultural

and forestry practices can suck up the net land use carbon of the

past. We estimate net land use emissions as 100 GtC, while M2009

have land use emissions almost twice that large (,180 GtC). We

argue elsewhere (see section 14 in Supporting Information of [54])

that the commonly employed net land use estimates [256] are

about a factor of two larger than the net land use carbon that is

most consistent with observed CO2 history. However, we need not

resolve that long-standing controversy here. The point is that, to

make the M2009 study equivalent to ours, negative land use

emissions must be included in the 21st century equal to earlier

positive land use emissions.

Second, we have assumed that future net change of non-CO2

forcings will be zero, while M2009 have included significant non-

CO2 forcings. In recent years non-CO2 GHGs have provided

about 20% of the increase of total GHG climate forcing.

Third, our calculations are for a single fast-feedback equilibrium

climate sensitivity, 3uC for doubled CO2, which we infer from

paleoclimate data. M2009 use a range of climate sensitivities to

compute a probability distribution function for expected warming,

and then McKibben [255] selects the carbon emission limit that

keeps 80% of the probability distribution below 2uC.

The third factor is a matter of methodology, but one to be borne

in mind. Regarding the first two factors, it may be argued that our

scenario is optimistic. That is true, but both goals, extracting 100

GtC from the atmosphere via improved forestry and agricultural

practices (with possibly some assistance from CCS technology) and

limiting additional net change of non-CO2 forcings to zero, are

feasible and probably much easier than the principal task of

limiting additional fossil fuel emissions to 130 GtC.

We noted above that reforestation and improving agricultural

and forestry practices that store more carbon in the soil make sense

for other reasons. Also that task is made easier by the excess CO2

in the air today, which causes vegetation to take up CO2 more

efficiently. Indeed, this may be the reason that net land use

emissions seem to be less than is often assumed.

As for the non-CO2 forcings, it is noteworthy that greenhouse

gases controlled by the Montreal Protocol are now decreasing, and

recent agreement has been achieved to use the Montreal Protocol

to phase out production of some additional greenhouse gases even

though those gases do not affect the ozone layer. The most

important non-CO2 forcing is methane, whose increases in turn

cause tropospheric ozone and stratospheric water vapor to

increase. Fossil fuel use is probably the largest source of methane

[1], so if fossil fuel use begins to be phased down, there is good

basis to anticipate that all three of these greenhouse gases could

decrease, because of the approximate 10-year lifetime of methane.

As for fossil fuel CO2 emissions, considering the large, long-lived

fossil fuel infrastructure in place, the science is telling us that policy

should be set to reduce emissions as rapidly as possible. The most

fundamental implication is the need for an across-the-board rising

fee on fossil fuel emissions in order to allow true free market

competition from non-fossil energy sources. We note that

biospheric storage should not be allowed to offset further fossil

fuel emissions. Most fossil fuel carbon will remain in the climate

system more than 100,000 years, so it is essential to limit the

emission of fossil fuel carbon. It will be necessary to have incentives

to restore biospheric carbon, but these must be accompanied by

decreased fossil fuel emissions.

A crucial point to note is that the three tasks [limiting fossil fuel

CO2 emissions, limiting (and reversing) land use emissions,

limiting (and reversing) growth of non-CO2 forcings] are

interactive and reinforcing. In mathematical terms, the problem

is non-linear. As one of these climate forcings increases, it increases

the others. The good news is that, as one of them decreases, it

tends to decrease the others. In order to bestow upon future

generations a planet like the one we received, we need to win on

all three counts, and by far the most important is rapid phasedown

of fossil fuel emissions.

It is distressing that, despite the clarity and imminence of the

danger of continued high fossil fuel emissions, governments

continue to allow and even encourage pursuit of ever more fossil

fuels. Recognition of this reality and perceptions of what is

‘‘politically feasible’’ may partially account for acceptance of

targets for global warming and carbon emissions that are well into

the range of ‘‘dangerous human-made interference’’ with climate.

Although there is merit in simply chronicling what is happening,

there is still opportunity for humanity to exercise free will. Thus

our objective is to define what the science indicates is needed, not

to assess political feasibility. Further, it is not obvious to us that

there are physical or economic limitations that prohibit fossil fuel

emission targets far lower than 1000 GtC, even targets closer to

500 GtC. Indeed, we suggest that rapid transition off fossil fuels

would have numerous near-term and long-term social benefits,

including improved human health and outstanding potential for

job creation.

A world summit on climate change will be held at United

Nations Headquarters in September 2014 as a preliminary to

negotiation of a new climate treaty in Paris in late 2015. If this

treaty is analogous to the 1997 Kyoto Protocol [257], based on

national targets for emission reductions and cap-and-trade-with-

offsets emissions trading mechanisms, climate deterioration and

gross intergenerational injustice will be practically guaranteed.

The palpable danger that such an approach is conceivable is

suggested by examination of proposed climate policies of even the

most forward-looking of nations. Norway, which along with the

other Scandinavian countries has been among the most ambitious

and successful of all nations in reducing its emissions, nevertheless

approves expanded oil drilling in the Arctic and development of

tar sands as a majority owner of Statoil [258–259]. Emissions
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foreseen by the Energy Perspectives of Statoil [259], if they occur,

would approach or exceed 1000 GtC and cause dramatic climate

change that would run out of control of future generations. If, in

contrast, leading nations agree in 2015 to have internal rising fees

on carbon with border duties on products from nations without a

carbon fee, a foundation would be established for phaseover to

carbon free energies and stable climate.
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This study presents roadmaps for each of the 50 United States to convert their all-purpose energy systems (for

electricity, transportation, heating/cooling, and industry) to ones powered entirely by wind, water, and sunlight

(WWS). The plans contemplate 80–85% of existing energy replaced by 2030 and 100% replaced by 2050. Con-

version would reduce each state’s end-use power demand by a mean of B39.3% with B82.4% of this due to

the efficiency of electrification and the rest due to end-use energy efficiency improvements. Year 2050 end-use

U.S. all-purpose load would be met with B30.9% onshore wind, B19.1% offshore wind, B30.7% utility-scale

photovoltaics (PV), B7.2% rooftop PV, B7.3% concentrated solar power (CSP) with storage, B1.25% geothermal

power, B0.37% wave power, B0.14% tidal power, and B3.01% hydroelectric power. Based on a parallel grid

integration study, an additional 4.4% and 7.2% of power beyond that needed for annual loads would be supplied

by CSP with storage and solar thermal for heat, respectively, for peaking and grid stability. Over all 50 states,

converting would provide B3.9 million 40-year construction jobs and B2.0 million 40-year operation jobs for

the energy facilities alone, the sum of which would outweigh the B3.9 million jobs lost in the conventional

energy sector. Converting would also eliminate B62000 (19000–115000) U.S. air pollution premature morta-

lities per year today and B46000 (12000–104000) in 2050, avoiding B$600 ($85–$2400) bil. per year (2013

dollars) in 2050, equivalent to B3.6 (0.5–14.3) percent of the 2014 U.S. gross domestic product. Converting

would further eliminate B$3.3 (1.9–7.1) tril. per year in 2050 global warming costs to the world due to U.S.

emissions. These plans will result in each person in the U.S. in 2050 saving B$260 (190–320) per year in energy

costs ($2013 dollars) and U.S. health and global climate costs per person decreasing by B$1500 (210–6000) per

year and B$8300 (4700–17600) per year, respectively. The new footprint over land required will be B0.42% of

U.S. land. The spacing area between wind turbines, which can be used for multiple purposes, will be B1.6% of

U.S. land. Thus, 100% conversions are technically and economically feasible with little downside. These roadmaps

may therefore reduce social and political barriers to implementing clean-energy policies.

Broader context
This paper presents a consistent set of roadmaps for converting the energy infrastructures of each of the 50 United States to 100% wind, water, and sunlight

(WWS) for all purposes (electricity, transportation, heating/cooling, and industry) by 2050. Such conversions are obtained by first projecting conventional power

demand to 2050 in each sector then electrifying the sector, assuming the use of some electrolytic hydrogen in transportation and industry and applying modest

end-use energy efficiency improvements. Such state conversions may reduce conventional 2050 U.S.-averaged power demand by B39%, with most reductions

due to the efficiency of electricity over combustion and the rest due to modest end-use energy efficiency improvements. The conversions are found to be

technically and economically feasible with little downside. They nearly eliminate energy-related U.S. air pollution and climate-relevant emissions and their

resulting health and environmental costs while creating jobs, stabilizing energy prices, and minimizing land requirements. These benefits have not previously

been quantified for the 50 states. Their elucidation may reduce the social and political barriers to implementing clean-energy policies for replacing

conventional combustible and nuclear fuels. Several such policies are proposed herein for each energy sector.

1. Introduction

This paper presents a consistent set of roadmaps to convert

each of the 50 U.S. states’ all-purpose (electricity, transportation,
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heating/cooling, and industry) energy infrastructures to ones

powered 100% by wind, water, and sunlight (WWS). Existing energy

plans in many states address the need to reduce greenhouse gas

emissions and air pollution, keep energy prices low, and foster job

creation. However, inmost if not all states these goals are limited to

partial emission reductions by 2050 (see, for example,1 for a review

of California roadmaps), and no set of consistently-developed

roadmaps exist for every U.S. state. By contrast, the roadmaps here

provide a consistent set of pathways to eliminate 100% of present-

day greenhouse gas and air pollutant emissions from energy by

2050 in all 50 sates while growing the number of jobs and

stabilizing energy prices. A separate study2 provides a grid

integration analysis to examine the ability of the intermittent

energy produced from the state plans here, in combination, to

match time-varying electric and thermal loads when combined

with storage and demand response.

The methods used here to create each state roadmap are

broadly similar to those recently developed for New York,3

California,4 and the world as a whole.5–7 Such methods are

applied here tomake detailed, original, state-by-state estimates of

(1) Future energy demand (load) in the electricity, trans-

portation, heating/cooling, and industrial sectors in both a

business-as-usual (BAU) case and a WWS case;

(2) The numbers of WWS generators needed to meet the

estimated load in each sector in the WWS case;

(3) Footprint and spacing areas needed for WWS generators;

(4) Rooftop areas and solar photovoltaic (PV) installation

potentials over residential and commercial/government build-

ings and associated carports, garages, parking lots, and parking

structures;

(5) The levelized cost of energy today and in 2050 in the BAU

and WWS cases;

(6) Reductions in air-pollution mortality and associated

health costs today based on pollution data from all monitoring

stations in each state and in 2050, accounting for future reduc-

tions in emissions in the BAU versus WWS cases;

(7) Avoided global-warming costs today and in 2050 in the

BAU versus WWS cases; and

(8) Numbers of jobs produced and lost and the resulting

revenue changes between the BAU and WWS cases.

This paper further provides a transition timeline, energy

efficiency measures, and potential policy measures to implement

the plans. In sum, whereas, many studies focus on changing

energy sources in one energy sector, such as electricity, this study

integrates changes among all energy sectors: electricity, trans-

portation, heating/cooling, and industry. It further provides rigorous

and detailed and consistent estimates of 2050 state-by-state air

pollution damage, climate damage, energy cost, solar rooftop

potential, and job production and loss not previously available.

2. WWS technologies

This study assumes all energy sectors are electrified by 2050. The

WWS energy technologies chosen to provide electricity include

wind, concentrated solar power (CSP), geothermal, solar PV,

tidal, wave, and hydroelectric power. These generators are existing

technologies that were found to reduce health and climate

impacts the most amongmultiple technologies while minimizing

land and water use and other impacts.8

The technologies selected for ground transportation, which

will be entirely electrified, include battery electric vehicles (BEVs)

and hydrogen fuel cell (HFC) vehicles, where the hydrogen is

produced by electrolysis. BEVs with fast charging or battery

swapping will dominate long-distance, light-duty transportation;

Battery electric-HFC hybrids will dominate heavy-duty trans-

portation and long-distance shipping; batteries will power

short-distance shipping (e.g., ferries); and electrolytic cryogenic

hydrogen, with batteries for idling, taxiing, and internal power,

will power aircraft.

Air heating and cooling will be electrified and powered by

electric heat pumps (ground-, air-, or water-source) and some

electric-resistance heating. Water will be heated by heat pumps

with electric resistance elements and/or solar hot water pre-

heating. Cook stoves will have either an electric induction or

resistance-heating element.

High-temperature industrial processes will be powered by

electric arc furnaces, induction furnaces, dielectric heaters, and

resistance heaters and some combusted electrolytic hydrogen.

HFCs will be used only for transportation, not for electric

power generation due to the inefficiency of that application

for HFCs. Although electrolytic hydrogen for transportation is

less efficient and more costly than is electricity for BEVs, some

segments of transportation (e.g., long-distance ships and freight)

may benefit from HFCs.

The roadmaps presented here include energy efficiency

measures but not nuclear power, coal with carbon capture, liquid

or solid biofuels, or natural gas, as previously discussed.3,6

Biofuels, for example, are not included because their combus-

tion produces air pollution at rates on the same order as fossil

fuels and their lifecycle carbon emissions are highly uncertain

but definitely larger than those of WWS technologies. Several

biofuels also have water and land requirements much larger

than those of WWS technologies. Since photosynthesis is 1%

efficient whereas solar PV, for example, is B20% efficient, the

same land used for PV produces B20 times more energy than

does using the land for biofuels.

This study first calculates the installed capacity and number

of generators of each type needed in each state to potentially

meet the state’s annual power demand (assuming state-specific

average-annual capacity factors) in 2050 after all sectors have

been electrified, without considering sub-annual (e.g., daily

or hourly) load balancing. The calculations assume only that

existing hydroelectric from outside of a state continues to come

from outside. The study then provides the additional number of

generators needed by state to ensure that hourly power demand

across all states does not suffer loss of load, based on results

from ref. 2. As such, while the study bases each state’s installed

capacity on the state’s annual demand, it allows interstate

transmission of power as needed to ensure that supply and

demand balance every hour in every state. We also roughly

estimate the additional cost of transmission lines needed for
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this hourly balancing. Note that if we relax our assumption that

each state’s capacity match its annual demand, and instead

allow states with especially good solar or wind resources to have

enough capacity to supply larger regions, then the average

levelized cost of electricity will be lower than we estimate because

of the higher average capacity factors in states with the best WWS

resources.

3. Changes in U.S. power load upon
conversion to WWS

Table 1 summarizes the state-by-state end-use load calculated

by sector in 2050 if conventional fuel use continues along BAU

or ‘‘conventional energy’’ trajectory. It also shows the estimated

new load upon a conversion to a 100% WWS infrastructure

(with zero fossil fuels, biofuels, or nuclear fuels). The table is

derived from a spreadsheet analysis of annually averaged end-

use load data.9 All end uses that feasibly can be electrified are

assumed to use WWS power directly, and remaining end uses

(some heating, high-temperature industrial processes, and some

transportation) are assumed to use WWS power indirectly in the

form of electrolytic hydrogen (hydrogen produced by splitting

water with WWS electricity). End-use power excludes losses

incurred during production and transmission of the power.

With these roadmaps, electricity generation increases, but

the use of oil and gas for transportation and heating/cooling

decreases to zero. Further, the increase in electricity use due to

electrifying all sectors is much less than the decrease in energy

in the gas, liquid, and solid fuels that the electricity replaces,

because of the high energy-to-work conversion efficiency of

electricity used for heating and electric motors. As a result,

end use load decreases significantly with WWS energy systems

in all 50 states (Table 1).

In 2010, U.S. all-purpose, end-use load was B2.37 TW

(terawatts, or trillion watts). Of this, 0.43 TW (18.1%) was

electric power load. If the U.S. follows the business-as-usual

(BAU) trajectory of the current energy infrastructure, which

involves growing load and modest shifts in the power sector

away from coal to renewables and natural gas, all-purpose end-

use load is expected to grow to 2.62 TW in 2050 (Table 1).

A conversion toWWS by 2050 is calculated here to reduce U.S.

end-use load and the power required to meet that load by

B39.3% (Table 1). About 6.9 percentage points of this reduction

is due to modest additional energy-conservation measures

(Table 1, last column) and another relatively small portion is

due to the fact that conversion to WWS reduces the need for

energy use in petroleum refining. The remaining and major

reason for the reduction is that the use of electricity for heating

and electric motors is more efficient than is fuel combustion for

the same applications.6 Also, the use of WWS electricity to

produce hydrogen for fuel cell vehicles, while less efficient than

the use of WWS electricity to run BEVs, is more efficient and

cleaner than is burning liquid fossil fuels for vehicles.6,10

Combusting electrolytic hydrogen is slightly less efficient

but cleaner than is combusting fossil fuels for direct heating,

and this is accounted for in Table 1. In Table 1, B11.48% of all

2050 WWS electricity (47.8% of transportation load, and 5.72%

of industrial load) will be used to produce, store, and use

hydrogen, for long distance and heavy transportation and some

high-temperature industrial processes.

The percent decrease in load upon conversion to WWS in

Table 1 is greater in some states (e.g., Hawaii, California, Florida,

New Jersey, New Hampshire, and Vermont) than in others

(e.g. Minnesota, Iowa, and Nebraska). The reason is that the

transportation-energy share of the total in the states with the

large reductions is greater than in those with the small reduc-

tions, and efficiency gains from electrifying transportation

are much greater than are efficiency gains from electrifying

other sectors.

4. Numbers of electric power
generators needed and land-use
implications

Table 2 summarizes the number of WWS power plants or

devices needed to power each U.S. state in 2050 for all purposes

assuming end use power requirements in Table 1, the percent

mix of end-use power generation in Table 3, and electrical

transmission, distribution, and array losses. The specific mix

of generators presented for each state in Table 3 is just one set

of options.

Rooftop PV in Table 2 is divided into residential (5 kW

systems on average) and commercial/government (100 kW systems

on average). Rooftop PV can be placed on existing rooftops or on

elevated canopies above parking lots, highways, and structures

without taking up additional undeveloped land. Table 4 sum-

marizes projected 2050 rooftop areas by state usable for solar

PV on residential and commercial/government buildings,

carports, garages, parking structures, and parking lot canopies.

The rooftop areas in Table 4 are used to calculate potential

rooftop generation, which in turn limits the penetration of

residential and commercial/government PV in Table 3. Utility-

scale PV power plants are sized, on average, relatively small

(50 MW) to allow them to be placed optimally in available

locations. While utility-scale PV can operate in any state

because it can take advantage of both direct and diffuse solar

radiation, CSP is assumed to be viable only in states with

sufficient direct solar radiation. While some states listed in

Table 3, such as states in the upper Midwest, are assumed to

install CSP although they have marginal average solar insolation,

such states have regions with greater than average insolation,

and the value of CSP storage is sufficiently high to suggest a

small penetration of CSP in those states.

Onshore wind is assumed to be viable primarily in states with

good wind resources (Section 5.1). Offshore wind is assumed to

be viable offshore of any state with either ocean or Great Lakes

coastline (Section 5.1). Wind and solar are the only two sources

of electric power with sufficient resource to power the whole

U.S. independently on their own. Averaged over the U.S., wind

(B50.0%) and solar (45.2%) are the largest generators of
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Table 1 1st row of each state: estimated 2050 total end-use load (GW) and percent of total load by sector if conventional fossil-fuel, nuclear, and biofuel

use continue from today to 2050 under a business-as-usual (BAU) trajectory. 2nd row of each state: estimated 2050 total end-use load (GW) and percent of

total load by sector if 100% of BAU end-use all-purpose delivered load in 2050 is instead provided by WWS. The estimate in the ‘‘% change’’ column for each

state is the percent reduction in total 2050 BAU load due to switching to WWS, including (second-to-last column) the effects of assumed policy-based

improvements in end-use efficiency, inherent reductions in energy use due to electrification, and the elimination of energy use for the upstream production

of fuels (e.g., petroleum refining). The number in the last column is the reduction due only to assumed, policy-driven end-use energy efficiency measuresa

State Scenario
2050 total end-use
load (GW)

Residential
% of total

Commercial
% of total

Industrial
% of total

Transport
% of total

% change in end-use
power with WWS

Overall Effic. only

Alabama BAU 53.9 11.3 9.3 51.2 28.2
WWS 35.3 13.5 11.2 60.4 14.9 �34.4 �4.5

Alaska BAU 24.0 4.9 7.8 56.4 30.9
WWS 14.5 5.6 10.9 66.2 17.2 �39.8 �3.0

Arizona BAU 38.0 20.7 18.9 15.5 44.9
WWS 21.9 28.7 25.4 19.0 27.0 �42.2 �10.5

Arkansas BAU 31.6 14.8 13.0 38.8 33.4
WWS 20.3 18.2 16.5 47.4 17.8 �35.5 �4.5

California BAU 229.3 13.2 14.6 26.9 45.3
WWS 127.8 16.9 22.2 34.3 26.6 �44.3 �7.1

Colorado BAU 46.5 18.2 14.2 34.6 33.0
WWS 27.9 23.0 18.5 39.2 19.3 �40.1 �9.1

Connecticut BAU 19.2 24.1 22.6 14.7 38.6
WWS 11.4 29.0 30.6 17.5 22.8 �40.7 �9.6

Delaware BAU 5.9 19.5 23.2 23.4 33.9
WWS 3.5 24.2 30.6 27.2 18.0 �41.1 �10.5

Florida BAU 107.2 19.5 18.2 16.9 45.4
WWS 61.2 26.9 24.7 22.4 25.9 �42.9 �9.8

Georgia BAU 79.4 16.7 14.3 30.7 38.2
WWS 47.2 20.6 18.7 39.9 20.8 �40.6 �8.3

Hawaii BAU 7.4 7.1 13.6 22.1 57.2
WWS 3.8 10.3 22.1 32.6 35.0 �49.5 �6.6

Idaho BAU 15.0 17.5 12.9 36.0 33.6
WWS 9.5 21.8 15.9 42.9 19.5 �37.0 �7.8

Illinois BAU 93.5 16.9 17.2 36.7 29.1
WWS 57.9 20.2 21.4 42.3 16.2 �38.1 �8.1

Indiana BAU 64.4 12.4 11.5 50.6 25.6
WWS 40.4 15.0 14.1 57.5 13.5 �37.2 �6.6

Iowa BAU 42.7 10.0 10.4 57.7 21.9
WWS 30.6 10.9 11.5 67.3 10.3 �28.3 2.0

Kansas BAU 30.1 14.0 12.1 44.8 29.1
WWS 18.8 17.5 15.5 49.9 17.1 �37.5 �7.0

Kentucky BAU 46.5 11.9 10.0 47.2 31.0
WWS 28.5 14.6 12.8 55.6 17.0 �38.8 �7.6

Louisiana BAU 147.7 4.9 3.8 73.4 18.0
WWS 92.7 6.2 4.8 78.3 10.7 �37.2 �3.4

Maine BAU 13.5 12.1 11.4 49.6 27.0
WWS 9.1 13.3 13.4 60.1 13.2 �32.7 �2.1

Maryland BAU 34.9 20.9 25.9 14.1 39.1
WWS 20.1 25.9 34.8 16.6 22.7 �42.3 �11.4

Massachusetts BAU 35.8 24.9 20.4 17.8 36.9
WWS 21.4 29.1 27.9 22.4 20.6 �40.3 �8.8

Michigan BAU 64.8 19.3 19.5 28.2 33.0
WWS 39.9 22.9 24.5 33.8 18.7 �38.4 �9.4

Minnesota BAU 48.8 14.8 14.5 41.1 29.6
WWS 31.5 17.7 17.9 48.9 15.5 �35.4 �4.0

Mississippi BAU 33.9 10.5 9.5 44.1 35.8
WWS 21.0 13.1 12.1 53.7 21.0 �38.0 �6.3

Missouri BAU 42.8 20.9 16.9 23.6 38.6
WWS 25.5 27.8 22.6 28.7 21.0 �40.4 �7.3

Montana BAU 12.3 15.5 15.4 34.8 34.3
WWS 7.4 19.8 19.8 39.3 21.1 �39.5 �8.2

Nebraska BAU 21.9 12.2 12.3 50.4 25.1
WWS 15.5 13.6 13.9 60.5 12.1 �29.3 0.4

Nevada BAU 18.5 20.3 17.0 23.4 39.3
WWS 11.0 26.7 22.2 29.2 21.8 �40.6 �9.2

New Hampshire BAU 7.1 20.9 19.0 17.9 42.3
WWS 3.9 27.4 26.9 21.7 24.0 �44.2 �8.7

New Jersey BAU 57.5 17.7 23.3 17.0 42.0
WWS 32.9 22.7 33.9 19.6 23.7 �42.8 �7.1

New Mexico BAU 21.6 12.9 13.6 40.3 33.2
WWS 12.8 16.9 17.9 45.3 19.9 �41.0 �8.8
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annually averaged end-use electric power under these plans.

The ratio of wind to solar end-use power is 1.1 : 1.

Under the roadmaps, the 2050 installed capacity of hydro-

electric, averaged over the U.S., is assumed to be virtually the

same as in 2010, except for a small growth in Alaska. However,

existing dams in most states are assumed to run more effi-

ciently for producing peaking power, thus the capacity factor of

dams is assumed to increase (Section 5.4). Geothermal, wave,

and tidal energy expansions are limited in each state by their

potentials (Sections 5.3, 5.5 and 5.6, respectively).

Table 2 lists installed capacities beyond those needed to

match annually averaged power demand for CSP with storage

and for solar thermal. These additional capacities are derived in

the separate grid integration study2 and are needed to produce

peaking power, to account for additional loads due to losses in

and out of storage, and to ensure reliability of the grid, as

described and quantified in that paper.

Fig. 1 shows the additional footprint and spacing areas required

from Table 2 to replace the entire U.S. all-purpose energy infra-

structure with WWS by 2050. Footprint area is the physical area on

the ground needed for each energy device. Spacing area is the area

between some devices, such as wind, tidal, and wave turbines,

needed to minimize interference of the wake of one turbine with

downwind turbines.

Table 2 indicates that the total new land footprint required for

the plans, averaged over the U.S. is B0.42% of U.S. land area,

mostly for solar PV power plants (rooftop solar does not take up

new land). This does not account for the decrease in footprint from

eliminating the current energy infrastructure, which includes the

footprint for mining, transporting, and refining fossil fuels and

uranium and for growing, transporting, and refining biofuels.

The only spacing over land needed for the WWS system is

between onshore wind turbines and this requires B1.6% of

U.S. land. The footprint associated with this spacing is trivial,

Table 1 (continued )

State Scenario
2050 total end-use
load (GW)

Residential
% of total

Commercial
% of total

Industrial
% of total

Transport
% of total

% change in end-use
power with WWS

Overall Effic. only

New York BAU 86.3 23.0 30.1 15.0 31.8
WWS 54.9 26.5 39.0 16.6 17.9 �36.4 �7.8

North Carolina BAU 62.7 19.8 18.9 25.8 35.5
WWS 37.9 24.8 24.2 32.1 18.9 �39.5 �9.8

North Dakota BAU 14.3 7.3 8.7 59.0 24.9
WWS 9.0 9.1 11.0 64.4 15.5 �36.9 �4.6

Ohio BAU 87.0 16.2 16.4 37.6 29.8
WWS 53.5 19.8 20.5 43.6 16.1 �38.5 �8.2

Oklahoma BAU 47.3 13.1 11.4 41.1 34.4
WWS 29.1 16.7 15.0 47.0 21.3 �38.5 �6.9

Oregon BAU 27.3 15.4 15.6 26.5 42.6
WWS 16.3 18.9 21.9 34.6 24.6 �40.4 �8.5

Pennsylvania BAU 94.0 15.4 14.1 39.5 31.0
WWS 59.1 18.5 18.3 44.1 19.2 �37.2 �7.3

Rhode Island BAU 5.5 24.2 21.1 19.9 34.9
WWS 3.2 28.9 28.9 21.7 20.5 �41.5 �10.7

South Carolina BAU 39.7 15.1 13.0 36.3 35.6
WWS 24.2 19.0 16.6 45.8 18.6 �39.1 �7.8

South Dakota BAU 10.6 10.6 11.1 50.4 28.0
WWS 7.5 11.8 12.5 61.9 13.9 �29.1 1.8

Tennessee BAU 52.8 15.6 13.5 36.5 34.3
WWS 32.2 19.6 17.4 44.5 18.4 �39.1 �7.3

Texas BAU 376.6 8.4 8.0 56.9 26.7
WWS 225.3 11.2 10.8 62.7 15.3 �40.2 �4.8

Utah BAU 23.2 17.8 16.6 28.7 36.8
WWS 13.8 22.8 21.8 33.0 22.4 �40.6 �9.1

Vermont BAU 3.7 25.1 16.3 19.2 39.4
WWS 2.1 31.8 22.4 24.3 21.5 �42.7 �8.6

Virginia BAU 60.3 18.0 20.3 23.1 38.6
WWS 35.1 22.7 27.1 28.5 21.7 �41.8 �10.2

Washington BAU 52.8 14.3 15.2 30.2 40.4
WWS 31.7 17.7 21.3 38.7 22.4 �39.9 �7.4

West Virginia BAU 21.7 14.3 12.3 40.6 32.7
WWS 13.0 17.0 15.9 45.3 21.7 �39.9 �12.3

Wisconsin BAU 41.9 15.7 17.2 39.6 27.4
WWS 26.8 18.3 20.7 47.3 13.8 �36.0 �6.4

Wyoming BAU 18.1 6.0 8.3 56.2 29.5
WWS 11.2 7.4 10.4 61.2 20.9 �38.3 �8.5

United States BAU 2621.4 14.3 14.1 38.5 33.1
WWS 1591.0 17.8 18.6 45.0 18.6 �39.3 �6.9

a BAU values are extrapolations from the U.S. Energy Information Administration (EIA) projections for the year 2040. WWS values are estimated
with respect to BAU values accounting for the effect of electrification of end-uses on energy requirements and the effects of additional energy-
efficiency measures. See the ESI and ref. 9 for details.
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and the spacing area can be used for multiple purposes, such as

agricultural land, grazing land, and open space. Landowners

can thus derive income, not only from the wind turbines on the

land, but also from farming around the turbines.

5. Resource availability

This section evaluates whether the United States has sufficient

wind, solar, geothermal, and hydroelectric resources to supply

the country’s all-purpose energy in 2050.

5.1. Wind

Fig. 2 shows three-dimensional computer model estimates,

derived for this study, of the U.S. annually averaged capacity

factor of wind turbines if they are installed onshore and off-

shore. The calculations are performed assuming a REpower

5 MW turbine with a 126 m diameter rotor (the same turbine

assumed for the roadmaps). Results are obtained for a hub

height of 100 m above the topographical surface. Spacing areas

of 4 � 7 rotor diameters are used for onshore turbines and

5 � 10 diameters for offshore turbines.

Table 2 Number, capacity, footprint area, and spacing area of WWS power plants or devices needed to provide total annually-averaged end-use all-

purpose load over all 50 states plus additional power needed to provide peaking and storage services, as derived in ref. 2. The numbers account for short-

and moderate-distance transmission, distribution, forced and unforced maintenance, and array losses. Ref. 9 derives individual tables for each state

Energy technology

Rated power
one plant or
device (MW)

Percent of
2050 all-
purpose load
met by plant/
devicea

Name-plate
capacity of
existing plus
new plants or
devices (MW)

Percent
name-plate
capacity
already
installed
2013

Number of
new plants or
devices needed
for U.S.

Percent of
U.S. land
area for foot-
print of new
plants/
devicesb

Percent of
U.S. land
area for
spacing of
new plants/
devices

Annual power
Onshore wind 5 30.92 1 701 000 3.59 328 000 0.00004 1.5912
Offshore wind 5 19.08 780 900 0.00 156 200 0.00002 0.7578
Wave device 0.75 0.37 27 040 0.00 36 050 0.00021 0.0098
Geothermal plant 100 1.25 23 250 10.35 208 0.00078 0.0000
Hydroelectric plantc 1300 3.01 91 650 95.87 3 0.02077 0.0000
Tidal turbine 1 0.14 8823 0.00 8823 0.00003 0.0004
Res. roof PV 0.005 3.98 379 500 0.94 75 190 000 0.03070 0.0000
Com/gov roof PVd 0.1 3.24 276 500 0.64 2 747 000 0.02243 0.0000
Solar PV plantd 50 30.73 2 326 000 0.08 46 480 0.18973 0.0000
Utility CSP plant 100 7.30 227 300 0.00 2273 0.12313 0.0000

Total 100.00 5 841 000 2.71 0.388 2.359

Peaking/storage
Additional CSPe 100 4.38 136 400 0.00 1364 0.07388 0.0000
Solar thermale 50 7.21 469 000 0.00 9380 0.00731 0.0000

Total all 6 447 000 2.46 0.469 2.359
Total new land f 0.416 1.591

The national total number of each device is the sum among all states. The number of devices in each state is the end use load in 2050 in each state
(Table 1) multiplied by the fraction of load satisfied by each source in each state (Table 3) and divided by the annual power output from each device. The
annual output equals the rated power (this table; same for all states) multiplied by the state-specific annual capacity factor of the device and accounting
for transmission, distribution, maintenance-time, and array losses. The capacity factor is determined for each device in each state in ref. 9. The state-by-
state capacity factors for onshore wind turbines in 2050, accounting for transmission, distribution, maintenance-time, and array losses, are calculated
from actual 2013 state installed capacity11 and power output12 with an assumed increase in capacity factor between 2013 and 2050 due to turbine
efficiency improvements and a decrease due to diminishing quality of sites after the best are taken. The 2050 U.S. mean onshore wind capacity factor
calculated in this manner (after transmission, distribution, maintenance-time, and array losses) is 29.0%. The highest state onshore wind capacity factor
in 2050 is estimated to be 40.0%, for Oklahoma; the lowest, 17.0%, for Alabama, Kentucky, Mississippi, and Tennessee. Offshore wind turbines are
assumed to be placed in locations with hub-height wind speeds of 8.5 m s�1 or higher,13 which corresponds to a capacity factor before transmission,
distribution, maintenance, and array losses of B42.5% for the same turbine and 39.0%, in the U.S. average after losses. Short- and moderate distance
transmission, distribution, and maintenance-time losses for offshore wind and all other energy sources treated here, except rooftop PV, are assumed to
be 5–10%. Rooftop PV losses are assumed to be 1–2%. Wind array losses due to competition among turbines for the same energy are an additional
8.5%.2 The plans assume 38 (30–45)% of onshore wind and solar and 20 (15–25)% of offshore wind is subject to long-distance transmission with line
lengths of 875 (750–1000) km and 75 (50–100) km, respectively. Line losses are 4 (3–5)% per 1000 km plus 1.5 (1.3–1.8)% of power in the station
equipment. Footprint and spacing areas are calculated from the spreadsheets in ref. 9. Footprint is the area on the top surface of soil covered by an
energy technology, thus does not include underground structures. a Total end-use power demand in 2050 with 100% WWS is estimated from Table 1.
b Total land area for each state is given in ref. 9. U.S. land area is 9161924 km2. c The average capacity factor for hydro is assumed to increase from its
current value to 52.5% (see text). For hydro already installed capacity is based on data for 2010. d The solar PV panels used for this calculation are Sun
Power E20 panels. The capacity factors used for residential and commercial/government rooftop solar production estimates are given in ref. 9 for each
state. For utility solar PV plants, nominal spacing between panels is included in the plant footprint area. The capacity factors assumed for utility PV are
given in ref. 9. e The installed capacities for peaking power/storage are derived in the separate grid integration study.2 Additional CSP is CSP plus
storage beyond that needed for annual power generation to firm the grid across all states. Additional solar thermal is used for soil heat storage.
Other types of storage are also used in ref. 2. f The footprint area requiring new land is equal to the footprint area for new onshore wind,
geothermal, hydroelectric, and utility solar PV. Offshore wind, wave, and tidal are in water, and so do not require new land. The footprint area for
rooftop solar PV does not entail new land because the rooftops already exist and are not used for other purposes (that might be displaced by rooftop
PV). Only onshore wind entails new land for spacing area. The other energy sources either are in water or on rooftops, or do not use additional land
for spacing. Note that the spacing area for onshore wind can be used for multiple purposes, such as open space, agriculture, grazing, etc.
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Results suggest a U.S. mean onshore capacity factor ofB30.5%

and offshore of B37.3% before transmission, distribution,

maintenance-time, and array losses (Fig. 2). Locations of strong

onshore wind resources include the Great Plains, northern

parts of the northeast, and many areas in the west. Weak wind

regimes include the southeast and the westernmost part of the

west coast continent. Strong offshore wind resources occur off

the east coast north of South Carolina and the Great Lakes. Very

good offshore wind resources also occur offshore the west coast

and offshore the southeast and gulf coasts. Table 2 indicates that

the 2050 clean-energy plans requireB1.6% of U.S. onshore land

and 0.76% of U.S. onshore-equivalent land area sited offshore

for wind-turbine spacing to power 50.0% of all-purpose annually-

averaged 2050 U.S. energy. The mean capacity factor before

transmission, distribution, maintenance-time, and array losses

used to derive the number of onshore wind turbines needed in

Table 2 is B35% and for offshore turbines is 42.5% (Table 2,

footnote). Fig. 2 suggests that much more land and ocean areas

with these respective capacity factors or higher are available

than are needed for the roadmaps.

5.2. Solar

World solar power resources are known to be large.16 Here, such

resources are estimated (Fig. 3) for the U.S. using a 3-D climate

Table 3 Percent of annually-averaged 2050 U.S. state all-purpose end-use load in a WWS world from Table 1 proposed here to be met by the given

electric power generator. Power generation by each resource in each state is limited by resource availability, as discussed in Section 5. All rows add

up to 100%

State Onshore wind Offshore wind Wave Geothermal Hydro-electric Tidal Res PV Comm/gov PV Utility PV CSP

Alabama 5.00 10.00 0.08 0.00 4.84 0.01 3.50 2.20 64.38 10.00
Alaska 50.00 20.00 1.00 7.00 14.96 1.00 0.23 0.15 5.66 0.00
Arizona 18.91 0.00 0.00 2.00 6.49 0.00 1.30 9.30 32.00 30.00
Arkansas 43.00 0.00 0.00 0.00 3.44 0.00 4.40 3.50 35.66 10.00
California 25.00 10.00 0.50 5.00 4.48 0.50 7.50 5.50 26.52 15.00
Colorado 55.00 0.00 0.00 3.00 1.24 0.00 4.20 4.00 17.56 15.00
Connecticut 5.00 45.00 1.00 0.00 0.56 0.00 4.00 3.35 41.09 0.00
Delaware 5.00 65.00 1.00 0.00 0.00 0.50 5.00 3.85 19.65 0.00
Florida 5.00 14.93 1.00 0.00 0.05 0.04 11.2 7.80 49.98 10.00
Georgia 5.00 35.00 0.30 0.00 2.27 0.08 5.50 4.30 42.55 5.00
Hawaii 12.00 16.00 1.00 30.00 0.33 1.00 14.0 9.00 9.67 7.00
Idaho 35.00 0.00 0.00 15.00 14.96 0.00 4.00 3.20 17.84 10.00
Illinois 60.00 5.00 0.00 0.00 0.03 0.00 2.85 2.90 26.22 3.00
Indiana 50.00 0.00 0.00 0.00 0.08 0.00 2.45 2.20 42.77 2.50
Iowa 68.00 0.00 0.00 0.00 0.25 0.00 1.50 1.50 25.75 3.00
Kansas 70.00 0.00 0.00 0.00 0.01 0.00 3.20 3.00 13.79 10.00
Kentucky 8.45 0.00 0.00 0.00 1.51 0.00 3.20 2.10 79.74 5.00
Louisiana 0.65 60.00 0.40 0.00 0.11 0.00 1.30 1.20 31.34 5.00
Maine 35.00 35.00 1.00 0.00 5.79 1.00 5.40 1.80 15.01 0.00
Maryland 5.00 60.00 1.00 0.00 1.53 0.03 5.40 4.80 22.24 0.00
Massachusetts 13.00 55.00 1.00 0.00 1.42 0.06 3.90 3.30 22.32 0.00
Michigan 40.00 31.00 1.00 0.00 0.69 0.00 3.50 3.20 18.61 2.00
Minnesota 60.00 19.00 0.00 0.00 3.61 0.00 2.50 3.00 9.89 2.00
Mississippi 5.00 10.00 1.00 0.00 0.00 1.00 2.40 1.60 74.00 5.00
Missouri 60.00 0.00 0.00 0.00 1.15 0.00 5.10 4.40 24.35 5.00
Montana 35.00 0.00 0.00 9.00 19.15 0.00 2.80 2.10 21.95 10.00
Nebraska 65.00 0.00 0.00 0.00 0.94 0.00 2.20 2.00 19.86 10.00
Nevada 10.00 0.00 0.00 30.00 5.02 0.00 12.0 8.00 19.23 15.75
New Hampshire 40.00 20.00 1.00 0.00 6.48 0.50 4.50 3.30 24.22 0.00
New Jersey 10.00 55.50 0.80 0.00 0.01 0.10 3.54 2.80 27.25 0.00
New Mexico 50.00 0.00 0.00 10.00 0.35 0.00 5.50 3.80 14.35 16.00
New York 10.00 40.00 0.80 0.00 6.54 0.10 3.60 3.20 35.76 0.00
North Carolina 5.00 50.00 0.75 0.00 2.69 0.03 6.00 4.00 26.53 5.00
North Dakota 55.00 0.00 0.00 0.00 2.95 0.00 1.00 1.00 35.05 5.00
Ohio 45.00 10.00 0.00 0.00 0.10 0.00 3.20 3.00 35.70 3.00
Oklahoma 65.00 0.00 0.00 0.00 1.54 0.00 3.20 2.80 17.46 10.00
Oregon 32.50 15.00 1.00 5.00 27.25 0.05 4.00 2.20 8.00 5.00
Pennsylvania 20.00 3.00 1.00 0.00 0.74 0.85 3.30 2.35 68.76 0.00
Rhode Island 10.00 63.00 1.00 0.00 0.05 0.08 4.40 3.70 17.78 0.00
South Carolina 5.00 50.00 1.00 0.00 2.90 0.30 4.00 2.80 27.70 6.30
South Dakota 61.00 0.00 0.00 0.00 11.10 0.00 1.70 1.80 14.40 10.00
Tennessee 8.00 0.00 0.00 0.00 4.26 0.00 3.50 2.20 75.04 7.00
Texas 50.00 13.90 0.10 0.50 0.16 0.00 3.00 2.50 15.84 14.00
Utah 40.00 0.00 0.00 8.00 1.03 0.00 4.00 4.00 27.97 15.00
Vermont 25.00 0.00 0.00 0.00 64.35 0.00 4.20 2.80 3.65 0.00
Virginia 10.00 50.00 0.50 0.00 1.29 0.05 4.20 3.50 25.46 5.00
Washington 35.00 13.00 0.50 0.65 35.42 0.30 2.90 1.50 10.73 0.00
West Virginia 30.00 0.00 0.00 0.00 1.14 1.00 2.50 1.70 61.66 2.00
Wisconsin 45.00 30.00 0.00 0.00 0.96 0.00 3.30 2.90 15.84 2.00
Wyoming 65.00 0.00 0.00 1.00 1.43 0.00 1.10 0.70 20.77 10.00
United States 30.92 19.08 0.37 1.25 3.01 0.14 3.98 3.24 30.73 7.30
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model that treats radiative transfer accounting for sun angles,

day/night, and clouds. The best solar resources in the U.S. are

broadly in the Southwest, followed by the Southeast, the Northwest,

then the Northeast. The land area in 2050 required for non-rooftop

solar under the plan here is equivalent toB0.394% of U.S. land

area, which is a small percentage of the area of strong solar

resources available (Fig. 3).

The estimates of potential generation by solar rooftop PV shown

in Tables 2 and 3 are based on state-by-state calculations of available

roof areas and PV power potentials on residential, commercial, and

governmental buildings, garages, carports, parking lots, and parking

structures. Commercial and governmental buildings include all

non-residential buildings except manufacturing, industrial, and

military buildings. (Commercial buildings do include schools.)

Table 4 Rooftop areas suitable for PV panels, potential capacity of suitable rooftop areas, and proposed installed capacity for both residential and

commercial/government buildings, by state. See ref. 9 for detailed calculations

State

Residential rooftop PV Commercial/government rooftop PV

Rooftop area
suitable for
PVs in 2012
(km2)

Potential capacity
of suitable area in
2050 (MWdc-peak)

Proposed
installed capa-
city in 2050
(MWdc-peak)

Percent of
potential
capacity
installed

Rooftop area
suitable for
PVs in 2012
(km2)

Potential capacity
of suitable area in
2050 (MWdc-peak)

Proposed
installed capa-
city in 2050
(MWdc-peak)

Percent of
potential
capacity
installed

Alabama 59.7 10 130 7409 73 35.4 6150 4175 68
Alaska 7.0 760 414 54 4.2 460 242 53
Arizona 7.1 3520 1379 39 46.9 23 210 8841 38
Arkansas 36.7 7090 5217 74 27.0 5330 3720 70
California 336.1 83 150 48 412 58 220.6 55 330 31 826 58
Colorado 48.8 11 190 6684 60 40.6 9440 5706 60
Connecticut 32.2 4640 3301 71 25.1 3690 2478 67
Delaware 10.9 1940 1182 61 7.3 1320 816 62
Florida 229.1 85 950 33 873 39 148.4 55 750 21 147 38
Georgia 108.9 25 760 15 431 60 76.9 18 450 10 815 59
Hawaii 12.7 3260 2291 70 7.5 1950 1320 68
Idaho 16.2 4030 2318 58 12.2 3070 1663 54
Illinois 116.3 17 220 11 537 67 110.6 16 770 10 524 63
Indiana 65.6 10 500 6652 63 54.8 8960 5354 60
Iowa 31.2 4430 3165 71 29.4 4260 2837 67
Kansas 32.1 5220 3804 73 28.1 4680 3197 68
Kentucky 52.7 8270 6076 73 32.3 5200 3575 69
Louisiana 54.2 9910 6582 66 44.6 8350 5447 65
Maine 32.2 4740 3340 70 9.4 1410 998 71
Maryland 60.5 11 550 7102 61 49.0 9530 5659 59
Massachusetts 58.6 8560 6053 71 46.4 6930 4591 66
Michigan 105.0 14 970 10 142 68 89.0 12 980 8312 64
Minnesota 52.9 9280 5564 60 54.6 9740 5985 61
Mississippi 35.5 4950 3653 74 22.6 3230 2183 68
Missouri 72.9 12 260 8270 67 58.0 9980 6396 64
Montana 11.6 1880 1391 74 8.2 1350 936 69
Nebraska 20.5 3140 2228 71 18.0 2830 1816 64
Nevada 29.4 15 120 6451 43 18.8 9600 3855 40
New
Hampshire

13.9 2480 1287 52 9.3 1680 846 50

New Jersey 83.1 12 730 8345 66 60.7 9520 5917 62
New Mexico 24.7 5070 3674 72 15.7 3300 2276 69
New York 165.2 20 140 14 545 72 135.0 16 940 11 590 68
North
Carolina

119.2 28 340 14 084 50 74.6 17 950 8417 47

North Dakota 7.2 940 639 68 6.8 920 573 62
Ohio 117.0 16 960 11 623 69 101.0 15 000 9768 65
Oklahoma 46.2 8150 5544 68 34.8 6270 4349 69
Oregon 43.5 8590 4431 52 21.6 4330 2185 50
Pennsylvania 136.4 18 870 13 757 73 87.9 12 410 8782 71
Rhode Island 9.9 1460 1015 70 7.8 1180 765 65
South
Carolina

58.4 9220 6057 66 36.8 5950 3801 64

South Dakota 8.5 1290 857 66 8.3 1280 813 64
Tennessee 76.6 12 020 7246 60 45.9 7370 4083 55
Texas 268.9 78 190 36 792 47 216.9 63 550 27 485 43
Utah 23.1 6360 3160 50 20.9 5810 2833 49
Vermont 7.5 1110 672 61 4.5 680 402 59
Virginia 88.1 17 400 9825 56 65.8 13 190 7339 56
Washington 73.6 14 050 6774 48 37.2 7180 3141 44
West Virginia 24.3 3140 2273 72 16.1 2140 1386 65
Wisconsin 59.5 9310 6236 67 48.3 7710 4912 64
Wyoming 6.3 1050 754 72 4.5 760 430 57
United States 3197.6 660 290 379 513 57 2386 505 070 276 508 55
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Ref. 4 (Supplemental Information) and ref. 9 document

how rooftop areas and generation potential are calculated for

California for four situations: residential-warm, residential-cool,

commercial/government-warm, and commercial/government-cool.

This method is applied here to calculate potential rooftop

PV generation in each state, accounting for housing units and

building areas, available solar insolation, degradation of solar

panels over time, technology improvements over time, and DC

to AC power conversion losses.

Each state’s potential installed capacity of rooftop PV in

2050 equals the potential alternating-current (AC) generation

from rooftop PV in 2050 in the state divided by the PV capacity

Fig. 1 Spacing and footprint areas required from Table 2 for annual power load, beyond existing 2013 resources, to repower the U.S. state-by-state for

all purposes in 2050. The dots do not indicate the actual location of energy farms. For wind, the small dot in the middle is footprint on the ground or

water (not to scale) and the green or blue is space between turbines that can be used for multiple purposes. For others, footprint and spacing areas are

mostly the same (except tidal and wave, where only spacing is shown). For rooftop PV, the dot represents the rooftop area needed.

Fig. 2 Modeled 2006 annually averaged capacity factor for 5 MW REpower wind turbines (126 m diameter rotor) at 100 m hub height above the

topographical surface in the contiguous United States ignoring competition among wind turbines for the same kinetic energy and before transmission,

distribution, and maintenance-time losses. The model used is GATOR-GCMOM,14,15 which is nested for one year from the global to regional scale with

resolution on the regional scale of 0.61 W–E � 0.51 S–N.
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factor in 2050. This calculation is performed here for each state

under the four situations mentioned above: residential and

commercial/government rooftop PV systems, in warm and cool

climate zones.

Based on the analysis, we estimate that, in 2050, residential

rooftop areas (including garages and carports) could support

660 GWdc-peak of installed power. The plans here propose to

installB57% of this potential. In 2050, commercial/government

rooftop areas (including parking lots and parking structures)

could support 505 GWdc-peak of installed power. The state plans

here propose to cover B55% of installable power.

5.3. Geothermal

The U.S. has significant traditional geothermal resources (volcanos,

geysers, and hot springs) as well as heat stored in the ground

due to heat conduction from the interior of the Earth and solar

radiation absorbed by the ground. In terms of traditional

geothermal, the U.S. has an identified resource of 9.057 GW

deliverable power distributed over 13 states, undiscovered resources

of 30.033 GW deliverable power, and enhanced recovery resources

of 517.8 GW deliverable power.17 As of April 2013, 3.386 GW of

geothermal capacity had been installed in the U.S. and another

5.15–5.523 GW was under development.18

States with identified geothermal resources (and the percent

of resource available in each state) include Colorado (0.33%),

Hawaii (2.0%), Idaho (3.68%), Montana (0.65%), Nevada (15.36%),

New Mexico (1.88%), Oregon (5.96%), Utah (2.03%), Washington

State (0.25%), Wyoming (0.43%), Alaska (7.47%), Arizona (0.29%),

and California (59.67%).17 All states have the ability to extract

heat from the ground for heat pumps. This extracted energy

would not be used to generate electricity, but rather would be used

directly for heating, thereby reducing electric power demand for

heating, although electricity would still be needed to run heat

pumps. This electricity use for heat pumps is accounted for in the

numbers for Table 1.

The roadmaps here propose 19.8 GW of delivered existing

plus new electric power from geothermal in 2050, which is less

than the sum of identified and undiscovered resources and

much less than the enhanced recovery resources. The proposed

electric power from geothermal is limited to the 13 states with

known resources plus Texas, where recent studies show several

potential sites for geothermal. If resources in other states prove

to be cost-effective, these roadmaps can be updated to include

geothermal in those states.

5.4. Hydroelectric

In 2010, conventional (small and large) hydroelectric power

provided 29.7 GW (260203 GW h per year) of U.S. electric power,

or 6.3% of the U.S. electric power supply.19 The installed conven-

tional hydroelectric capacity was 78.825 GW,19 giving the capacity

factor of conventional hydro as 37.7% in 2010. Fig. 4 shows the

installed conventional hydroelectric by state in 2010.

In addition, 23 U.S. states receive an estimated 5.103 GW of

delivered hydroelectric power from Canada. Assuming a capacity

factor of 56.47%, Canadian hydro currently providesB9.036 GW

worth of installed capacity to the U.S. This is included as part

of existing hydro capacity in this study to give a total existing

(year-2010) capacity in the U.S. in Table 2 of 87.86 GW.

Fig. 3 Modeled 2013 annual downward direct plus diffuse solar radiation at the surface (kW h per m2 per day) available to photovoltaics in the contiguous

United States. The model used is GATOR-GCMOM,14,15 which simulates clouds, aerosols gases, weather, radiation fields, and variations in surface albedo

over time. The model is nested from the global to regional scale with resolution on the regional scale 0.61 W–E � 0.51 S–N.
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Under the plan proposed here, conventional hydro would

supply 3.01% of U.S. total end-use all-purpose power demand

(Table 2), or 47.84 GW of delivered power in 2050. In 2010, U.S.

plus Canadian delivered 34.8 GW of hydropower, only 13.0 GW

less than that needed in 2050. This additional power will be

supplied by adding three new dams in Alaska with a total

capacity of 3.8 GW (Table 2) and increasing the capacity factor

on existing dams from a Canada-plus-US average of B39% to

52.5%. Increasing the capacity factor is feasible because existing

dams currently provide much less than their maximum capacity,

primarily due to an oversupply of energy available from fossil

fuel sources, resulting in less demand for hydroelectricity. In

some cases, hydroelectricity is not used to its full extent in

deference to other priorities affecting water use.

Whereas, we believe modestly increasing hydroelectric capa-

city factors is possible, if it is not, additional hydroelectric

capacity can be obtained by powering presently non-powered

dams. In addition to the 2500-plus dams that provide the

78.8 GW of installed conventional power and 22.2 GW of installed

pumped-storage hydroelectric power, the U.S. has over 80000 dams

that are not powered at present. Although only a small fraction

of these dams can feasibly be powered, ref. 20 estimates that

the potential amounts to 12 GW of capacity in the contiguous

48 states. Two-thirds of this comes from just 100 dams, but

potential exists in every state. Over 80% of the top 100 dams

with the most new-powering capacity are navigation locks on

the Ohio, Mississippi, Alabama, and Arkansas Rivers and their

tributaries. Illinois, Kentucky, and Arkansas each have over 1 GW

of potential. Alabama, Louisiana, Pennsylvania, and Texas each

have 0.5–1 GW of potential. Because the costs and environmental

impacts of such dams have already been incurred, adding

electricity generation to these dams is less expensive and faster

than building a new dam with hydroelectric capacity.

In addition, ref. 21 estimates that the U.S. has an additional

low-power and small-hydroelectric potential of 30–100 GW

of delivered power – far more than the 11.3 GW of additional

generation proposed here. The states with the most additional

low- and small-hydroelectric potential are Alaska, Washington

State, California, Idaho, Oregon, andMontana. However, 33 states

can more than double their small hydroelectric potential and

41 can increase it by more than 50%.

5.5. Tidal

Tidal (or ocean current) is proposed to contribute about 0.14%

of U.S. total power in 2050 (Table 2). The U.S. currently has the

potential to generate 50.8 GW (445 TW h per year) of delivered

power from tidal streams.22 States with the greatest potential

offshore tidal power include Alaska (47.4 GW), Washington

State (683 MW), Maine (675 MW), South Carolina (388 MW),

New York (280 MW), Georgia (219 MW), California (204 MW),

New Jersey (192 MW), Florida (166 MW), Delaware (165 MW),

Virginia (133 MW), Massachusetts (66 MW), North Carolina

(66 MW), Oregon (48 MW), Maryland (35 MW), Rhode Island

(16 MW), Alabama (7 MW), Texas (6 MW), Louisiana (2 MW).

The available power in Maine, for example, is distributed over

15 tidal streams. The present state plans call for extracting

Fig. 4 Installed conventional hydroelectric by U.S. state in 2010.19
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B2.2 GW of delivered power, which would require an installed

capacity of B8.82 GW of tidal turbines.

5.6. Wave

Wave power is proposed to contribute 0.37%, or about 5.85 GW,

of the U.S. total end-use power demand in 2050 (Table 2). The

U.S. has a recoverable delivered power potential (after accounting

for array losses) of 135.8 GW (1190 TW h) along its continental

shelf edge.23 This includes 28.5 GW of recoverable power along

the West Coast, 18.3 GW along the East Coast, 6.8 GW along the

Gulf of Mexico, 70.8 GW along Alaska’s coast, 9.1 GW along

Hawaii’s coast, and 2.3 GW along Puerto Rico’s coast. Thus, all

states border the oceans have wave power potential. The avail-

able supply is B23 times the delivered power proposed under

this plan.

6. Matching electric power supply with
demand

Ref. 2 develops and applies a grid integration model to deter-

mine the quantities and costs of additional storage devices and

generators needed to ensure that the 100% WWS system devel-

oped here for the U.S. can match load without loss every 30 s for

six years (2050–2055) while accounting for the variability and

uncertainty in WWS resources. Wind and solar time-series are

derived from 3-D global model simulations that account for

extreme events, competition among wind turbines for kinetic

energy, and the feedback of extracted solar radiation to roof and

surface temperatures.

Solutions to the grid integration problem are obtained by

prioritizing storage for excess heat (in soil and water) and

electricity (in ice, water, phase-change material tied to CSP, pumped

hydro, and hydrogen); using hydroelectric only as a last resort; and

using demand response to shave periods of excess demand over

supply. No batteries (except in electric vehicles), biomass, nuclear

power, or natural gas are needed. Frequency regulation of the grid

can be provided by ramping up/down hydroelectric, stored CSP or

pumped hydro; ramping down other WWS generators and storing

the electricity in heat, cold, or hydrogen instead of curtailing; and

using demand response.

The study is able to derive multiple low-cost stable solutions

with the number of generators across the U.S. listed in Table 2

here, except that that study applies to the continental U.S., so

excludes data for Alaska and Hawaii. Numerous low-cost solutions

are found, suggesting that maintaining grid reliability upon 100%

conversion to WWS is economically feasible and not a barrier to

the conversion.

7. Costs of electric power generation

In this section, current and future full social costs (including

capital, land, operating, maintenance, storage, fuel, transmis-

sion, and externality costs) of WWS electric power generators

versus non-WWS conventional fuel generators are estimated.

These costs do not include the costs of storage necessary to keep

the grid stable, which are quantified in ref. 2. The estimates here

are based on current cost data and trend projections for indivi-

dual generator types and do not account for interactions among

energy generators and major end uses (e.g., wind and solar

power in combination with heat pumps and electric vehicles24).

The estimates are only a rough approximation of costs in a future

optimized renewable energy system.

Table 5 presents 2013 and 2050 U.S. averaged estimates of fully

annualized levelized business costs of electric power generation

for conventional fuels and WWS technologies. Whereas, several

studies have calculated levelized costs of present-day renewable

energy,25,26 few have estimated such costs in the future. The

methodology used here for determining 2050 levelized costs is

described in the ESI.† Table 5 indicates that the 2013 business

costs of hydroelectric, onshore wind, utility-scale solar, and solar

thermal for heat are already similar to or less than the costs of

natural gas combined cycle. Residential and commercial rooftop

PV, offshore wind, tidal, and wave are more expensive. However,

residential rooftop PV costs are given as if PV is purchased for an

individual household. A common business model today is where

multiple households contract together with a solar provider,

thereby decreasing the average cost.

By 2050, however, the costs of all WWS technologies are expected

to drop, most significantly for offshore wind, tidal, wave, rooftop PV,

CSP, and utility PV, whereas conventional fuel costs are expected to

rise. Because WWS technologies have zero fuel costs, the drop in

their costs over time is due primarily to technology improvements.

In addition,WWS costs are expected to decline due to less expensive

manufacturing and streamlined project deployment from increased

economies of scale. Conventional fuels, on the other hand, face

rising costs over time due to higher labor and transport costs for

mining, transporting, and processing fuels continuously over the

lifetime of fossil-fuel plants.

The 2050 U.S. air pollution cost (Table 7) plus global climate

cost (Table 8) per unit total U.S. energy produced by the conven-

tional fuel sector in 2050 (Table 1) corresponds to a mean 2050

externality cost (in 2013 dollars) due to conventional fuels

of B$0.17 (0.085–0.41) per kWh. Such costs arise due to air

pollution morbidity and mortality and global warming damage

(e.g. coastline losses, fishery losses, heat stress mortality, increased

drought and wildfires, and increased severe weather) caused by

conventional fuels. When externality costs are added to the busi-

ness costs of conventional fuels, all WWS technologies cost less

than conventional technologies in 2050.

Table 6 provides the mean value of the 2013 and 2050

levelized costs of energy (LCOEs) for conventional fuels and

the mean value of the LCOE of WWS fuels in 2050 by state. The

table also gives the 2050 energy, health, and global climate cost

savings per person. The electric power cost of WWS in 2050 is not

directly comparable with the BAU electric power cost, because

the latter does not integrate transportation, heating/cooling,

or industry energy costs. Conventional vehicle fuel costs, for

example, are a factor of 4–5 higher than those of electric

vehicles, yet the cost of BAU electricity cost in 2050 does not

include the transportation cost, whereas the WWS electricity

cost does. Nevertheless, based on the comparison, WWS energy in
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2050 will save the average U.S. consumer $260 (190–320) per year

in energy costs ($2013 dollars). In addition, WWS will save $1500

(210–6000) per year in health costs, and $8300 (4700–17600) per

year in global climate costs. The total up-front capital cost of the

2050 WWS system is B$13.4 trillion (B$2.08 mil. per MW).

8. Air pollution and global warming
damage costs eliminated by WWS

Conversion to a 100% WWS energy infrastructure in the U.S. will

eliminate energy-related air pollution mortality and morbidity and

the associated health costs, and it will eliminate energy-related

climate change costs to the world while causing variable climate

impacts on individual states. This section discusses these topics.

8.A. Air pollution cost reductions due to WWS

The benefits of reducing air pollution mortality and its costs in

each U.S. state can be quantified with a top-down approach and

a bottom-up approach.

The top-down approach. The premature humanmortality rate

in the U.S. due to cardiovascular disease, respiratory disease,

and complications from asthma due to air pollution has been

estimated conservatively by several sources to be at least

50 000–100 000 per year. In ref. 27, the U.S. air pollution

mortality rate is estimated at about 3% of all deaths. The all-

cause death rate in the U.S. is about 833 deaths per 100 000

people and the U.S. population in 2012 was 313.9 million. This

suggests a present-day air pollution mortality rate in the U.S. of

B78 000 per year. Similarly, from ref. 15, the U.S. premature

mortality rate due to ozone and particulate matter is calculated

with a three-dimensional air pollution-weather model to be

50000–100 000 per year. These results are consistent with those

of ref. 28, who estimated 80000 to 137 000 premature mortalities

per year due to all anthropogenic air pollution in the U.S. in

1990, when air pollution levels were higher than today.

Bottom-up approach. This approach involves combining

measured countywide or regional concentrations of particulate

matter (PM2.5) and ozone (O3) with a relative risk as a function

of concentration and with population by county. From these

Table 5 Approximate fully annualized, unsubsidized 2013 and 2050 U.S.-averaged costs of delivered electricity, including generation, short- and long-

distance transmission, distribution, and storage, but not including external costs, for conventional fuels and WWS power (2013 U.S. $ per kWh-delivered)a

Technology

Technology year 2013 Technology year 2050

LCHB HCLB Average LCHB HCLB Average

Advanced pulverized coal 0.083 0.113 0.098 0.079 0.107 0.093
Advanced pulverized coal w/CC 0.116 0.179 0.148 0.101 0.151 0.126
IGCC coal 0.094 0.132 0.113 0.084 0.115 0.100
IGCC coal w/CC 0.144 0.249 0.197 0.098 0.146 0.122
Diesel generator (for steam turb.) 0.187 0.255 0.221 0.250 0.389 0.319
Gas combustion turbine 0.191 0.429 0.310 0.193 0.404 0.299
Combined cycle conventional 0.082 0.097 0.090 0.105 0.137 0.121
Combined cycle advanced n.a. n.a. n.a. 0.096 0.119 0.108
Combined cycle advanced w/CC n.a. n.a. n.a. 0.112 0.143 0.128
Fuel cell (using natural gas) 0.122 0.200 0.161 0.133 0.206 0.170
Microturbine (using natural gas) 0.123 0.149 0.136 0.152 0.194 0.173
Nuclear, APWR 0.082 0.143 0.112 0.073 0.121 0.097
Nuclear, SMR 0.095 0.141 0.118 0.080 0.114 0.097
Distributed gen. (using natural gas) n.a. n.a. n.a. 0.254 0.424 0.339
Municipal solid waste 0.204 0.280 0.242 0.180 0.228 0.204
Biomass direct 0.132 0.181 0.156 0.105 0.133 0.119
Geothermal 0.087 0.139 0.113 0.081 0.131 0.106
Hydropower 0.063 0.096 0.080 0.055 0.093 0.074
On-shore wind 0.076 0.108 0.092 0.064 0.101 0.082
Off-shore wind 0.111 0.216 0.164 0.093 0.185 0.139
CSP no storage 0.131 0.225 0.178 0.091 0.174 0.132
CSP with storage 0.081 0.131 0.106 0.061 0.111 0.086
PV utility crystalline tracking 0.073 0.107 0.090 0.061 0.091 0.076
PV utility crystalline fixed 0.078 0.118 0.098 0.063 0.098 0.080
PV utility thin-film tracking 0.073 0.104 0.089 0.061 0.090 0.075
PV utility thin-film fixed 0.077 0.118 0.098 0.062 0.098 0.080
PV commercial rooftop 0.098 0.164 0.131 0.072 0.122 0.097
PV residential rooftop 0.130 0.225 0.177 0.080 0.146 0.113
Wave power 0.276 0.661 0.468 0.156 0.407 0.282
Tidal power 0.147 0.335 0.241 0.084 0.200 0.142
Solar thermal for heat ($ per kWh-th) 0.057 0.070 0.064 0.051 0.074 0.063

a LCHB = low cost, high benefits case; HCLB = high cost, low benefits case. The methodology for determining costs is given in the ESI. For the year
2050 100%WWS scenario, costs are shown for WWS technologies; for the year 2050 BAU case, costs of WWS are slightly different. The costs assume
$0.0115 (0.11–0.12) per kWh for standard (but not extra-long-distance) transmission for all technologies except rooftop solar PV (to which no
transmission cost is assigned) and $0.0257 (0.025–0.0264) per kWh for distribution for all technologies. Transmission and distribution losses are
accounted for. CC = carbon capture; IGCC = integrated gasification combined cycle; AWPR = advanced pressurized-water reactor; SMR = small
modular reactor; PV = photovoltaics. CSP w/storage assumes a maximum charge to discharge rate (storage size to generator size ratio) of 2.62 : 1.
Solar thermal for heat assumes $3600–$4000 per 3.716 m2 collector and 0.7 kW-th per m2 maximum power.2
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Table 6 Mean values of the levelized cost of energy (LCOE) for conventional fuels in 2013 and 2050 and for WWS fuels in 2050. The LCOEs do not include externality costs. The 2013 and 2050 values

are used to calculate energy cost savings per person per year in each state (see footnotes). Health and climate cost savings per person per year are derived from data in Section 8. All costs are in 2013

dollars. Low-cost and high-cost results can be found in the ‘‘Expanded cost results by state’’ tab in ref. 9a

State

(a) 2013 average
LCOE conven-
tional fuels
(b per kWh)

(b) 2050 average
LCOE conven-
tional fuels
(b per kWh)

(c) 2050 average
LCOE of WWS
(b per kWh)

(d) 2050 average
electricity cost sav-
ings per person per
year ($ per person
per year)

(e) 2050 average air
quality damage sav-
ings per person per
year due to WWS ($
per person per year)

(f) 2050 average cli-
mate cost savings to
state per person per
year due to WWS ($
per person per year)

(g) 2050 average cli-
mate cost savings to
world per person
per year due to
WWS ($ per person
per year)

(h) 2050 average
energy + air quality
damage + world cli-
mate cost savings
due to WWS ($ per
person per year)

Alabama 11.4 10.7 8.7 693 1464 1808 15 046 17 203
Alaska 15.1 15.5 11.1 483 886 �1042 25 692 27 060
Arizona 11.2 10.3 8.7 250 1852 958 4266 6368
Arkansas 11.2 10.8 8.2 731 1132 1585 12 855 14 717
California 12.5 10.7 9.7 161 2503 494 4731 7395
Colorado 9.9 9.9 8.5 312 1033 �165 7957 9303
Connecticut 12.5 11.0 11.9 114 1475 �215 5359 6948
Delaware 12.0 11.1 12.8 65 2361 1218 10 045 12 470
Florida 12.7 11.6 9.1 319 1099 1905 3789 5207
Georgia 11.4 10.7 10.1 293 1568 1045 7198 9059
Hawaii 22.7 30.3 11.9 1785 1028 2176 8762 11 575
Idaho 9.4 9.0 9.0 188 1051 �349 4228 5468
Illinois 10.1 9.8 9.4 231 1790 18 9736 11 757
Indiana 10.6 10.4 9.3 436 1922 129 16 770 19 128
Iowa 9.4 9.3 8.4 392 1270 �903 17 063 18 726
Kansas 9.6 9.4 8.3 349 962 1130 13 972 15 283
Kentucky 10.1 9.6 8.7 516 1492 919 19 346 21 354
Louisiana 11.2 10.8 11.5 242 1250 3019 30 706 32 197
Maine 12.5 11.0 11.4 143 739 �1713 8029 8912
Maryland 12.0 11.1 12.5 72 1725 556 5390 7187
Massachusetts 12.5 11.0 12.7 26 1148 �460 5192 6365
Michigan 10.6 10.8 11.4 157 1280 �468 9495 10 932
Minnesota 9.4 9.3 9.8 98 963 �299 8074 9134
Mississippi 11.2 10.8 9.5 531 1357 1975 12 125 14 013
Missouri 10.1 9.8 8.5 368 1377 1190 11 418 13 162
Montana 9.4 9.0 9.0 260 1021 �564 19 245 20 526
Nebraska 9.4 9.3 8.3 382 973 �1366 15 420 16 775
Nevada 9.4 9.0 9.4 98 1628 589 4110 5836
New Hampshire 12.5 11.0 10.8 144 967 �880 5621 6732
New Jersey 12.0 11.1 12.4 57 1272 675 6174 7504
New Mexico 11.2 10.3 9.2 437 1230 523 18 095 19 762
New York 14.5 12.6 13.4 112 1168 112 4508 5789
North Carolina 11.1 10.5 11.1 131 1322 741 5170 6623
North Dakota 9.4 9.3 8.4 483 598 482 47 504 48 584
Ohio 10.6 10.4 9.6 369 1834 55 12 065 14 268
Oklahoma 10.5 10.5 8.1 655 1189 1778 15 855 17 699
Oregon 9.4 9.0 10.0 33 894 �719 4305 5232
Pennsylvania 12.0 11.1 9.8 341 1746 28 10 799 12 886
Rhode Island 12.5 11.0 12.8 48 1144 �766 6094 7286
South Carolina 11.1 10.5 11.1 193 1511 1560 8396 10 100
South Dakota 9.4 9.3 8.1 372 719 �653 9972 11 063
Tennessee 10.1 9.6 8.6 338 1620 1119 7576 9534
Texas 10.7 10.7 8.7 384 1267 1456 10 273 11 923
Utah 9.4 9.0 8.9 127 1640 93 8405 10 173
Vermont 12.5 11.0 8.7 336 726 �1392 4933 5995
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three pieces of information, low, medium, and high estimates

of mortality due to PM2.5 and O3 pollution are calculated with a

health-effects equation.15

Table 7 shows the resulting estimates of prematuremortality for

each state in the U.S. due to the sum of PM2.5 and O3, as calculated

with 2010–2012 air quality data. The mean values for the U.S. for

PM2.5 are B48000 premature mortalities per year, with a range of

12000–95000 per year and for O3 are B14000 premature morta-

lities per year, with a range of 7000–21000 per year. Thus, overall,

the bottom-up approach givesB62000 (19000–115000) premature

mortalities per year for PM2.5 plus O3. The top-down estimate

(50000–100000), from ref. 15, is within the bottom-up range.

Mortality and non-mortality costs of air pollution. The total

damage cost of air pollution from fossil fuel and biofuel com-

bustion and evaporative emissions is the sum of mortality costs,

morbidity costs, and non-health costs such as lost visibility and

agricultural output. We estimate this total damage cost of air

pollution in each state S in a target year Y as the product of an

estimate of the number of premature deaths due to air pollution

and the total cost of air pollution per death. The total cost of air

pollution premature death is equal to the value of a statistical life

multiplied by the ratio of the value of total mortality-plus-non-

mortality impacts to mortality impacts. The number of prema-

ture deaths in the base year is as described in the footnote to

Table 7. The number of deaths in 2050 is estimated by scaling

the base-year number by factors that account for changes in

population, exposure, and air pollution. The method is fully

documented in the ESI† and ref. 9.

Given this information, the total social cost due to air pollution

mortality, morbidity, lost productivity, and visibility degradation

in the U.S. in 2050 is conservatively estimated from the B45800

(11 600–104 000) premature mortalities per year to be $600

(85–2400) bil. per year using $13.1 (7.3–23.0) million per mortality

in 2050. Eliminating these costs in 2050 represents a savings

equivalent to B3.6 (0.5–14.3)% of the 2014 U.S. gross domestic

product of $16.8 trillion. The U.S.-averaged payback time of the

cost of installing all WWS generators in Table 2 due to the avoided

air pollution costs alone is 20 (5–140) years.

8.B. Global-warming damage costs eliminated by 100% WWS

in each state

This section provides estimates of two kinds of climate change

costs due to greenhouse gas (GHG) emissions from energy use

(Table 8). GHG emissions are defined here to include emissions

of carbon dioxide, other greenhouse gases, and air pollution

particles that cause global warming, converted to equivalent carbon

dioxide. A 100% WWS system in each state would eliminate such

damages. The two kinds of costs calculated are

(1) The cost of climate change impacts to the world and U.S.

attributable to emissions of GHGs from each of the 50 states, and

(2) The cost of climate-change impacts borne by each state

due to U.S. GHG emissions.

Costs due to climate change include coastal flood and real

estate damage costs, energy-sector costs, health costs due to heat

stress and heat stroke, influenza andmalaria costs, famine costs,

ocean acidification costs, increased drought and wildfire costs,T
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Table 7 Avoided air pollution PM2.5 plus O3 premature mortalities by state in 2010–2012 and 2050 and mean avoided costs (in 2013 dollars) from

mortalities and morbidities in 2050a

State 2012 population

2010–2012
low avoided
mortalities
per year

2010–2012
mean
avoided mor-
talities per
year

2010–2012
high avoided
mortalities
per year

2050 mean
avoided mor-
talities per
year

2050 mean
avoided cost
($mil. per
year)

Alabama 4 822 023 291 954 1784 596 7799
Alaska 731 449 23 84 155 71 922
Arizona 6 553 255 517 1518 2729 1911 24 988
Arkansas 2 949 131 126 448 859 301 3937
California 38 041 430 3825 12 528 23 194 9778 127 868
Colorado 5 187 582 262 699 1215 568 7428
Connecticut 3 590 347 235 729 1338 393 5142
Delaware 917 092 61 198 367 132 1723
Florida 19 317 568 818 2681 5018 3118 40 770
Georgia 9 919 945 632 2043 3799 1585 20 733
Hawaii 1 392 313 51 192 374 121 1584
Idaho 1 595 728 73 219 395 185 2420
Illinois 12 875 255 942 3150 5909 1811 23 678
Indiana 6 537 334 523 1704 3170 1037 13 562
Iowa 3 074 186 164 540 1010 272 3552
Kansas 2 885 905 121 377 695 220 2878
Kentucky 4 380 415 280 887 1638 542 7089
Louisiana 4 601 893 236 780 1462 465 6075
Maine 1 329 192 43 136 250 71 927
Maryland 5 884 563 436 1350 2475 966 12 630
Massachusetts 6 646 144 328 1033 1906 628 8206
Michigan 9 883 360 565 1744 3192 927 12 129
Minnesota 5 379 139 205 692 1305 475 6213
Mississippi 2 984 926 167 553 1036 320 4186
Missouri 6 021 988 361 1123 2065 700 9156
Montana 1 005 141 37 139 266 81 1054
Nebraska 1 855 525 74 245 460 142 1863
Nevada 2 758 931 212 567 986 632 8261
New Hampshire 1 320 718 54 171 317 119 1557
New Jersey 8 864 590 467 1528 2854 946 12 373
New Mexico 2 085 538 117 353 640 184 2409
New York 19 570 261 901 3137 5963 1708 22 342
North Carolina 9 752 073 543 1672 3065 1485 19 417
North Dakota 699 628 18 57 105 29 385
Ohio 11 544 225 911 2920 5403 1551 20 279
Oklahoma 3 814 820 186 606 1131 412 5383
Oregon 3 899 353 132 453 849 403 5265
Pennsylvania 12 763 536 921 3065 5730 1649 21 563
Rhode Island 1 050 292 53 166 307 87 1131
South Carolina 4 723 723 288 948 1774 663 8667
South Dakota 833 354 26 81 150 45 595
Tennessee 6 456 243 432 1380 2558 1047 13 688
Texas 26 059 203 1294 4217 7869 4142 54 161
Utah 2 855 287 209 598 1060 598 7821
Vermont 626 011 20 62 115 36 473
Virginia 8 185 867 436 1352 2483 1051 13 740
Washington 6 897 012 242 839 1592 832 10 887
West Virginia 1 855 413 101 327 610 147 1920
Wisconsin 5 726 398 294 934 1727 544 7109
Wyoming 576 412 23 62 108 32 417
United States 313 281 717 19 273 62 241 115 461 45 754 598 356

a Prematuremortality due to ozone exposure is estimated on the basis of the 8 hmaximumozone each day over the period 2010–2012.29 Relative risks and the
ozone-health-risk equation are as in ref. 15. The low ambient concentration threshold for ozone premature mortality is assumed to be 35 ppbv (ref. 15, and
reference therein). Mortality due to PM2.5 exposure is estimated on the basis of daily-averaged PM2.5 over the period 2010–201229 and the relative risks30 for
long-term health impacts of PM2.5 are applied to all ages as in ref. 31 rather than to those over 30 years old as in ref. 30. The threshold for PM2.5 is zero but
concentrations below 8 mg m�3 are down-weighted as in ref. 15. For each county in each state, mortality rates are averaged over the three-year period for each
station to determine the station with the maximum average mortality rate. Daily air quality data from that station are then used with the 2012 county
population and the relative risk in the health effects equation to determine the premature mortality in the county. For the PM2.5 calculations, data are not
available for 25% of the population and for the ozone calculations data are not available for 26% of the population. For these populations, mortality rates are
set equal to the minimum county value for a given state, as determined per the method specified above. In cases where 2012 data are unavailable, data from
2013 are used instead. PM2.5 and ozone concentrations shown in the table above reflect the three-year average concentrations at the representative station(s)
within each county. Since mortality rates are first calculated for each monitoring site in a county and then averaged over each station in the county, these
average concentrations cannot directly be used to reproduce each county’s mortality rate. In cases where n/a is shown, data within that county are not available
(and the minimum county mortality rate within the state is used in these cases, as specified above). 2050 estimates of avoided mortality are derived from
2010–2012 estimates as detailed in the ESI. The cost of avoided mortalities plus associated morbidities is determined as described in the text.
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severe weather costs, and increased air pollution health costs.

These costs are partly offset by fewer extreme cold events and

associated reductions in illnesses and mortalities and gains in

agriculture in some regions. Net costs due to global-warming-

relevant emissions are embodied in the social cost of carbon

dioxide. The range of the 2050 social cost of carbon from recent

papers is $500 (282–1063) per metric tonne-CO2e in 2013 dollars

(ESI†). This range is used to derive the costs in Table 8. State costs

due to their own air pollution also take into account a study of the

state-by-state damage versus benefits of climate change (ESI†).

Table 8 indicates that, in some, primarily northern cold states,

climate change due to total U.S. emissions may contribute to

fewer extreme cold events and improved agriculture; however, the

sum of all states’ emissions cause a net positive damage to the

U.S. as a whole (with total damage caused by all states’ emissions

in 2050 of $265 bil. per year in 2013 dollars) and to the world

(with total damage to the world caused by all states’ emissions of

$3.3 (1.9–7.1) tril. per year). Thus, the global climate cost savings

per person in the U.S. due to reducing all U.S. climate-relevant

emissions through a 100%WWS system isB$8300 (4700–17 600)

per person per year (in 2013 dollars) (Table 6).

9. Impacts of WWS on jobs and
earnings in the electric power sector

This section provides estimates of the jobs and total earnings

created by implementing WWS-based electricity and the jobs and

earnings lost in the displaced fossil-fuel electricity and petroleum

industries. The analysis does not include the potential job and

revenue gains in other affected industries such as the manu-

facturing of electric vehicles, fuel cells or electricity storage because

of the additional complexity required and greater uncertainty as to

where those jobs will be located.

9.A. JEDI job creation analysis

Changes in jobs and total earnings are estimated here first with

the Jobs and Economic Development Impact (JEDI) models.33

These are economic input–output models programmed by default

for local and state levels. They incorporate three levels of impacts:

(1) project development and onsite labor impacts; (2) local

revenue and supply chain impacts; and (3) induced impacts. Jobs

and revenue are reported for two phases of development: (1) the

construction period and (2) operating years.

Scenarios for wind and solar powered electricity generation

are run assuming that the WWS electricity sector is fully devel-

oped by 2050. Existing capacities are excluded from the calcula-

tions. As construction period jobs are temporary in nature, JEDI

models report job creation in this stage as full-time equivalents

(FTE, equal to 2080 hours of work per year). This analysis

assumes that each year from 2010 to 2050 1/40th of the WWS

infrastructure is built.

The JEDI models are economic input–output models that

have several uncertainties.34 To evaluate the robustness of the

models, we compared results with calculations derived from a

compilation of 15 different renewable energy job creationmodels.35

These included input/output models such as JEDI and bottom-up

analytical models. Table 9 suggests that the JEDI models estimate

the number of 40-year operation jobs as 2.0 million across

Table 8 Percent of 2010 world CO2 emissions by state,32 mean estimate

of avoided (+) or increased (�1) 2050 climate change cost in each state

due to converting the U.S. as a whole to 100% WWS for all purposes, and

low, medium, and high estimates of avoided 2050 global climate-change

costs due to converting to 100% WWS for all purposes in each state

individually. All costs are in 2013 dollars

State

2010 2050

2050 avoided global
climate cost ($2013 bil.
per year)

Percent of
world CO2

emissions

Medium
avoided state
climate costs
($2013 bil.
per year) Low Medium High

Alabama 0.39 9.63 170.6 80.1 45.2
Alaska 0.12 �1.09 57.0 26.8 15.1
Arizona 0.28 12.92 122.5 57.6 32.4
Arkansas 0.20 5.51 95.2 44.7 25.2
California 1.04 25.24 514.4 241.7 136.2
Colorado 0.28 �1.19 121.8 57.2 32.3
Connecticut 0.10 �0.75 39.8 18.7 10.5
Delaware 0.04 0.89 15.6 7.3 4.1
Florida 0.68 70.63 299.0 140.5 79.2
Georgia 0.46 13.82 202.6 95.2 53.7
Hawaii 0.06 3.35 28.7 13.5 7.6
Idaho 0.05 �0.80 20.7 9.7 5.5
Illinois 0.68 0.24 274.1 128.8 72.6
Indiana 0.62 0.91 251.9 118.3 66.7
Iowa 0.25 �2.53 101.6 47.7 26.9
Kansas 0.22 3.38 89.0 41.8 23.6
Kentucky 0.45 4.37 195.7 91.9 51.8
Louisiana 0.67 14.68 317.8 149.3 84.2
Maine 0.05 �2.15 21.4 10.1 5.7
Maryland 0.19 4.07 84.0 39.5 22.2
Massachusetts 0.20 �3.29 79.0 37.1 20.9
Michigan 0.47 �4.44 191.5 89.9 50.7
Minnesota 0.28 �1.93 110.9 52.1 29.4
Mississippi 0.18 6.09 79.6 37.4 21.1
Missouri 0.40 7.91 161.6 75.9 42.8
Montana 0.10 �0.58 42.3 19.9 11.2
Nebraska 0.16 �2.62 62.9 29.5 16.7
Nevada 0.10 2.99 44.4 20.9 11.8
New Hampshire 0.05 �1.42 19.3 9.0 5.1
New Jersey 0.33 6.57 127.8 60.0 33.8
New Mexico 0.17 1.02 75.5 35.4 20.0
New York 0.48 2.15 183.5 86.2 48.6
North Carolina 0.37 10.89 161.7 76.0 42.8
North Dakota 0.16 0.31 65.2 30.6 17.3
Ohio 0.70 0.61 284.0 133.4 75.2
Oklahoma 0.32 8.06 152.9 71.8 40.5
Oregon 0.11 �4.24 53.9 25.3 14.3
Pennsylvania 0.74 0.35 283.8 133.3 75.2
Rhode Island 0.03 �0.76 12.8 6.0 3.4
South Carolina 0.23 8.95 102.5 48.1 27.1
South Dakota 0.04 �0.54 17.6 8.2 4.6
Tennessee 0.31 9.46 136.3 64.0 36.1
Texas 1.98 62.26 935.0 439.3 247.6
Utah 0.19 0.45 85.3 40.1 22.6
Vermont 0.02 �0.91 6.8 3.2 1.8
Virginia 0.29 7.40 128.2 60.2 34.0
Washington 0.21 �7.28 102.4 48.1 27.1
West Virginia 0.29 0.26 126.4 59.4 33.5
Wisconsin 0.29 �3.26 117.1 55.0 31.0
Wyoming 0.19 �0.32 85.1 40.0 22.5
United States 16.2 265.3 7058.7 3316.1 1869.4
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the U.S. due to WWS. This estimate falls within the range of

0.9–4.8 million jobs derived from the aggregation of models

shown in Table 10.

9.B. Job loss analysis

Table 11 provides estimates of the number of U.S. jobs that may

be lost in the oil, gas, and uranium extraction and production

industries; petroleum refining industry; coal, gas, and nuclear

power plant operation industries; fuel transportation industry,

and other fuel-related industries upon a shift to WWS.

Although the petroleum industry will lose jobs upon the

elimination of extraction of crude oil in the U.S., jobs in the

production of non-fuel petroleum commodities such as lubricants,

asphalt, petrochemical feedstocks, and petroleum coke will remain.

The number of these jobs is estimated as follows: currently, 195000

people work in oil and gas production alone across the U.S.48

Assuming 50% of these workers are in oil production, 97500 jobs

exist in the U.S. oil production industry. Petroleum refineries

employ another 73 900 workers (Table 11). Nationally, the non-

fuel output from oil refineries isB10% of refinery output.49 We

thus assume that only 10% (B17 000) of petroleum production

and refining jobs will remain upon conversion to WWS. We

assume another 33 000 jobs will remain for transporting this

petroleum for a total of 50 000 jobs remaining. These jobs are

assigned to states with current oil refining based on the current

capacity of refining. This study does not address the economics

of the remaining petroleum industry.

In sum, the shift to WWS may result in the displacement

of B3.86 million jobs in current fossil- and nuclear-related

industries in the U.S. At $69 930 per year per job – close to the

average for the WWS jobs – the corresponding loss in revenues

is B$270 billion.

9.C. Jobs analysis summary

The JEDI models predict the creation of B3.9 million 40-year

construction jobs and B2.0 million 40-year operation and

maintenance jobs for the WWS generators proposed. The shift

to WWS will simultaneously result in the loss of B3.9 million in

the current fossil-based electricity generation, petroleum refining,

and uranium production industries in the U.S. Thus, a net of

B2.0 million 40-year jobs will be created in the U.S. The direct

and indirect earnings from WWS amount to $223 bil. per year

during the construction stage and $132 bil. per year for opera-

tion. The annual earnings lost from fossil-fuel industries total

B$270 bil. per year giving a net gain in annual earnings of

B$85 bil. per year.

10. Energy efficiency

The proposed state plans will continue and enhance existing

efforts to improve energy efficiency in residential, commercial,

institutional, and government buildings, thereby reducing energy

demand in each state. Current state energy policies promote

building efficiency through appliance standards, regulations, tax

incentives, education, and renewable energy portfolios. A number

of studies have estimated that efficiency measures can reduce

energy use in non-transportation sectors by up to 30%.50–54

11. Timeline for implementing the
roadmaps

Fig. 5 shows a proposed timeline for the implementation of the

roadmaps presented here. The plans call for 80–85% conver-

sion to WWS by 2030 and 100% by 2050. For such a transition

to occur, conversions need to occur rapidly for technologies as

follows:

Power plants: by 2020, no more construction of new coal,

nuclear, natural gas, or biomass fired power plants; all new

power plants built are WWS. This is feasible because few power

plants are built every year, and most relevant WWS electric

power generator technologies are already cost competitive. We

do not believe a technical or economic barrier exists to ramping

up production of WWS technologies, as history suggests that

rapid ramp-ups of production can occur given strong enough

political will. For example during World War II, aircraft produc-

tion increased from nearly zero to 330 000 over five years.

Heating, drying, and cooking in the residential and commer-

cial sectors: by 2020, all new devices and machines are powered

by electricity. This is feasible because the electric versions of all

of these products are already available, and all sectors can use

electricity without any adaptation (the devices can just be

plugged in).

Large-scale waterborne freight transport: by 2020–2025, all

new ships are electrified and/or use electrolytic hydrogen, all

new port operations are electrified, and port retro-electrification

is well underway. This should be feasible for relatively large

ships and ports because large ports are centralized and few ships

are built each year. Policies may be needed to incentivize the

early retirement of ships that do not naturally retire before 2050.

Rail and bus transport: by 2025, all new trains and buses are

electrified. This sector will take a bit longer to convert to WWS

because we also need to make changes to the supporting energy-

delivery infrastructure, and this is somewhat decentralized

across the U.S. However, relatively few producers of buses and

trains exist, and the supporting energy infrastructure is concen-

trated in major cities.

Off-road transport, small-scale marine: by 2025 to 2030, all

new production is electrified. If these vehicles can all be battery

powered, conversion will be simplified because electricity is

everywhere. The potential slowdown in converting these sectors

may be social.

Heavy-duty truck transport: by 2025 to 2030, all new vehicles

are electrified or use electrolytic hydrogen. It may take 10–15 years

for manufacturers to completely retool and for enough of the

supporting energy-delivery infrastructure to be in place.

Light-duty on-road transport: by 2025–2030, all new vehicles

are electrified. It takes time for manufacturers to retool, but more

importantly, it will take several years to get the energy-delivery

infrastructure in place, because it will need to be everywhere by

2030 when no more ICEV are made.

Paper Energy & Environmental Science

A-343



T
h
is
jo
u
rn
al
is
©
T
h
e
R
o
yal

So
c
ie
ty

o
f
C
h
e
m
istry

2
0
15

E
n
e
rg
y
E
n
v
iro

n
.
S
c
i.,

2
0
15
,
8
,
2
0
9
3
--2

117
|
2
1
1
1

Table 9 Estimated 40-year construction jobs, 40-year operation jobs, construction plus operation jobs minus jobs lost, annual earnings corresponding to construction and operation jobs produced,

and net earnings from construction plus operation jobs produced minus jobs lost, by state, due to converting to WWS. Earnings are in 2013 dollars per year

State

40-year con-
struction
jobs

40-year
operation
jobs

Job losses in
current
energy
industry

40-year net con-
struction plus
operation jobs cre-
ated minus jobs lost

Earnings from new
40-year construction
jobs ($bil 2013 per
year)

Earnings from new
40-year operation
jobs ($bil 2013 per
year)

Net earnings from
new construct-ion
plus operation jobs
minus jobs lost ($bil
2013 per year)

Alabama 130 925 49 650 57 095 123 480 7.28 3.11 6.40
Alaska 14 662 15 099 24 423 5339 0.87 1.10 0.26
Arizona 49 200 18 536 63 825 3911 2.92 1.23 �0.31
Arkansas 53 887 20 481 38 570 35 798 3.04 1.36 1.70
California 315 982 142 153 413 097 45 039 18.12 9.51 �1.26
Colorado 49 417 21 119 76 576 �6040 2.89 1.48 �0.98
Connecticut 40 487 21 662 34 194 27 955 2.25 1.40 1.27
Delaware 8286 6458 8922 5822 0.48 0.43 0.28
Florida 222 082 90 727 173 635 139 175 12.41 5.76 6.03
Georgia 146 597 73 419 95 086 124 929 8.24 4.74 6.33
Hawaii 8239 4239 13 599 �1120 0.47 0.29 �0.19
Idaho 16 877 6707 14 746 8837 0.97 0.47 0.40
Illinois 132 687 59 709 138 722 53 675 7.46 4.16 1.93
Indiana 119 791 47 951 71 464 96 277 6.64 3.26 4.90
Iowa 57 914 25 106 29 899 53 121 3.25 1.76 2.92
Kansas 29 065 13 346 42 836 �425 1.70 0.96 �0.34
Kentucky 142 163 47 719 62 687 127 195 7.78 2.95 6.35
Louisiana 174 500 143 400 134 860 183 040 10.18 9.51 10.26
Maine 17 771 13 381 12 446 18 706 1.02 0.92 1.07
Maryland 51 557 35 893 54 286 33 164 2.94 2.38 1.52
Massachusetts 53 490 37 950 64 380 27 060 3.05 2.55 1.10
Michigan 89 250 58 810 99 191 48 869 5.12 4.10 2.28
Minnesota 46 025 29 767 56 345 19 447 2.67 2.14 0.87
Mississippi 100 778 40 659 39 126 102 310 5.54 2.56 5.37
Missouri 60 791 23 469 59 914 24 345 3.41 1.60 0.82
Montana 13 833 5642 16 202 3273 0.79 0.39 0.05
Nebraska 26 533 12 006 23 343 15 196 1.54 0.85 0.75
Nevada 27 457 9140 27 589 9008 1.56 0.60 0.24
New Hampshire 10 402 5697 13 662 2437 0.58 0.39 0.02
New Jersey 86 049 58 606 90 836 53 819 4.88 3.90 2.43
New Mexico 20 885 9663 41 674 �11 126 1.23 0.70 �0.98
New York 174 775 94 644 187 203 82 216 9.75 6.19 2.85
North Carolina 99 676 63 199 94 223 68 652 5.70 4.16 3.28
North Dakota 21 744 8574 26 690 3628 1.21 0.57 �0.08
Ohio 151 668 66 117 123 109 94 677 8.47 4.46 4.32
Oklahoma 46 516 20 350 95 445 �28 579 2.69 1.43 �2.55
Oregon 21 564 14 235 36 020 �221 1.26 1.00 �0.26
Pennsylvania 279 540 107 584 158 788 228 337 15.24 6.83 10.97
Rhode Island 7473 5775 9892 3356 0.43 0.39 0.12
South Carolina 58 473 40 345 48 132 50 687 3.37 2.67 2.68
South Dakota 10 244 4714 8028 6930 0.60 0.33 0.37
Tennessee 148 143 49 950 63 345 134 748 8.14 3.09 6.80
Texas 312 979 191 331 571 429 �67 119 18.73 13.52 �7.71
Utah 29 857 11 987 37 942 3902 1.72 0.82 �0.11
Vermont 2496 1005 6455 �2953 0.14 0.07 �0.24
Virginia 89 362 57 779 83 707 63 434 5.14 3.83 3.11
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Short-haul aircraft: by 2035, all new small, short-range planes

are battery- or electrolytic-hydrogen powered. Changing the design

and manufacture of airplanes and the design and operation of

airports are the main limiting factors to a more rapid transition.

Long-haul aircraft: by 2040, all remaining new aircraft are

electrolytic cryogenic hydrogen (ref. 6, Section A.2.7) with electric

power for idling, taxiing, and internal power. The limiting factors

to a faster transition are the time and social changes required for

the redesign of aircraft and the design and operation of airports.

Table 10 Estimated number of permanent operations, maintenance, and

fuel processing jobs per installed MW of proposed new energy technology

plants (Table 2)

Energy technology Installed MW

Jobs per installed
MW

Number of
permanent jobs

Low High Low High

Onshore wind 1 639 819 0.14 0.40 229 575 655 927
Offshore wind 780 921 0.14 0.40 109 329 312 368
Wave device 27 036 0.14 0.40 3785 10 814
Geothermal plant 20 845 1.67 1.78 34 811 37 103
Hydroelectric plant 3789 1.14 1.14 4319 4319
Tidal turbine 8823 0.14 0.40 1235 3529
Residential roof PV 375 963 0.12 1.00 45 116 375 963
Com/gov roof PV 274 733 0.12 1.00 32 968 274 733
Solar PV plant 2 323 800 0.12 1.00 278 856 2 323 800
CSP plant 363 640 0.22 1.00 80 001 363 640
Solar thermal 469 008 0.12 1.00 56 281 469 008

Total 6 288 375 876 275 4 831 206

Table 11 U.S. job loss upon eliminating energy generation and use from

the fossil fuel and nuclear sectors

Energy sector Number of jobs lost

Oil and gas extraction/production 806 300a

Petroleum refining 73 900b

Coal/gas power plant operation 259 400c

Coal mining 89 700d

Uranium extraction/production 1160e

Nuclear power plant operation 58 870f

Coal and oil transportation 2 448 300g

Other 171 500h

Less petroleum jobs retained �50 000i

Total 3 859 000

a Ref. 36. b Workers employed in U.S. refineries from ref. 37. State
values are estimated by multiplying the U.S. total by the fraction of U.S.
barrels of crude oil distilled in each state from ref. 38. c Includes coal
plant operators, gas plant operators, compressor and gas pumping
station operators, pump system operators, refinery operators, stationary
engineers and boiler operators, and service unit operators for oil, gas,
and mining. Coal data from ref. 39. All other data from ref. 40. d Ref. 41.
e Sum U.S. uraniummining employment across 12 U.S. states that mine
uranium from ref. 42. State values are estimated by multiplying the total
by the state population divided by the total population of the 12 states.
f Ref. 43. g Multiply the total number of direct U.S. jobs in transporta-
tion (11 000 000) from ref. 44 by the ratio (0.287 in 2007) of weight of oil
and coal shipped in the U.S. relative to the total weight of commodities
shipped from ref. 45 and by the fraction of transportation jobs that are
relevant to oil and coal transportation (0.78) from ref. 46 and by the
fraction of the U.S. population in each state. h Other includes accoun-
tants, auditors, administrative assistants, chemical engineers, geoscien-
tists, industrial engineers, mechanical engineers, petroleum attorneys,
petroleum engineers, and service station attendants associated with oil
and gas.47 i See text for discussion of jobs retained.
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During the transition, conventional fuels will be needed along

with existing WWS technologies to produce the remaining WWS

infrastructure. The use of such fuels results in lifecycle carbon

emissions that vary, depending on where the technologies are

manufactured.55 However, at least some of that conventional

energy would be used in any case to produce conventional power

plants and automobiles, for example, if the plans proposed here

were not implemented. In fact, it is not known whether the total

lifecycle energy required to manufacture the main components of

the WWS energy system, mainly solar panels and wind turbines,

will be much different from the total lifecycle energy required to

manufacture all of the components of the conventional BAU

energy system, which includes power plants, refineries, mining

equipment, oil and gas wells, pipelines, tanker ships, trucks, rail

cars, and more. In any event, as the fraction of WWS energy

increases, conventional energy generation decreases, ultimately to

zero, at which point all newWWS devices are produced by existing

WWS devices with zero emissions. In sum, the creation of WWS

infrastructure might result in a temporary, minor increase in

emissions before emissions are ultimately reduced to zero, and

might have minor impacts on energy use in the industrial sector.

12. Recommended first steps

This section discusses short-term policy options to aid conver-

sion to WWS at the state level. Within each section, the policy

options listed are listed roughly in order of proposed priority.

12.1. Energy efficiency measures

� Expand Renewable Energy Standards and Energy Efficiency

Resource Standards.

� Incentivize conversion from natural gas water and air heaters

to heat pumps (air and ground-source) and rooftop solar thermal

hot water pre-heaters. Incentivize more use of efficient lighting in

buildings and on city streets.

� Promote, thoughmunicipal financing, incentives, and rebates,

energy efficiency measures in buildings. Efficiency measures

include, but are not limited to, using LED lighting; optimized

air conditioning systems; evaporative cooling; ductless air con-

ditioning; water-cooled heat exchangers; night ventilation cooling;

heat-pump water heaters; improved data center design; improved

air flow management; advanced lighting controls; combined

space and water heaters; variable refrigerant flow; improved wall,

floor, ceiling, and pipe insulation; sealing leaks in windows,

doors, and fireplaces; converting to double-paned windows;

using more passive solar heating; monitoring building energy

use to determine wasteful processes; and performing an energy

audit to discover energy waste.

� Revise building codes as new technologies become available.

� Incentivize landlords’ investment in efficiency. Allow owners

of multi-family buildings to take a property tax exemption for

energy efficiency improvements made in their buildings that

provide benefits to their tenants.

� Introduce a Public Benefit Funds (PBF) program for energy

efficiency. Fund the program with a non-bypassable charge

on consumers’ electricity bills for distribution services. These

funds generate capital that sponsor energy efficiency programs,

and research and development related to clean energy technol-

ogies and training.

12.2. Energy supply measures

� Increase Renewable Portfolio Standards (RPS).

� Extend or create state WWS production tax credits.

Fig. 5 Time-dependent change in U.S. end-use power demand for all purposes (electricity, transportation, heating/cooling, and industry) and its supply

by conventional fuels and WWS generators based on the state roadmaps proposed here. Total power demand decreases upon conversion to WWS due to

the efficiency of electricity over combustion and end-use energy efficiency measures. The percentages on the horizontal date axis are the percent

conversion to WWS that has occurred by that year. The percentages next to each WWS source are the final estimated penetration of the source. The

100% demarcation in 2050 indicates that 100% of all-purpose power is provided by WWS technologies by 2050, and the power demand by that time has

decreased. Karl Burkart, personal communication.
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� Implement taxes on emissions by current utilities to

encourage their phaseout.

� Streamline the small-scale solar and wind installation

permitting process. Create common codes, fee structures, and

filing procedures across the state.

� Incentivize clean-energy backup emergency power systems

rather than diesel/gasoline generators at both the household

and community levels.

� Incentivize home or community energy storage (through

battery systems) accompanying rooftop solar to mitigate pro-

blems associated with grid power losses.

12.3. Utility planning and incentive structures

� Incentive the development of utility-scale grid storage.

� Require utilities to use demand response grid management

to reduce the need for short-term energy backup on the grid.

� Implement virtual net metering (VNM) for small-scale

energy systems. VNM allows a utility customer to assign the

net production from an electrical generator (e.g., solar PV) on

his or her property to another metered account not physically

connected to that generator. This allows credits from a single

solar PV system to be distributed among multiple electric

service accounts, such as in low-income residential housing

complexes, apartment complexes, school districts, multi-store

shopping centers, or a residential neighborhood with multiple

residents and one PV system. To that end, useful policies would

be to (1) remove the necessity for subscribers to have proprietor-

ship in the energy-generating site, (2) expand or eliminate the

capacity limit of net metering for each utility, and (3) remove

the barrier to inter-load zone transmission of net-metered

renewable power.

12.4. Transportation

� Promote more public transit by increasing its availability and

providing compensation to commuters for not purchasing

parking passes.

� Increase safe biking and walking infrastructure, such

as dedicated bike lanes, sidewalks, crosswalks, timed walk

signals, etc.

� Adopt legislation mandating BEVs for short- and medium

distance government transportation and using incentives and

rebates to encourage the transition of commercial and personal

vehicles to BEVS.

� Use incentives or mandates to stimulate the growth of

fleets of electric and/or hydrogen fuel cell/electric hybrid buses

starting with a few and gradually growing the fleets. Electric or

hydrogen fuel cell ferries, riverboats, and other local shipping

should be incentivized as well.

� Ease the permitting process for the installation of electric

charging stations in public parking lots, hotels, suburban

metro stations, on streets, and in residential and commercial

garages.

� Set up time-of-use electricity rates to encourage charging

at night.

� Incentivize the electrification of freight rail and shift

freight from trucks to rail.

12.5. Industrial processes

� Provide financial incentives for industry to convert to electricity

and electrolytic hydrogen for high temperature and manufactur-

ing processes.

� Provide financial incentives to encourage industries to use

WWS electric power generation for on-site electric power (private)

generation.

12.6. State planning and incentive structures

� Lock in in-state fossil fuel and nuclear power plants to retire

under enforceable commitments. At the same time, streamline

the permit approval process for WWS power generators and high-

capacity transmission lines.

� Work with local and regional governments to manage

zoning and permitting issues within existing regional planning

efforts or pre-approve sites to reduce the cost and uncertainty of

projects and expedite their physical build-out. In the case of

offshore wind, include the federal government in planning and

management efforts.

� Create a green building tax credit program for the corporate

sector.

� Create energy performance rating systems with minimum

performance requirements to assess energy efficiency levels

across the state and pinpoint areas for improvement.

13. Summary

This study develops consistent roadmaps for each of the 50

United States to convert their energy infrastructures for all

purposes into clean and sustainable ones powered by wind,

water, and sunlight (WWS) producing electricity and electrolytic

hydrogen for all purposes (electricity, transportation, heating/

cooling, and industry).

The study evaluates U.S. WWS resources and proposes a mix

of WWS generators that can match projected 2050 demand.

A separate grid integration study2 quantifies the additional

generators and storage needed to ensure grid reliability. The

numbers of generators from that study are included here. This

study also evaluates the state-by-state land and water areas

required, energy, air pollution, and climate cost changes, and

net jobs created from such a conversion.

The conversion from combustion to a completely electrified

system for all purposes is calculated to reduce U.S.-averaged

end-use load B39.3% with B82.4% of this due to electrification

and the rest due to end-use energy efficiency improvements.

Additional end-use energy efficiency measures may reduce load

further. The conversion to WWS should stabilize energy prices

since fuel costs will be zero.

Remaining all-purpose annually-averaged end-use U.S. load

is proposed to be met (based on 2050 energy estimates) with

328 000 new onshore 5 MW wind turbines (providing 30.9%

of U.S. energy for all purposes), 156 200 off-shore 5 MW wind

turbines (19.1%), 46 480 50 MW new utility-scale solar-PV power

plants (30.7%), 2273 100 MW utility-scale CSP power plants

(7.3%), 75.2 million 5 kW residential rooftop PV systems (3.98%),
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2.75 million 100 kW commercial/government rooftop systems

(3.2%), 208 100 MW geothermal plants (1.23%), 36050 0.75 MW

wave devices (0.37%), 8800 1 MW tidal turbines (0.14%), and

3 new hydroelectric power plants (all in Alaska). The capacity of

existing plants would be increased slightly so that hydro supplies

3.01% of all-purpose power. The parallel grid integration study

suggests that an additional 1364 CSP plants (providing an

additional B4.38% of annually-averaged load) and 9380 50 MW

solar-thermal collection systems for heat storage in soil (providing

an additional 7.21% of annually-averaged load) are needed to

ensure a reliable grid. This is just one possible mix of generators.

Practical implementation considerations will determine the actual

design and operation of the energy system and may result in

technology mixes different than proposed here (e.g., more power

plant PV, less rooftop PV).

The additional footprint on land for WWS devices is equi-

valent to about 0.42% of the U.S. land area, mostly for utility

scale PV. This does not account for land gained from eliminating

the current energy infrastructure. An additional on-land spacing

area of about 1.6% is required for onshore wind, but this area

can be used for multiple purposes, such as open space, agri-

cultural land, or grazing land. The land footprint and spacing

areas (open space between devices) in the proposed scenario

can be reduced by shifting more land based WWS generators to

the ocean, lakes, and rooftops.

The 2013 business costs of hydroelectric, onshore wind,

utility-scale solar, and solar thermal collectors for heat are already

similar to or less than the costs of natural gas combined cycle.

Rooftop PV, offshore wind, tidal, and wave aremore expensive. By

2050, though, the business costs of all WWS technologies are

expected to drop, most significantly for offshore wind, tidal,

wave, rooftop PV, CSP, and utility PV, whereas conventional fuel

costs are expected to rise.

The 50-state roadmaps are anticipated to createB3.9 million

40-year construction jobs and B2.0 million 40-year operation

jobs for the energy facilities alone, outweighing theB3.9 million

jobs lost to give a net gain of 2.0 million 40-year jobs. Earnings

during the 40-year construction period for these facilities (in the

form of wages, local revenue, and local supply-chain impacts)

are estimated to be B$223 bil. per year in 2013 dollars and

annual earnings during operation of the WWS facilities are

estimated atB$132 bil. per year. Net earnings from construction

plus operation minus lost earnings from lost jobs are estimated

at B$85 bil. per year.

The state roadmaps will reduce U.S. air pollution mortality by

B62000 (19000–115000) U.S. air pollution premature mortalities

per year today and B46000 (12000–104000) in 2050, avoiding

B$600 ($85–$2400) bil. per year (2013 dollars) in 2050, equivalent

to B3.6 (0.5–14.3) percent of the 2014 U.S. gross domestic

product.

Converting would further eliminate B$3.3 (1.9–7.1) tril. per

year in 2050 global warming costs to the world due to U.S.

emissions. These plans will result in the average person in the

U.S. in 2050 saving $260 (190–320) per year in energy costs

($2013 dollars), $1500 (210–6000) per year in health costs, and

$8300 (4700–17 600) per year in climate costs.

Many uncertainties in the analysis here are captured in

broad ranges of energy, health, and climate costs given. However,

these ranges may miss costs due to limits on supplies caused by

wars or political/social opposition to the roadmaps. As such, the

estimates should be reviewed periodically.

The timeline for conversion is proposed as follows: 80–85%

of all energy to be WWS by 2030 and 100% by 2050. If this

timeline is followed, implementation of these plans and similar

ones for other countries worldwide will eliminate energy-related

global warming; air, soil, and water pollution; and energy

insecurity.

Based on the scientific results presented, current barriers to

implementing the roadmaps are neither technical nor economic.

As such, they must be social and political. Such barriers are due

partly to the fact that most people are unaware of what changes

are possible and how they will benefit from them and partly to

the fact that many with a financial interest in the current energy

industry resist change. However, because the benefits of con-

verting (reduced global warming and air pollution; new jobs and

stable energy prices) far exceed the costs, converting has little

downside. This study elucidates the net benefits and quantifies

what is possible thus should reduce social and political barriers

to implementing the roadmaps.
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OVERVIEW OF THE SUPPLEMENTAL INFORMATION 
 
Our objective and general method 
 
This document contains detailed methodologies for calculating most of the end-result 
numbers in the main paper. The calculations provided here and all additional 
calculations for the main paper are detailed further in accompanying spreadsheets 
(Delucchi et al., 2015).  
 
Our general objective in this document is to estimate the costs and benefits of meeting 
all end-use energy demand in all 50 U.S. states with wind, water, and solar (WWS) 
power, compared with a “business-as-usual” (BAU) scenario. We base our BAU 
scenario on highly detailed projections by the U. S. Energy Information Administration 
(EIA), because these are the most comprehensive, detailed, well-documented, and well-
known energy-use projections for the U.S.  
 
In the following sections we describe how we obtain our estimates of  
 
1) Energy use in a 100%-WWS world versus a BAU world 
 
2) The difference in the cost of electricity use in the 100% WWS scenario versus the BAU 

scenario.  
 
3) The total damage cost of air pollution from conventional fuels. 
 
4) The cost of climate change from fossil-fuel use: damages attributable to and borne by 

each state.  
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5) Earnings from new construction and operation jobs in a 100% WWS world. 
 
6) Projection of state population and GDP. 
 
7) The national-average levelized cost of electricity by type of generator. 
 
8) Calculation of the cost of electricity by state, year, and scenario.  
 
 
Construction of “low” and “high” cost scenarios 
 
In order to unify our presentation, we report costs and other results for two general 
cases: one based on low costs and high benefits (i.e., low net costs or high net benefits) 
for the 100% WWS scenario, and one based on the reverse, high costs and low benefits 
(i.e., high net costs or low net benefits) for the 100% WWS scenario. For ease of 
exposition we use the following abbreviations:  
 
LCHB = low-cost, high benefits for 100% WWS 
HCLB = high cost, low benefits for 100% WWS 
 
For each case, all of the component costs and benefits summed to make the total have 
the same underlying explicit or implicit assumptions regarding the discount rate and 
other parameters. This means, for example, that in either case we do not add a cost 
estimate based on a low discount rate to a benefit estimate based on a high-discount 
rate. This results in the following for the LCHB case (with the opposite for the HCLB 
case):  
 

Cost or benefit Discount rate, Low (LCHB) case Other parameters, Low 
(LCHB) case 

WWS delivered 
electricity cost 

Low value. Results in low annualized 
capital costs. 

Low capital cost of 
construction. 

Low operating costs. 

High capacity factor. 

High (long) lifetime. 

Conventional 
delivered 
electricity cost 

Low value.  Low capital cost of 
construction. 

Low operating costs. 

High capacity factor. 

High (long) lifetime.  

(It is possible that WWS 
could have low values 
while conventional has 
high values, and vice 
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versa, but we do not 
examine this here.)  

Storage costs Low value. Results in low annualized 
capital costs. 

Low capital cost. 

Low operating costs. 

High (long) lifetime. 

Long distance 
transmission 
costs 

Low value. Results in low annualized 
capital costs.  

Shorter transmission 
distance and other 
assumptions that result in 
lower annualized costs. 

Cost of energy 
efficiency 
improvements 

Low value. Results in low annualized 
cost. 

Low initial cost.  

High (long) life of 
efficiency improvement. 

Change in 
electricity costs,  
WWS vs. BAU 

Low value, in order to ensure 
consistency when added with other 
costs (e.g., climate-change costs).   

Low value of parameters 
affecting cost of delivered 
electricity and efficiency 
improvements. 

Foregone air-
pollution costs 
(benefit of WWS) 

Not specified. (A component of the 
discount rate, productivity growth per 
capita, can affect the value of a 
statistical life [VOSL], such that a low 
discount rate results in a lower VOSL 
and hence a lower benefit for WWS, 
but this effect is small, and we ignore 
it.) 

High air pollution levels. 

High value of life. 

High exposure to 
pollution. 

High value of non-
mortality impacts. 

 

Foregone 
climate-change 
costs (benefit of 
WWS) 

Not specified, but implicitly a low 
value, because low values of the 
discount rate result in higher present 
worth of climate-change damages 
which gives high net benefits (or low 
net costs) of WWS. Note that whereas 
the discount rate does not have a major 
effect on the cost of air pollution, it does 
have a major effect on the social cost of 
carbon.  

High social cost of carbon, 
leading to high net 
benefits (or low net costs) 
for WWs. 
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1. ENERGY USE IN A 100% WWS WORLD VS. A BAU WORLD 
 
We estimate energy end-use in a 100% WWS world relative to the EIA’s (2014c) Annual 
Energy Outlook (AEO) projections of energy use in its so-called “reference” scenario, 
which we also refer to as a BAU (Business –As-Usual) scenario. We start with the EIA-
based estimates for the BAU and then adjust them for differences between the BAU and 
the WWS scenario due to extensive electrification in the WWS scenario, the absence of 
energy use in the industrial sector for petroleum refining to produce energy products in 
the WWS scenario, and extra end-use energy efficiency measures in the WWS scenario 
beyond those assumed in the BAU scenario.  
 
Projections of end-use energy by state, sector, and fuel source, BAU 
 
We start with estimates of the use of liquid fuels, natural gas, coal, renewable fuels, and 
electricity in the residential, commercial, industrial, and transportation sectors of each 
state in 2010. The EIA’s AEO does not project energy use by state, but it does project 
energy use by sector and fuel source in each of nine Census Divisions covering all 50 
states. We therefore project each state’s energy use based on the changes projected for 
the Census Division covering that state. Formally,  
 

  

E
i ,X ,S ,Y

= E
i ,X ,S ,2010

⋅
E

i ,X ,R:S∈R ,Y

E
i ,X ,R:S∈R ,2010

 

 
where  
 

  
E

i ,X ,S ,Y
 = end-use of fuel i in sector X in state S in year Y (BTU) 

  
E

i ,X ,S ,2010
 = end-use of fuel i in sector X in state S in year 2010 (BTU) (EIA State Energy 

Data System, www.eia.gov/state/seds/) 

  
E

i ,X ,R:S∈R ,Y
= end-use of fuel i in sector X in Census Division R (containing S) in year Y 

(BTU) (EIA, 2014c; the EIA projects out to 2040, and we extend to 2075 by using a 
moving 10-year trend extrapolation starting with the estimate for 2031) 

  
E

i ,X ,R:S∈R ,2010
 = end-use of fuel i in sector X in Census Division R (containing S) in year 

2010 (BTU) (EIA, 2013b) 
 
Subscripts 
i  = fuels for which the EIA estimates energy use (liquid fuels, natural gas, coal, 

renewable energy, electricity) 
X = end-use energy sectors (residential, commercial, industrial, transportation) 
S = state in the U.S. 
Y = target year of the analysis 
R = Census region of the U.S. in the EIA’s estimates of energy-related CO2 emissions 

(New England, Middle Atlantic, East North Central, West North Central, South 
Atlantic, East South Central, West South Central, Mountain, and Pacific) 

 
We also re-aggregate the resultant state-level projections to Census-Division-level 
projections.  
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Electrification of end uses in the WWS scenario 
 
Partly on the basis of our examination of end-use energy consumption projected in the 
EIA’s AEO, we assume that end-uses are electrified as follows (with the non-electrified 
fractions producing electrolytic hydrogen as described below):  
 

Sector Fraction electrified 

Residential 
 

    Liquids 1.00 

    Natural Gas 1.00 

    Coal 1.00 

    Electricity (retail) 1.00 

    Renewables 1.00 

Commercial 
 

    Liquids 1.00 

    Natural Gas 1.00 

    Coal 1.00 

    Electricity (retail) 1.00 

    Renewables 1.00 

Industrial 
 

    Liquids 0.95 

    Natural Gas 0.95 

    Coal 0.95 

    Electricity (retail) 1.00 

    Renewables (incl. biofuels for heat) 1.0 

Transportation 
 

    Liquids 0.76 

    Natural Gas 0.95 

    Electricity (retail) 1.00 
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The value for liquids in Transportation is calculated from more disaggregated 
assumptions, as follows:  
 

Transport mode % of energy Fraction electrified 

On road gasoline, LPG 61% 95% 

On-road diesel 19% 70% 

Off-road diesel 1% 65% 

Military 0% 20% 

Trains 2% 85% 

Aircraft 12% 10% 

Ships 4% 25% 

Lubricants 1% 0% 

All liquid in Transport 100% 76% 
 
End uses that are not electrified (e.g., cooking with a flame in the residential and 
commercial sectors) generally are assumed to use electrolytic hydrogen produced from 
WWS power, or in the case of aircraft, cryogenic hydrogen produced from WWS power.  
 
Energy use in the industrial sector to refine petroleum into energy products 
 
To estimate energy use in the WWS scenario we deduct from the industrial sector an 
estimate of the proportion of energy used to refine petroleum (Jacobson and Delucchi, 
2011). 
 
Extra end-use energy saving measures in the WWS scenario 
 
As explained in the main text, we assume additional energy-efficiency measures 
beyond the EIA’s reference case scenario.  Our method is to start with one of the EIA’s 
own higher efficiency scenarios and then make further adjustments that we believe are 
appropriate.  
 
The EIA (2014c) examines three scenarios in which end-use energy efficiency is higher, 
and delivered energy use lower, than in the reference-case scenario: “Integrated High 
Demand Technology,” “Integrated Best Available Demand Technology,” and “Low 
Electricity Demand.” These three, along with a scenario in which efficiency remains at 
year-2013 levels (“Integrated 2013 Demand Technology”) are described below and in 
Table E-1 and Appendix E of EIA (2014c) (with our shortened descriptors shown in 
parentheses). 
 

Integrated 2013 
Demand 
Technology 

Assumes that future equipment purchases in the residential and 
commercial sectors are based only on the range of equipment 
available in 2013. Commercial and existing residential building shell 
efficiency is held constant at 2013 levels. Energy efficiency of new 
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(2013Tech) industrial plant and equipment is held constant at the 2014 level over 
the projection period.  

Integrated High 
Demand 
Technology 

(High Efficiency 
All Sectors – 
HEAS) 

Assumes earlier availability, lower costs, and higher efficiencies for 
more advanced residential and commercial equipment. For new 
residential construction, building code compliance is assumed to 
improve after 2013, and building shell efficiencies are assumed to 
meet ENERGY STAR requirements by 2023. Existing residential 
building shells exhibit 50% more improvement than in the Reference 
case after 2013. New and existing commercial building shells are 
assumed to improve 25% more than in the Reference case by 2040. 
Industrial sector assumes earlier availability, lower costs, and higher 
efficiency for more advanced equipment and a more rapid rate of 
improvement in the recovery of biomass byproducts from industrial 
processes. In the transportation sector, the characteristics of 
conventional and alternative-fuel LDVs reflect more optimistic 
assumptions about incremental improvements in fuel economy and 
costs, as well as battery electric vehicle costs. Freight trucks are 
assumed to see more rapid improvement in fuel efficiency. More 
optimistic assumptions for fuel efficiency improvements are also 
made for the air, rail, and shipping sectors. 

Integrated Best 
Available 
Demand 
Technology  

(Best Efficiency 
Residential and 
Commercial – 
BERC) 

Assumes that all future equipment purchases in the residential and 
commercial sectors are made from a menu of technologies that 
includes only the most efficient models available in a particular year, 
regardless of cost. All residential building shells for new construction 
are assumed to be code compliant and built to the most efficient 
specifications after 2013, and existing residential shells have twice the 
improvement of the Reference case. New and existing commercial 
building shell efficiencies improve 50% more than in the Reference 
case by 2040. Industrial and transportation sector assumptions are the 
same as in the Reference case.  

Low Electricity 
Demand 

(High Efficiency 
Electricity Use -- 
HEEE) 

This case was developed to explore the effects on the electric power 
sector if growth in sales to the grid remained relatively low. It uses the 
assumptions in the Best Available Demand Technology case for the 
residential and commercial sectors. In addition, input values for the 
industrial sector motor model are adjusted to increase system savings 
values for pumps, fans, and air compressors relative to the Reference 
case. This adjustment lowers total motor electricity consumption by 
slightly less than 20%. Although technically plausible, this decrease in 
motor adjustment is not intended to be a likely representation of 
motor development. As a result of these changes across the end-use 
sectors, retail sales in 2040 in this case are roughly the same as in 2012. 
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Here we start with the EIA’s HEAS (High Efficiency All Scenarios) scenario, and 
estimate the ratio of HEAS to Reference energy use by sector (residential, commercial, 
industrial, and transportation), fuel (petroleum, natural gas, coal, renewable fuel, 
electricity), Census Division (nine for the U.S.), and year (2011-2075; recall that we use 
10-year moving linear trend extrapolation to extend the EIA’s projections from 2040 to 
2075). We then multiply the resultant HEAS/Reference ratios by additional adjustment 
factors to make the final energy-saving estimates closer to the BERC or HEEU scenario 
estimates for the residential, commercial and industrial sectors and closer to our own 
sense of what is reasonable for the transportation sector. 
 
 

 Table S1. Energy Use by Sector and Source for various energy-use scenarios, United 
States, year 2040 
 

Sector and Source 

% change versus EIA Reference Ref. 
(quad.   
BTU) 2013Tech HEEU HEAS BERC JD11 This paper 

 Residential               

   Petroleum, Other Liquids 8.5% -16.5% -9.2% -16.6% -10% -12.9% 0.66 

   Natural Gas 7.9% -28.2% -10.8% -28.3% -15% -17.0% 4.21 

   Renewable Energy 20.5% -21.7% -13.2% -21.6% -10% -14.5% 0.42 

   Electricity 8.8% -22.2% -12.9% -22.8% -10% -17.2% 5.65 

     Delivered Energy 8.9% -24.1% -11.9% -24.5%     10.94 

   Electricity Related Losses 8.3% -19.2% -10.4% -20.2%    10.55 

     Total 8.6% -21.7% -11.2% -22.4%    21.48 

 Commercial               

   Petroleum, Other Liquids 0.2% -4.4% -4.0% -4.5% -5% -4.0% 0.68 

   Natural Gas -3.1% -0.8% 1.3% -0.5% -10% -0.7% 3.65 

   Coal -0.1% 0.3% 0.2% 0.2% -5% 0.2% 0.04 

   Renewable Energy  0.0% 0.0% 0.0% 0.0% -5% 0.0% 0.13 

   Electricity 9.7% -21.2% -17.5% -21.7% 0% -19.2% 5.72 

     Delivered Energy 4.3% -12.4% -9.6% -12.6%     10.22 

   Electricity Related Losses 9.2% -18.2% -15.2% -19.1%    10.66 

     Total 6.8% -15.4% -12.5% -15.9%    20.88 

 Industrial               

   Petroleum, Other Liquids 6.3% 0.1% -2.1% 0.0% -5% -2.1% 10.10 

   Natural Gas and related 10.6% -0.4% -0.3% -0.1% -5% -1.3% 11.28 

   Coal 12.6% 5.5% -4.0% 4.9% -5% -3.9% 1.44 

   Biofuels Heat Coproducts -0.2% 0.0% -0.1% -0.1% -5% -3.9% 0.79 

   Renewable Energy    1.0% 11.0% 1.0% -5% 11.0% 2.28 
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   Electricity 10.0% -16.6% -2.5% 3.8% 0% -7.3% 4.34 

     Delivered Energy 7.6% -2.1% -0.5% 0.8%     30.22 

   Electricity Related Losses 9.5% -13.4% 0.3% 7.2%    8.10 

     Total 8.0% -4.5% -0.4% 2.2%    38.33 

 Transportation               

  Petroleum, Other Liquids -0.3% 0.9% -0.5% 0.8% -15% -5.5% 23.73 

  Natural gas and hydrogen  -1.7% 0.0% -23.2% 1.1% -15% -23.3% 1.71 

  Electricity -0.1% 0.5% 8.4% 0.4% -5% 7.9% 0.06 

     Delivered Energy -0.4% 0.8% -2.0% 0.8%   
 

25.50 

   Electricity Related Losses -0.6% 4.3% 11.5% 3.7%   
 

0.12 

     Total -0.4% 0.8% -2.0% 0.8%   
 

25.62 

All sectors           
 

  

   Petroleum, Other Liquids 1.8% 0.2% -1.2% 0.1%   
 

35.17 

  Natural gas and related 6.6% -6.0% -4.0% -5.8%   
 

20.85 

  Coal 12.2% 5.3% -3.9% 4.8%   
 

1.48 

  Renewable energy -1.7% -1.9% 5.4% -1.9%   
 

3.62 

  Electricity 9.4% -20.2% -11.6% -15.0%   
 

15.77 

     Delivered Energy 4.7% -5.7% -3.8% -4.6%   
 

76.88 

   Electricity Related Losses 8.9% -17.1% -9.1% -12.2%   
 

29.43 

     Total 5.9% -8.8% -5.3% -6.7%   
 

106.31 

 Electric Power generation            
 

  

   Petroleum, Other Liquids 7.2% -17.8% -8.6% -12.9%   
 

0.19 

   Natural Gas 7.9% -25.1% -20.9% -19.5%   
 

11.48 

   Steam Coal 2.8% -21.2% -5.3% -12.9%   
 

17.27 

   Nuclear / Uranium  9.7% -4.0% -2.8% -4.0%   
 

8.49 

   Renewable Energy  25.1% -17.5% -12.4% -14.9%   
 

7.44 

   Non-biogenic Waste 0.0% 0.0% 0.0% 0.0%   
 

0.23 

   Electricity Imports 21.8% -20.9% -12.6% -16.6%   
 

0.12 

     Total 9.1% -18.2% -10.0% -13.1%   
 

45.20 
  
Source: our tabulation of results from the EIA's Annual Energy Outlook 2014 online data tables: 
http://www.eia.gov/oiaf/aeo/tablebrowser/. 2013Tech = 2013 Technology; HEEU = High Efficiency Electricity 
Use;  HEAS = High Efficiency All Sectors;  BERC = Best Efficiency Residential Commercial; JD11 = Jacobson 
and Delucchi (2011).; Quad. BTU = quadrillion British Thermal Units. Note that JD11 changes are with 
respect to the EIA AEO 2008 projections for the year 2030. All changes reflect fuel shifting as well as 
efficiency improvements. 
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Table S1 shows the EIA’s projections of energy use in the U.S. in 2040 by source and 
sector, for the 2013Tech, HEEU, HEAS, and BERC scenarios versus the EIA Reference 
case. It also shows Jacobson and Delucchi’s (2011) (JD11) assumed energy-use savings 
for the U.S. in 2030 and the results of our current calculations (described above) for the 
year 2040. Note that the EIA scenarios in Table S1 reflect the results of fuel shifting as 
well as the results of efficiency improvements. 
 
As shown in Table S1, the two highest efficiency scenarios, HEEU and BERC, reduce 
electricity use in the residential and commercial sectors by more than 20%, and reduce 
NG use in the residential sector by almost 30%, with respect to the Reference case.  
Overall, the HEEU and BERC scenarios reduce total delivered energy by over 24% in 
the residential sector and by about 12.5% in the commercial sector. The HEAS scenario, 
which generally is less aggressive but also presumably more realistic, reduces total 
delivered energy by 12% in the residential sector and almost 10% in the commercial 
sector. The assumptions of JD11 are broadly consistent with the results of the HEAS 
scenario, except that JD11 assumed no reductions in electricity use in the commercial 
sector.  
 
As mentioned above, we start with the HEAS scenario and make additional 
adjustments. Overall this results in residential-sector and commercial-sector efficiency 
improvements greater than in the HEAS scenario but less than in the BERC and HEEU 
scenarios (“This paper” column of Table S1.)  
 
None of the three EIA high-efficiency scenarios result in significant reductions in 
delivered energy in the industrial or transportation sectors. The HEEU does result in 
nearly a 17% reduction in industrial electricity use, but electricity use is a minor fraction 
of total industrial energy use, and in any event, as indicated above, the EIA implies that 
the HEEU assumptions for the industrial sector probably are not realistic. In general, it 
appears that the EIA believes that there is relatively little room to reduce energy use in 
the industrial sector. JD11 assumed somewhat higher but still modest reductions in 
energy use in the industrial sector. Our current results are less aggressive than in JD11, 
and generally follow the EIA’s HEAS scenario, except that we do assume modest 
additional improvements in electricity-use efficiency in the industrial sector.  
 
Only one of the scenarios, HEAS, examines efficiency improvements in the 
transportation sector. These improvements turn out to be quite modest, resulting in 
only a 2% reduction in energy use over the Reference case. By contrast, JD11 assumed 
much greater potential to reduce energy use in transportation. We believe that JD11 
overestimated but the EIA underestimated the potential for reductions in energy use in 
the transportation sector.  
 
Because energy use in the residential and commercial sectors is much less than in the 
industrial and transportation sectors, and the EIA assumptions result in very little 
efficiency improvement in the industrial and transportation sectors, the EIA’s three 
high-efficiency scenarios reduce total, all-sectors delivered energy in the U.S. in 2040 by 
only 4-6% compared with the reference case. Our assumptions, which assume modest 
efficiency improvements beyond the EIA’s HEAS scenario, especially in the 
transportation sector, result in a 6.7% reduction in overall energy use in 2040.  
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2) THE DIFFERENCE IN THE COST OF ELECTRICITY USE IN THE 100% WWS 
SCENARIO VERSUS THE BAU SCENARIO 
 
Method of analysis 
 
The total cost of all energy use in a 100% WWS scenario is different from the total cost 
in a predominantly fossil-fueled BAU scenario, on account of differences in the types of 
energy and energy-using equipment. For example, referring to the EIA’s fuel end-use 
categories listed above – liquids, natural gas, coal, renewables, and electricity – in the 
BAU scenario oil and natural gas are used by combustion devices, such as space heaters 
or gasoline-engine vehicles, whereas in the WWS scenario these same end uses are 
powered by electric heat pumps, battery-electric vehicles, and so on. To estimate the 
BAU-vs.-WWS difference in the cost of energy in the oil, natural gas, and coal end-use 
categories, one must estimate differences in the in the per-unit cost of delivered energy, 
the efficiency of energy end-use, and the cost of energy-using equipment in both the 
BAU and WWS cases. While we do this for the WWS case and for the BAU electricity 
end-use category, we consider this effort – for the oil, natural gas, and coal end-use 
categories in non-electricity end-use categories – outside the scope of this paper.  
 
By contrast, it is simpler to estimate the WWS-vs.- BAU cost differences in the electricity 
end-use category, because the type of energy (electricity) and the end-use equipment 
are the same in the BAU and the WWS scenarios.  
 
The WWS-vs.-BAU difference in the cost of electricity use is equal to the difference 
between total electricity end-use expenditures in the BAU scenario and total 
expenditures for the same end uses in the WWS scenario. Total expenditures are a 
function of the unit cost of electricity, the quantity of electricity used in the BAU and the 
WWS scenarios, and the cost of any efficiency improvements that reduce electricity 
consumption in the WWS compared with the BAU scenario. Formally, 
 
ΔTCel ,S ,Y ,BAU−WWS = TCel ,S ,Y ,BAU −TCel ,S ,Y ,WWS

TCel ,S ,Y ,BAU = Eel ,S ,Y ,BAU ⋅ACel ,S ,Y ,BAU

TCel ,S ,Y ,WWS = Eel ,S ,Y ,WWS ⋅ACel ,S ,Y ,WWS + ΔEel ,eff ,S ,Y ,BAU−WWS ⋅ACel ,eff (an),S ,Y

ΔEel ,eff ,S ,Y ,BAU−WWS = Eel ,S ,Y ,BAU − Eel ,S ,Y ,WWS

 

 
 
where  
 
ΔTC

el ,S ,Y ,BAU−WWS
= difference in the total cost of electricity use in the BAU vs. the WWS 

scenario in state S in year Y ($) 
TC

el ,S ,Y ,W = the cost of electricity use in state S in year Y in scenario W ($) 
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E
el ,S ,Y ,W = the use of electricity in state S in year Y in scenario W (kWh) (discussed above) 

AC
el ,S ,Y ,W = the average cost of electricity in state S in year Y in scenario W ($/kWh) 

(discussed below) 
ΔEel ,eff ,S ,Y ,BAU−WWS = the difference in electricity use in the BAU vs. the WWS  scenario, due 

to efficiency improvements, in state S in year Y (kWh) 
ACel ,eff (an),S ,Y = the average annualized cost of the efficiency improvements that provide 

the electricity savings ∆E in state S in year Y in the WWS scenario ($/kWh) 
 
The average annualized cost of efficiency improvements is estimated by first estimating 
the initial cost of an efficiency improvement, as a function of the payback period of the 
initial investment with respect to the  U.S.-average BAU electricity cost, and then 
annualizing this cost over the life of the improvement. The payback period and the 
lifetime depend on the end-use sector (residential, commercial, industrial, or 
transportation). Formally, 
 
 

ACel ,eff (an),S ,Y = Cel ,eff (an),X ,S ,Y ,WWS ⋅
ΔEel ,eff ,X ,S ,Y ,BAU−WWS

ΔEel ,eff ,S ,Y ,BAU−WWSX

∑

Cel ,eff (an),X ,S ,Y ,WWS =
r ⋅ ICel ,eff ,X

1− e
−r⋅Lel ,eff ,X

ICel ,eff ,X = ACel ,US ,Y ,BAU ⋅PBel ,eff ,X

PBel ,eff ,X ≡ frPB,X ⋅Lel ,eff ,X

 

 
 
where  
 
Cel ,eff (an),X ,S ,Y ,WWS = the annualized cost of electricity-use efficiency improvements in sector 

X in state S in year Y in the WWS scenario ($/kWh) 
ΔEel ,eff ,X ,S ,Y ,BAU−WWS = the difference in electricity use in the BAU vs. the WWS  scenario, 

due to efficiency improvements, in sector X in state S in year Y (kWh) (calculated 
using the data described above) 

ICel ,eff ,X = the initial cost of electricity-use efficiency improvements in sector X ($) 

(constant for all years and states) 
Lel ,eff ,X = the lifetime of electricity-use efficiency improvements in sector X ($) (constant 

for all years and states) (discussed below) 
r  = the annual discount rate (discussed below) 
AC

el ,US ,Y ,BAU = the average cost of delivered electricity in the US in year Y in the BAU 

scenario ($/kWh) (calculated as documented below) 
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PBel ,eff ,X  = the simple (zero-discount-rate) payback period for electricity-use efficiency 

improvements in sector X (constant for all years and states) (years) (discussed 
below) 

frPB,X = the simple payback period expressed as a fraction of the lifetime Lel ,eff ,X  

 
Combining the foregoing equations and re-arranging into the most useful forms gives  
 
ΔTCel ,S ,Y ,BAU−WWS = Eel ,S ,Y ,BAU ⋅ACel ,S ,Y ,BAU − Eel ,S ,Y ,WWS ⋅ACel ,S ,Y ,WWS

−ΔEel ,eff ,S ,Y ,BAU−WWS ⋅ Cel ,eff (am ),X ,S ,Y ,WWS ⋅
ΔEel ,eff ,X ,S ,Y ,BAU−WWS

ΔEel ,eff ,S ,Y ,BAU−WWSX

∑

= Eel ,S ,Y ,BAU ⋅ACel ,S ,Y ,BAU − Eel ,S ,Y ,WWS ⋅ACel ,S ,Y ,WWS − Cel ,eff (am ),X ,S ,Y ,WWS ⋅ ΔEel ,eff ,X ,S ,Y ,BAU−WWS

X

∑

 

 
 
 

= Eel ,S ,Y ,BAU ⋅ACel ,S ,Y ,BAU − Eel ,S ,Y ,WWS ⋅ACel ,S ,Y ,WWS −
r ⋅ ICel ,eff ,X

1− e
−r⋅Lel ,eff ,X

⋅ ΔEel ,eff ,X ,S ,Y ,BAU−WWS

X

∑

= Eel ,S ,Y ,BAU ⋅ACel ,S ,Y ,BAU − Eel ,S ,Y ,WWS ⋅ACel ,S ,Y ,WWS − ACel ,US ,Y ,BAU ⋅
r ⋅ frPB,X ⋅Lel ,eff ,X( )
1− e

−r⋅Lel ,eff ,X
⋅ ΔEel ,eff ,X ,S ,Y ,BAU−WWS

X

∑

 Data 
 
Here we need to specify two parameters, the lifetime Lel ,eff ,X  and the simple payback 

period as fraction frPB,X  of the lifetime. On the basis of our review of a detailed analysis 
of energy efficiency measures for the residential, commercial, and industrial sectors of 
the U.S. economy (Granade et al., 2009), we assume the values shown in Table S2. 
 
Note again that we have estimated here differences in energy expenditures only in the 
EIA’s electricity end-use category, and have not estimated differences in all energy-
related expenditures in the WWS vs. the BAU scenario.  
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Table S2. Assumed payback-time fractions (payback period as fraction of lifetime) 
and lifetimes (years) of efficiency measures, in the retail electricity sector 
 
  Payback time fraction (a) Lifetime (years) (b) 

Energy-use sector Low High Low High 

Residential electricity 0.10 0.30 20.0 14.0 

Commercial electricity 0.10 0.25 18.0 12.0 

Industrial electricity 0.15 0.25 25.0 18.0 

Transportation electricity 0.20 0.40 25.0 20.0 
Notes.  
Our assumptions based on Granade et al. (2009), who analyze a comprehensive range of efficiency 
measures, including improvements to building shells, heating and cooling systems, refrigeration, 
lighting, small and large appliances, office equipment, motors, pumps, compressors, industrial processes, 
and more.     
"Low" and "high" mean low and high annualized initial costs.   
(a) Time for energy savings to pay back initial investment, based on the US-average BAU electricity cost 

with no discounting, expressed as a fraction of the investment lifetime. 

(b)  Lifetime of energy efficiency improvements (until failure).  

 
 
3) THE TOTAL DAMAGE COST OF AIR POLLUTION FROM CONVENTIONAL 
FUELS 
 
The total damage cost of air pollution from fossil-fuel and biofuel combustion and 
evaporative emissions comprises mortality costs, morbidity costs, and non-health costs 
such as lost visibility and agricultural output. We estimate this total damage cost of air 
pollution in each state S in a target year Y  as the product of an estimate of the number 
of premature deaths due to air pollution, which is determined from pollution exposure 
levels, relative risks, and population, and the total cost of air pollution per death as 
follows:  
 
APcost

S ,Y
= N

D,S ,Y
⋅V

P/D,Y  
 
where  
 
APcost

S ,Y  = the damage cost of air pollution in state S year Y 

N
D,S ,Y  = the number of deaths D due to air pollution in state S in year Y  

V
P/D,Y = the total cost of pollution per death in year Y (includes mortality, morbidity, and 

non-health costs; assumed to be the same for all states)  
 
 
The number of deaths due to air pollution 
 
To estimate the number of premature deaths D due to air pollution in state S in year Y, 
we start with a detailed estimate of the average number of premature deaths per year in 
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each state from 2010 to 2012. We then scale this to account for changes in population, 
exposure, and air pollution between ca. 2011 and the target year Y as follows:  
 

ND,S ,Y = ND,S ,2010−12 ⋅
AY

A2011
⋅
ES ,Y

ES ,2010

AY

A2011
= exp

ΔA⋅ Y −2011( )

ES ,Y

ES ,2010

= exp
gS ⋅xS ⋅ Y −2011( )

= exp
gS ⋅ Y −2011( )( )

xS

=
PS ,Y

PS ,2011

⎛

⎝⎜
⎞

⎠⎟

xS

 

 
where  
 
N

D,S ,Y  = the number of premature deaths D due to air pollution in state S in year Y  

N
D,S ,2010−12  = the number of premature deaths in state S over the period 2010-2012 (see 

discussion in the main text) 
A
Y

= the ambient pollution level, as determined from all air quality monitoring stations 
in each county of each state, in target year Y.  

E
S ,Y = the exposed population in state S in target year Y. 

ΔA  = the annual rate of change in the damage-weighted ambient pollution levels, in the 
future (see discussion below in this section) 

gS  = the rate of population growth in state S (see section “Projection of State Population 
and GDP”) 

x
S

 = the change in exposed population per change in population in state S 

P
S ,Y = the population in state S in year Y (see section “Projection of State Population and 

GDP”) 
 
The number of premature deaths in each state for the period 2010-2012 is determined by 
considering data from all air quality monitoring stations in each county of each state. 
For each county in each state, mortality rates are averaged over the three-year period 
for each station to determine the station with the maximum average mortality rate in 
the county. Daily air-quality data from that station are then used with the 2012 county 
population and the relative risk in the health effects equation described in the footnote 
to Table 7 of the main text to determine the premature mortality in the county. County 
numbers are then summed over all counties in a state to obtain state numbers. 
 
Annual rate of change in damage-weighted ambient pollution. We estimate the annual 
rate of change in damage-weighted ambient pollution levels in the future by first 
examining historical trends and then considering how the future might be different 
from the past. The EPA provides historical time series data for ambient levels of fine 
particulate matter (PM2.5), ozone (O3), sulfur dioxide (SO2), and carbon monoxide 
(CO) (http://www.epa.gov/airtrends/aqtrends.html). We use these data to estimate 
rates of change in the concentration of each pollutant over several past time periods. We 
then estimate the rate of change of a damage-weighted combination of the pollutants, 
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where the weights are our judgment based on estimates of damages by pollutant in 
Delucchi (2000). The resulting rate-of-change values are  
 

Period PM2.5 O3 SO2 CO 
Damage 
weighted 

2012-2013 -2.0% -11.0% -17.3% -5.1% -3.1% 

2009-2013 -2.1% -0.8% -12.2% -3.6% -2.5% 

2004-2013 -3.2% -1.2% -9.8% -5.8% -3.4% 

2000-2013 -3.1% -1.5% -7.5% -6.5% -3.2% 

Damage weights 90% 5% 4% 1% 
  

Next we consider that for several reasons, in the future the rate of decline in damage-
weighted ambient pollution is likely to be less, and perhaps much less, than the historic 
rates shown above. First, while emission levels will decline as stock turnover results in 
new, low-emission equipment (e.g., vehicles, power plants) replacing old, high-
emission equipment, activity levels (e.g., driving, electricity use) will also increase, and 
the net effect of these opposing factors on emissions is unclear. Second, although 
government will continue to implement new emission-control regulations, the marginal 
costs of abating pollution tend to increase while the marginal emission reductions tend 
to decrease, which means that future policies will likely result in lower emission 
reductions than have past policies. Third, a warming climate in a non-WWS world will 
exacerbate the levels and impacts of air pollution (Madaniyazi et al., 2015). 
 
With these considerations, we assume that in the future the effective damage-weighted 
ambient pollution levels decline at annual rates lower than the historical rate of 
approximately -3%/year estimated above. Specifically, we assume declines of -1.0%, -
1.5%, and -2.0% in the LCHB, medium, and HCLB cases, respectively. (A lower rate 
leads to higher benefits of pollution reduction in the 100% WWS scenario.) We assume 
that the same rates apply in all states.  
 
Change in exposed population. As discussed in the “Projection of state population and 
GDP” section below, we use U.S. Census projections of state population and other 

assumptions to estimate 
P
S ,Y

P
S ,2011

. In order to calculate the rate of change of exposure with 

population change ( x
S

), we assume that the exposed population is predominantly in 
urban areas, and use Census data to calculate the ratio of the change in urban 
population to the change in total population. Presently we do not have data to 
distinguish this ratio for each state, so for now we use a single set of low-medium-high 
values for all states. According to the U.S. Census Bureau (2012), from 2000 to 2010 the 
population of the U. S. changed by 9.7%, and the population of Metropolitan Statistical 
Areas changed by 10.8%, a ratio of 1.11. Given this, we assume values for x

S
 of 1.14, 

1.11, and 1.08 in the LCHB, medium, and HCLB cases. (A high value of exposed 
population leads to higher benefits of pollution reduction in the 100% WWS scenario.)  
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The total cost of pollution per premature death 
  
We estimate the total pollution cost per premature death as the product of (i) the 
mortality value per premature death per se and (ii) two adjustment factors, one that 
accounts for non-mortality (i.e., morbidity) health impacts and a second that accounts 
for health impacts. The calculation is as follows:  
 
V
P/D,Y

=V
D,Y

⋅F
1
⋅F

2  

 
where  
 
V
D,Y  = the value per death per se (known as the value of a statistical life, VOSL) year Y 

F
1

 = adjustment factor that accounts for morbidity effects of air pollution, relative to the 
mortality effect 

F
2

= adjustment factor that accounts for the non-health effects of air pollution, relative 
to the mortality effect 

 
The VOSL is calculated by scaling an estimate for a base year to a value for the target 
year Y, accounting for the effects on the VOSL of increases in real per-capita income 
over time with 
 

V
D,Y =VD,Y* ⋅exp

r⋅e( )⋅ Y −Y*( )   
 
where  
 
V
D,Y*  = the VOSL in base year Y*  

r = the annual rate of change in income per capita  
e = the income elasticity of the VOSL  
 
VOSL in base year. Viscusi and Aldy (2003) and The National Center for Environmental 
Economics (NCEE) (2014) provide comprehensive reviews of estimates of the VOSL. 
Viscusi and Aldy’s (2003) meta-analysis of US studies indicates a mean VOSL of $6.1 
million, with a 95% confidence interval of $4.6 to $8.2 million, in year-2000 dollars, for 
the robust regression with an income elasticity of 0.48. The NCEE (2014) gives a mean 
estimate of $7.4 million with a standard deviation of $4.7 million, in year-2006 dollars 
(mean of $6.4 million in year-2000 dollars, for comparison with Viscusi and Aldy). We 
start with values of $9, $7, and $5 million (LCHB, medium, and HCLB cases) in year-
2006 dollars, and at year-2006 levels of wealth, and then update to year-2013 dollars 
using GDP implicit price deflators.  
 
Income growth and the income elasticity of VOSL.  At this point we have the VOSL in 
year-2013 dollars and, by assumption, at year-2006 levels of wealth or income. To 
estimate the VOSL in future years, we need projections of changes in income and a 
relationship between changes in income and changes in the VOSL. Projections of 
changes in income are discussed in the section “State GDP”. The income elasticity of the 
VOSL typically is assumed to be 0.4 to 0.6 (Hammitt and Robinson, 2011), and the 
NCEE (2014) recommends values of 0.08, 0.40, and 1.0.  
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Given this, our assumptions are  

 
LCHB Medium HCLB 

Input VOSL (million year-2006 dollars) 5.00 7.00 9.00 

Annual change in real GDP per capita See “State GDP” 

Income elasticity of VOSL 0.75 0.50 0.50 
 
A higher VOSL results in higher benefits for the 100% WWS scenario. 
    
Adjustment factors for morbidity and non-health impacts. Rather than perform 
detailed, original estimates of morbidity and non-health costs, we take a simpler 
approach and use other studies to scale up our VOSL to account for morbidity and non-
health costs.  Our method for this scaling is as follows.  

First we define total air-pollution costs as the sum of premature mortality, morbidity, 
and non-health costs, where each is the product of a quantity and a value per unit 
quantity (here omitting the subscripts for states S and year Y):  
 
APcost = N

D
⋅V

D
+ N

M
⋅V

M
+ N

O
⋅V

O
 

 
where  
 
APcost = the total damage cost of air pollution 
Nj = the quantity of impact j  
Vj = the value per unit of j 
j = premature mortality (D), morbidity (M), and other non-health impacts (O) 
 
Next we expand the APcost term into a form that will allow us to scale-up our detailed 
estimates of deaths from air pollution. Specifically, we want to develop scaling factors 
related to mortality costs V

D
.  

 

 

APcost = N
D
⋅V

D
⋅

N
D
⋅V

D
+ N

M
⋅V

M

N
D
⋅V

D

⎛

⎝⎜
⎞

⎠⎟
⋅

N
D
⋅V

D
+ N

M
⋅V

M
+ N

O
⋅V

O

N
D
⋅V

D
+ N

M
⋅V

M

⎛

⎝⎜
⎞

⎠⎟

= N
D
⋅V

D
⋅

N
D
⋅V

D

N
D
⋅V

D

+
N

M
⋅V

M

N
D
⋅V

D

⎛

⎝⎜
⎞

⎠⎟
⋅

N
D
⋅V

D
+ N

M
⋅V

M

N
D
⋅V

D
+ N

M
⋅V

M

+
N

O
⋅V

O

N
D
⋅V

D
+ N

M
⋅V

M

⎛

⎝⎜
⎞

⎠⎟
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= N
D
⋅V

D
⋅ 1+

N
M
⋅V

M

N
D
⋅V

D

⎛

⎝⎜
⎞

⎠⎟
⋅ 1+

N
O
⋅V

O

N
D
⋅V

D
+ N

M
⋅V

M

⎛

⎝⎜
⎞

⎠⎟

= N
D
⋅V

D
⋅ 1+

N
M
⋅V

M

N
D
⋅V

D

⎛

⎝⎜
⎞

⎠⎟
⋅ 1+

N
O
⋅V

O

N
D
⋅V

D

1+
N

M
⋅V

M

N
D
⋅V

D

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

 

 
For simplicity, we designate  
 

B
1
≡
N

M
⋅V

M

N
D
⋅V

D

     and     B
2
≡
N
O
⋅V

O

N
D
⋅V

D

 

 

giving  APcost = N
D
⋅V

D
⋅ 1+ B

1( ) ⋅ 1+
B
2

1+ B
1

⎛
⎝⎜

⎞
⎠⎟

 At this point we can create our adjustment factors, F
1
≡ 1+ B

1
 and F

2
≡ 1+

B
2

F
1

. Now we 

have 
 

APcost = N
D
⋅ V

D
⋅F
1
⋅F

2( )

 

 
The next task is to find the adjustment factors F1 and F2 by referring to other studies of 
morbidity and non-health costs. Designating these other studies with an asterisk, we 
have  

B
1
= B

1

* ⋅
B
1

B
1

*
= B

1

* ⋅

N
M
⋅V

M

N
D
⋅V

D

N
M

* ⋅V
M

*

N
D

* ⋅V
D

*

= B
1

* ⋅

N
M

N
M

*

N
D

N
D

*

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

⋅

V
M

V
M

*

V
D

V
D

*

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟  

 

Given that the impact functions that generate the values of N in B
1

 are the same as the 

functions in B
1

* , and knowing that generally health effects N are linear functions of 
population and air pollution, then to a first approximation the ratio of premature deaths 

to morbidity impacts is constant; i.e., 
N

M

N
M

*
≈
N

D

N
D

*
. However, this relationship does not 

hold in the case of valuation, so instead we establish a more generation relationship,  
 

V
M

V
M

*
=

V
D

V
D

*

⎛
⎝⎜

⎞
⎠⎟

K

.  
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Defining 
V
D

V
D

*
≡V

D

^   (where the values are expressed in the same year dollars), we now 

have 
 

B
1
= B

1

* ⋅

V
M

V
M

*

V
D

^

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

= B
1

* ⋅
V
D

^( )
K

V
D

^
= B

1

* ⋅ V
D

^( )
K−1

 

With similar reasoning and algebra for B
2
we have 

V
O

V
O

*
= V

D

^( )
L

and B2 = B2
*
⋅ V

D

^( )
L−1

.  

The final adjustment factors thus are   
 

F
1
= 1+ B

1

*
⋅ V

D

^( )
K−1

   and   F
2
= 1+

B
2

*
⋅ V

D

^( )
L−1

F
1  

 
Morbidity and non-health impacts in other studies. Using results in McCubbin and 

Delucchi (1999), we calculate LCHB and HCLB values for B
1

* (the reference ratio of 

morbidity to mortality costs) and V
D

*  (the reference value of a statistical life). Using 

results in Delucchi (2000), we calculate LCHB and HCLB values for B
2

* (the reference 

ratio of non-health to health costs). (The EPA [2011] estimates much lower values for B
1

*  

and B
2

* , but the analyses summarized in Delucchi and McCubbin (2011) are much more 
comprehensive.) McCubbin and Delucchi (1999) and Delucchi (2000) do not report 
middle or mid-point estimates, so we calculate a “medium” case here based on the 
geometric mean of the LCHB and HCLB estimates. (This gives more reasonable results 
than does using the arithmetic average.)  
 

The calculation of the morbidity multiplier ( B
1

* ) is as follows:  
 
 All anthropogenic pollution, 1990 (McCubbin 
and Delucchi, 1999) 

  
LCHB 

Medium 
(geo. mean) HCLB 

 Number of premature deaths (thousands)   138.5 105.59 80.5 

 Mortality costs (billion 1991 $)   475.5 138.9 40.6 

 Other health costs   196.8 52.7 14.1 

 Value of life (V
D

* ) (million 1991 $)   3.43 1.32 0.50 

 Ratio of morbidity to mortality costs ( B
1

* )   0.41 0.38 0.35 
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The calculation of the non-health damage multiplier ( B
2

* ) is as follows:  
 
 Motor-vehicle air-pollution costs, excluding 
upstream emissions and road dust, 1990-91 
(Delucchi, 2000) 

  

LCHB 
Medium 

(geo. mean) HCLB 

 Health costs (billion 1991 $)   283.5 73.4 19.0 

 Non-health costs (billion 1991 $)   43.1 18.7 8.1 

 Ratio of non-health to health costs ( B
2

* )   0.15 0.25 0.43 

 
Exponents K and L. The exponents K and L relate changes in morbidity valuation or 
non-health-impact valuation to changes in the VOSL. If the exponent is 0.0, then 
changes in the VOSL do not affect the other values; if the exponent is 1.0, then changes 
in the VSL affect the other valuations proportionately. We believe that intermediate 
values are more reasonable, and use 0.7, 0.5, and 0.3 in our LCHB, medium, and HCLB 
cases. (High values of the exponent result in high benefits of air pollution reduction in 
the 100% WWS scenario.) 
 
Results 
 
The main text shows the calculated values of N

D,S ,Y , the number of deaths due to air 
pollution in state S in year Y, adjusting for changes in exposure and ambient air quality 
to year Y.  These are multiplied by the calculated values of V

P/D,Y , the total cost of 
pollution per death in year Y (230, 13.1, 7.3 million $; LCHB, medium, and HCLB), to 
produce APcost

S ,Y , the damage cost of air pollution in state S year Y.  
 
 
4) THE COST OF CLIMATE CHANGE FROM FOSSIL-FUEL USE: DAMAGES 
ATTRIBUTABLE TO AND BORNE BY EACH STATE 
 
Overview 
 
We estimate two kinds of climate-change costs of fossil-fuel use: 
 
1) The cost of climate-change impacts in the U.S. and in the world attributable to 
emissions of greenhouse gases (GHGs) from the use of fossil fuels in each of the 50 
states, and  
 
2) The cost of climate-change impacts in the U.S., due to fossil-fuel use in the U.S., borne 
by each state.  
 
We estimate damages borne by each state because this represents the monetary value of 
the benefits of converting to WWS in each state and hence is an appropriate alternative 
metric to add to the other state-specific monetary benefits of converting to WWS 
(electricity-cost savings and reduced air-pollution damages). The portion of damages 
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borne by each state is equal to total climate-change damages in the U.S. from total U.S. 
emissions multiplied by each state’s share of total damages.  
 
The cost of climate-change impacts attributable to each state’s GHG emissions is the 
product of three factors, 1) estimated CO2 combustion emissions from energy use; 2) the 
ratio of total CO2-equivalent (CO2e) lifecycle GHG emissions to lifecycle CO2 
combustion emissions; and 3) the damage cost per unit of CO2e emission. All three 
factors can vary over time.  
 
The main work here is in calculating climate-change damage costs attributable to each 
state’s GHG emissions. Formally,  
 

  

CC
A ,GHG ,S ,Y = E

GHG ,S ,Y ⋅DGHG ,A ,Y

E
GHG ,S ,Y = E

CO2,S ,Y* ⋅
E

GHG ,R:S∈R ,Y*

E
CO2,R:S∈R ,Y*

⋅exp
w

GHG ,R:S∈R
⋅ Y−Y*( )

E
CO2,R:S∈R ,Y* = E

CO2,S ,Y*
S∈R

∑

 

 

  

wGHG ,R:S∈R =

ln
EGHG ,R:S∈R ,Ye

EGHG ,R:S∈R ,Ys

⎛

⎝⎜
⎞

⎠⎟

Ye −Ys

EGHG ,R:S∈R ,Y* = Ei ,CO2,R:S∈R ,Y* ⋅
Ei ,LC−CO2e ,Y*

Ei ,LC−CO2−EN ,Y*i

∑

DGHG ,A ,Y = D ^GHG ,A ,Y^ ⋅expd⋅ Y−Y^( )⋅
pGDP−IPD ,Y '

pGDP−IPD ,Y #

 

 
 
where  
 
CC

A,GHG ,S ,Y = climate-change damages in area A (U.S. or world) attributable to energy-
related, lifecycle, CO2-equivalent GHG emissions from state S in year Y ($) 

E
GHG ,S ,Y = emissions of GHGs from state S in year Y (metric-tons)   

D
GHG ,A,Y = the present worth of climate change damages in area A in year Y per unit of 

GHG emission in year Y ($/metric-ton)   

 = emissions of CO2 from energy use (fuel combustion) in state S in base year Y* 
(metric tons) (EIA estimates for 2011; 
http://www.eia.gov/environment/emissions/state/state_emissions.cfm) 

  
E

CO2,S ,Y*
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E
GHG ,R:S∈R,Y*= lifecycle CO2e GHG emissions from U.S. region R (containing state S) in 

base year Y* (metric-tons)   
E
CO2,R:S∈R,Y*= emissions of CO2 from energy use (fuel combustion) in region R in base 

year Y* (metric-tons)  
w
GHG ,R:S∈R = the rate of growth over time of GHG emissions in region R (see discussion 

below) 
Y = technology or impact target year of the analysis (2050 here, but can be any year 

from 2015 to about 2075) 
Y* = the base year of EIA CO2 emissions data (2011) 
Ys and Ye = the start year and the end year of the time range over which the rate of 

growth in emissions is calculated (2011 and 2040) 

  
E

i ,CO2,R:S∈R ,Y*
= emissions of CO2 from combustion of fuel i in region R in base year Y* 

(metric-tons) (EIA, 2014c) 

  

E
i ,LC−CO2e ,Y*

E
i ,LC−CO2−EN ,Y*

= the ratio of lifecycle, CO2-equivalent GHG emissions from fuel i to life-

cycle combustion emissions of CO2 from fuel i, in base year Y* (see discussion 
below) 

D ^
GHG ,A,Y ^ = reference climate-change damages in area A in year Y^ per unit of GHG 

emission in year Y^ ($/metric-ton) (see discussion below) 
d = the rate of growth over time of damages per unit of GHG emissions (see discussion 

below) 
Y^ = the reference year of estimates of damages per unit of CO2e emission (see 

discussion below) 
Y’ = designated price year (2013 here, but can be any date for which the GDP implicit 

price deflator is known) 

  

p
GDP−IPD ,Y '

p
GDP−IPD ,Y #

= the ratio of prices in our designated price year Y’ to prices in the price-year 

Y# of the reference CO2 damage-cost analysis (calculated using GDP implicit 
price deflators)  

 
For 

  
E

GHG ,R:S∈R ,Ye
 and 

  
E

GHG ,R:S∈R ,Ys
, substitute Ye or Ys for Y* in the equation for 

  
E

GHG ,R:S∈R ,Y*
.  

 
Subscripts:  
 
A = relevant area for which damages are estimated (U.S. or world) 
S = state in the U.S. 
GHG = lifecycle CO2-equivalent emissions of all greenhouse gases 
CO2 = carbon dioxide per se (as distinguished from other GHGs, or the CO2-equivalent 

of GHGs) 
R = region of the U.S. in the EIA’s estimates of energy-related CO2 emissions (New 

England, Middle Atlantic, East North Central, West North Central, South 
Atlantic, East South Central, West South Central, Mountain, and Pacific) 

LC = lifecycle of a fuel from feedstock production through end use 
i  = fuels for which the EIA estimates CO2 emissions (oil, natural gas, coal, other) 

natural gas, other) 
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GDP-IPD = GDP implicit price deflator 
 
Important reminder: when we say “climate change damages in year Y,” we mean “the year-Y 
present worth of the future stream of damages from emissions in year Y.” 
 
Lifecycle CO2e emissions of all GHGs from all sources relative to lifecycle CO2 
emissions from energy use 
 
As mentioned above, the EIA projects CO2 emissions from the combustion of coal, oil, 
natural gas, and other fuels in 9 regions of the U.S. from 2011 to 2040. However, the use 
of fossil-fuels also produces a range of GHGs other than CO2 and also a small amount 
of CO2 from non-combustion processes. To fully account for the climate impact of all 
GHG emissions associated with fossil-fuel energy use, we use the Lifecycle Emissions 
Model (LEM) (Delucchi et al., 2003, unpublished updates; Delucchi, 2005) to estimate 
the ratio of lifecycle CO2e GHG emissions to lifecycle combustion-CO2 emissions for 
coal, oil, and natural gas. The LEM estimates emissions of greenhouse gases and urban 
air pollutants over the complete lifecycle of fuels, materials, vehicles, and infrastructure 
for the use of transportation fuels and electricity, as follows:  
 
Lifecycle stages: electricity end use; electricity transmission and distribution; electricity 
generation; transportation of electricity-generation feedstocks (e.g., coal); and 
production of electricity generation feedstocks.  
  
Sources of emissions: combustion of fuels; evaporation or leakage of energy feedstocks or 
finished fuels; venting, leaking or flaring of gas mixtures (e.g., venting of coal bed gas 
from coal mines); fugitive dust emissions; and chemical transformations that are not 
associated with burning process fuels (for example, the scrubbing of sulfur oxides from 
the flue gas of coal-fired power plants). 
 
Pollutants/GHGs  

carbon dioxide (CO2) particulate-matter (PM) 
combustion, black carbon (BC) 

carbon in (in NMOC, CO, CH4, soil) PM combustion, organic matter (OM) 

nonmethane organic compounds 
(NMOCs) (weighted by O3 potential) PM combustion, dust-like 

methane (CH4) PM all else 

carbon monoxide (CO ) PM non-combustion, dust 

nitrous oxide (N2O) hydrogen (H2) 

nitrogen oxides (NO2) sodium hexafluoride (SF6) 

sulfur oxides (SO2) chlorofluorocarbons (CFC-12) 

ammonia (NH3) hydrofluorocarbons (HFC-134a) 

  
The LEM estimates emissions of each pollutant individually, and also converts all of the 
pollutants into CO2-equivalent greenhouse-gas emissions. To calculate total CO2-
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equivalent emissions, the model uses internally developed CO2-equivalency factors 
(CEFs) that convert mass emissions of all of the non- CO2 gases into the mass amount of 
CO2 with the equivalent present worth of damages from climate change.  

 
The LEM projects energy use, emissions, and other factors out to the year 2050.  
 
For this project, we used the LEM to calculate two quantities for each year from 2011 to 
2050: #1) total lifecycle CO2e emissions of GHGs from generic coal, oil, natural-gas, and 
other-fuel use; and #2) lifecycle combustion emissions of CO2 from generic coal, oil, 
natural-gas, and other-fuel use. For generic coal we use the lifecycle of coal for 
electricity generation; for generic oil we used the average of the lifecycle of oil for 
gasoline and oil for distillate fuel; for generic natural gas we use the lifecycle of natural 
gas for commercial heating; and for generic other-fuel (a trivial fraction of the total) we 
y4assume the values for natural gas. The ratio of quantity #1 to quantity #2 is the 

parameter 

  

E
i ,LC−CO2e ,Y

E
i ,LC−CO2−EN ,Y

 . The resultant LEM-calculated ratios for 5-year intervals from 

2011 to 2050 are  
 

 
2011 2015 2020 2025 2030 2035 2040 2045 2050 

   Petroleum  1.21 1.11 1.11 1.11 1.11 1.09 1.09 1.09 1.09 

   Natural Gas 1.43 1.44 1.44 1.43 1.43 1.42 1.41 1.40 1.39 

   Coal 0.81 0.88 0.94 0.97 1.00 1.01 1.02 1.02 1.02 

   Other  1.43 1.44 1.44 1.43 1.43 1.42 1.41 1.40 1.39 
 
 
The ratio for petroleum decreases as black-carbon emissions from vehicles and fuel-
cycle methane emissions decrease over time.  The ratio for coal is less than one until the 
year 2030 because of the negative forcing caused by sulfur oxide and nitrogen oxide 
emissions from coal power plants. As these emissions decline with improved emission 
controls over time, the negative forcing decreases and the ratio increases.  
 
The damage cost per unit of CO2e GHG emission 
 
Several studies, including some important recent meta-analyses, estimate the damage 
cost of CO2e GHG emissions, often referred to as the Social Cost of Carbon (SCC) (Table 
S3). Most studies recognize, even if only informally or qualitatively, that there is some 
non-trivial possibility of severe impacts of climate change and a correspondingly very 
high SCC. The main point of contention is the plausible lower bound on the SCC.  
 
As shown in Table S3, the widely referenced FUND and DICE models estimate very 
small lower-bound estimates under some sets of assumptions regarding discount rates, 
risk aversion, equity weighting, extreme impacts, uncertainty, and other factors. 
However, in a recent review and meta-analysis, van den Bergh and Botzen’s (2014) 
argue against the assumptions that lead to the lowest estimates of SCC, and make a 
persuasive case that the lower bound of the SCC should not be less than $125/tonne-
CO2. They conclude that “the lower bound…of US 125 per tCO2 is far below various 
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estimates found in the literature that attribute a high weight to potentially large climate 
change impacts…[and} therefore can be considered a realistic and conservative value” 
(p. 256). (See also Pindyck, 2013, and Stern, 2013). In support of this, Moore and Diaz 
(2015), in another recent re-analysis of the SCC, find that incorporating the effect of 
climate change on the rate of economic growth – a feedback typically not included in 
standard low-end estimates of the SCC – can dramatically increase the SCC to hundreds 
of dollars per ton and higher (Table S3).  
 
The SCC of emissions in a given year is also likely to increase over time as GDP, 
atmospheric GHG levels, and average temperatures increase (Ackerman and Stanton, 
2012; Moore and Diaz, 2015). The Ackerman and Stanton (2012) estimates shown in 
Table S3 increase from 2010 to 2050 at 2.0%/year in the low-SCC case, 1.6%/year in the 
mid-case, and 1.4%/year in the high-SCC case.  
 
On the basis of the estimates of Table S3 and the discussion above, we assume the 
following:  
 

 LCHB Medium HCLB 

Global SCC in 2010 (2007-$) 600 250 125 

Annual change in SCC 1.2% 1.5% 1.8% 

U.S. share of global damages 10% 8% 5% 

 
A high value of the SCC results in higher benefits for the 100% WWS scenario. 
However, if the SCC is at its high value in 2010, then a numerically high annual rate of 
change results in unreasonably high values in the future. Hence the high starting value 
of the SCC is paired with the low rate of change.  
 
 
The incidence of climate-change impacts across U.S. states 
 
Recently Houser et al. (2014) analyzed in detail the per-capita damage costs of climate 
change in every state in the U.S. They calculate the annual costs of coastal damages, 
increased energy expenditures, crop loss, reduced labor productivity, increased crime, 
and increased mortality, in the periods 2020-2039, 2040-2059, and 2080-2099, for three 
emissions scenarios: RCP 8.5 (relatively high emissions, CO2 at 940 ppm by 2100; 
“business as usual,”), RCP 4.5 (moderate emissions growth, CO2 at 550 ppm by 2100), 
and RCP 2.6 (aggressive emission reduction; CO2 below 450 ppm by 2100). (They also 
present another mid-range scenario, RCP 6.0, but do not provide estimates of coastal 
damages – one of the larger categories – for this scenario.) For each type of damage, 
period, and emissions scenario, they report the 5th, 17th, 50th, 83rd, and 95th percentiles of the 
range of damage estimates.  
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Table S3. Studies of the Social Cost of Carbon (SCC) 

 

Authors 
Moore and Diaz 

(2015) 
Ackerman and Stanton 

(2012) 
van den Bergh and 

Botzen (2014) 
Johnson and Hope 

(2012) Howarth et al. (2014) Antoff et al. (2011) Tol (2010) 

Model gro-DICE DICE meta-analysis DICE IAM using DICE FUND FUND 

Emission year 2015-2100 2010, 2050 near term? 2010 2010 2010-2019 2010?  

Dollar year 2005 2007 2010? 2007 2005 1995 1995 

 Low Mid High Low Mid High Low Mid High Low Mid High Low Mid High Low Mid High Low Mid High 

World SCC 
($/tonne-CO2) 

~200  1000+ ~45, 
~100 

~230, 
~430 

~890, 
~1520 

125 -- -- -1 145 -- 10 -- >500 0.5 10 ~180 ~0 1.3 11 

Discount rate 
(DR) 

n.r. n.r. n.r. 3% 
1.5% or 

3% 
1.5% avg. -- -- 5% 2.5% -- n.r. --  n.r. n.r. n.r. n.r. n.r. n.r. n.r. 

Pure rate of time 
preference 

3% 1.5% 0.1% n.r. n.r. n.r. n.r. -- -- 3.2% 1.1% -- 1.5% -- 1.5% 3% 1% 0.1% 3% 1% 0% 

Equity 
weighting? 

no no no n.r. n.r. n.r. no? -- -- no yes -- no? -- no? no no ave.* no no yes 

Risk aversion 
rate 

no? no? no? n.r. n.r. n.r. n.r. -- -- no no -- 2.0 -- 5.6 no no no 1.5 1.5 15 

Extreme climate 
impacts? 

part. no part. yes part. -- -- no no -- 
no  

(thin 
tail) 

-- 
yes    
(fat  
tail) 

no no no no no no 

U.S. % of world 
SCC 

n.r. n.r. n.r. n.r. n.r. 33% 13% < 10% n.r. 8.5% n.r. 

Remarks 

Authors did not 
estimate explicit 

low, mid, and 
high values, but 
rather estimated 

the importance of 
including 

feedbacks between 
climate change 
and the rate of 

economic growth.  

SCC estimated as a 
function of the DR, 
climate sensitivity 
(CS), and form of 
damage function 

(DF). Our mid case 
includes all combos of 

DR, CS, and DF 
except low-low (our 
low) and high-high 

(our high). 

SCC is equal to 
$41/tonne – the 

average reported in 
a meta-analysis – 

plus the average of 
separate 

“surcharges” for 
uncertainty, 

extreme damages, 
and risk aversion.  

Authors did not 
analyze what 

would be a “high” 
cost case (a low 

rate of time 
preference with 
equity weights). 

With high risk 
aversion rate, SCC 

decreases with 
increasing emission 
control rate (ECR): 
when ECR > 40%, 

SCC <10. 

SCC is higher with 
U.S.-based equity 
weights than with 

global equity weights. 
(*= global equity 

weights)  

High estimates are 
based on 

“illustrative” 
parameter values. 

 
IAM = Integrated Assessment Model; SCC = social cost of carbon; n.r. = not reported; part. = partially. “Extreme climate impacts?” includes 
extreme climate sensitivity to emissions, irreversible impacts, high-cost/low-probability impacts, and potentially large but difficult to quantify 
damage categories. Note that here “low” and “high refer to values of the SCC itself, and not to the LCHB and HCLB scenarios established here.

A-377



 28 

 

For each state we sum the Houser et al. (2014) per-capita damages for all six impacts 
and then multiply the resultant per-capita total damage by the state population (as used 
in the Houser et al., [2014] analysis) to produce an estimate of total $ damages in the 
state, for each emission scenario, period, and percentile. With these total $ damages by 
state we then calculate each state’s share of the total 50-state damages.  
 
Figure S1 shows each state’s share of the 50th percentile damages, by period and 
emission scenario. Because coastal damage is one of the largest categories in the Houser 
et al. (2014) analysis, states with high coastal damages have relatively high shares of 
total damages. For our purpose of estimating the incidence of damages across states in 
the U.S., we use the calculated state shares of total damages for the RCP 8.5 scenario for 
the period 2040-2059, with the calculated 17th-percentile shares as our “low” case, the 
50th-percentile shares as our “middle” case, and the 83rd-percentile shares as our “high” 
case (Table S4). 
 
There are two minor caveats and one major caveat to our use of the Houser et al. (2014) 
results. The first minor caveat is that the distribution of damage costs for each state (the 
basis of the 5th, 17th, 50th, 83rd, and 95th percentile results) is calculated independently for 
each state, such that the set of conditions that produces, say, the 17th percentile result in 
state A is not necessarily the set that produces the 17th percentile results in state B. This 
means that, technically, adding up the Xth  percentile results for each state is 
inconsistent. However, it appears that this inconsistency is of minor consequence. In 
most cases, for the 17th, 50th, and 83rd  percentiles, the sum of individual state damages at 
each percentile is not drastically different from the Houser-et al. (2014) reported total 
national damages at the same percentile.  
 
The second minor caveat is that we estimate the distribution of damages across states 
based on the Houser et al. (2014) estimates for the period 2040-2059, whereas the unit 
damage-cost parameter (to which we apply the state-distribution shares) estimates the 
present worth of damages over a much longer period. However, we believe that if one 
were to estimate a present-worth weighted distribution of damages for, say, the period 
2015 to 2100, it would not different dramatically from the 2040-2059 distribution from 
Houser et al. (2014). 
 
The major caveat is that we multiply the Houser et al. (2014)-based state shares of total 
climate-change costs in the U.S. by other estimates of climate-change costs for the whole 
U.S., and it is likely that methods and assumptions used to estimate damages in these 
other studies are different from those in the Houser et al. (2014) study. 
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Table S4. Climate-change benefits received by each state as a result of switching to 
WWS in the U.S., business-as-usual emissions scenario, 2040-2059 (% of total avoided 
damages in U.S.) 
 

 
 

Low 
damages 

Middle 
damages  

High 
damages 

 

 

Low 
damages 

Middle 
damages  

High 
damages 

AL 1% 1% 1%  MT -1% 0% 0% 

AK 0% 0% 0%  NE -2% 0% 0% 

AZ 1% 1% 2%  NV 0% 0% 0% 

AR 0% 1% 1%  NH -1% 0% 0% 

CA 4% 7% 6%  NJ 13% 8% 6% 

CO -1% 0% 0%  NM 0% 0% 0% 

CT -1% 0% 0%  NY 13% 9% 7% 

DC 0% 0% 0%  NC 2% 2% 2% 

DE 1% 0% 0%  ND 0% 0% 0% 

FL 60% 36% 28%  OH -3% 0% 1% 

GA 3% 3% 3%  OK 0% 1% 1% 

HI 0% 0% 0%  OR -2% 0% 0% 

ID -1% 0% 0%  PA -3% 0% 1% 

IL -4% 0% 2%  RI 0% 0% 0% 

IN -2% 0% 1%  SC 0% 1% 2% 

IA -3% 0% 0%  SD -1% 0% 0% 

KS 0% 0% 1%  TN 0% 1% 1% 

KY 0% 0% 1%  TX 15% 11% 11% 

LA 18% 11% 9%  UT -1% 0% 0% 

ME -1% 0% 0%  VT 0% 0% 0% 

MD 0% 1% 1%  VA 7% 4% 4% 

MA 3% 2% 2%  WA -3% -1% 0% 

MI -4% 0% 1%  WV 0% 0% 0% 

MN -3% 0% 0%  WI -3% 0% 0% 

MS 0% 1% 1%  WY 0% 0% 0% 

MO -1% 1% 1%  ALL 100% 100% 100% 
 
Source: Our assumptions and calculations based on Houser et al. (2014). See the 
discussion in the text.  
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5) EARNINGS FROM NEW CONSTRUCTION AND OPERATION JOBS IN A 100% 
WWS WORLD 
 
Calculation of earnings 
 
Annual earnings from new construction and operation jobs are the product of the 
number of jobs and the annual earnings per job. The number of jobs is the product of a 
jobs/installed-MW factor, from the National Renewable Energy Laboratory (NREL) 
Jobs and Economic Development Impact (JEDI) models (Table S5),  and the total 
installed MW assumed here.  
 
 
Table S5. Jobs per MW of installed power for WWS technologies 
 

Technology Jobs/MW from JEDI model 

  Construction Operation 

  CA WA Average CA WA Average 

Onshore wind 0.10 0.10 0.10 0.15 0.15 0.15 

Offshore wind 0.18 0.16 0.17 0.66 0.60 0.63 

Wave device 0.35 0.33 0.34 2.42 2.31 2.37 

Geothermal plant 0.48 0.22 0.35 0.07 0.16 0.12 

Hydroelectric plant 0.30 0.30 0.30 0.30 0.30 0.30 

Tidal turbine 0.30 0.29 0.30 2.32 2.22 2.27 

Res. roof PV system 1.61 1.37 1.49 0.48 0.44 0.46 

Com. roof PV system 1.77 1.41 1.59 0.33 0.32 0.32 

Solar PV plant 0.98 0.81 0.90 0.30 0.28 0.29 

CSP plant  0.26 0.26 0.26 0.19 0.19 0.19 
 
Source: JEDI models (http://www.nrel.gov/analysis/jedi/). CSP = concentrated solar power 
(solar thermal). 
 
 
Earnings per year are calculated by scaling up JEDI earnings figures to our price (dollar) 
year and to account for effects of changes in wages and labor-hours/MW over time as 
follows:  
 

EJ = EJEDI ,J ⋅
pGDP−IPD,YB

pGDP−IPD,JEDI
⋅exp

w⋅h⋅Y  
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where  
 
E
J
 = Annual earnings for job type J ($/year) 

E
JEDI ,J  = Annual earnings in the JEDI model ($/year; shown below) 

pGDP−IPD,Y '

pGDP−IPD,JEDI
= the ratio of our designated price-year basis Y’ to the JEDI price-year basis 

(2010) (calculated using GDP Implicit Price Deflators) 
w  = rate of change in real wages, over time (we assume wages grow with our mid-

range estimate of real GDP/capita; see discussion in section “State GDP” below) 
h = rate of change in hours per MW, to account for improvements in production 

efficiency (we assume -1.0%/year) 
Y = the period of time over which the changes in wages and hours/MW occur (we 

assume the midpoint of the entire 40-year phase-in period; i.e., 20 years) 
 
The raw, unscaled earnings values (E

JEDI ,J ) from JEDI   and the final scaled values (E
J
) 

are shown in Table S6.  
 
 
Table S6. Earnings in construction and operation jobs for WWS technologies 
 

  Earnings ($1000)/year 

  Construction Operation 

  Unscaled, from JEDI Scaled Unscaled, from JEDI Scaled 

  CA WA Average Average CA WA Average Average 

Onshore wind 66.79 59.61 63.20 66.44 110.60 58.19 84.40 88.72 

Offshore wind 73.68 71.73 72.71 76.44 67.28 64.10 65.69 69.06 

Wave device 67.63 64.42 66.02 69.41 67.59 65.80 66.70 70.12 

Geothermal plant 64.03 46.49 55.26 58.10 104.48 105.99 105.23 110.63 

Hydroelectric plant 65.09 61.91 63.50 66.76 72.60 66.46 69.53 73.10 

Tidal turbine 67.56 64.28 65.92 69.30 67.69 65.96 66.83 70.26 

Res. roof PV system 50.86 52.23 51.54 54.19 56.74 58.42 57.58 60.53 

Com. roof PV system 52.65 54.46 53.55 56.30 59.20 58.42 58.81 61.83 

Solar PV plant 50.76 52.07 51.42 54.05 56.79 58.25 57.52 60.47 

CSP plant  91.87 91.87 91.87 96.59 63.05 63.05 63.05 66.29 
 
Source: JEDI models (http://www.nrel.gov/analysis/jedi/).  
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Check on consistency of labor costs implied by our earnings estimates with our 
estimated capital costs and O&M costs 
 
Because the cost of labor is a component of estimates of capital costs and O&M costs, 
one ideally would use a single set of labor costs to estimate capital costs, O&M costs, 
and earnings from job creation. However, because our estimates of capital costs and 
O&M costs are not disaggregated into labor and materials components, we instead will 
check whether the labor-cost figures used in our earnings estimates are consistent with 
our overall capital cost and O&M cost estimates. We expect labor costs to be a small 
fraction of capital costs and a large or very large fraction of O&M costs for WWS 
technologies. As shown in Table S7, this indeed is what we find.  
 
 
Table S7. Estimated construction costs and labor costs for WWS technologies 
 

  Construction cost  Operating cost 

  
Labor 

($/kW) 
Labor 
/total Labor  ($/kW/yr) Labor/total 

Technology Average Avg/avg Low Average High Low/high Avg/avg High/low 

Onshore wind 9.8 1% 8.9 13.1 17.4 22% 35% 50% 

Offshore wind 26.0 1% 40.1 43.0 46.0 25% 32% 43% 

Wave device 52.1 1% 158.3 164.0 169.9 32% 51% 121% 

Geothermal plant 70.4 2% 8.0 13.0 18.0 3% 6% 8% 

Hydroelectric plant 59.4 2% 20.7 21.7 22.6 57% 69% 87% 

Tidal turbine 45.5 1% 152.1 157.5 162.9 76% 126% 326% 

Res. roof PV system 14.0 0% 25.9 27.4 28.9 86% 100% 116% 

Com. roof PV system 33.2 1% 19.1 19.6 20.1 96% 119% 155% 

Solar PV plant 71.8 4% 16.6 17.5 18.3 66% 78% 92% 

CSP plant  62.4 1% 12.3 12.3 12.3 10% 11% 11% 

 
Solar PV plant uses values for crystalline tracking. CSP = concentrated solar power (solar thermal). 
"Labor ($/kW)" is based on the average unscaled JEDI earnings (updated to the appropriate price year) over the 

average construction time for the technology. 
"Labor/total" is equal the Labor $/kW divided by our estimated base-year capital cost in $/kW. 
"Labor ($/kW/yr)" is based on the min,average, or max unscaled JEDI earnings (updated to the appropriate price 

year). 
"Labor/total" is equal to Labor $/kW/yr divided by total O&M costs expressed in $/kW/yr. We have converted 

variable O&M, original in $/kWh, to $/kW/yr. Here, Low/high is low labor costs divided by high total O&M, 
and High/low is high labor costs divided by low O&M. 
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As indicated here, the labor costs used in the earnings analysis are less than 5% of 
capital costs. Labor costs typically are a much larger fraction of O&M costs, and account 
for the bulk of O&M costs for PV plants, which we expect.  
 
There are a few combinations where the labor costs from our earnings analysis in this 
section constitute more than 100% of O&M costs as estimated in our “cost of delivered 
electricity section, but with one exception, this generally does not concern us.  In one 
case for wave devices and two cases for tidal turbines, the labor cost exceeds 100% of 
the O&M cost, but this is not surprising given the enormous uncertainty in estimates of 
O&M costs for this non-commercial technology. In one case for residential rooftop PV – 
high labor costs and low O&M costs – labor costs exceed O&M costs, but only by a 
small amount, and in the other two (more likely) cases labor costs do not exceed 100%.  
 
The only case of modest concern is for commercial rooftop PV, where even the average 
labor cost estimated here exceeds average O&M cost. Closer examination of the 
underlying data reveals that this is because our O&M cost estimates for commercial 
rooftop PV are low relative to the estimates for residential rooftop PV and utility-scale 
PV.  
 
 
6) PROJECTION OF STATE POPULATION AND GDP 
 
State population 
 
We use state population estimates for 2000, 2005, 2010, 2011-2014, and 2015 to 2075 in 5 
year increments. The sources of our estimates are 
 
2000 and 2005: population estimates by the U. S. Bureau of the Census 
(http://www.census.gov/popest/data/intercensal/state/state2010.html).  
 
2010-1014: population estimates by the U. S. Bureau of the Census 
(http://www.census.gov/popest/data/state/totals/2014/index.html).  
 
2015: extrapolate from 2011-2014 trend.  
 
2020 to 2075 in five year increments: see discussion in the next section.  
 
Projection of state population to 2075. In 2006, the U. S. Bureau of the Census projected 
state populations from 2010 to 2030 (US Census, Table 6 Interim Projections: Total 
Population for Regions, Divisions, and States: 2000 to 2030. 
http://www.census.gov/population/projections/data/state/projectionsagesex.html.) 
With those Census projections, we calculate the annual rate of change over each five-
year period from 2010 to 2030, for each state. We then fit a trend line to the series of 
five-year annual rates. Assuming that the annual rate of population growth actually 
changes nonlinearly rather than linearly with time, we multiply the slope of the trend 
line by an exponential decay function. We then use this decayed trend line to project 
each state’s population from 2020 to 2075. We pick the value of the decay-exponent so 
that our resultant projections of U.S. total population match the population projections 
of the EIA (2014c). Formally, 
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PS ,Yt = PS ,Yt−1 ⋅exp
gYt ,Yt−1⋅ Yt−Yt−1( )

gYt ,Yt−1 = b2010−2030 +m2010−2030 ⋅Yt( ) ⋅exph⋅ Yt−2015( )

m2010−2030 =

Yt −Y2010−2030( ) ⋅ gt − g2010−2030( )
2010

2030

∑

Yt −Y2010−2030( )
2

2010

2030

∑

b2010−2030 = Y2010−2030 −m2010−2030 ⋅Y2010−2030

 

 
 
where  
 
P
S ,Yt

 = the population in state S in year Y
t
 

t-1 = the period prior to t 
g
Yt ,Yt−1

 = the annual rate of change in population between year Y
t
 and year Y

t−1
, 

calculated as a linear extrapolation based on the growth rates between 2010 and 
2030, multiplied by an exponential decay (non-linearizing) factor.  

Y
2010−2030

= the average years between 2010 and 2030 (the period over which the Census 
projected each state’s population) 

g
2010−2030

= the average of the five-year projected population growth rates between 2010 
and 2030.  

h = exponent determining the rate of decay of the population growth rate, away from 
the linear trend derived from the Census projections, after 2015 (we assume a value 
of -0.0095 resulting in modest decay that makes the resultant projected population of 
the U.S. close to the values projected by the EIA [2014c]). 

 
State GDP 
 
State GDP is calculated as the product of GDP per capita and state population. The state 
population is discussed above. The International Monetary Fund (World Economic 
Outlook Data Base, 
http://www.imf.org/external/pubs/ft/weo/2014/02/weodata/index.aspx.), 
CitiGroup Global Markets (Buiter and Rahbari, 2011), and the EIA (2014c) project 
GDP/capita, and HSBC Global Research (Ward, 2012) projects income per capita. The 
projections range from between 0.6%/year to 2.1%/year, depending on the projection 
period, with an average of around 1.6%/year. We believe however that lower values 
are more realistic. We assume the following values for all states:  
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LCHB Medium HCLB 

Annual change in real GDP per capita 1.50% 1.25% 1.00% 
 
A higher rate of change in GDP per capita results in a higher value of life, which results 
in higher benefits for the 100% WWS scenario. 
 
 
7) THE NATIONAL-AVERAGE LEVELIZED COST OF ELECTRICITY BY TYPE OF 
GENERATOR 
 
To estimate the national-average levelized cost of electricity by type of generator we 
expand and update the calculation documented in Delucchi and Jacobson (2011).  Table 
S13 shows our complete set of assumptions and intermediate calculated values.  In this 
section we document our assumptions and tabulate and annotate the main literature 
used in our analysis (Table S14).  
 
Overview of the method 
 
We estimate the fully annualized cost per delivered kWh from new capacity put in 
place in a near-term base year and a long-term target year, for the BAU scenario and the 
100% WWS scenario. For the near-term base year, we estimate the costs of conventional 
(mainly coal, gas, and nuclear) and wind, water, and solar (WWS) technologies as part 
of present-day electricity systems. For the long-term target year, we estimate the costs of 
conventional, non-WWS technologies in the context of the U. S. Energy Information 
Administration's (EIA) Annual Energy Outlook 2014 (EIA, 2014a, 2014c, 2014e) reference-
case projections (our BAU), and estimate the costs of WWS technologies for both the 
BAU and the 100% WWS scenario. (The costs of WWS technologies in a 100% WWS 
system will be different from the costs of WWS technologies in a conventional, EIA-
reference-case system because the 100% WWS system will require different measures 
for balancing supply and demand but also will have different costs due to economies of 
scale and learning associated with greater development and use of technology.) We 
assume that the benefit stream – the provision of electricity services – is the same in the 
EIA reference case (BAU) and the 100% WWS scenario, and hence the same for any 
particular plant/technology type within the electricity-generation scenarios.  
 
We first estimate national-average costs by technology, as described in this section, and 
then in a subsequent section adjust these to estimate regional and state-level costs by 
accounting for regional differences in initial costs, fuel costs and capacity factors. We 
calculate regional adjustments for gas, coal, oil, wind, and solar plants. For the fossil-
fuel plants, hydropower, and geothermal plants, the regional adjustment accounts for 
differences in initial costs and fuel costs, and for the wind and solar plants the regional 
adjustment accounts for differences in initial costs and capacity factors. We do not 
account for regional differences in the cost of nuclear power.  
 
The annualized cost per kWh is equal to the annualized initial cost plus annualized 
periodic costs and transmission and distribution-system costs, divided by annual kWh 
output. The annualized initial cost is based on the actual physical depreciation (loss of 
capacity) over time, accounting for construction interest cost prior to operation, major 
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capital expenditures to extend the life of the plant, and salvage value and 
decommissioning cost at end of life. Annual periodic costs are calculated as the present 
worth of the actual periodic cost stream, annualized over the operating life. 
Transmission and distribution system costs include the costs of measures needed to 
balance supply and demand in 100% WWS systems.  
 
The annual kWh output is calculated by multiplying the rated kW capacity by the 
fraction of the 8760 hours in a year that the plant operates at capacity (the capacity 
factor). The capacity factor is estimated by considering the characteristics of the entire 
electricity generating system and, in the case of wind and solar power, the 
characteristics of the wind and solar resources and the performance of the technology. 
For the EIA reference-case (the basis of our BAU), we assume that the entire electricity 
generation system operates as projected in the EIA's Annual Energy Outlook 2014 (EIA, 
2014a, 2014c, 2014e). For the 100% WWS case, we assume what we believe is a plausible, 
reliable, electricity generation system, based partly on analyses by others and partly by 
our own analysis in Jacobson et. al (2015). (Note though that we have not done a least-
cost optimization.)  
 
Weighted LCOE vs. costs actually incurred in a particular year. Note that we estimate 
the levelized costs (going forward) of new systems put in place in the target year, and 
then estimate national or regional system-wide average costs by weighting each 
generator’s LCOE by its assumed share of generation in the target year. This method, 
which we will call LCOE-TY (for “levelized cost of energy in the target year”) facilitates 
comparison of the costs of different combinations of technology choices in the future. 
However, for two reasons, this method generally will not give the same relative overall 
system-average cost results as will an analysis of the actual system-wide costs incurred 
in the target year (ASC-TY) given a particular plan for phasing in various technologies 
over time, even when the target-year generation shares and capacity factors are the 
same in both cases (LCOE-TY and ASC-TY) The two reasons are  
 
1) The in-place capacity of each technology can rise or fall over time, meaning that the 
actual total capital costs incurred in the ASC-TY case will be different from the total 
capital costs implied by the capacity factors and unit capital costs in the LCOE-TY case.  
 
2) Capital costs, maintenance costs, and performance change over time, due to learning 
and scale economies, with the result that the actual costs and performance of the system 
in place in TY will not be the same as the going-forward costs and performance of new 
systems installed in TY.  
 
Put another way, the two methods (LCOE-TY and ASC-TY) will give the same relative 
overall costs only in the case where the total installed capacity, performance, and costs 
of each technology are constant over time.  
 
In our case, the LCOE-TY method differs from ASC-TY method on account of both 
reasons mentioned above. For example, the EIA (2014c) projects that over time natural-
gas fired capacity increases substantially and coal-fired capacity decreases. This means 
that our LCOE-TY method, relative to the ASC-TY method  
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• overestimates the capital-cost component of coal-fired generation but underestimates 
the capital-cost component of gas-fired generation;  

 
• underestimates the maintenance-cost component of coal-fired generation but over-

estimates the maintenance-cost component of gas-fired generation (because 
maintenance costs increase with age); and 

 
• overestimates the fuel efficiency and hence underestimates the fuel cost of gas and 

coal-fired generation (because efficiency improves over time, with the result that 
efficiency of new plants built in TY will be higher than the efficiency of the fleet in 
TY).  

 
Sources of data used in our analysis 
 
With four exceptions, our analysis of national-average costs by technology type, shown 
in Table S13, is based on the data summarized in Table S14 and the information 
discussed in the following sections here. The four exceptions are: we estimate costs for i) 
“combined-cycle conventional” and ii) “combined-cycle advanced with carbon capture” 
relative to costs for “combined-cycle advanced,” using relative costs from the EIA 
(2014a, Table 8.2) and our judgment; and we estimate costs for iii) “municipal solid 
waste” and iv) “distributed generation” based on the EIA (2014a, Table 8.2) and our 
judgment. However, for these four we do estimate capacity factors as described below, 
using EIA AEO projections. We also assume that municipal solid waste feedstock is 40% 
of the cost of biomass feedstock.  
 
Note also that we treat the Table S14 estimates for diesel generators as proxies for diesel 
steam turbines.   
 
Important parts of our method 
 
We calculate the levelized cost of electricity as the sum of the annualized initial costs, 
annualized fixed operating and maintenance (FOM) costs, variable O&M costs, fuel 
costs, and transmission and distribution costs, using (as we derive in the next 
subsection) a continuous rather than a discrete-interval annualization, 
 

  

C j ,US ,Y ,W =
CAI , j ,US ,Y ,W +CFOM , j ,US ,Y ,W

CFj ,US ,Y ,W ⋅8760
+CVOM , j ,US ,Y +CFUEL , j ,US ,Y +CTD , j ,US ,Y ,W

CAI , j ,US ,Y ,W =
r ⋅CI , j ,US ,Y ,W

1− e−r⋅t

CFUEL , j ,US ,Y =
CFUEL*, j ,US ,Y

eff j ,US ,Y

 

 
where  
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C

j ,US ,Y ,W  = the levelized cost of delivered electricity from technology j in the United 

States in year Y  in scenario W ($/kWh) (Table S13) 

  
C

AI , j ,US ,Y ,W  = the annualized initial cost of technology j in the U.S. in year Y in scenario W 

(  $/kWP-NM/year ) (Table S13) 

  
C

FOM , j ,US ,Y ,W  = the fixed operating and maintenance (OM) cost of technology j in the U.S. 

in year Y in scenario W ( $/kWP-NM/year ) (Table S13; discussed below) 

  
C

VOM , j ,US ,Y ,W  = the variable operating and maintenance (OM) cost of technology j in the 

U.S. in year Y in scenario W ($/kWh) (Table S13; discussed below) 

  
C

FUEL , j ,US ,Y  = the cost of fuel for technology j in the U.S. in year Y ($/kWh) (Table S13) 

  
C

TD , j ,US ,Y ,W  = the transmission and distribution-system (TD) cost of technology j in the 

U.S. in year Y in scenario W ($/kWh) (Table S13; discussed below) 

  
CF

j ,US ,Y ,W  = the capacity factor for technology j in the U.S. in year Y in scenario W 

 

kWhac-grid/year

kWP-NM ⋅8760

⎛

⎝⎜
⎞

⎠⎟
 (discussed below) 

  
kWhac−grid /year  = kWh of ac electrical energy delivered to the grid per year 

 
kW

P−NM
 = kW of rated “name-plate” peak power (see discussion immediately below) 

8760 = hours per year 

  
C

I , j ,US ,Y ,W = the initial cost of technology j in the U.S. in year Y in scenario W (
 
$/kW

P-NM
) 

(discussed below) 
r = the annual discount rate (discussed below) 
t = the lifetime of the technology before replacement (years) (Table S13; discussed 

below) 

  
C

FUEL*, j ,US ,Y  = the cost of fuel for technology j in the U.S. in year Y ($/million-BTU 

[HHV]) (Table S13; discussed below) 

  
eff j ,US ,Y  = the efficiency of fuel-use for technology j in the U.S. in year Y (kWh/million-

BTU [HHV]) (Table S13; discussed below) 
subscript j = technology types (Table S13) (note that the EIA’s AEO reference 

projections, used in our BAU scenario, include only fixed-tilt PV, of unspecified 
technology [EIA, 2014a]; therefore, for utility PV in our BAU we use the average 
of thin-film and crystalline fixed-tilt) 

subscript W = 100% WWS or BAU scenario 
HHV = higher heating value 
 
The use of the rated or “nameplate” peak power. The peak rated or “name-plate” 
power, 

 
kW

P−NM
, is part of the capital-cost parameter and part of the capacity-factor 

parameter, so it is important, of course, that estimates of the capital cost and the 
capacity factor are in fact based on the same definition of 

 
kW

P−NM
.  This definitional 

consistency mainly is an issue for photovoltaics (PVs) and wind turbines, because the 
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peak power of these depends on the intensity of solar radiation or the wind speed. PV 
manufacturers rate panels under “Standard Test Conditions” (STC; irradiance of 1,000 
W m-2, solar spectrum of AM 1.5 and module temperature at 25 °C.) 
(http://en.wikipedia.org/wiki/Solar_panel), and generally analyses of the cost and 
performance of PVs use this standard convention (e.g., 
http://rredc.nrel.gov/solar/calculators/pvwatts/version1/change.html; U.S. DOE, 
2012). It appears that wind turbines generally are rated at a wind speed of 11 m/s 
(http://distributedwind.org/wp-content/uploads/2012/08/Certified_Ratings.pdf), 
but that this standard is not as universally accepted as the STCs are for PVs. It therefore 
is possible that in the case of wind power cost figures from one source are not consistent 
with capacity figures from another source.  
 
Derivation of the formula for a continuous annuity, for levelizing (annualizing) costs 
 
A “levelized” cost per unit, such as the $/kWh levelized cost of electricity, is equal to 
annualized initial costs plus periodic annual costs (such as fuel and operating and 
maintenance) divided by annual output. Typically, annualized initial costs are 
calculated using the formula for an annuity “paid” in a lump sum at the end of a 
discrete time interval, 
 

  

C
AI
=

r ⋅C
I

1− 1+ r( )
−t

 

 
where r is the annual interest rate, t is the life of the technology in years, and annuity 
payments are made at a discrete point in time, the end of the year. This method is 
exactly correct for calculating a payment that actually is made at discrete intervals, but 
it is not technically correct for annualizing (or “levelizing”) energy-service costs, 
because the purpose of the annualization is to produce a cost stream with a time-flow 
characteristic that matches the time flow of the energy output (e.g., in the levelized 
$/kWh cost calculation, the output is the continuous flow of kWh). Because energy 
production and use actually is continuous, the annualization of the initial cost of energy 
generators also should be based on a continuous time stream of “payments” rather than 
discrete-interval payments.  
 
To derive a continuous annuity formula from the standard discrete-interval formula, we 
first introduce a variable n that represents the number of payments per year, with the 
ultimate aim of solving for 

 
C

AI
 when n approaches infinity (and hence the time interval 

approaches zero), 
 

  

C
AI(n)

=

r

n
⋅C

I

1− 1+
r

n

⎛
⎝⎜

⎞
⎠⎟

−n⋅t  

 
Here r remains the annual discount rate, and t still is denominated in years, but n is 
denominated in 1/years. If for example n =12 (months)/year, then r/n is effectively the 
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monthly interest rate (%/year x years/month), t x n is the lifetime in months 
(months/year x years), and 

  
C

AI(n)
is the “payment” made every 1/nth of a year; i.e., in 

every month for this example.  
 
If we multiply both sides by n, then we have 
 
 

  

C
AI(n)

⋅n =
r ⋅C

I

1− 1+
r

n

⎛
⎝⎜

⎞
⎠⎟

−n⋅t  

 
 
where the quantity 

  
C

AI(n)
⋅n  is the total amount paid over the year (the 1/nth-year 

payment multiplied by n payments per year). Note that 
  
C

AI(n)
⋅n is not the same as 

 
C

AI
; 

the latter is the single year-end payment made every year, whereas the former is the 
sum, over a year, of the n payments made every 1/nth of a year.  No matter what the 
value of n, the quantity 

  
C

AI(n)
⋅n always equals the total payments over a year. And as n 

approaches infinity, 
  
C

AI(n)
⋅n becomes the total over a year of a continuous payment rate, 

which is just what we want, because it corresponds with the total over a year of the 
continuous annual energy (electricity) generation rate. We will designate this 
continuous payment rate 

  
C

AI*
, to distinguish it from the discrete lump-sum end-of-year 

payment 
 
C

AI
. 

 
Finally, we want to find  
 

  

lim
n→∞

1+
r

n

⎛
⎝⎜

⎞
⎠⎟

−n⋅t

 

 
Let us define  n ≡ m ⋅r . Thus we have  
 

  

lim
n→∞

1+
r

n

⎛
⎝⎜

⎞
⎠⎟

−n⋅t

≡ lim
m→∞

1+
r

m ⋅r
⎛
⎝⎜

⎞
⎠⎟

−m⋅r⋅t

= lim
m→∞

1+
1

m

⎛
⎝⎜

⎞
⎠⎟

−m⋅r⋅t

= lim
m→∞

1+
1

m

⎛
⎝⎜

⎞
⎠⎟

m⎛

⎝
⎜

⎞

⎠
⎟

−r⋅t

 

  
The quantity in the outer parentheses is defined to be the constant e. Thus we have  
 

  

lim
n→∞

1+
r

n

⎛
⎝⎜

⎞
⎠⎟

−n⋅t

= e
−r⋅t  

 
and  

  

C
AI*

=
r ⋅C

I

1− e
−r⋅t
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where r remains the annual discount rate and t is the lifetime in years. 
 
We apply this continuous annuity formula to the annualization of all initial costs, to the 
annualization of the present worth of capacity-factor-years, and to the annualization of 
the present worth of the operations and maintenance cost stream.  
 
The cost of WWS technologies in the BAU in year Y 
 
For three reasons, the cost of WWS technologies in year Y in the BAU differs from the 
cost of WWS in year Y in the 100% WWS scenario:  
 
1) The transmission and distribution (T&D) system in the 100% WWS scenario is 
different from the system in the BAU. The cost of the T&D  system in the BAU is based 
on the EIA’s AEO cost projections; the cost of T&D in the 100% WWS scenario starts 
with the EIA’s AEO cost projections and then incorporates the costs of modifications to 
the T&D system due to more decentralized generation and additional supply-and-
demand balancing measures in the 100% WWS scenario. See the discussion of T&D 
system costs below. 
 
2) The installed capacity of WWS is much less in the BAU than in the 100% WWS 
scenario, and as a result the initial cost of WWS technology, which on account of 
learning and economy-of-scale effects is a function of installed capacity, is higher in the 
BAU than in the 100% WWS scenario. We assume that the initial cost of WWS in the 
BAU declines over time (from year Y* to year Y) by only a (small) fraction of the decline 
in the 100% WWS scenario. We estimate this fraction as a nonlinear function of the 
difference between Y* and Y. See the discussion of the parameter 

  
C

wws ,Y ,BAU
. 

 
3)  Capacity factors for WWS technologies in the BAU are different from the capacity 
factor in the 100% WWS scenario, on account of differences in the installed capacity 
(which can entail differences in the average quality of the wind or solar resources used) 
and differences in system operation in order to ensure reliably matching of supply and 
demand. Capacity factors in the BAU are estimated based on the EIA’s AEO projections; 
capacity factors in the 100% WWS scenario start with actual current-year factors and 
then account for assumed changes over time in resource quality, technological 
performance, and system operation. See the discussion of the capacity factor in the 
subsections below. 
 
To ensure consistency between our estimates of WWS technology costs in the BAU 
and the 100% WWS scenario, we estimate BAU costs relative to 100% WWS costs 
where appropriate. Formally,  
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C
wws ,Y ,BAU

= C
AI ,wws ,Y ,BAU

+C
VOM ,wws ,Y

+C
FOM ,wws ,Y ,BAU

+C
TD ,Y ,BAU

C
FOM ,wws ,Y ,BAU

= C
FOM ,wws ,Y ,100%WWS

⋅
CF

wws ,Y ,100%WWS

CF
wws ,Y ,BAU

C
AI ,wws ,Y ,BAU

=
C

AI ,wws ,Y*
⋅CF

wws ,Y*
− K

1
⋅ C

AI ,wws ,Y*
⋅CF

wws ,Y*
−C

AI ,wws ,Y ,100%WWS
⋅CF

wws ,Y ,100%WWS( )
CF

wws ,Y ,BAU

K
1
= 1−

Y −Y *

100

⎛
⎝⎜

⎞
⎠⎟

K2

 

 
where  
 

  
C

wws ,Y ,BAU
 = the levelized cost of WWS technologies in year Y in the BAU ($/kWh)  

  
C

AI ,wws ,Y ,BAU
 = the annualized initial cost of WWS technologies in the BAU in year Y 

($/kWh)  

  
C

VOM ,wws ,Y
 = the variable O&M costs of WWS technologies in year Y ($/kWh) (assumed 

to be the same for the BAU and the 100% WWS scenario)  

  
C

FOM ,wws ,Y ,BAU
 = the fixed O&M costs of WWS technologies in year Y in the BAU ($/kWh)  

  
C

TD ,Y ,BAU
 = the cost of the transmission and distribution system in year Y in the BAU 

($/kWh) (based on the EIA’s AEO; see discussion below) 

  
C

FOM ,wws ,Y ,100%WWS
 = the fixed O&M costs of WWS technologies in the 100% WWS scenario 

in year Y ($/kWh) (see discussion of O&M costs in regards to Table S13) 

  
CF

wws ,Y ,100%WWS
 = the capacity factor for WWS technologies in year Y in the 100% WWS 

scenario (see discussion below) 

  
CF

wws ,Y ,BAU
 = the capacity factor for WWS technologies in year Y in the BAU (see 

discussion below) 

  
C

AI ,wws ,Y*
 = the annualized initial (AI) cost of WWS technologies in the base year Y* 

($/kWh)  

  
C

AI ,wws ,Y ,100%WWS
 = the annualized initial cost of WWS technologies in the target year Y in 

the 100% WWS scenario ($/kWh)  

  
K

1
= the decline in the annualized initial cost of WWS (in the BAU) as a fraction of the 

difference between the base-year Y* and the target-year Y* cost in the 100%WWS 
scenario 

  
K

2
= exponent determining the rate of decline in the annualized initial cost of WWS 

technologies as a function of time (higher values result in smaller fractions) (see 
discussion below). Its values are as follows: 
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Geothermal Hydropower Wind Solar thermal Utility PV Rooftop PV 

0.00 0.00 2.50 0.50 3.50 3.00 

Table S13 shows intermediate calculated values and results. 
 
Annual discount rate 
 
The U.S. Office of Management and Budget (OMB) (2003) recommends that cost-benefit 
analysis of public investments and regulatory impacts use two discount rates: one that 
reflects the opportunity cost of capital in the private sector, and one that reflects the 
time value of private consumption. In 2003, the OMB (2003) estimated that the former 
was 7% (based on the real before-tax rate of return on private investment) and that the 
latter was 3% (based on the real rate of return on long-term government debt, such as 
10-year treasury notes). However, from 2003 to 2013 the real rate of return on 10-year 
treasury notes has averaged only 1.4% 
(http://www.federalreserve.gov/releases/h15/data.htm;  “Market yield on U.S. 
Treasury securities at 10-year constant maturity, quoted on investment basis, inflation-
indexed”). In line with this, the OMB (2013) now recommends using a real discount rate 
of 1.9% for cost-effectiveness analysis (which the OMB treats differently from cost-
benefit and regulatory-impact analysis). Moreover, the OMB (2003) adds that “if your 
rule will have important intergenerational benefits or costs you might consider a further 
sensitivity analysis using a lower but positive discount rate,” and suggests a range of 1-
3%.  
 
Other analyses, more comprehensive than the OMB's, indicate that for two reasons, the 
OMB's upper-range value of 7% is too high. First, the real pre-tax rate of return on 
private investment likely is less than 7% -- Moore et al. (2004) estimate that it is about 
4.5%. Second, the pre-tax rate of return to private investment is the appropriate 
discount rate only for relatively short-term public projects that dollar-for-dollar crowd 
out private investment; for projects that  have a longer time horizon or that affect 
consumption as well private investment, a lower discount rate is appropriate (Moore et 
al., 2004; National Center for Environmental Economics, 2014). Moore et al. (2004) 
review the accepted methods for estimating the social discount rate (SDR), and 
conclude that "no matter which method one chooses, the estimates for the SDR vary 
between 1.5 and 4.5 percent for intragenerational projects, and between 0 and 3.5 
percent for projects with intergenerational impacts" (p. 809). The National Center for 
Environmental Economics (2014) has a similar discussion and indicates (without 
explicitly recommending) that a reasonable range is 2% to 5%.  
 
With these considerations, we use a rate of 1.5% in our “low” cost (LCHB) scenarios and 
a rate of 4.5% in our “high” cost (HCLB)  scenarios.  
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Year of prices 
 
We use GDP implicit price deflators to convert all costs except electricity-power-plant 
capital costs from the price-year basis in the original source to our designated price-
year basis (2013). (The designated price-year basis can be any user-specified year up 
to the year for which the most current GDP implicit price deflator is available.) 
 
For electricity-plant capital costs, we follow the EIA (2014a, 2014c) and develop an 
adjustment that accounts for trends in prices relevant specifically to the construction of 
power plants relative to trends in the general price level embodied in the GDP implicit 
price deflator. The EIA (2014a) applies “a cost adjustment factor, based on the producer 
price index for metals and metal products, [which] allows the overnight costs to fall in 
the future if this index drops, or rise further if it increases” (p. 96).  More precisely, the 
EIA projects the metals and metal- product producer price index (MMP-PPI) – a proxy 
for electricity-plant prices –  relative to its projection of GDP chain-type price indices 
(GDP-CTPI), for each year of its projection, and then multiplies power-plant capital 
costs by the relative adjustment factor for each projection year.  

We start with the EIA’s projection of the GDP-CTPI and the MMP-PPI from 2012 to 2040. 
We use historical data to fill in the series back to 1990 (to enable the use of a designated 
price year as early as 1990), and extend the series to 2075 using a ten-year moving linear 
extrapolation. To get from the starting estimate of capital costs in the original price year 
of the source material to capital costs in the designated price year of our analysis, we 
multiply the original estimate by the appropriate MMP-PPI ratio, which converts the 
capital-cost estimate to what it would be were it estimated in designated-year prices 
specifically for capital costs. To capture the effect of changes over time in real power-
plant capital costs relative to changes in general prices, we then multiply by the ratio of 
the MMP-PPI to the GDP-CTPI for the target year vs. the designated price year.  

Formally,  

  

CCEl ,Y ',Y = CCEl ,Y0

⋅ADJEl ,p

ADJEl ,p =
pMMP−PPI ,Y '

pMMP−PPI ,Y0

⋅

pMMP−PPI ,Y

pMMP−PPI ,Y '

pGDP−CTPI ,Y

pGDP−CTPI ,Y '

 

where  
 

 
CC

El
= the capital cost of electricity power plants ($/kW) 

  
ADJEl ,p = the adjustment factor for changes in the price of electric power plants  

p = price index 
 
Subscripts:  
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MMP-PPI = metals and metal products producer price index 
GDP-CTPI = gross domestic product chain-type price index 
Y = target year of the analysis (for impacts or technology status) 
Y’ = the designated price-year of the analysis 
YO = the price year of the original cost estimates in the source documents (2012 for 

power-plant cost data used here) 
 
Because the EIA projects that the MMP-PPI will rise more slowly than the GDP-CTPI, 

the adjustment factor 
  
ADJEl ,p  is less than 1.0. Because WWS technologies are more 

capital intensive than conventional technologies, this has the effect of slightly 
reducing the levelized cost of electricity from WWS technologies relative to the 
levelized cost of conventional technologies.  
 
Interest charges during construction 
 
We assume that 1/2  to 2/3  of the total capital is required at the start of construction, 
and the remainder is required 1/2 or 2/3 of the way through the construction period. In 
comparison, Lazard (Jalan, 2014) estimates interest charges on construction capital 
assuming effectively that 1/2 of the capital is required at the beginning of construction 
and 1/2 is required at the end of construction. Lazard also ignores interest costs on 
projects less than 24 months.  
 
Overnight capital cost (national average) (year-2012 dollars): technology base year 
2013 (new capacity) ($/kW) 
 
These are complete system installed costs including engineering, other owner costs, and 
connection to the transmission system, but excluding borrowing costs during the 
construction period (which we treat separately). We estimate capital cost, lifetime, 
efficiency,  capacity factors, and O&M costs to be mutually consistent. Our estimates are 
based on a review of the literature (Table S14) with extra weight given in some cases to 
the data from Lazard (2014), because those data are the most up-to-date and 
transparent. For hydropower we give more weight to EIA's estimates from our 
literature review. We assume that nuclear power costs are 10% to 35%  higher than 
reported in the literature because nuclear power plants have tended to have particularly 
high cost over-runs (as much as 100%; Sovacool et al., 2014a, b, c), and as Hultman et al. 
(2007, p. 2088) note, for nuclear power "past experience suggests that high-cost surprises 
should be included in the planning process." (The discussion in Sovacool et al. supports 
the notion that even though recent estimates of the capital cost of nuclear power are 
higher than past estimates, the recent increases do not account for the factors that lead 
to cost overruns in the past.)  We assume that coal-plant costs are 5% to 10% higher than 
reported in the studies consulted here because thermal plants also tend to have cost 
overruns (about 10%; Sovacool et al., 2014b). For PV systems the capital cost here 
includes the inverter; however, In the intermediate calculated results the total capital 
cost is broken into an inverter component and an all other components, and the 
annualized cost for each of these is estimated. Solar thermal costs are based on Lazard's 
(2014) estimates with 18-hour storage. 
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As mentioned above, here we estimate national-average costs. In the next main section 
we estimate state or region-specific cost adjustments.  
 
Note: see the discussion in the section “Year of prices”.  
 
Overnight capital cost (year-2012 dollars): long-run limit cost w.r.t. base cost 
 
Our estimates of long-run costs relative to current costs are based on a review of the 
literature (Table S14 and other sources). We focus in particular on the long-run costs of 
wind and solar, because these are more uncertain.  
 
PVs: Barbose et al. (2014a) show that PV capital costs in the US have declined rapidly in 
the last several years, and are expected to continue to decline. In the US there appears to 
be considerable opportunity to reduce system costs not related to the cost of the 
modules, as evidenced by the much lower system costs today in other developed 
countries (e.g., in Germany in 2014 residential systems cost $2100/kW and commercial 
systems cost $1900/kW, excluding taxes -- much lower than in the US). (See also 
Goodrich et al., 2012, 2013.)  
 
For the residential and commercial PV markets, installed prices depend on the type of 
inverter (standard vs. micro-inverter) and the efficiency of the module (higher efficiency 
modules cost more) (Barbose et al., 2014), but we do not consider these differences here.  
 
Wind: Capital costs have declined in recent years in part because of economies of scale 
from building larger projects and higher-capacity turbines (Barbose et al., 2014b). 
 
Note: see the discussion in the section “Year of prices”.  
 
Overnight capital cost (year-2012 dollars): decline rate towards limit  
 
This is the continuous annual rate of approach to the long-run lower-limit cost from the 
base cost. We assume this is higher (i.e., that there are faster cost reductions) for 
technologies such as PVs for which there is significant potential for continued learning 
and relatively rapid cost reduction. In general we assume slower rates of decline in 
costs for conventional technologies than does the EIA (2014b) in its projections of the 
change in the levelized capital cost of generation technologies from 2019 to 2040. 
 
Capital expenditure to extend life (% of overnight capital) 
 
We assume that after at least 40 years of operating life, large coal, gas, and nuclear 
power plants either are allowed to age and retire or are refurbished for significant life 
extension (see e.g. EIA, 2010, 2014c; ICF Incorporated, 2013). We assume that operators 
will extend life only when it is economically advantageous, which we assume pertains 
to our low-cost (LCHB) (longest-potential-life) but not our high-cost (HCLB) case. 
Estimates of the expenditure for coal and nuclear are based on our judgment. Byrne 
(2013) indicates that capital costs to extend the life of wind turbines are a very small 
fraction of overnight capital costs.  
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Note that in principle we should have in internally consistent estimation of facility life, 
capital expenditure to extend life, initial capital cost, capacity factor, and O&M 
expenditure. Here we assume that if there is no capital expenditure to extend life, then 
O&M costs increase in the later years of the life of the facility.  
 
Here we use ICF Incorporated (2013) estimates of the life extension cost as a percentage 
of new unit cost,  
 

Coal steam 7.0% 

Combined cycle 9.3% 

Combustion turbine and internal-combustion engine 4.2% 

Oil/gas steam 3.4% 

IGCC 7.4% 

Nuclear 9.0% 

 
Timing of capital expenditure (% of facility life) 
 
For most technologies, we assume that in the low-cost (LCHB), long-life case, the life-
extension expenditure is made after about 65% of the ultimate extended life. For wind, 
we assume the expenditure is made after 60% of the ultimate extended life (Byrne, 
2013).  In the high-cost (HCLB), short-life case there is no life-extension expenditure, but 
the timing variable is relevant nevertheless because as discussed elsewhere it 
determines a break point between two rates of changes in O&M expenditures. We 
assume that this break point occurs at 70% of the life time in the HCLB case. The timing 
here is defined to be the time when the funds for the life-extension work are secured, 
which will be months and in some cases year before the life-extension work is 
completed. 
 
Decommission/salvage cost (% of overnight capital) 
 
This is the complete cost of decommissioning (scrapping) a power plant, as a fraction of 
its initial cost. Ideally the cost here is the total cost to return the site to the original 
condition, after any salvage value of material sold or left in place. Our estimates for 
nuclear and coal plants are based on site-specific cost estimates and other sources 
(Nuclear Regulatory Commission, 2013; Electric Power Research Institute, 2004; Nuclear 
Energy Agency, 2003). Our estimates for nuclear are consistent with World Nuclear 
Association's (2014) remark that decommissioning costs are 9-15% of initial capital cost. 
Our estimates of nuclear power-plant decommissioning cost are meant to include long-
term waste disposal, but it is not clear if the estimates in the literature include this fully. 
For nuclear SMR, we scale decommissioning factor for APWRs by the APWR/SMR 
capital cost ratio. Our estimates for on-shore wind are based on Byrne (2013). Our 
estimates for solar are based on our consideration of the plant complexity, mass of 
materials, toxicity and hazardousness, recyclability, and salvageability. Note that in 
some cases the percentages are higher in the "low-cost" (LCHB) case because 
decommissioning costs tend to be constant rather than an actual percentage of the initial 
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cost, which means that if the initial cost is lower the decommissioning cost as a 
percentage is  higher.  
 
Build time (years) 
 
Our estimates are based on a review of the literature (Table S14). For nuclear APWR we 
use estimates at the  high end of the reported ranges because the construction time for 
nuclear power plants typically is substantially underestimated (Sovacool et al., 2014a). 
For nuclear SMR we assume significantly less time than for APWRs. We assume that 
future hydropower projects will be modest in size and hence not take up to a decade to 
build. We assume that CSP without storage takes 5% less time to build than does CSP 
with storage. 
 
Facility life (years) 
 
The facility life is the period of operation before the facility either is decommissioned or 
is so extensively rebuilt that it effectively is new construction. (Note that the facility life 
is not necessarily the same as the “cost recovery” period used in some financial 
analyses.) Our estimates are based partly on a review of the literature (Table S14) and 
partly on data on actual retirement ages, discussed below (Table S8).  
 
Assumptions about the facility life must be consistent with assumptions regarding 
initial capital cost, capital expenditure to increase life, the capacity factor, and O&M 
expenditures. For example, the long lifetimes typically assumed for nuclear power 
presume major additional capital expenditures in mid-life, which we do account for 
here.  
Similarly, Peltier (2011) analyzed a similar database of U.S. power plants and found that 
the capacity factor and energy efficiency of coal-fired plants decrease with the age of the 
units. He suggests that old, inefficient, infrequently used plants that are costly to 
upgrade are the most likely to be retired in the coming years. The EIA’s National 
Energy Modeling System (NEMS), used to produce it’s Annual Energy Outlook, has an 
“Electricity Capacity Planning” Submodule that will retire older fossil-fuel plants if the 
costs of continuing to run them (including expected capital/upgrade expenditures) is 
greater than the cost of building new capacity (EIA, 2014e).  
 
The EIA’s Form 860 collects generator-specific data on capacity, power plant equipment, 
fuels used, date of operation, and planned and actual retirement dates 
(http://www.eia.gov/electricity/data/eia860/). Based on these data, an online “Today 
in Energy” brief from the EIA 
(http://www.eia.gov/todayinenergy/detail.cfm?id=15031) reports the following for 
retired coal-fired generating units: 
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 2010 2011 2012  

total net summer capacity (MW) 1,418 2,456 10,214  

number of units 29 31 85  

average net summer capacity (MW) 49 79 123  

average age at retirement 58 63 51  

average tested heat rate (Btu/kWh) 11,094 10,638 10,353  

capacity factor 36% 33% 35%  

 
An earlier brief (http://www.eia.gov/todayinenergy/detail.cfm?id=7290) shows that 
units planned for retirement from 2012 to 2015 have an average age of about 56 years.  
 
For this project we used the complete EIA-Form 860 database to calculate the capacity-
weighted average actual or planned retirement age for plants using different fuels 
(Table S8).  
 
 
 
Table S8. Summer-capacity-weighted average of retirement for generators using 
different energy sources (years) 
 

 Plants retired 2001 to 2013 Planned for retirement 2014- 

Fuel or plant type All sectors 
Electric 
Utility 

IPP Non-
CHP 

All sectors 
Electric 
Utility 

IPP Non-
CHP 

Nuclear  32.5 31.3 38.9 46.0 NA 46.0 

Bituminous coal 51.5 52.9 49.7 53.2 53.8 53.6 

Subbituminous coal 48.7 45.9 51.9 50.4 49.0 54.3 

Lignite 52.8 NA 52.8 NA NA NA 

Anthracite NA NA NA NA NA NA 

Natural gas 41.8 48.7 39.2 49.7 53.8 46.3 

Gas turbine 32.8 37.5 32.4 43.3 42.8 43.7 

Distillate fuel oil 40.5 41.1 40.4 44.3 44.1 44.7 

Residual fuel oil 46.9 44.2 51.6 47.2 59.6 42.0 

Hydropower 62.4 57.5 79.7 53.2 53.4 30.2 

Geothermal 17.3 NA 16.6 NA NA NA 

 
Source: Data from EIA Form-860 (http://www.eia.gov/electricity/data/eia860/). 
IPP-Non-CHP = independent power producer, non-combined heat and power. 
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Our assumptions for the main BAU technologies (Table S13) are based in part on the 
results shown in Table S8. For nuclear SMR, we assume a slightly shorter life time than 
for APWRs. Our estimates for wind farms assume that longer-life wind farms have 
higher O&M costs and reduced availability (i.e., a lower capacity factor) (Byrne, 2013).  
 
Capacity factors (national average): overview 
 
The capacity factor is equal to [actual ac-electricity output to the grid over a year] 
divided by [potential energy output at maximum rated (“nameplate”) power for all 
8760 hours in a year].  
 
Actual output is less than maximum potential continuous output because of planned 
and un-planned outages and downtime, degradation of mechanical performance due to 
wear and tear, intentional idling or curtailing to meet system loads, and, in the case of 
solar or wind power, fluctuations in the primary energy inputs (wind speed and solar 
insolation) that result in the annual average input being less than the maximum 
potential.  
 
Our objective here is to estimate the discounted lifetime average capacity factor for each 
technology, for the near-term base year and the BAU scenario and the 100% WWS 
scenario for the long-term target year. For most in-use technologies in the near-term 
base year, and for most technologies in the BAU scenario in the long-term target year, 
we start with the EIA’s (2014c, 2014f) AEO projections of fleet-average capacity factors. 
To estimate capacity factors in the 100% WWS scenario for the long-term target year, we 
start with estimates for the near-term base year, and then project future changes in four 
parameters that affect the capacity factor,  
 
• degradation,  
• resource availability (e.g., average wind speed or solar intensity),  
• technological performance, and 
• system operation to ensure balancing of supply and demand.  
 
Note that the EIA estimates we start with are of the capacity factor of an in-use fleet, 
whereas we ultimately wish to estimate the discounted lifetime capacity factor for each 
technology. The two are not the same because the average age of the fleet is not 
necessarily the same as the effective average age of an individual technology over its 
life. Our method, therefore, is first to back out from the EIA’s fleet-average estimates 
what we assume are the effects of age-related degradation, to get the capacity factor for 
a brand-new fleet of a particular technology, and then to account for the effects of 
degradation over the entire life of the plant, with discounting (as discussed next), to 
arrive at our objective, the discounted lifetime average capacity factor.  
 
As just mentioned, we estimate a discounted lifetime average capacity factor, in order to 
account for the effect, on the present worth of lifetime electricity generation, of changes 
in the capacity factor over time. For all technologies except wind we assume that the 
capacity factor changes over time due only to performance degradation; i.e., we assume 
that plant availability, already included in our estimates of the year-zero capacity factor, 
is constant over time, except in the case of wind power. For wind, we correct for the 
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difference between the present worth of the actual availability schedule (Byrne, 2013) 
and a constant availability schedule. 
 
Capacity factor: fleet average capacity factors  
 
The EIA’s (2014c, 2014f) AEO projects national fleet-average capacity factors for all of 
the major generation technologies considered here. As mentioned above and shown 
below (Table S9), we use the EIA’s estimates for our near-term, base-year case and for 
our target-year BAU scenario. In most cases, the EIA’s AEO capacity factors are the 
same as, or very close to, the capacity factors we estimate for the year 2014 based on 
data reported for the first several months of 2014 (EIA, 2014d).  
 
The EIA’s AEO projects through the year 2040. We extend the projection to the year 
2075 using a 10-year moving linear extrapolation, but with the resultant trend slope 
dampened by the 0.35 power . This prevents the capacity factor beyond 2040 from 
deviating much from the year-2040 value.  
 
For any technologies not included in the EIA’s AEO, our estimates are based on a 
review of the literature (Table S14). Capacity factors for solar vary greatly by solar or 
wind resource class; we have assumed national-average values typical for the year 2014.  
 
Capacity factor: fleet average age (% of life) 
 
This is the average age of the fleet to which the technology base year fleet-average 
capacity factor applies. We use this to back-out the effects of aging embedded in the 
fleet-average capacity factors, in order to obtain the capacity factors for new systems.  
 
Capacity factor: annual degradation of capacity factor (base-year tech.) (+) 
 
The degradation factor is mean to capture the effects of gradual, low-level, irreversible 
wear and tear as a system ages, resulting in, for example, increased mechanical friction, 
increased electrical resistance, and reduced combustion efficiency. This degradation 
factor does not incorporate loss of output due to planned or un-planned downtime for 
repairs and maintenance or the impacts of weather or other external conditions on 
output, effects that we include in the technology base-year capacity factors. The 
discounted lifetime degradation factor is calculated by taking the present worth of the 
actual series of degraded life-years and annualizing that into equal payments. The 
formula for a continuous annuity is discussed above. The present worth of degraded 
life-years is calculated as  
 

  

DG
PW

= −
e
− d+r( )⋅L

−1

d + r

 

 
where  
  

 
DG

PW
 = the present worth of degraded life-years (years) 

d = the annual rate of degradation of the capacity factor (discussed below) 
r = the annual discount rate 
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L = the lifetime of the facility (years) 
 
Staffell and Green (2014) cite studies that estimate or assume that conventional fossil-
fuel technologies degrade at 0.2% to 0.7% per year.  For wind assume that degradation 
is a minor component of the combined availabilty+degradation+turbine-death factor of 
1.6%/year estimated by Staffell and Green (2014). Our assumptions for PV are based on 
the analysis in Jacobson et al. (2014) and Bolinger and Weaver's (2014) suggestion that 
0.50%/year is a "standard" assumption.  
 
Capacity factor: annual change in degradation rate (-) 
 
We assume that over time the degradation factor decreases, at 0.1% per year for 
relatively  mature technologies (all conventional generation) and 0.5% for year for 
relatively new technologies (e.g., wind and solar).  
 
Capacity factor: resource availability long-run limit w.r.t. base (100% WWS 
scenario only) (<100%) 
 
Resource availability refers to available energy from wind, solar, and water resources, 
with respect to the availability in the base year. Although one might expect that in 
general, at a national level, wind and solar would be developed in the best sites first, 
with the result that over time progressively worse sites would be developed leading to 
lower national-average capacity factors, this is not necessarily the case, because other 
forces are at work. Indeed, it appears that most high-wind and high-solar sites have yet 
to be developed. Bolinger and Weaver (2014) report that "the quality of the solar 
resource in which PV projects are being built in the United States has increased on 
average over time" (p. i), and Barbose et al. (2014b) state that "the United States still has 
an abundance of undeveloped high-quality wind resource areas" (p. 42).  
 
These considerations suggest that effect on capacity factors of variation in solar 
intensity and wind speed over time is not well captured by a single national-average 
adjustment. Therefore, we account for the effect of variations in solar and wind resource 
availability at the state level (see discussion in a later subsection).  
 
We do however assume that nationally most good hydropower sites already have been 
developed.  
 
In the case of wind power, another factor affects the amount of energy available from 
wind resources in a target year with respect to the amount available in the base year. As 
the number of wind farms increases, the extraction of kinetic energy from the wind by 
the turbines decreases the average wind speeds, which in turn reduces the potential 
power output from the wind farms (Jacobson and Archer, 2012). We account for this at 
the state level (see discussion in a later subsection).  
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Table S9. Source of fleet-average capacity-factor estimates 
 
Technology Source of estimate of capacity factor  

Advanced pulverized coal EIA (2014f) Coal 

Advanced pulverized coal w/CC Assume same as “Advanced pulverized coal” 

IGCC coal EIA (2014f) IGCC without sequestration 

IGCC coal w/CC EIA (2014f) IGCC with sequestration 

Gas combustion turbine EIA (2014f) Combustion turbine/diesel 

Combined cycle advanced EIA (2014f) Combined cycle advanced without sequestration 

Combined cycle conventional EIA (2014f) Combined cycle conventional 

Combined cycle advanced w/CC EIA (2014f) Combined cycle advanced with sequestration 

Diesel generator (for steam 
turbine) 

EIA (2014f) Oil and natural gas steam 

Nuclear, APWR EIA (2014f) Nuclear power 

Nuclear, SMR Assume same “Nuclear APWR” 

Fuel cell EIA (2014f) Fuel Cells 

Microturbine Table S14 

Distributed generation  EIA (2014c, 2014f) Distributed generation 

Municipal solid waste EIA (2014c) Municipal waste (electric power sector) 

Biomass direct 

EIA (2014c) Wood & other biomass (electric power sector) (because 
the EIA’s projections of capacity for the “wood and other biomass” 
category do not include plants that co-fire biomass and coal, we do 
not include generation from co-firing plants; i.e., we include 
generation from “dedicated plants” only) 

Geothermal EIA (2014c) Geothermal (electric power sector) 

Hydropower 

EIA (2014c) Conventional hydropower (electric power sector; we 
ignore hydro power in the “end-use” sector because it accounts for 
less than 1% of  hydro generation) 

On-shore wind EIA (2014c) Wind 

Off-shore wind Table S14 

CSP no storage EIA (2014c) Solar thermal (electric power sector) 

CSP w/ storage Table S14 

PV utility crystalline tracking Table S14; literature review 

PV utility crystalline fixed EIA (2014c) Solar photovoltaic (electric power sector) 

PV utility thin-film tracking Table S14; literature review 

PV utility thin-film fixed EIA (2014c) Solar photovoltaic (electric power sector) 

PV commercial rooftop EIA (2014c) Solar photovoltaic (end-use sector) 

PV residential rooftop EIA (2014c) Solar photovoltaic (end-use sector) 

Wave power Table S14 

Tidal power Table S14 

Solar thermal (water or glycol 
solution) 

Table S14 
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Capacity factor: resource availability change rate (-) 
 
See the discussion regarding the resource availability, above. We assume that the 
modest long-run lower limits of WWS resource availability are approached relatively 
modestly (Table S13).  
 
Capacity factor: technology performance, long-run limit w.r.t. base (100% WWS 
scenario only) (>100%) 
 
Technological performance refers to technological changes to WWS technologies that 
affect the capacity factor, holding resource availability and all other factors constant.  
Black and Veatch (2012) project that the capacity factor for class 3 onshore-wind 
resources increases from 32% in 2010 to 35% in 2050. Barbose et al. (2014b) report that 
rotor diameter, hub height, and swept area of wind turbines increased from 1999 to 
2013. Bolinger and Weaver (2014) show that in recent years utility-scale PV projects 
have increased the "inverter loading ratio" (the ratio of array capacity to inverter 
capacity), with a resultant increase in capacity factor, although it does not seem that this 
trend can continue indefinitely. Our estimates (Table S13) are based on our judgment 
that the potential to increase the capacity factor for on-shore wind is greater than the 
potential to increase it for PVs.  
 
Capacity factor: technology performance change rate (+) 
 
See discussion of technological performance.  
 
Capacity factor: multiplier to account for changes in system operation in the long-
run (100% WWS scenario only) (<>100%) 
 
This is a multiplier on the capacity factor that accounts for changes in the capacity factor 
in the long run in the 100% WWS scenario, with respect to the factor in the base year, 
due to changes in the operation of the entire electricity system for the purpose of 
matching supply with demand, holding constant the other determinants of the capacity 
factor (changes in degradation, resource availability, and  technology). For example, one 
way to address the mismatch between the pattern of demand and the pattern of wind 
and solar power availability is to increase the installed capacity of wind and solar to 
minimize the greatest difference between demand and available wind and solar power. 
However, this increase in capacity will result in times in which the available wind and 
solar power exceeds demand. If it is not possible to shift demand or store the immediate 
“excess” generation, then the excess generation will be unused (“spilled”), which 
reduces the capacity factor. 
 
Ideally the use of over-capacity, long-distance transmission, decentralized storage, and 
other means of matching supply and demand would be estimated jointly as part of an 
overall, comprehensive analysis of the least-cost methods of balancing supply and 
demand. Although we have not done such a comprehensive least–cost optimization 
analysis here, and have not formally modeled how selectively building over-capacity 
can help balance WWS supply with demand, we have estimated the cost of 
decentralized storage in a system that formally balances supply and demand (Jacobson 
et al., 2015). In the section “Transmission, distribution, storage, gap filling : other long-
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term (2050) storage and related costs (100% WWS scenario only),” we estimate the 
amount of over-capacity (represented by a decrease in the capacity-factor multiplier) 
that increases the system-wide average delivered cost of electricity by the same amount 
as does the use of decentralized storage. In this section we briefly discussion 
considerations that affect the application of the capacity factor multiplier and the 
interpretation of the levels of over-capacity and excess generation that give the same 
cost increase as does decentralized storage.  
 
Wind and solar power. For wind and solar systems, the capacity-factor multiplier 
represents the extent to which a system is built and operated to have "excess" or reserve 
renewable generation capacity, resulting in excess, unused ("spilled" or "curtailed") 
generation. Recent studies of the least-cost configuration of 100% renewable energy 
systems indicate that systems taking advantage of a relatively limited array of 
techniques to match supply and demand will spill 10% to 30% of total generation 
(Solomon et al., 2014; Rodriguez et al., 2014; Elliston et al., 2013).  However, no study to 
date takes advantage of the full array of optimization techniques; for example, none 
consider aggressive demand management and decentralized storage. We therefore 
conclude that optimized systems taking advantage of the full array of balancing 
techniques will spill less than 30% of total generation from all sources (not just wind 
and solar), and perhaps substantially less.  
 
In the case of wind and solar, it is most economical and practical to "overbuild" and 
curtail generation from technologies that are relatively inexpensive, relatively easy to 
control, relatively variable, and relatively abundant. We assume therefore that any 
overcapacity for the entire system is built into onshore wind and utility-scale solar PV 
plants. We do not assume any over-capacity for offshore wind because it is more 
expensive and less variable than is onshore wind, and we do not assume any over-
capacity for rooftop PV because it is more expensive and more difficult to manage than 
is utility scale PV. We also assume that solar thermal with storage is not overbuilt on 
account of it having its own storage capacity.  
 
With the cost estimates developed here (Table S13), it generally is less costly to build all 
of the over-capacity into onshore wind farms. Therefore, in the comparison, discussed 
below,  of the cost of over-capacity with the cost of decentralized storage, we vary the 
capacity-factor multiplier for onshore wind.  
 
Geothermal and hydropower.  For geothermal and hydropower, which are less variable 
on short time scales than wind and solar, the capacity-factor multipliers in our analysis 
are slightly greater than 100% on account of these being used more steadily in a 100% 
WWS system than in the base year. 
 
Capacity factor: long-run change rate (+) 
 
For coal, oil, gas, nuclear, biomass, geothermal, and hydropower plants, we base our 
estimates on the rate of change in the capacity factor from 2014 to 2040, as estimated in 
the EIA's (2014f) AEO 2014. For wind and solar systems we use our judgment.  
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Capacity factor: final value 
 
The maximum allowable capacity factor is 94%.  
 
Variable and fixed operating and maintenance (O&M) costs (unadjusted average)  
 
Most analyses distinguish “variable” from “fixed” O&M costs. Variable O&M costs 
generally are proportional to power output and hence typically are expressed in terms 
of cost per unit of generation ($/kWh). Fixed O&M costs include periodic capital and 
other expenditures that generally are related to the capacity rather than the generation 
of the plant, and hence are expressed in $/kW/year. We assume that fixed O&M costs 
do not include the cost of major refurbishment for the purpose of life extension, which 
we treat separately. 
 
In this section we estimate “unadjusted average” costs, meaning that the estimates do 
not (yet) account for the effect on discounted present worth of the actual temporal 
variation in O&M costs, which we treat separately. 
 
Our estimates of O&M costs are meant to include all the costs of operating and 
maintaining a power plant other than fuel costs and ongoing capital costs for the 
purpose of life extension. Thus, our estimates of O&M costs include administrative 
costs, insurance costs, plant overhead, and so on. However, O&M costs can be defined 
differently by different sources, and in some cases it is not clear what the reported 
estimates include.  
 
Our estimates are based partly on a review of the literature (Table S14), and partly on 
actual O&M costs reported for electric utilities (Table S10).  The actual reported costs are 
from the Federal Regulatory Energy Commission (FERC), which  collects data on 
operating expenses of major investor-owned electric utilities in the U.S. (Table S10).  
 
FERC Form 1 asks for operating expenses and maintenance expenses (separately) in 8 
different categories (http://www.ferc.gov/docs-filing/forms/form-1/form-1.pdf),  
 
• power production 
• transmission 
• regional market 
• distribution 
• customer accounts  
• customer and service and informational  
• sales  
• administrative and general.  
 
For nuclear SMR we assume the same O&M costs as for nuclear APWRs. We assume 
that CSP without storage has 90% of the fixed O&M cost of CSP with storage. For PVs, 
the fixed O&M cost here includes typical estimates of the cost of inverter replacement. 
However, as discussed under “capital costs,” we have estimated the annualized inverter 
cost separately. To avoid double counting, in the calculation of "periodic costs" we 
subtract from the input fixed O&M the fixed O&M charge implicit in our separately 
estimated inverter cost.   
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Table S10. Average reported power-plant operating expenses for major U.S. investor-
owned electric utilities (year-2013 cents/kWh) 
 

Year Operation and maintenance Fuel 

 

Nuclear 
Fossil 
Steam Hydro Other Nuclear 

Fossil 
Steam Hydro 

 
     

Other 

2002 1.76 0.66 0.79 0.71 0.58 2.02 0.00 4.00 

2003 1.77 0.67 0.71 0.71 0.57 2.13 0.00 5.40 

2004 1.72 0.73 0.79 0.77 0.55 2.18 0.00 5.41 

2005 1.57 0.72 0.78 0.65 0.54 2.52 0.00 6.44 

2006 1.66 0.76 0.73 0.64 0.55 2.60 0.00 6.07 

2007 1.68 0.77 1.02 0.62 0.55 2.62 0.00 6.44 

2008 1.73 0.79 1.04 0.70 0.57 3.06 0.00 6.91 

2009 1.74 0.87 0.89 0.60 0.57 3.45 0.00 5.54 

2010 1.82 0.85 0.96 0.58 0.70 2.92 0.00 4.56 

2011 1.83 0.83 0.92 0.59 0.72 2.80 0.00 4.01 

2012 1.87 0.78 1.15 0.53 0.72 2.45 0.00 3.09 

Average  
2002-2012 1.74 0.77 0.89 0.65 0.60 2.61 0.00 5.26 

Average  
2008-2012 1.80 0.82 0.99 0.60 0.66 2.94 0.00 4.82 

 
Source: Federal Energy Regulatory Commission, FERC Form 1, "Annual Report of Major Electric Utilities,” 
as reported by the EIA for its Electric Power Annual 
(http://www.eia.gov/electricity/annual/html/epa_08_04.html). “Other” includes gas turbines, internal 
combustion engines, photovoltaics, and wind plants. FERC.  
 
 
Annual rate of change in O&M costs (+/-) 
 
We estimate two rates of change in O&M costs: one up to the  L*, which is the point at 
which any life-extension investment would occur, and one after L* until the end of the 
facility life L. We take the present worth of the actual O&M stream, given the assumed 
rates of change, annualize the present worth, and divide the resultant annualized 
(discounted) cost by the present worth calculated with a zero discount rate. This ratio of 
the discounted to the undiscounted O&M stream then is multiplied by the unadjusted 
average O&M cost input. Note that we calculate the undiscounted present worth 
through a period of time between L* and L because we assume that the average 
(undiscounted) cost estimates in the literature generally do not pertain to the entire life 
of a facility after life-extension measures. 

A-408



 59 

 
 
We assume that the FERC Form 1 results shown in Table S10 include O&M expenses for 
the first category, “power production.” As shown on Form 1, the “power production” 
category includes supervision, engineering, rents, allowances, and miscellaneous, but 
not insurance, taxes, and general administration, which are included in the category 
“administrative and general.” It is not clear whether the results of Table S10 include any 
of these administrative and general expenses. If they do not, then they slightly 
underestimate O&M expenses as we define then.  
 
In any event, the data in Table S10 are broadly similar to the estimates in the literature 
(Table S14), except that the Table S10 data for nuclear O&M costs are slightly higher 
than the estimates in Table S14. Our assumptions result in costs close to those reported 
in Table S10.  
 
Data in Byrne (2013) and Barbose et al. (2014b) indicate that for wind, fixed O&M 
expenses are not constant but increase over the life of the project (6%/year according to 
Byrne et al., 2013). The EIA (1995) and the Nuclear Energy Institute (2014)  show that 
O&M costs for nuclear power plants increase with age (2.5%/year according to the 
Nuclear Energy Institute, 2014). For other technologies our assumptions are based on 
our assessment of the technology. We assume that if the plant is refurbished and its life 
is extended, then O&M costs stop increasing, but that otherwise, they increase at a 10% 
to 40% higher rate than prior to L*, depending on the technology.  
 
Fuel cost: (national average): background 
 
Throughout this cost analysis we wish to estimate the true economic cost, which is 
the area under the long-run supply curve. The per-unit economic cost (e.g., the cost 
of fuel in $ per unit of energy) is equal to the area under this supply curve over some 
region of quantity divided by the quantity. This can be interpreted as the average 
long-run economic cost per unit.  
 
This average long-run economic cost per unit generally is not the same as the price, 
which in a competitive market is based on the marginal cost. With supply curve rising 
due to increasing scarcity of labor and material inputs, the marginal cost  and hence 
the price will be higher than the average cost. The difference between the price and 
the average cost is producer surplus (PS), which is not an economic cost but rather is 
a transfer of wealth from consumers to producers. In sectors of the economy that are 
non-competitive or have sharply rising cost curves – such as the oil industry –PS can 
be quite large.  
 
Given this, there are in general two ways to estimate the economic cost of fuels, 
exclusive of PS: 1) build up an estimate of average cost from capital costs, feedstock 
costs, labor costs, and so on, or 2) start with known prices and subtract the portion 
that represents PS, which as just explained is the non-cost (pure transfer) component 
of price. For new, developing systems for which there are not good data on the price 
of the mature technologies, we must use method #1. However, for mature fuels, such 
as are considered here, it is easier to use method #2, which is to start with the price 
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and subtract an estimate of PS. This is what we do for coal, natural gas, oil, nuclear 
fuel, and biomass used by power plants.  
 
As mentioned above, here we estimate national-average costs. In the next main section 
we estimate state or region-specific cost adjustments.  
 
Fuel cost (year-2012 dollars): Starting estimates of fuel prices 
 
The EIA (2014c) projects $/million-BTU prices of coal, natural gas, distillate fuel, 
residual fuel oil, nuclear fuel, and biomass, to the electricity-generating sector, through 
the year 2040. (The values for nuclear fuel and biomass are not published but are 
available from the EIA on request.) We adopt their reference-case projections for the 
U.S. through the year 2040 and extend them to 2075 using a moving 10-year linear 
extrapolation. For our base-year analysis we use these EIA estimates as is; i.e., we have 
a single value, not a different “low” and “high” estimate. However for our target-year 
analysis we do estimate “low” and “high” values; we assume that the low-cost value is 
10% below the (extended) EIA projection and that the high-cost value is 10% above.  
 
We assume that microturbines and fuel cells use natural gas.  
 
Fuel cost (year-2012 dollars): deducting producer surplus 
 
Producer surplus in the oil industry can be substantial because oil is a worldwide 
commodity and a handful of countries own very low-cost reserves, resulting in a non-
competitive global market with much of the supply curve far below the prevailing oil 
price. This is not the case for other fuels because most suppliers to a given national or 
regional market have access to resources of similar cost. Given this, we assume the 
following PS fractions of the prices estimated above:  
 
 

Fuel LCHB HCLB References  and notes 

Coal 0.06 0.04 Low because of competitive access to low-cost resources 

Natural 
gas 

0.10 0.06 Slightly higher than for coal because of presumably steeper 
supply curve 

Oil 0.60 0.50 Based on Delucchi et  al. (2015) estimates of the PS for 
gasoline made from U.S. crude oil given a 50%-100% 
reduction in fuel use. 

Nuclear 0.06 0.04 Low because of competitive access to low-cost resources 

Biomass 0.06 0.04 Low because of competitive access to low-cost resources 

 
 
Combustion efficiency: technology base year, 2013 
 
Our estimates are based on a review of the literature (Table S14 and other sources). 
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Combustion efficiency: long-run limit 
 
Our estimates are based on a review of the literature (Table S14 and other sources). 
 
Combustion efficiency: annual change rate (+) 
 
Our assumptions. 
 
Transmission, distribution, storage, gap filling: cost of the T&D system in the 
neat-term base year and for the BAU in the target year           
 
The EIA’s (2014c) AEO projects the real (constant-dollar) cost of the U.S. transmission 
and distribution (T&D)  system though the year 2040. We extend this projection to 
the year 2075 using a 10-year moving linear extrapolation. For our estimates of the 
cost of delivered electricity in (i) the near-term base year, and (ii) the long-term target 
year in the BAU scenario, we use the EIA’s AEO estimates of the T&D cost, without 
any adjustments. For our estimates of the cost of delivered electricity in the long-term 
target year in the 100% WWS scenario, we start with the EIA’s AEO cost projections 
and then incorporate the costs of modifications to the T&D system due to more 
decentralized generation and additional supply-and-demand balancing measures in 
the 100% WWS scenario. These modifications are discussed in the following 
subsections.  
 
Transmission, distribution, storage, gap filling: % of plants distributed or on-site, 
long-run limit (100% WWS scenario only) 
 
The 100% WWS scenario has more distributed and on-site generation than does the 
BAU scenario. Distributed and on-site generator plants do not require the use of the 
baseline (BAU) long-distance transmission system and may not require the same 
distribution system as in the BAU. Thus, as a 100% WWS system develops it will 
require less expansion of the transmission system, and possibly less expansion of the 
distribution system, than in the BAU scenario (IREC, 2014; Electricity Innovation Lab, 
2013; Beach and McGuire, 2013). In addition, Repo et al. (2006) argue that distributed 
generation systems can reduce the energy-related and power-related variable costs of 
transmission and distribution systems. 
 
To estimate the cost impacts of these potential changes in usage of the transmission 
or distribution system, we start with EIA (2014c) AEO reference-case projections of 
the costs of electricity transmission and distribution over time. We  assume that these 
annualized costs are a function of the lifetime and the capacity of the transmission or 
distribution system. We make assumptions about how distributed and on-site 
systems change the throughput and capacity of transmission and distribution 
systems, and posit simple relationships between throughput and lifetime, and 
between capacity and cost, in the long-run limit. The estimated cost changes are 
relatively minor.  
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Transmission, distribution, storage, gap filling: change rate (+) 
 
See discussion above. This refers to the rate of approach of the long-run limit of 
distributed-generation and on-site generation shares.  
 
Transmission, distribution, storage, gap filling : additional long-term (2050) 
transmission costs (100% WWS scenario only) 
 
These are costs for an upgraded, expanded, long-distance high-voltage DC transmission 
system that are i) not included in our estimates of capital costs for generation 
technologies, and ii) in addition to the cost of the baseline transmission system (the 
BAU system adjusted for increased distributed and on-site generation in the 100% WWS 
scenario). Given that most capital-cost estimates include all connections to the existing 
transmission and distribution network,  the additional costs here generally comprise 
expansions to the transmission system for the purpose of integrating diverse sources of 
renewable energy. We assume that in the 100% WWS scenario, all WWS technologies 
are part of an integrated, balanced renewable energy system with an expanded 
transmission grid, and therefore we spread out the "additional (land-based) 
transmission" cost over all WWS generators in the 100% WWS scenario. 
 
We calculate this additional transmission cost using Delucchi and Jacobson's (2011) 
detailed method, with new inputs as follows:  
 
1) We distinguish between an expanded onshore land-based grid, the cost of which is 
assigned to all WWS generators including offshore wind, and an expanded offshore 
grid, the cost of which is assigned to offshore wind only. The expanded offshore grid 
here is sea-based transmission in addition to the generic windfarm-to-shore connections 
that already are included in our estimates of the capital cost of offshore wind farms.  
 
We assign the cost of the additional long-distance onshore grid to all generators in the 
100% WWS scenario, including on-site generators such as solar PV that do not transmit 
to the grid, because the long-distance grid, like system storage, in principle is part of a 
system-side supply-and-demand balancing that depends on the generation 
characteristics of all technologies.  
 
2) Additional long-distance transmission costs apply only to the 100% WWS scenario in 
the long-term, target-year analysis, because there are no such additional costs in the 
near-term, base-year analysis.  
 
3) The average length of additional transmission for the portion of the energy system 
that effectively sends all of its output through the new transmission is 750 to 1000 miles 
for onshore systems and 50 to 100 miles for offshore wind systems.  
 
4) We assume that 30% to 45% of total WWS generation (all generators except offshore 
wind) is sent through the new onshore long-distance grid and that 15% to 25% of 
offshore wind generation is sent through the extended-transmission offshore grid.  
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Note that assumptions 3) and 4) are not the result of a comprehensive analysis of the 
least-cost combination of storage, long-distance transmission, and over-capacity in a 
100% WWS system but rather represent our judgment of what is likely to be needed in a 
100% WWS system.  
 
5) The year-round average current capacity factor, as a fraction of the rated capacity, 
originally used to estimate transmission losses, now is used also as the overall energy 
(or power) capacity factor for calculating the transmission-system cost. (Given a 
constant voltage, the ratio of transmitted amp-hours to maximum amp-hours is the 
same as the ratio of transmitted energy to maximum energy.)  The overall capacity 
factor for the transmission system depends on the capacity of the transmission system 
relative to the capacity of the connected generation centers, the extent to which 
individual generation centers have complementary generation profiles, and other 
factors, but it will be at least as great as the capacity factor for individual wind farms. 
We assume 35% to 45% for the onshore system, and 40% to 50% for the offshore system.  
 
6) We estimate the cost per kWh delivered out of the transmission system into the 
distribution system, accounting for losses during transmission but not during 
distribution. (We assume that losses in distribution are accounted for in the estimates of 
the $/kWh figures we use for distribution-system costs.) 
 
Transmission, distribution, storage, gap filling : other long-term (2050) storage and 
related costs (100% WWS scenario only) 
 
In the 100% WWS scenario, additional options for balancing supply and demand 
(beyond using an expanded long-distance transmission grid) include demand response, 
supply prediction, use of gas-fired back-up, energy storage, and over-building 
generation capacity (Jacobson and Delucchi, 2011). We assume that demand response 
and supply prediction cost very little, and that gas-fired back up will almost never be 
needed (e.g., Hart and Jacobson, 2011). Therefore, at this point in our analysis, we 
consider the cost of decentralized energy storage and the cost of over-building 
generation capacity.  
 
We estimate the cost of several energy-storage options, including vehicle-to-grid (V2G), 
underground thermal-energy storage (UTES), pumped-hydro storage (PHS), sensible-
heat thermal-energy storage (STES), and phase-change materials (PCM). For V2G, we 
update the calculations of the battery-degradation cost in Delucchi and Jacobson (2011), 
and estimate that cycling 10% to 15% of all delivered power through V2G would cost 
$0.003 to $0.006 (0.3 to 0.6 cents) per all-kWh delivered.  
 
Our estimates of the costs of the other decentralized energy-storage options are from 
Jacobson et al. (2015), who develop cost estimates as part of a grid-integration model of 
a 100% WWS energy system for the U. S. In Jacobson et al. (2015), the storage systems 
are sized so that the entire set of storage technologies ensures that the grid matches 
WWS supply with all-sector end-use demand with zero loss of load over six years of 
simulation. Table S11 shows the estimated $/kWh cost for each option,  equal to the 
annualized capital cost plus O&M cost divided by total energy delivered for load. 
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Following Jacobson et al. (2015), we assume that energy-storage costs of Table S11 – 0.05 
to 0.70 cents per all-kWh delivered – apply to the entire WWS system, and hence to 
every individual generating technology in the system, in the 100% WWS scenario.  
 
How do the results of Table S11 compare with the approach of over-building generating 
capacity (and spilling unused generation) in order to balance supply and demand? 
Because we have not done a formal analysis of the amount of over-capacity needed to 
balance and demand, we answer this question by evaluating the level of over-capacity, 
represented by a reduction in the capacity factor and an increase in spillage, at which 
the resultant system-wide average costs equal the system-wide average costs in the case 
in which storage is used to balance supply and demand (Table S11). The cost of over-
capacity is the increase in the annualized initial cost of generation due to the decrease in 
the capacity factor. We estimate this extra cost by reducing the capacity-factor 
multiplier for onshore wind and calculating the increased cost of wind power’s share of 
the WWS generation mix, using the generator costs of Table S13 and the generation 
shares by generator discussed earlier. 
 
Table S11. Annualized cost of electricity storage technologies 
 

Storage technology 

Capital cost 
of storage 

beyond 
power 

generation 
($/maximum-
deliverable-

kWh-th) 

Assumed 
energy 
storage 
capacity 

(maximum-
deliverable 

TWh) 

Operations 
and 

maintenance 
cost (% of 

capital cost 
per year) Lifetime (years) 

Annualized 
capital cost 
plus O&M 

cost  
(cents/all-

kWh-
delivered) 

Non-UTES Low High   Low High Low High LCHB HCLB 

PHS 12.00 16.00 0.808 1.0% 2.0% 35.0 25.0 0.003 0.008 

STES 0.13 12.90 0.350 1.0% 2.0% 35.0 25.0 0.000 0.003 

PCM-ice 12.90 64.50 0.525 1.0% 2.0% 35.0 25.0 0.002 0.020 

PCM-CSP 10.00 20.00 11.60 1.0% 2.0% 35.0 25.0 0.037 0.136 

Total/average 9.98 21.33 13.29         0.04 0.17 

UTES 0.07 1.71 5.28 1.0% 2.0% 35.0 25.0 0.01 0.53 

All storage 10.05 23.04 541.6         0.05 0.70 
 
Source: Based on Jacobson et al. (2015). 
 
UTES = Underground thermal energy storage. PHS = pumped hydro storage; STES = Sensible heat 
thermal energy storage; PCM = Phase-change materials; CSP=concentrated solar power. All storage is for 
14 hours except UTES. CSP costs exclude the additional mirrors, which are included in the cost of a CSP 
plant with storage. UTES costs exclude the cost of the solar collectors, which are tracked separately. 
 
 
 
Table S12 shows the wind capacity-factor multiplier and associated system-wide 
spillage (without any storage) that results in the same average overall system cost of 
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delivered electricity as in the case of using the storage-cost estimates of Table S11 with 
zero over-capacity and storage.  
 
 
Table S12. Levels of over-capacity and spillage that result in the same system costs as 
does using decentralized storage 
 

LCHB HCLB 

Wind CF multiplier System-wide spill Wind CF multiplier System-wide spill 

90% 3.5% 57% 23.4% 

 
The “Wind CF multiplier” applies to onshore wind only. The “system-wide spill” is equal to the amount 
of unused generation (due to excess capacity) divided by total delivered electricity for load.  
 
 
Because system costs increase with decreasing CF multipliers and increasing spillage, 
the results in Table S12 indicate that in the LCHB case, decentralized energy storage is 
less costly than is over-capacity for any on-shore wind CF multiplier below and 90% 
and spillage above 3.5%. In the HCLB case, storage is less costly than is over-capacity 
for any CF multiplier below 57% and spillage above 23%.  
 
As discussed earlier, analyses that explore a limited range of options for balancing 
supply and demand in an all-renewables energy system indicate that up to 30% of 
generation would end up being spilled. This means that it almost certainly will be 
impossible to balance supply and demand with only 3.5% spillage, but that it might 
well be possible to balance supply and demand with 23% spillage. Thus, in the LCHB 
case, decentralized storage that balances supply and demand almost certainly will be 
less costly than over-capacity that balances supply and demand. In the HCLB case, -
capacity might be able to balance supply and demand at a cost similar to or even 
slightly lower than the cost of decentralized storage.  
 
With these considerations, we assume, somewhat conservatively, that the cost of extra 
measures needed to balance supply and demand is given by the range of costs of 
decentralized storage estimated in Table S11. This is conservative because of the 
possibility that judicious use of over-capacity could result in lower total system costs, 
and because the grid-integration analysis that produced the results in Table S11 was 
itself not a least-cost optimization analysis.  
 
 
Table S13. Cost and performance assumptions for electricity generating technologies 
 
See accompanying spreadsheet (Delucchi et al., 2015). 
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Table S14. Tabulation of main literature used in our analysis of the LCEO 
 

  Capital cost, near-term or high-cost case (2013-$/kW) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC LBNL, others 

Year of dollars in source -> 2012 2014 2009 2012 2013 

GDP price deflator multiplier -> 1.015 0.984 1.067 1.015 1.000 

Advanced pulv. coal 2969   3085     

Advanced pulv. coal w/CC 
 

6687 7002 
  IGCC coal 3827   4280     

IGCC coal w/CC 6665 6286 7044 
  Gas peaking (turbine) 683 984 695     

Gas combined cycle 1036 1155 1313 
  Diesel generator   787       

Nuclear, APWR 5583 6640 6511 
  Nuclear, SMR         9000 

Geothermal 2531 6529 6340 
  Microturbine   3738       

Biomass direct 3977 3440 4088 
  Hydropower 2471   3736     

On-shore wind 2238 1771 2113 
 

1750 

Off-shore wind 6284 5410 3533     

Fuel cell 7149 7378 
   Solar thermal (CSP) without storage 5120    4000-4500 

Solar thermal (CSP) with storage   6148 7535   6000-8500 

PV utility crystalline tracking 3617 1722 2796 
 

3200 

PV utility crystalline fixed   1476 2708   L:1690 H:3000 

PV utility thin film tracking 3617 1722 
  

2700 

PV utility thin film fixed   1476     2700 

PV commercial rooftop 
 

2951 5113 
 

L:2390 H:3500 

PV residential rooftop   4427 6351   L:3740 H:4500 

Wave power 
  

9965 
  Tidal power     6340     
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  Capital cost, long-term or low-cost case (2013-$/kW) 

Source  -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC LBNL, others 

Technology  
     

Advanced pulv. coal 2573 2472 3085     

Advanced pulv. coal w/CC 
  

6020 
  

IGCC coal 3158 3204 4280     

IGCC coal w/CC 5261 
 

7044 
  

Gas peaking (turbine) 545 787 695     

Gas combined cycle 858 884 1313 
  

Diesel generator   492       

Nuclear, APWR 4434 4279 6511 
 

L:3800 H:6500 

Nuclear, SMR         6000 

Geothermal 3227 3956 6340 
  

Microturbine   2263       

Biomass direct 3340 2579 4088 
  

Hydropower 2444   3736     

On-shore wind 1976 1377 2113 
  

Off-shore wind 5077 3050 3191     

Fuel cell 
 

3738 
   

Solar thermal (CSP) without storage 4101     

Solar thermal (CSP) with storage   8608 5016    3500-6000 

PV utility crystalline tracking 3011 
 

2167 
 

1950 

PV utility crystalline fixed     1814    1750 

PV utility thin film tracking 3011 
    

PV utility thin film fixed           

PV commercial rooftop 
 

2459 2796 
 

1900 

PV residential rooftop   3443 3127   2100 

Wave power 
  

2738 
  

Tidal power     1595     
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  Fixed O&M, near-term or high-cost case (2013-$/kW/yr) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology 
     

Advanced pulv. coal 31.6   24.5     

Advanced pulv. coal w/CC 
 

78.7 37.6 
  

IGCC coal 52.2   33.2     

IGCC coal w/CC 73.9 71.8 47.4 
  

Gas peaking (turbine) 7.1 24.6 5.6     

Gas combined cycle 15.6 5.4 6.7 
  

Diesel generator   14.8       

Nuclear, APWR 94.7 113.1 135.6 
  

Nuclear, SMR           

Geothermal 114.6 0.0 0.0 
  

Microturbine   0.0       

Biomass direct 107.2 93.5 101.4 
  

Hydropower 15.1   16.0     

On-shore wind 40.1 39.3 64.0 
 

28.0 

Off-shore wind 75.1 98.4 106.7     

Fuel cell 0.0 0.0 
   

Solar thermal (CSP) without storage 68.3    60 

Solar thermal (CSP) with storage   78.7 53.4   60-70 

PV utility crystalline tracking 25.1 19.7 51.2 
 

30.0 

PV utility crystalline fixed   12.8 51.2   25.0 

PV utility thin film tracking 25.1 19.7 
  

30.0 

PV utility thin film fixed   12.8     25.0 

PV commercial rooftop 
 

19.7 53.4 
  

PV residential rooftop   29.5 53.4     

Wave power 
  

505.9 
  

Tidal power     211.3     
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  Fixed O&M, long-term or low-cost case (2013-$/kW/yr) 

Source  -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology  
     

Advanced pulv. coal 31.6 39.3 24.5     

Advanced pulv. coal w/CC 
  

37.6 
  

IGCC coal 52.2 61.2 33.2     

IGCC coal w/CC 73.2 
 

47.4 
  

Gas peaking (turbine) 7.1 4.9 5.6     

Gas combined cycle 15.6 6.1 6.7 
  

Diesel generator   15.0       

Nuclear, APWR 94.7 93.5 135.6 
  

Nuclear, SMR           

Geothermal 215.1 0.0 0.0 
  

Microturbine   0.0       

Biomass direct 107.2 93.5 101.4 
  

Hydropower 16.5   16.0     

On-shore wind 41.1 34.4 64.0 
  

Off-shore wind 75.1 59.0 106.7     

Fuel cell 
 

0.0 
   

Solar thermal (CSP) without storage 68.3     

Solar thermal (CSP) with storage   113.1 53.4    40-50 

PV utility crystalline tracking 
 

19.7 35.2 
  

PV utility crystalline fixed     35.2     

PV utility thin film tracking 
 

19.7 
   

PV utility thin film fixed           

PV commercial rooftop 
 

12.8 35.2 
  

PV residential rooftop   24.6 35.2     

Wave power 
  

138.8 
  

Tidal power     54.4     
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Variable O&M, near-term or high-cost case (2013-$/MWh) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology 
     

Advanced pulv. coal 4.5   4.0     

Advanced pulv. coal w/CC 
 

4.9 6.4 
  

IGCC coal 7.3   7.0     

IGCC coal w/CC 8.6 8.4 11.3 
  

Gas peaking (turbine) 10.5 7.4 31.9     

Gas combined cycle 3.3 2.0 3.9 
  

Diesel generator   0.0       

Nuclear, APWR 2.2 0.8 n.r. 
  

Nuclear, SMR           

Geothermal 0.0 39.3 33.1 
  

Microturbine   21.6       

Biomass direct 5.3 14.8 16.0 
  

Hydropower 2.7   6.4     

On-shore wind 0.0 0.0 0.0 
  

Off-shore wind 0.0 17.7 0.0     

Fuel cell 43.6 49.2 
   

Solar thermal (CSP) without storage 0.0     

Solar thermal (CSP) with storage   0.0 0.0     

PV utility crystalline tracking 0.0 0.0 0.0 
  

PV utility crystalline fixed   0.0 0.0     

PV utility thin film tracking 0.0 0.0 
   

PV utility thin film fixed   0.0       

PV commercial rooftop 0.0 0.0 0.0 
  

PV residential rooftop   0.0 0.0     

Wave power 
 

0.0 n.r. 
  

Tidal power   0.0 n.r.     
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  Variable O&M, long-term or low-cost case (2013-$/MWh) 

Source  -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology  
     

Advanced pulv. coal   2.0 4.0     

Advanced pulv. coal w/CC 
  

6.4 
  

IGCC coal   6.9 7.0     

IGCC coal w/CC 
  

11.3 
  

Gas peaking (turbine)   4.6 31.9     

Gas combined cycle 
 

3.4 3.9 
  

Diesel generator   0.0       

Nuclear, APWR 
 

0.3 n.r. 
  

Nuclear, SMR           

Geothermal 
 

29.5 33.1 
  

Microturbine   17.7       

Biomass direct 
 

14.8 16.0 
  

Hydropower     6.4     

On-shore wind 
 

0.0 0.0 
  

Off-shore wind   12.8 0.0     

Fuel cell 
 

29.5 
   

Solar thermal (CSP) without storage 0.0     

Solar thermal (CSP) with storage   0.0 0.0     

PV utility crystalline tracking 
  

0.0 
  

PV utility crystalline fixed     0.0     

PV utility thin film tracking 
     

PV utility thin film fixed           

PV commercial rooftop 
 

0.0 0.0 
  

PV residential rooftop   0.0 0.0     

Wave power 
  

n.r. 
  

Tidal power     n.r.     
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  Fuel cost, near-term or high-cost case (2013-$/MBTU) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology 
     

Advanced pulv. coal 2.63   n.r.     

Advanced pulv. coal w/CC 
 

1.96 n.r. 
  

IGCC coal 2.63   n.r.     

IGCC coal w/CC 2.63 1.96 n.r. 
  

Gas peaking (turbine) 5.26 4.43 n.r.     

Gas combined cycle 5.26 4.43 n.r. 
  

Diesel generator   28.29       

Nuclear, APWR n.r. 0.69 n.r. 
  

Nuclear, SMR           

Geothermal 0.00 0.00 0.00 
  

Microturbine   4.43       

Biomass direct n.r. 1.97 n.r. 
  

Hydropower 0.00   0.00     

On-shore wind 0.00 0.00 0.00 
  

Off-shore wind 0.00 0.00 0.00     

Fuel cell n.r. 4.43 
   

Solar thermal (CSP) without storage 0.00     

Solar thermal (CSP) with storage   0.00 0.00     

PV utility crystalline tracking 0.00 0.00 0.00 
  

PV utility crystalline fixed   0.00 0.00     

PV utility thin film tracking 0.00 0.00 
   

PV utility thin film fixed   0.00       

PV commercial rooftop 
 

0.00 0.00 
  

PV residential rooftop   0.00 0.00     

Wave power 
  

0.00 
  

Tidal power     0.00     
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  Fuel cost, long-term or low-cost case (2013-$/MBTU) 

Source  -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology  
     

Advanced pulv. coal 3.53 1.96 n.r.     

Advanced pulv. coal w/CC 
  

n.r. 
  

IGCC coal 3.53 1.96 n.r.     

IGCC coal w/CC 3.53 
 

n.r. 
  

Gas peaking (turbine) 10.40 4.43 n.r.     

Gas combined cycle 10.40 4.43 n.r. 
  

Diesel generator   28.29       

Nuclear, APWR n.r. 0.69 n.r. 
  

Nuclear, SMR           

Geothermal 0.00 0.00 0.00 
  

Microturbine   4.43       

Biomass direct n.r. 0.98 n.r. 
  

Hydropower 0.00   0.00     

On-shore wind 0.00 0.00 106.73 
  

Off-shore wind 0.00 0.00 106.73     

Fuel cell n.r. 4.43 
   

Solar thermal (CSP) without storage 0.00     

Solar thermal (CSP) with storage 
 

0.00 0.00     

PV utility crystalline tracking 0.00 0.00 0.00 
  

PV utility crystalline fixed   0.00 0.00     

PV utility thin film tracking 0.00 0.00 
   

PV utility thin film fixed   0.00       

PV commercial rooftop 
 

0.00 0.00 
  

PV residential rooftop   0.00 0.00     

Wave power 
  

0.00 
  

Tidal power     0.00     
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  Capacity factor, near-term or high-cost case (%) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology 
     

Advanced pulv. coal 85%   84%     

Advanced pulv. coal w/CC 
 

93% 84% 95% 
 

IGCC coal 85%   80%     

IGCC coal w/CC 85% 75% 80% 89% 
 

Gas peaking (turbine) 30% 10% 92% 94%   

Gas combined cycle 87% 40% 90% 92% 
 

Diesel generator   30%       

Nuclear, APWR 90% 90% 90% 89% 80% 

Nuclear, SMR           

Geothermal 92% 80% 97% 
  

Microturbine   95%       

Biomass direct 83% 85% 83% 65% 
 

Hydropower 53%   93%     

On-shore wind 35% 30% 32% to 46% 28% 20% to 50% 

Off-shore wind 37% 37% 36% to 50% 38%   

Fuel cell n.r. 95% 
   

Solar thermal (CSP) without storage 20%    20% to 28% 

Solar thermal (CSP) with storage   52% n.r.   40% to 50%  

PV utility crystalline tracking 25% 30% n.r. 11% 20% to 32% 

PV utility crystalline fixed   21% n.r.   18% to 30% 

PV utility thin film tracking 25% 30% 
  

33% 

PV utility thin film fixed   21%     16% to 31% 

PV commercial rooftop 
 

20% n.r. 
  

PV residential rooftop   20% n.r.     

Wave power 
  

25% 
  

Tidal power     28%     
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  Capacity factor, long-term or low-cost case (%) 

Source ->  EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology  
     

Advanced pulv. coal 85% 93% 84%     

Advanced pulv. coal w/CC 
  

84% 97% 
 

IGCC coal 85% 75% 80%     

IGCC coal w/CC 85% 
 

80% 91% 
 

Gas peaking (turbine) 30% 10% 92% 96%   

Gas combined cycle 87% 70% 90% 94% 
 

Diesel generator   95%       

Nuclear, APWR 90% 90% 90% 92% 90% 

Nuclear, SMR           

Geothermal 94% 90% 97% 
  

Microturbine   95%       

Biomass direct 83% 85% 83% 
  

Hydropower 51%   93%     

On-shore wind 34% 52% 35% to 46% 
  

Off-shore wind 37% 43% 38% to 50%     

Fuel cell n.r. 95% 
   

Solar thermal (CSP) without storage 20%     

Solar thermal (CSP) with storage   80% n.r.    66% 

PV utility crystalline tracking 25% 
 

n.r. 
  

PV utility crystalline fixed     n.r.     

PV utility thin film tracking 25% 
    

PV utility thin film fixed           

PV commercial rooftop 
 

23% n.r. 
  

PV residential rooftop   23% n.r.     

Wave power 
  

20% 
  

Tidal power     22%     
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  Construction time, near-term or high-cost case (years) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology 
     

Advanced pulv. coal 4.0   4.6   4.8, 6.0 

Advanced pulv. coal w/CC 
 

5.5 5.5 5.0 
 

IGCC coal 4.0   4.8    6.0 

IGCC coal w/CC 4.0 5.3 4.9 6.0  6.0 

Gas peaking (turbine) 2.0 2.1 2.5 2.0  3.0 

Gas combined cycle 3.0 3.0 3.4 3.0 3.0 

Diesel generator   0.3       

Nuclear, APWR 6.0 5.8 5.0 8.0 7.5, 6.0 

Nuclear, SMR           

Geothermal 4.0 3.0 3.0 
 

4.0 

Microturbine   0.3       

Biomass direct 4.0 3.0 3.0 1.0 4.0 

Hydropower 4.0   2.0   10.0, 3.0 

On-shore wind 3.0 1.0 1.0 2.0 1.0, 3.0 

Off-shore wind 4.0 1.0 1.0 3.0   

Fuel cell 3.0 0.3 
   

Solar thermal (CSP) without storage 3.0    3.0 

Solar thermal (CSP) with storage   2.5 2.0     

PV utility crystalline tracking 2.0 1.0 1.1 1.0 2.2, 3.0 

PV utility crystalline fixed   1.0 1.4    3.0 

PV utility thin film tracking 2.0 1.0 
  

 3.0 

PV utility thin film fixed   1.0      3.0 

PV commercial rooftop 
 

0.3 0.5 
  

PV residential rooftop   0.3 0.2     

Wave power 
  

2.0 
  

Tidal power     2.0     
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  Construction time, long-term or low-cost case (years) 

Source ->  EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology  
     

Advanced pulv. coal   5.0 4.6     

Advanced pulv. coal w/CC 
  

5.5 4.0 
 

IGCC coal   4.8 4.8     

IGCC coal w/CC 
  

4.9 4.5 
 

Gas peaking (turbine)   2.1 2.5 1.5   

Gas combined cycle 
 

3.0 3.4 2.0 
 

Diesel generator   0.3       

Nuclear, APWR 
 

5.8 5.0 5.0 5.0 

Nuclear, SMR           

Geothermal 
 

3.0 3.0 
  

Microturbine   0.3       

Biomass direct 
 

3.0 3.0 
  

Hydropower     2.0     

On-shore wind 
 

1.0 1.0 
  

Off-shore wind   1.0 1.0     

Fuel cell 
 

0.3 
   

Solar thermal (CSP) without storage      

Solar thermal (CSP) with storage   2.5 2.0     

PV utility crystalline tracking 
  

0.8 
  

PV utility crystalline fixed     1.0     

PV utility thin film tracking 
     

PV utility thin film fixed           

PV commercial rooftop 
 

0.3 0.3 
  

PV residential rooftop   0.3 0.1     

Wave power 
  

2.0 
  

Tidal power     2.0     
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  Plant operating life, near-term or high-cost case (years) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology 
     

Advanced pulv. coal 40   n.r.    65-75  

Advanced pulv. coal w/CC 
 

40 n.r. 20 65-75 

IGCC coal 40   n.r.   65-75 

IGCC coal w/CC 40 40 n.r. 20 65-75 

Gas peaking (turbine) 30 20 n.r. 20   

Gas combined cycle 30 20 n.r. 20 55 

Diesel generator   20       

Nuclear, APWR 60+ 40 n.r. 60 60-80 

Nuclear, SMR           

Geothermal 40 20 n.r. 
  

Microturbine   20       

Biomass direct 
 

20 n.r. 22 
 

Hydropower 80   60     

On-shore wind 25 20 n.r. 24 
 

Off-shore wind 25 20 n.r. 23   

Fuel cell 
 

20 
   

Solar thermal (CSP) without storage      

Solar thermal (CSP) with storage   40 n.r.     

PV utility crystalline tracking 25 20 n.r. 25 40 

PV utility crystalline fixed   20 n.r.     

PV utility thin film tracking 25 20 
  

40 

PV utility thin film fixed   20       

PV commercial rooftop 
 

20 n.r. 
 

38 

PV residential rooftop   20 n.r.   36 

Wave power 20 
 

20 
  

Tidal power 20   25     
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  Plant operating life,  long-term or low-cost case (years) 

Source ->  EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology  
     

Advanced pulv. coal   40 n.r.     

Advanced pulv. coal w/CC 
  

n.r. 35 
 

IGCC coal   40 n.r.     

IGCC coal w/CC 
  

n.r. 35 
 

Gas peaking (turbine)   20 n.r. 35   

Gas combined cycle 
 

20 n.r. 35 
 

Diesel generator   20       

Nuclear, APWR 
 

40 n.r. 60 
 

Nuclear, SMR           

Geothermal 
 

20 n.r. 
  

Microturbine   20       

Biomass direct 
 

20 n.r. 
  

Hydropower     60     

On-shore wind 
 

20 n.r. 
 

30 to 35 

Off-shore wind   20 n.r.     

Fuel cell 
 

20 
   

Solar thermal (CSP) without storage      

Solar thermal (CSP) with storage   40 n.r.     

PV utility crystalline tracking 
  

n.r. 
 

50 

PV utility crystalline fixed     n.r.     

PV utility thin film tracking 
    

50 

PV utility thin film fixed           

PV commercial rooftop 
 

20 n.r. 
 

48 

PV residential rooftop   20 n.r.   45 

Wave power 
  

20 
  

Tidal power     25     
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  Fuel efficiency, near-term or high-cost case (%) 

Source -> EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology 
     

Advanced pulv. coal 39%   36%     

Advanced pulv. coal w/CC 
 

28% 27% 34% 
 

IGCC coal 39%   38%     

IGCC coal w/CC 32% 32% 29% 35% 
 

Gas peaking (turbine) 35% 38% 33% 37%   

Gas combined cycle 53% 49% 51% 57% 
 

Diesel generator   34%       

Nuclear, APWR 33% 33% 35% 100% 
 

Nuclear, SMR           

Geothermal 100% 100% 100% 
  

Microturbine   28%       

Biomass direct 25% 24% 24% 
  

Hydropower 100%   100%     

On-shore wind 100% 100% 100% 100% 
 

Off-shore wind 100% 100% 100% 100%   

Fuel cell 36% 52% 
   

Solar thermal (CSP) without storage      

Solar thermal (CSP) with storage   100% 100%     

PV utility crystalline tracking 100% 100% 100% 100% 
 

PV utility crystalline fixed   100% 100%     

PV utility thin film tracking 100% 100% 
   

PV utility thin film fixed   100%       

PV commercial rooftop 
 

100% 100% 
  

PV residential rooftop   100% 100%     

Wave power 
  

100% 
  

Tidal power     100%     
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  Fuel efficiency, long-term or low-cost case (%) 

Source ->  EIA Lazard 
Black  & 
Veatch 

Parsons; 
DECC 

LBNL, 
others 

Technology  
     

Advanced pulv. coal 39% 39% 36%     

Advanced pulv. coal w/CC 
  

28% 39% 
 

IGCC coal 46% 39% 43%     

IGCC coal w/CC 41% 
 

33% 40% 
 

Gas peaking (turbine) 40% 33% 33% 39%   

Gas combined cycle 54% 51% 51% 60% 
 

Diesel generator   34%       

Nuclear, APWR 33% 33% 35% 100% 
 

Nuclear, SMR           

Geothermal 100% 100% 100% 
  

Microturbine   34%       

Biomass direct 25% 24% 27% 
  

Hydropower 100%   100%     

On-shore wind 100% 100% 100% 
  

Off-shore wind 100% 100% 100%     

Fuel cell 52% 47% 
   

Solar thermal (CSP) without storage      

Solar thermal (CSP) with storage   100% 100%     

PV utility crystalline tracking 100% 
 

100% 
  

PV utility crystalline fixed     100%     

PV utility thin film tracking 100% 
    

PV utility thin film fixed           

PV commercial rooftop 
 

100% 100% 
  

PV residential rooftop   100% 100%     

Wave power 
  

100% 
  

Tidal power     100%     
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ANNOTATION OF MAIN LITERATURE SOURCES USED IN OUR ANALYSIS OF 
THE NATIONAL-AVERAGE LCOE (TABLE S14) 
 
EIA = Energy Information Administration; DECC = Department of Energy and Climate 
Change (United Kingdom); LBNL = Lawrence Berkeley National Laboratory; pulv. coal 
= pulverized coal; w/CC = with carbon capture; IGCC = integrated gasification 
combined cycle; APWR = advanced pressurized-water reactor; SMR = small modular 
reactor; CSP = concentrating solar power. 
 
EIA 
 
Near-term estimates are from Table 8.2 of EIA (2014a), except: near term fuel prices are 
2019 prices to the electric power sector (EIA, 2014c), and capacity factors are from EIA 
(2014b).  
 
Capital costs are "total overnight costs," for plants initiated in 2013, and include project 
contingency and "technological optimism" factors but exclude investment tax credits, 
learning effects, regional multipliers, and interest charges. Heat rate is higher-heating-
value (HHV) basis (EIA, 2013). What we call "construction time" the EPA calls "lead 
time," which is the time from project initiation to the plant coming on line.  
 
In the case of geothermal and hydro the values shown in Table S14 are the EIA’s 
estimates for “the least expensive plant that could be built in the Northwest Power Pool 
region, where most of the proposed sites are located” (EIA, 2014a, p. 97). (In its NEMS 
runs the EIA estimates site-specific marginal costs for geothermal and hydropower 
plants [EIA, 2014a, p. 97].)  
 
EIA (2014a) reports estimates for “advanced” and “conventional” gas/oil combined 
cycle plants, and “advanced” and “conventional” combustion turbines; the estimates 
shown here are for the “advanced” plants. What we call “advanced coal” the EPA calls 
“conventional coal” or “new scrubbed coal.”  
 
PV is fixed-tilt, single-axis tracking, of unspecified cell technology. 
 
O&M costs include administration expenses, taxes and insurance (EIA, 2013). However, 
the EIA estimates O&M costs for new plants only (Jones, 2014).  
 
We estimate long-term capital cost and fixed O&M costs by multiplying EIA's near-term 
estimates by the 2040/2019 LCOE ratios from EIA (2014b). We estimate long-term (year-
2050) fuel prices to the electric power sector by extrapolating EIA's 2040 price 
projections at the 2030-2040 rate of growth projected by EIA (2014c). 
 
Other notes: The EIA  notes that plant lifetimes depend in general on the economics of 
extending plant lifetime, which in turn depends on the cost of additional O&M, 
upgrades and refurbishing, regulatory requirements, competing alternatives, and so on. 
In the case of nuclear power, the EIA (2014c) notes that the Nuclear Regulatory 
Commission has approved 70% of US plants for a 20-year extension beyond the initial 
40-year license, and that “the nuclear power industry currently is developing strategies 
to submit license applications for additional 20-year life extensions that would allow 
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plants to continue operating beyond 60 years” (p. IF-35). The EIA (2014c) AEO reference 
case assumes that nuclear plants operate beyond 60 years, but the “Accelerated Nuclear 
Retirements case assumes that O&M costs for nuclear power plants grow by 3% per 
year through 2040; [and] that all nuclear plants not retired for economic reasons are 
retired after 60 years of operation” (p. IF-35). (The EIA's [2010] AEO 2010 assumed that 
O&M costs increased by $30/kW after plants reached 30 years of age.)  Similarly, the 
EIA (2014c) assumes that in the "Accelerated Coal Retirements" case real O&M costs 
increase at 3% annually.  
 
The EIA (2014c) also projects fuel use and generation in the electric power sector, from 
which we can calculate fleet-average generation efficiency by fuel type. For coal-fired 
plants, the efficiency remains just below 33% throughout the projection period (to 2040), 
because virtually no new coal capacity is added. However, the efficiency of natural-gas 
fired generation increases from about 42% in 2013 to almost 48% in 2040, as the total 
installed capacity of combined-cycle plants increases 1.7% per year and the total 
installed capacity of conventional gas steam plants decreases at -1.2%/year over the 
projection period (EIA, 2014f). (Note again that these are averages across a fleet of 
plants of a mix of different technologies.)  
 
Lazard 
 
From Lazard (2014). Cost estimates exclude subsidies. Our capital-cost figures include 
their "EPC cost" (engineering, procurement, and construction) and "Other Owner 
Costs," but not their "capital costs during construction" because those are interest costs 
on capital during construction (Jalan, 2014), which most other studies exclude and 
which we estimate separately. Lazard's capital costs include generic costs to connect to 
regular transmission grid, including such costs for off-shore wind. Their "high" case 
figures for a diesel generator assumes intermittent usage. Solar thermal storage "low" 
has 18-hours of storage; "high" has 10 hours. Their estimates of O&M cover all operating 
expenditures including administration, insurance, and taxes (Jalan, 2014). Fixed O&M 
includes periodic capital expenditures (Jalan, 2014) but not decommissioning and waste 
disposal costs. 
 
Black & Veatch 
 
From Black and Veatch (2012). Technology ca. late 2009, early 2010. Costs in 2009 USD. 
Costs exclude electric switchyard, transmission tap-line, interconnection, and interest 
during construction. For non-commercial plants, they base their estimates on 
engineering studies of “nth plant costs.”  “Near term” is their estimate for 2010 (2020 
with carbon capture and sequestration); “long term” is their estimate for 2050. For 
thermal plants, the capacity factor we show here is equal to 100% minus their reported 
forced and planned outage rates. We assume that their heat rates are based on higher 
heating values. Geothermal is conventional hydrothermal. Wave and tidal estimates are 
based on their optimistic scenario, with the middle resource-availability band. For wave 
and tidal, “near term” is their estimates for 2015. In Black and Veatch hydropower life is 
"at least 50 years" (p. 106). PV utility estimates are for 100-MW systems; the technology 
is unspecified, so we assume crystalline-silicon. Their solar thermal has 6-hour storage. 
Wind capacity-factor range is for Class 3 to Class 7 resources. Offshore wind is fixed-
bottom technology. 
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Parsons; DECC 
 
Wind, solar, biomass estimates from U. K. Department of Energy and Climate Change 
(2013). Coal, gas, nuclear are low or high estimates for nth of a kind plant, from Parsons 
Binckerhoff (2013). Efficiency is based on lower heating values (LHVs). The capacity 
factor shown here is their “average lifetime load factor” for wind, solar, and biomass, 
and their “average availability” for coal, gas, and nuclear. 
 
LBNL, others 
 
Wind: Estimates of capacity factors, capital costs, and O&M costs are from Barbose et al. 
(2014b). Their capacity-factor range covers all individual project sites in 2012, and their 
fixed O&M estimates are for projects installed since 2000. Their estimates of O&M costs 
exclude administration, lease, insurance, and related costs. 
 
Photovoltaics (PVs): Near-term, installed capital-cost estimates (except lower-end, near-
term cost estimates) are based on installation prices (in $/kW-dc) are from Barbose et al. 
(2014a), as follows: Utility PV: capacity-weighted average installed price in 2013. Note 
that these are utility PV prices contracted several years prior to installation, and hence 
do not reflect recent price declines. Residential PV: price for systems <10 kW installed in 
2014. Commercial PV: price for systems >100 kW installed in 2014. PV near-term lower-
end prices are turnkey prices estimated for Q2 2014 from GTM Research (2014). PV 
commercial and residential long-term cost estimates shown here are Barbose et al. 
(2014a) reported prices in Germany, which Barbose et al. (2014a) state are indicative of 
the potential for further significant cost reductions in the U.S. Estimates for utility-PV 
capacity factors and utility-PV O&M costs are from Bolinger and Weaver (2014). (We 
use our judgment to interpret their O&M data.) Bolinger and Weaver (2014) note that 
utility-PV capacity factors depend primarily on the intensity of the solar resource, and 
secondarily on the inverter loading ratio.  
 
Goodrich et al. (2012) estimate that “evolutionary” cost reductions for PVs will result in 
the following system prices in the year 2020 (year-2010 dollars per peak-watt dc): 2.29 
residential rooftop, 1.99 commercial rooftop, 1.71 fixed-axis utility ground mount, 1.91 
one-axis utility-scale ground mount.  
 
PV system lifetime estimates are from Jacobson et al. (2014) and Bazilian et al. (2013). 
Wind lifetime estimate is based on Dvorak (2014) and Byrne (2013). 
 
Solar thermal (or Concentrated Solar Power [CSP]): Bolinger and Weaver (2014) 
estimate $6000/kW capital cost for a trough with 6-hours of storage. They suggest that 
the storage adds $1500/kW. They also estimate $60/kW/yr  for O&M for Solar thermal 
(CSP) without storage. US DOE (2012) estimates current costs of $4000-$8500/kW 
(capital) and $60-$70/kW/yr (O&M), with the low end for plants without storage and 
the high end for plants with storage. Current plants without storage have a capacity 
factor of 20%-28%; current plants with 6-7.5 hours of storage have a capacity factor of 
40%-50%.  
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DOE (2012) estimates “evolutionary” technology cost and performance in 2020: 
$6070/kW (overnight capital cost), $50kW/yr (O&M cost), 66.4% capacity factor, 14 
hours storage. DOE (2012) also estimates more aggressive “Sunshot"” cost and 
performance targets for 2020: $3560/kW, $40/kW/yr, 66.6% capacity factor, 14 hours 
storage (in year-2010-$.)  
 
By comparison, Nithyanandam and Pitchumani (2014) estimate that 14-hours storage in 
an optimal system costs less than $300/kW, and that total capital costs could be under 
the DOE Sunshot target.  
 
Nuclear:  Linares and Conchado (2014) assume 5 to 9 years construction time, 6-12% 
weighted-average cost of capital, and a capacity factor of 80%-90% for APWRs. Anadon 
et al. (2013) report the range of expert estimates of the capital cost of APWR Gen III 
technology in year 2030; Table S14 “long-term” capital costs are based on the 10th and 90th 
percentiles of the expert range.  
 
For nuclear SMRs, Table S14 capital cost estimates are “realistic” cost estimates from 
Cooper (2014) for 2020 (our near term) and 2030 (our long term).   
 
Construction time and operating lifetime: Sovacool et al. (2014c) show construction 
times for generic categories thermal, hydro, nuclear, wind, and solar (see also Sovacool 
et al., 2014a, 2014b). NREL (Short et al., 2011) reports the scheduled lifetime for coal 
plants (65 years for units < 100 MW; 75 years for units > 100 MW), natural gas 
combined cycle  and oil-gas-steam units (both 55 years), and nuclear plants (60-80 
years). They also report construction times for a range of plant types, as shown in Table 
S14.  
 
 
8) CALCULATION OF THE COST OF ELECTRICITY BY STATE, YEAR, AND 
SCENARIO 
 
We calculate the average cost of electricity by state, year, and scenario (BAU or 100% 
WWS) as the sum of the product of the state’s fractional generation mix and the 
levelized cost of electricity (LCOE), by technology, as follows:  
 

  

AC
S ,Y ,W

= S
j ,S ,Y ,W

⋅
j

∑ C
j ,S ,Y ,W

S
j ,S ,Y ,BAU

= S
j ,M:S∈M ,Y ,BAU

C
j ,S ,Y ,W

= C
j ,US ,Y ,W

⋅R
ADJ , j ,S ,Y ,W
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⎠
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where 
 

  
AC

S ,Y ,W
= the average levelized cost of electricity from all technologies in state S in year 

Y in scenario W ($/kWh) 

  
S

j ,S ,Y ,W  =  the fraction of total generation provided by technology  j in state S  in year Y 

in scenario W (for 100% WWS scenario see discussion below; for BAU, see 

equation for parameter 
  
S

j ,S ,Y ,BAU ) 

  
C

j ,S ,Y ,W = the levelized cost of electricity from technology  j in state S year Y in scenario 

W ($/kWh)  

  
S

j ,M:S∈M ,Y ,BAU  = the fraction of total electricity provided by technology j in EIA Electricity 

Market Module Region (EMMR) M (containing state S) in year Y in the BAU 
scenario (see discussion below) 

  
C

j ,US ,Y ,W  = the average levelized cost of electricity from technology j in the United States 

in year Y  in scenario W ($/kWh) (Table S13) 

  
R

ADJ , j ,S ,Y ,W = regional adjustment factor for technology j in state S in year Y and scenario 

W (we calculate adjustment factors for fossil-fuel-power plants, wind power, and 
solar power) 

  
C%

AI+FOM , j ,US ,Y ,W
= the annualized+fixed O&M cost for technology j in the U.S. in year Y 

in scenario W, as a fraction of the total levelized cost (calculated from the 
intermediate national-average results) 

  
C%

FUEL , j ,US ,Y = the fuel cost for technology j in the U.S. in year Y, as a fraction of the total 

levelized cost (calculated from the intermediate national-average results) 

  
R

IC−C , j ,M:S∈M =  the ratio of initial costs for technology j in region M (containing state S) to 

the national-average costs assumed here, reflecting regional variability in 
construction costs (see the discussion below) 

  
R

IC−A , j ,M:S∈M = the ratio of initial costs for technology j in region M (containing state S) to 

the national-average costs assumed here, reflecting regional variability in 
ambient conditions such as temperature (see discussion below) 

  
R

FUEL , j ,M:S∈M ,Y = the ratio of fuel costs for technology j in region M (containing state S) in 

year Y to the national-average costs assumed here (EIA’s [2014c] AEO 
projections) 
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R

CF , j ,M:S∈M ,BAU = the ratio of the capacity factor for technology j in region M (containing 

state S) to the national-average factors estimated here, in the BAU (assumed to be 
1.0 for all technologies in the BAU scenario, for all years; see discussion below) 

  
R

ADJ , j ,S ,Y ,100%WWS  
= the adjustment factor for technology j in state S in year Y in the 100% 

WWS scenario to the national-average factors assumed here  
R
CF , j ,S ,Y ,100%WWS

= the ratio of the capacity factor for technology j in state S in year Y to the 

national-average factors estimated here, in the 100% WWS scenario (see 
discussion below) 

 
subscript j = technology types (Table S13)  
subscript W = 100% WWS or BAU scenario 
subscript M = Electricity Market Module Region (EIA 2014a, 2014e; there are no EMMs 

for Alaska and Hawaii, so as explained above we make separate assumptions for 
these two states) 

 

Fraction of generation by technology in the 100% WWS scenario (
  
S

j ,S ,Y ,100%WWS ) 

 
We constrain hydropower to existing capacity in each state except in the case of Alaska. 
We perform a detailed analysis of the potential generation from rooftop PV in each state 
(following the method of Jacobson et al., 2014) and then estimate the actual installed 
capacity for each state subject to a constraint that the installed capacity not exceed 93% 
(residential) or 95% (commercial) of the potential. (With our assumptions the installed 
capacity is about 60% of the potential for all 50 states.) We assume minor contributions 
from geothermal, wave, and tidal based on available resources in each state. For 
onshore wind, offshore wind, and solar thermal, we analyze the solar and wind 
resources available for each state and develop appropriate assumptions. Finally, we 
assume that utility solar PV provides the difference between demand and the supply 
from all other sources. We assume that 65% of utility PV is crystalline single-axis 
tracking technology, and 35% is thin-film single-axis tracking technology. 
 
We also maintain an estimate of the LCOE in a 100% WWS scenario at base-year cost 
levels. For this base-year scenario we assume the same 100% WWS generation mix as in 
the target year.  
 

Fraction of generation by technology and EMM in the BAU scenario (
  
S

j ,M:S∈M ,Y ,BAU ) 

 
As indicated above, in order to calculate the average LCOE for each state in the BAU we 

need to know 
  
S

j ,M:S∈M ,Y ,BAU , the fraction of total electricity provided by technology j in 

EIA Electricity Market Module Region (EMMR) M (containing state S) in year Y in the 
BAU scenario. Our technology categories j are shown in Table S13. Now, the EIA does 

not project exactly what we want (
  
S

j ,M:S∈M ,Y ,BAU ), but it does project something close 

(EIA, 2014c), which we will designate 
  
S f ,M:S∈M ,Y[2040],BAU , where the subscript f is the type 

of generator fuel (see below) and the subscript Y[2040] means that their projection 
extends only to 2040 (we go to 2075). We therefore have to extend the EIA’s projections 
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to the year 2075, and map their fuel (f)-based projections to our technology-type (j)-
based projections.  
 
Extending the EIA’s projections. We extend the EIA projections to 2075 using a ten-year 
moving trend line.  
 
Mapping the EIA’s fuel-based projections to our technology-type projections. The EIA 
(2014c) projects electricity generation by EMM and fuel type f, where the fuel types 
are Coal, Petroleum, Natural Gas, Nuclear, Pumped Storage, Conventional 
Hydropower, Geothermal, Biogenic Municipal Waste, Wood and Other Biomass, Solar 
Thermal, Solar Photovoltaic utility, Wind, Offshore Wind, Solar Photovoltaic end-use, 
and Distributed Generation. Our renewable technology categories are similar, but our 
fossil-fuel categories are more disaggregated. Fortunately, the EIA (2014f) also projects 
electricity generation for the whole U.S. (but not by EMM) by type of fossil-fuel 
technology, and we can use these national projections to break out into more specific 
technology types the EIA’s projection of coal, natural gas, and petroleum generation by 
EMM.  
 
Table S15 shows how we map the EIA’s (2014c, 2014f) projections into our technology 
types. This mapping is straightforward except in the case of petroleum and natural gas 
fuels, because the EIA’s (2014f) projections of generation by technology include several 
technology categories (e.g., steam turbine) that can use either petroleum or natural gas. 
Thus, in these cases, we must further disaggregate the EIA’s (2014f) projections to be by 
fuel type as well as technology type. To do this, we extract and aggregate plant-level 
EIA data on generation by oil and gas, by plant type, for the lower 48 states, Alaska, 
Hawaii, and the whole U.S. (Table S16). We use the results of Table 16, for the lower 48 
states, to distribute the EIA’s (2014f) projections by technology type to our technology- 
and fuel-specific categories. (We use results for the lower 48 states because the EIA’s 
[2014f] projections are for the lower 48 states only; we and the EIA treat Alaska and 
Hawaii separately.)  
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Table S15. Mapping EIA fuel-use categories to our technology types.  
 

EIA (2014c) fuel category 
2050 

weight Our technology category 

Coal 99.1% Advanced pulverized coal 

Distribution based on EIA 
(2014f). 

0.0% Advanced pulverized coal w/CC 

0.5% IGCC coal 

0.4% IGCC coal w/CC 

Petroleum 

 

Diesel generator (for steam turbine) 

Natural Gas 5.3% Gas combustion turbine 

Distribution based on EIA 
(2014f) and Table S16 analysis; 
see discussion below. 

34.0% Combined cycle conventional 

60.4% Combined cycle advanced 

0.2% Combined cycle advanced w/CC 

0.0% Fuel cell (using natural gas) 

0.0% Microturbine (using natural gas) 

Nuclear 100.0% Nuclear, APWR 

EIA (2014g) assumes no storage 0.0% Nuclear, SMR 

Distributed generation  

 

Distributed generation (using natural gas) 

Biogenic Municipal Waste 

 

Municipal solid waste 

Wood and Other Biomass 

 

Biomass direct 

Geothermal 

 

Geothermal 

Pumped Storage, 
Conventional hydropower 

 

Hydropower 

Wind 

 

On-shore wind 

Offshore Wind 

 

Off-shore wind 

Solar Thermal 100.0% CSP no storage 

EIA does not consider storage. 0.0% CSP with storage 

Solar Photovoltaic utility 65.0% PV utility crystalline tracking 

EIA’s AEO includes only single-
axis-tracking PV of unspecified 
technology (EIA, 2014g, p. 66; 
EIA, 2014a, p. 178) 

0.0% PV utility crystalline fixed 

35.0% PV utility thin-film tracking 

0.0% PV utility thin-film fixed 

 Solar Photovoltaic end-use 35.0% PV commercial rooftop 

 Our assumption. 65.0% PV residential rooftop 

No EIA projections. 

 

Wave power 

No EIA projections. 

 

Tidal power 

No EIA projections. 

 

Solar thermal (water or glycol solution) 
 
Note: Our category “gas combustion turbine” includes the “steam turbine” and “gas turbine” categories 
of Table S16. 

A-439



 90 

Table S16. Generation from oil and natural gas, by plant type, all generators (electric 
utilities and co-generators), U. S., 2013 (MWh) 
 
Plant type Lower 48 Alaska Hawaii United states 

 
Oil NG  Oil  NG  Oil NG  Oil NG  

ICE 155,853 10,450,007 403,883 60,945 347,303 0 907,039 10,510,952 

Steam turbine 4,452,615 92,181,479 3,515 5,000 4,257,719 0 8,713,848 92,186,480 

Combined 
cycle 

635,860 951,534,387 364,625 2,774,980 2,474,139 0 3,474,624 954,309,367 

Gas turbine 669,432 94,582,808 53,120 625,621 172,112 41,330 894,665 95,249,759 

Total 5,913,760 1,148,748,681 825,143 3,466,547 7,251,273 41,330 13,990,176 1,152,256,557 

 
ICE = internal combustion engine; NG = natural gas.  
 
Source: Our analysis of EIA plant-level database: U.S. Department of Energy, The Energy Information 
Administration (EIA), EIA-923 Monthly Generation and Fuel Consumption Time Series File, 2013 Final 
Release, EIA-923 and EIA-860 Reports (http://www.eia.gov/electricity/data/eia923/).  
 
 
Alaska and Hawaii. The EIA’s EMM regions do not cover Alaska and Hawaii. For these 
states we assume the actual generation shares in 2013 
(http://www.eia.gov/electricity/data/state/) remain constant over time. (This in 
essence is what the EIA does in its AEO projections [Jones, 2015].) 
 
Note that our method properly and consistently accounts for the effects on CO2 
emissions and generation costs of the use of carbon-capture and sequestration (CCS): we 
use the EIA’s projections of generation with CCS, the EIA’s projections of the associated 
economy-wide CO2 emissions from fossil-fuel use, and the EIA’s assumptions on the 
cost of generation technology with CCS relative to the cost without.  
 
Regional variation in initial capital costs 
 
The EIA’s AEO accounts for two sources of regional variation in the capital cost of 
electricity generation technologies: variation in construction costs (primarily labor 
costs), and variations in ambient conditions, such as temperatures, that affect the power 
output of the turbine and hence the $/kW capital cost of the technology. (For example, 
air temperature influences the air pressure into the turbines, which in turn determines 
the turbine power output.) We account for the same effects here, using the EIA’s 
multipliers.  
 
The EIA commissioned a consultant to estimate variability in construction costs and 
ambient conditions for a representative city (or cities) in all 50 states in the U. S. (EIA, 

2013). With these estimates, the EIA developed its own estimates of 
  
R

IC−C , j ,M:S∈M  (the 

capital cost in each region, relative to the national-average cost, due to the construction 

cost in the region relative to the national average) and 
  
R

IC−A , j ,M:S∈M  (the capital cost in 
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each region, relative to the national-average cost, due to the ambient conditions in the 
region relative to the national average) (EIA, 2014h; see also Table 4 of EIA, 2013, for a 

summary of the product of 
  
R

IC−C , j ,M:S∈M  and
  
R

IC−A , j ,M:S∈M  by EMM). For the 22 EMMs in 

the lower 48 states, we use the EIA’s (2014h) estimates. For Alaska and Hawaii we use 
the estimates developed in the EIA’s consultant report (EIA, 2013), the average of 
Anchorage and Fairbanks for Alaska, and Honolulu for Hawaii.  
 
The EIA does not apply these regional capital-cost adjustments to geothermal and 
hydropower. Instead, the EIA estimates geothermal and hydropower capital costs and 
capacity by EMM region including in this case Alaska and Hawaii (EIA, 2014i). We use 
these to calculate capacity-weighted average capital costs in each EMM region relative 
to the capacity-weighted national-average capital cost. If the EIA (2014h) did not 
estimate  capital cost or capacity for a region, we assume a relative factor of 1.0., except 
in the case of geothermal for Hawaii, where we assume an adjustment factor based on 
the generally higher construction costs in Hawaii.  
 
In the EIA’s analysis the regional multipliers apply to “base-case” capital-cost estimates, 
which pertain to a “generic” facility built in an unspecified, “typical” location (EIA, 
2014a, p. 96; EIA, 2013, p. 5, p.2-6). Here we apply the same regional multipliers to our 
own estimates of generic, nationally typical capital costs. On the reasonable assumption 
that our generic capital-cost estimates are conceptually similar to the EIA’s generic 
“base-case” estimates, our use of the EIA’s regional multipliers is valid.  
 
The relative capacity factor for technology j in region M in the BAU scenario. 
 
In this analysis we ignore regional variations in capacity factors in the BAU and instead 
assume that capacity factors in all regions for all technologies are equal to the national-
average capacity factor for the technology as projected by the EIA. (However, as 
discussed below, we do adjust the EIA’s projected BAU capacity factors for wind power 
to account for the reduction in wind speed due to increasing numbers of wind turbines.) 
If we were to estimate region-specific capacity factors and then weight these by regional 
generation, the resultant total U.S. average costs would be the same, but region-by-
region costs would be slightly different from what we have estimated here.  
 
The relative capacity factor for technology j in state S in year Y in the 100% WWS 
scenario.  
 
We estimate capacity factors for onshore wind and all solar technologies, for each state, 
in target-year Y, relative to the estimated or assumed national-average capacity factor in 
Table S13. For all other technologies in the 100% WWS scenario (e.g., hydro and 
offshore wind), we assume that each state’s capacity factor is the same as the national 

average factor, meaning that the adjustment term RCF , j ,S ,Y ,100%WWS   is 1.0.  

 
Onshore wind. For onshore wind, we first calculate the capacity factor for each state 
and for the nation as a whole in 2013 based on reported wind generation by state from 
the EIA’s Electric Power Monthly (http://www.eia.gov/electricity/monthly/) and 
installed wind capacity by state in 2013 from the DOE 
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(http://apps2.eere.energy.gov/wind/windexchange/wind_installed_capacity.asp). 
For states with either zero generation or capacity, we assume the regional-average 
capacity factor. We then calculate the ratio of each state’s 2013 capacity factor to the 
national average capacity factor (calculated from the same state-level data) in the base 
year (2013 in the present analysis, but represented generally by the parameter Y

CF
); we 

designate this ratio R
CF ,wind ,S ,Y

CF

. The overall target-year adjustment factor 

R
CF ,wind ,S ,Y ,100%WWS

 is then the product of 
  
R

CF ,wind ,S ,Y
CF

, a multiplier that accounts for changes 

in resource availability due to the use of more or less windy sites than in the base year 
(subscript RA), and a multiplier that accounts for the reduction in wind speed as the 
number of turbines extracting energy from the wind increases (subscript WX):  
 
R
CF ,wind ,S ,Y ,100%WWS

= R
CF ,wind ,S ,2013

⋅ϕ
RA ,wind ,S ,Y ,100%WWS

⋅ϕ
WX ,wind ,S ,Y ,100%WWS

ϕ
RA ,wind ,S ,Y ,100%WWS

=ϕ
RA ,wind ,S ,Limit

+ 1−ϕ
RA ,wind ,S ,Limit( ) ⋅ eγ RA⋅ Y−YCF( )

ϕ
WX ,wind ,S ,Y ,100%WWS

=ϕ
WX ,wind ,S ,Limit

+ 1−ϕ
WX ,wind ,S ,Limit( ) ⋅ eγWX ⋅ Y−YCF( )

 

 
where 
 
ϕ
...Y

= the ratio of the capacity factor in year Y to the capacity factor in year Y
CF

on 
account of changes in the availability in wind resources (subscript RA) or wind-
energy extraction (subscript WX) 

  
ϕ

RA ,wind ,S ,Limit
= the ratio of the capacity factor in the long-run limit to the capacity factor in 

year Y
CF

on account of changes in the availability in wind resources (discussed 
below) 

ϕ
WX ,wind ,S ,Limit

= the ratio of the capacity factor in the long-run limit to the capacity factor 

in year Y
CF

on account of increasing wind-energy extraction (discussed below) 
γ = the rate of approach of the long-run limiting reduction factor due to resource 

availability or competition among turbines (discussed below) 
Y = the target year of the analysis 
Y
CF

 = the year of the baseline capacity-factor data (2013 in the present analysis) 

 
As discussed in the section “Capacity factor: resource availability long-run limit w.r.t. 
base (100% WWS scenario only) (<100%),” in the U. S. most of the high-wind sites have 
yet to be developed. However, in order to get a more quantitative sense of the long-run 
availability of wind resources by state, we examine NREL’s map of wind power classes 
throughout the U.S., with appropriate land-use restrictions applied (Figure S3). Based 
on this examination, and considering that in Jacobson et al. (2015) “wind turbines are 
placed near each of 42,000 existing U.S. turbines..,” we assume that 

  
ϕ

RA ,wind ,S ,Limit  
is 96% 

to 100%, with higher values for the states with the best wind resources, and that this 
limit is approached at a rate of 4%/year.  
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As mentioned above, another factor affects the amount of energy available from wind 
resources in a target year with respect to the amount available in the base year. As the 
number of wind farms increases, the extraction of kinetic energy from the wind by the 
turbines decreases the average wind speeds, which in turn reduces the potential power 
output from the wind farms (Jacobson and Archer, 2012).  
 
The magnitude of this reduction depends on several factors, including the size, location, 
and spacing of wind farms; the height of the turbines; and the extent to which the 
increased dissipation of kinetic energy as heat eventually increases the available 
potential energy of the atmosphere (Jacobson and Archer, 2012). Results from Jacobson 
et al. (2015) indicate that the reduction in wind speeds due to large-scale deployment of 
wind farms, on the scale assumed here, can reduce the average capacity factor by about 
7%. At higher levels of deployment – at what might constitute our long-run limit – the 
reduction presumably would be slightly higher. On the other hand, the base-year 
capacity factors we start with already reflect the actual performance of existing wind 
farms, and therefore account for the real-world reduction in wind speed due to use of 
wind power at the relatively low levels of penetration in the base year.  
 
With these considerations, we assume that at highest levels of deployment the 
reduction in wind speeds due to extraction of kinetic energy by turbines would 
(further) reduce the capacity factor for onshore wind by 5%  to 7%; i.e., that 

  
ϕ

WX ,wind ,S ,Limit  
is 93% to 95%, with higher values for the states with the best wind resources.  
 
Offshore wind. For offshore wind we assume smaller effects because these farms 
generally are spaced relatively far from one-another and from onshore farms; thus, we 
assume a 4% reduction in the low-cost case and a 6% reduction in the high-cost case.  
 
Note that, as discussed later, this effect applies also to wind power in the BAU scenario.  
 

Solar power.  For solar power, the adjustment factor 
  
R

CF , j ,S ,Y ,100%WWS  is the ratio of the 

average insolation in year Y for technology j  in state S to the generation-weighted 
national average insolation for technology j in the base year Y

CF
. The average insolation 

in year Y is equal to the average insolation in year Y
CF

 multiplied by an adjustment 

factor that accounts for changes in siting opportunities between the base year Y
CF

 and 

the target year Y. The average insolation in the base year Y
CF

 is the product of the three 

factors: i) the average insolation in a representative city in the state; ii) an adjustment for 
the general effect of the size of the state on the opportunity for siting in places with 
insolation different than in the representative city; and iii) an adjustment that accounts 
for the specific effect of areas in the state, such as deserts, with especially good 
insolation.  
 
Formally for the case of CSP technology,  
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R
CF ,CSP ,S ,Y ,100%WWS

=
U
CSP ,S ,Y

U
CSP ,US ,Y

CF

U
CSP ,S ,Y

=U
CSP ,S ,Y

CF

⋅AF
LOC−CSP ,S ,Y

AF
LOC−CSP ,S ,Y = AF

LOC−CSP ,S ,Y
CF
→Limit + 1−AFLOC−CSP ,S ,Y

CF
→Limit( ) ⋅ eγU−CSP⋅ Y−YCF( )

U
CSP ,S ,YCF

=U
City−S ⋅AFAREA ,S ⋅AFLOC−CSP ,S ,YCF

AF
AREA ,S

=max 1,
A
S

A
GEOMEAN−US

⎛

⎝⎜
⎞

⎠⎟

a⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

U
CSP ,US ,YCF

=
1

G
CSP ,US ,YCF

⋅ U
CSP ,S ,YCF

⋅G
CSP ,S ,YCF

S

∑

 

 
 
where  
 

  
R

CF ,CSP ,S ,Y ,100%WWS
= 

 
the capacity factor for technology CSP in state S in year Y in the 100% 

WWS scenario relative to the national-average capacity factor for CSP in year Y
CF

 

U
CSP

 = average insolation at CSP locations in (kWh/m2/d) 

U
CSP ,US ,Y

CF

 = generation weighed average insolation at CSP locations in the U.S. in the 

base year 
AF

LOC−CSP ,S ,Y
 = The ratio of average insolation at the CSP locations in state S in year Y to 

the average insolation at CSP locations in state S in year Y
CF

  

AF
LOC−CSP ,S ,Y

CF
→Limit

 = the limit of AF
LOC−CSP ,S

 in the long run (see discussion below) 

γ
U−CSP

 = the rate of approach of the long-run limit in the case of CSP (see discussion 

below) 
U
City−S

 = average insolation in a representative city in state S (kWh/m2/d) 

(http://stalix.com/isolation.pdf) 
AF

AREA ,S
 = adjustment factor accounting for the fact that the larger the state, the more 

likely there are to be sites for utility PV and CSP plants that have better 
insolation than for the representative city 

AF
LOC−CSP ,S ,Y

CF

 = the ratio of average insolation at the location of CSP plants to the 

average insolation for the representative city, in the base year (see discussion 
below) 
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A
S
 = land area of state S (U. S. Census) 

A
GEOMEAN−US

 = the geometric mean state area in the U.S. 

a = exponent (we specify this so that AF
AREA ,S

 is less than 1.10 for all states except 

Alaska) 
G
CSP ,S ,Y

CF

 = generation from CSP in state S in year Y
CF

(sources for all WWS technologies: 

http://www.eia.gov/electricity/data/browser; Interstate Renewable Energy 
Council, 2014) 

 
For states with PV and CSP plants in the base year, our assumptions for AF

LOC−CSP ,S ,Y
CF

 

are based on our assessment of the insolation at their actual locations in 2012 with 
respect to the insolation for the representative city (Figure S2). Our estimates for 
AF

LOC−CSP ,S ,Y
CF
→Limit

also are based on our assessment of the information shown in Figure 

S2, with consideration of two countervailing trends over time, i) the possibility of 
finding better (sunnier) locations within each state for certain types of technology, but 
also ii) the possibility of using up the sunniest spots first.  
 
The relative capacity factor for WWS technologies in the BAU scenario.  
 

We have assumed that the 
  
R

CF , j ,M:S∈M ,BAU  
is 1.00 for all technologies, including WWS 

technologies, in the BAU scenario. Why do we make state-specific adjustments for the 
capacity factor for WWS technologies in the 100% WWS scenario but do not make 
EMM-region-specific adjustments in the BAU scenario? In general, we estimate state-
specific parameters, relative to national-average parameters, so that i) we can report 
state-level costs, and ii) we can estimate a national-average LCOE based on a different 
set of state weights than those used to calculate the state-specific relative adjustment 
parameters. As discussed above, in the 100% WWS scenario the national-average 
capacity factors we estimate are based implicitly upon state generation shares that are 
different than the shares that we actually assume; thus, in the 100% WWS scenario, we 
need to know individual state capacity factors in order to estimate a national-average 
LCOE consistent with the state generation mix we actually assume. However, in the 
BAU all national-average capacity factors are taken from the EIA’s AEO, and 
presumably the EIA’s national average estimate is built from EMM-level capacity 
factors. If so, then in the BAU, there is no need to estimate the relative regional capacity 
factors for WWS technologies, at least for the purpose of calculating the national-
average LCOE. (The use of relative regional capacity factors would change the reported 
state-level costs ever so slightly, but this difference is minor.) 
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Figure S3. Wind power classes in the, U.S. (https://mapsbeta.nrel.gov/wind-prospector/).
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Note that this reasoning also means that, for the purpose of accurately estimating 
national average costs, we did not have to estimate regional relative fuel costs, 

  
R

FUEL , j ,M:S∈M ,Y , because presently we use the EIA’s AEO projections to estimate both 

relative regional costs and the national average cost used in the overall national LCO

calculation. Nonetheless, we have incorporated 
  
R

FUEL , j ,M:S∈M ,Y  into our model to 

accurately report state-specific costs and to allow for the possibility, in future analys
of calculating national-average costs with a different set of state-specific fuel-use 

weights than those used to calculate s
  
R

FUEL , j ,M:S∈M ,Y .  

However, even though we don’t estimate region-specific capacity factor adjustments
the BAU, we do estimate a national-average adjustment to the wind capacity factor in 
the BAU in the TY to account for the effect, discussed in the previous section, of 
expanding the size of wind farms. The EIA’s (2014c) reference-case projections of the 
capacity factor for wind power – the starting point of our estimates of energy use in t
BAU – do not account for this effect of reduction in kinetic energy on the capacity fac
for wind power, so for our BAU scenario we must adjust the EIA estimates according
We use the method described for the 100% WWS scenario, except that we assume that
in the BAU the state shares of onshore wind generation approach the long-run 
saturation limit at 20% of the rate in the 100% WWS scenario, and that each state’s share 
of total national wind generation is equal to its share in the base year.   
 
Note on the cost of installed WWS capacity by state  
 
We use the same state/national capital-cost multipliers and capacity-factor multipliers
to calculate the total installed capacity and the total cost of installed capacity by state. 
The total cost of installed capacity by state is used in the calculation of the amount o
time it takes for energy-cost savings, air-pollution benefits, and climate-change benefit
to payback the initial installed capacity cost.  
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Exhibit E 
The Solutions Project, 100% Renewable Energy Roadmap for North Carolina 

THESOLUTIONSPROJECT.ORG  
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100% NORTH CAROLINA
Transition to 100% wind, water, and solar (WWS) for all purposes

(electricity, transportation, heating/cooling, industry)

Residential rooftop PV

6%

Solar PV plants

26.5%

CSP plants

5%

Onshore wind

5%

Ofshore wind

50%

Commercial/govt

rooftop PV

4%

Wave devices

0.8%

Geothermal

0%

Hydroelectric

2.7%

Tidal turbines

0.03%

2050
PROJECTED

ENERGY MIX

40-Year Jobs Created

Number of jobs where a person

is employed for 40 consecutive years

Operation jobs:

Construction jobs:

=10,000

63,199

99,676

Using WWS electricity for everything, instead of burning fuel, and

improving energy eiciency means you need much less energy.

-40%

Current demand Wind, Water, Solar

VISIT THESOLUTIONSPROJECT.ORG
TO LEARN MORE AND 100.ORG TO JOIN THE MOVEMENT

Data from Stanford University - For more information, visit

http://go100.me/50StateTargets

FO L LOW  U S  O N 100isNow SolutionsProj
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100% NORTH CAROLINA

VISIT THESOLUTIONSPROJECT.ORG
TO LEARN MORE AND 100.ORG TO JOIN THE MOVEMENT

Data from Stanford University - For more information, visit

http://go100.me/50StateTargets

FO L LOW  U S  O N 100isNow SolutionsProj

P

Transition to 100% wind, water, and solar (WWS) for all purposes

(electricity, transportation, heating/cooling, industry)

Avoided Mortality and Illness Costs Percentage of North Carolina Land Needed
for All New WWS Generators

Future Energy Costs 2050 Money in Your Pocket

Avoided health costs per year:

2% of State GDP

Air pollution deaths avoided every year: 1,672

$19B

=100

Plan pays for itself in as little as 3 years from air pollution and climate

cost savings alone

0.56%
Spacing area

0.47%
Footprint area

BAU (Business as usual) WWS (Wind, water, solar)

U.S. average fossil-fuel energy costs*

10.5 c/kWh

State average WWS  

electricity costs

11.1 c/kWh

*Health and climate external costs of fossil fuels are another 5.7c/kWh

Annual energy, health, and climate cost savings per person

in 2050: $6,623

Annual energy cost savings per person in 2050: $131

= $2,000
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Okmyung Bin, Chris Dumas, Ben Poulter, and John Whitehead, Measuring the Impacts of 

Climate Change on North Carolina Coastal Resources Prepared for National Commission on 

Energy Policy 1-101 (2007)  
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Executive Summary 

Current scientific research shows that the global sea level is expected to rise significantly 
over the next century. The relatively dense development and abundant economic activity along 
much of the U.S. coastline is vulnerable to risk of coastal flooding, shoreline erosion and storm 
damages.   

 
In this study we examine the impacts of climate change on North Carolina coastal 

resources. We consider three important areas of the coastal economy: the impacts of sea-level 
rise on the coastal real estate market, the impacts of sea-level rise on coastal recreation and 
tourism and the impacts of tropical storms and hurricanes on business activity. Our baseline year 
is 2004. All the impacts in this study are measured in 2004 U.S. dollars. 

 
Methods for Coastal Impacts Analysis 

 
Inundation and storm impacts are assessed for four coastal counties ranging from high-

development to rural-economies and with shoreline dominated by estuarine to marine 
environments. We use high-resolution topographic LIDAR (Light Detection and Ranging) data 
to provide accurate inundation maps in order to identify all property that will be lost under 
different sea level rise scenarios assuming no adaptation. The sea level rise scenarios are 
adjusted upward for regional subsidence and range from an 11 centimeters (cm) increase in sea 
levels by 2030 to an 81 cm increase by 2080. Additional geospatial attributes that described the 
distance of a property to shoreline and elevation are also generated and entered into a database of 
corresponding tax values. 

 
To estimate the recreational impacts of sea level rise we calculated current erosion rates 

for beaches and fishing locations and modeled projected beach widths. Projected increases in 
erosion are estimated qualitatively for the years 2030 and 2080 by a local expert. These erosion 
rates are then mapped spatially to describe changes in minimum and maximum beach width 
assuming no nourishment or barrier island migration. 

Storm impacts are assessed by investigating projected climate-related increases in storm 
intensity along a hurricane track that made landfall in 1996. The percent increase in wind speed 
due to increased sea surface temperature is estimated using the MAGICC/SCENGEN Global 
Climate Model. The wind speeds are mapped spatially using a hurricane wind speed model 
(HURRECON). Maximum wind speeds and wind gusts are averaged by county and used in an 
economic model to estimate potential business impacts. 

Impacts on Real Estate Markets 

 
In the first economic component of this study we estimate the impacts of sea level rise on 

coastal real estate markets in New Hanover, Dare, Carteret and Bertie County of North Carolina.  
The study area represents a cross-section of the North Carolina coastline in geographical 
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distribution and economic development.  A simulation approach based on the hedonic property 
model is developed to estimate the impacts of sea level rise on property values.   

 
Data on property values come from the county tax offices which maintain property parcel 

records that contain assessed values of property as well as lot size, total square footage, the year 
the structure was built, and other structural characteristics of the property.  Other spatial 
amenities such as property elevation, ocean and sound/estuarine frontage and distance to 
shoreline are obtained using Geographic Information System data.   

 
We estimate the loss of property values due to sea level rise using a simulation approach 

based on hedonic property value models for the four counties.  The results indicate that the 
impacts of sea level rise on coastal property values vary across the North Carolina coastline. 
Without discounting, the residential property value loss in Dare County ranges from 2% of the 
total residential property value to 12%. The loss in Carteret County ranges from less than 1% to 
almost 3%. New Hanover and Bertie counties show relatively small impacts with less than one 
percent loss in residential property value. 

 
Considering four coastal counties, including the three most populous on the North 

Carolina coast, the present value of lost residential property value in 2080 is $3.2 billion 
discounted at a 2% rate.  The present value of lost nonresidential property value in 2080 is $3.7 
billion at a 2% rate. 
 
Impacts on Recreation and Tourism 

In the second economic component of this study we estimate the impacts of sea level rise 
on coastal recreation and tourism. We estimate the effects of sea-level rise on beach recreation at 
the southern North Carolina Beaches and recreational fishing that takes place on the entire coast 
(whereas the property impacts are assessed for only 4 counties).  

We use two sets of recreation data and the travel cost method for recreation demand 
estimation. The first data set includes information on beach trips to southern North Carolina 
beaches. The second includes information on shore-based fishing trips for the entire North 
Carolina coast.  

We estimate that the lost recreation value of climate change-induced sea level rise to 
beach goers is $93 million in 2030 and $223 million in 2080 for the southern North Carolina 
beaches. For those households who only take day trips, 4.3% of recreation value is lost in 2030 
and 11% is lost in 2080 relative to 2004 baseline values. For those households who take both day 
and overnight beach trips, 16% and 34% of recreation value is lost in 2030 and 2080, 
respectively. 

Beach trip spending by non-local North Carolina residents would also change 
significantly with climate change-induced sea level rise. Spending by those who only take day 
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trips would fall by 2% in 2030 and 23% in 2080 compared to 2004. Those who take both day and 
overnight trips would spend 16% less in 2030 and 48% less in 2080. 

Turning to recreational fishing, the aggregate annual lost recreational value of sea level 
rise to shore anglers in all of North Carolina would be $14 million in 2030 and $17 million in 
2080. This is 3% in 2030 and 3.5% in 2080 of the 2004 baseline values. Angler spending would 
not change significantly as shore anglers move to other beaches or piers and bridges in response 
to sea level rise. 

The coastal recreation and tourism analysis indicates that there are substantial losses from 
reduced opportunities of beach trips and fishing trips. The present value of the lost recreation 
benefits due to sea level rise would be $3.5 billion when discounted at a 2% rate for the southern 
North Carolina beaches. The present value of the lost recreational fishing benefits due to sea 
level rise would be $430 million using a 2% discount rate.  

Impacts on Business and Industry 

In the third component of this study we estimate the impacts of increased storm severity 
on business and industry, including agriculture, forestry, commercial fisheries and general 
“business interruption.”  These are the primary categories of impacts on business and industry 
for low-intensity hurricane strikes, and changes among low-intensity hurricane categories are 
identified in this study as the most likely results of climate change. Estimates of business 
interruption impacts on economic output are presented by county for three climate change 
scenarios. Although scarce data limit the ability to estimate economic impacts for the vulnerable 
natural resource sectors, preliminary, order of magnitude assessments are presented. 

The impacts of increased storm severity on economic output due to business interruption 
from 2030-2080 vary across county and climate change scenario, ranging from negligible 
impacts for Bertie County to $946 million for New Hanover County.  These results show the 
incremental losses due to climate change that could result from a storm strike similar to 
hurricane Fran, a well-known category 3 storm that struck North Carolina in 1996. County-level 
estimates vary due to differences in population, industry structure, distance to the coast, and prior 
hurricane damage history.  

 
The economic impacts of severe storms on the North Carolina agricultural sector are 

significant. Based on agricultural damage statistics for hurricanes affecting North Carolina 
between 1996 and 2006, we find that a tropical storm or category 1 hurricane strike causes $30-
$50 million in total statewide agricultural damage, a category 2 storm in the ballpark of $200 
million, and a category 3 storm on the order of $800 million. Increases in hurricane intensity due 
to climate change could have substantial impacts on agriculture in North Carolina. 

 
Based on the limited data from hurricane Fran (category 3) and hurricane Isabel (category 

2), the incremental forest damage associated with an increase in hurricane severity from category 
2 to category 3 is substantial, on the order of 150% per storm event, or about $900 million. 
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Consistent time series data on the damages to commercial fishing operations caused by 

tropical storms and hurricanes do not currently exist for North Carolina.  However, two recent 
case studies indicate that commercial fisheries suffer economic losses primarily in the form of 
damaged fishing gear and reductions in the number of safe fishing days. In addition, there is 
some evidence that the populations of some target species may fall following hurricanes, further 
reducing the profitability of fishing. 
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Cat 1 - Category 1 hurricane on the Saffir-Simpson hurricane severity scale 

Cat 2 - Category 2 hurricane on the Saffir-Simpson hurricane severity scale 

Cat 3 - Category 3 hurricane on the Saffir-Simpson hurricane severity scale 

FDEL - Full day equivalents lost, the number of days of lost business output due to a storm strike 

FEMA - Federal Emergency Management Agency 

GDP - Gross Domestic Product 

GIS - Geographic Information Systems 

HURRECON – Model used to estimate wind speeds from point locations along a storm track 

IMPLAN - Name of economic input-output computer model developed by MIG, Inc. 

IPCC – Intergovernmental Panel on Climate Change 
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MAGICC/SCENGEN (Hulme et al. 1995) – Global Climate Model used to estimate sea surface 

temperatures for calculating changes in hurricane intensity 
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NC – North Carolina 
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NLOGIT – Nested Logit version of LIMDEP (Limited Dependent Variable) econometric 
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NMFS – National Marine Fisheries Service 
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1. Introduction 

 
Rapid economic growth in the coastal zone in the last few decades has resulted in larger 

populations and more valuable coastal property.  However, coastal development is exposed to 
considerable risk as sea level is projected to rise 0.18 to 0.59 meters over the next century 
(Intergovernmental Panel on Climate Change 2007) creating potential problems for the coastal 
economy. In this study we estimate the impacts of sea level rise on property values, beach 
recreation and tourism and storm damages in coastal North Carolina. This research offers a 
unique integration of geospatial data and economic models of the coastal economy. Our baseline 
year is 2004. All the impacts in this study are measured in 2004 U.S. dollars. We estimate 
impacts for 2030 and 2080. When appropriate, we estimate the present value of impacts from 
2004 to 2080 using discount rates of 0%, 2% and 7%.  

 
North Carolina was chosen as the case study primarily due to its economic vulnerability 

to climate change. One problem is climate-change induced sea level rise. Coastal North Carolina 
is located within the relatively low-income eastern region of the state. The coastal real estate 
market and coastal tourism are important economic sectors in this region. Given the barrier 
island roads and highways that act as barricades, sea-level rise is expected to result in significant 
changes in beach width impacting the land that currently hosts beach cottages and beach 
recreation. Further, to the extent that climate change leads to more severe hurricanes, business 
activity will be negatively affected.  

Methods for Coastal Impacts Analysis 

In Section 2 of this report we describe the geospatial data developed to integrate climate 
change impacts into the economic models.  

This research considers Bertie, Carteret, Dare and New Hanover counties, which 
represent a cross-section of the North Carolina coastline in geographical distribution and 
economic development. For coastal counties selected for analysis, we use coastal property parcel 
data and develop additional climate change related attributes for each property parcel and 
estimates for each coastal county using several different modeling approaches. The climate 
change related attributes chosen for this study include: 

1. Average parcel elevation (from LIDAR elevation data ±25 cm accuracy) 
2. Indicator for whether the parcel (i.e. >50%) is inundated by sea level rise for the years 

2030 and 2080 for mid, low, and high scenarios 
3. Frequency of wind speeds over a threshold projected for the next 100 years for each 

parcel based on increasing wind intensity for a hurricane track which made landfall in 
coastal North Carolina in 1996 

4. Federal Emergency Management Agency (FEMA) floodzone that parcel is currently 
inside 
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5. Sensitivity of parcels to changes in projected FEMA floodzone change that parcel will be 
inside due to increase in storm-surge event 

6. Estimated erosion and loss of shore-fishing areas based off measured erosion rates and 
qualitative projections for future erosion taking into consideration sea-level rise and 
increased storminess 

7. Estimated erosion and loss of recreational (swimming) beaches 

Impacts on Real Estate Markets 

In section 3 of this report we present estimates of the impacts of climate change in real 
estate markets. Data on property values come from the county tax offices.  Each county tax 
office maintains property parcel records that include sales transactions, lot perimeter, total square 
footage of the property, the year the structure was built, and other characteristics of the property.  
High-resolution LIDAR (Light Detection and Ranging) elevation data are utilized to identify the 
inundation areas for different sea level rise scenarios. Other spatial amenities (e.g., ocean/sound 
frontage and distance to the shore) that may affect property values are measured using 
Geographic Information Systems (GIS). 

The hedonic property price functions are estimated using structural, location, and 
environmental attributes.  Separate hedonic price schedules are estimated for residential and 
nonresidential properties.  Based on the hedonic regression results, a simulation method is 
developed to estimate the value of each lost property in the inventory of coastal property.  The 
simulation method maintains the assumption that the value of amenities and risks of the lost 
properties are transferred to other properties.  It implies that the coastal property at the time of 
loss would not have the peak value that stems from waterfront location.     

The following general categories of the impacts are identified: 

• The value of land loss 

• The value of capital (structure) loss 

• The cost of relocating structures further inland 

• The value of public infrastructure loss 

This study focuses on the first two categories which represent more direct and immediate 
measures of the impacts.  The other categories relate more to adjustments induced by sea level 
rise, and the impacts are relatively small compared to the first two categories.  The estimated 
impacts of sea level rise on property values are provided for various sea level rise scenarios.   

Impacts on Recreation and Tourism 

 
In section 4 of this report we consider the impacts of sea-level rise on recreational fishing 

and non-fishing beach recreation. All of coastal North Carolina is included in the recreational 
fishing analysis. Due to data limitations the beach counties considered for the recreational 
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swimming analysis are the southern counties of Brunswick, New Hanover, Pender, Onslow and 
Carteret.  

 
In the beach recreation analysis we estimate the economic costs and impacts to the beach 

tourism industry at the county level arising from sea-level rise. The beach recreation economic 
effects are estimated using a recreation demand methodology and data gathered for the U.S. 
Army Corps of Engineers.  

 
Using the 2005 USACE data, a nested logit random utility model (NRUM) is estimated. 

Information from the geospatial analysis is used to identify beach recreation sites that will 
potentially become unavailable with sea-level rise (e.g., changes in beach width). The recreation 
demand model is used to simulate site closure at these locations and the resulting reallocation of 
beach recreation trips. These estimates are combined with trip expenditures data to estimate the 
economic effects on North Carolina coastal counties. 

 
The recreational fishing economic costs and impacts are estimated using a similar 

recreation demand methodology and data gathered by the National Marine Fisheries Service 
(NMFS) through their Marine Recreational Fishery Statistics Survey Program (MRFSS). The 
MRFSS is collected annually. Using the 2005 MRFSS data, a nested logit site selection model is 
estimated. Information from the geospatial analysis is used to identify shore fishing sites that will 
potentially become unavailable with sea-level rise. The recreation demand model is used to 
simulate site closure at these locations and the resulting reallocation of shore-based fishing trips. 
 
 Impacts on Business and Industry 

 
In section 5 of this report we estimate the impacts of changes in the severity of tropical 

storms and hurricanes due to climate change on regional business and industry, including 
agriculture, forestry, commercial fisheries, and general “business interruption.”  These are the 
primary business/industry impact categories for low-intensity hurricane strikes. Changes among 
low-intensity hurricane categories were identified as the most likely impacts of climate change 
on storm intensity.  Although low-intensity storms cause less physical damage to infrastructure 
than do high-intensity storms, low-intensity storms occur with much greater frequency, 
especially in North Carolina. The cumulative economic impacts of frequent low-intensity storm 
strikes can rival the impacts of infrequent high-intensity storm strikes.  

 
Unfortunately, differences in storm frequency due to climate change are not considered in 

this analysis.  Hence, storm impact estimates are presented holding storm strike frequency 
constant at the 2006 historical average.  The study considers three relatively urban counties, Dare, 
Carteret, and New Hanover, and one relatively rural county, Bertie.  For each county, three 
scenarios are compared, a baseline scenario of tropical storm and hurricane severity, and two 
alternative scenarios reflecting increased storm and hurricane severity due to climate change in 
2030 and 2080.   
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Business interruption impacts are temporary reductions in business activity/output due to 
hurricane strikes. Reductions in business activity are caused by temporary loss of power, 
inability of employees to reach jobs due to fallen trees and local flooding, inability of customers 
to reach businesses, and inability of businesses to obtain supplies.  In many coastal areas, 
significant reductions in business activity are due to reductions in tourism caused by storm threat 
and strike.  The impacts of reductions in tourism due to increased storm severity are captured by 
our measure of business interruption impacts.   

 
Estimates of business interruption impacts on economic output by county are developed 

for three climate change scenarios.  For each scenario, business interruption impacts are based on 
results for the Wilmington, NC, region.  We use an existing study that estimated business 
interruption impacts by industry sector at the county level for several low-intensity hurricanes 
striking Wilmington, NC, in the 1990’s. The impacts are adjusted for inflation and projected 
increases in regional population and per capita economic output and applied to each scenario for 
New Hanover County. For other counties, the impacts are adjusted according to differences in 
industry mix across counties. The industry mix for each county is obtained from the IMPLAN 
economic impact software database (MIG 2005).  The business interruption impacts of climate 
change for each county are measured by the differences in economic output impacts across 
climate change scenarios. 

 
In addition to business interruption impacts, incremental storm damages to natural 

resource industries (agriculture, forestry and commercial fisheries) due to climate change are 
also assessed by comparing historical storm damages across storm categories for storm 
categories that are relevant to this study.  Although data scarcity limits the ability to estimate 
economic impacts for the natural resource sectors, preliminary assessments are presented. 
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2. Methods for Coastal Impacts Analysis 

Site Description 

North Carolina’s coastal plain is one of several large coastal systems around the world 
threatened by rising sea level (Moorhead and Brinson 1995, Titus and Richman 2001). Over 
5000 km2 of land are below 1-m elevation (relative to NAVD 88) and rates of sea level rise in 
this region are approximately double the global average due to local isostatic subsidence 
(Douglas and Peltier 2002, Poulter and Halpin, forthcoming). In the northern region of the state, 
rates of sea level rise are up to 0.4 meters per century, decreasing somewhat to 0.32 meters per 
century in the southern coastal region (Figure 1). Continued and projected sea level rise is 
expected to significantly impact natural and economic systems with estimates anywhere between 
0.3 to 1.1 meters likely (Church et al. 2001). 

 
Figure 1: Observed rates of sea level rise along the North Carolina coast (data from the Permanent Service 

for Mean Sea Level).  From north to south, the gages are Hampton Roads, Duck Pier, and Charleston,. 

 
The study area considered in this analysis ranged from approximately 75-78º W and 34-

35º N latitude. The climate is humid, sub-tropical (Christensen 2000) with an annual temperature 
of around 16º C and annual precipitation of around 1100 mm yr-1. The natural landscape is well-
known for its high biodiversity (Schafale and Weakley 1990) and includes habitat for American 
alligator, red-cockaded woodpecker, and black bear as well as numerous plant species. In 
addition, there are significant sources of carbon stored in extensive coastal peatlands that are 
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vulnerable to erosion and decomposition from increasing sulphates concentrations introduced by 
rising sea level (Poulter et al. 2006, Henman and Poulter In Review). 

Shoreline Impacts (Recreation and Fishing) 

Recreation 

Seventeen beaches along the southern North Carolina coast were identified as major 
tourism destinations and selected for analysis of changing erosion rates with sea level rise 
(Figure 2). Data on beach width, length and usage were obtained from the U.S. Army Corps of 
Engineers. For each beach, the ocean-side vegetation line (where dune vegetation ends and 
unvegetated beach begins) was digitized into a Geographic Information System from USDA 
National Air Inventory Program’s photographs. When possible, digitized vegetation line data 
were used from the North Carolina Division of Coastal Management datasets.  
 

Figure 2: Location of the 17 recreational swimming beaches analyzed in this study 

 
 

To calculate the erosion rate for each beach we used erosion rate transect data provided 
by the USGS (Figure 3). These data consist of long and short-term erosion data measured 
directly from aerial photograph time sequences. Each transect extends from the ocean toward the 
estuary and with attributes describing erosion. A series of these transects run north to south and 
capture any spatial variation in the rates of erosion that exist along the shoreline. Transects 
(separated by approximately 100 meters) were intersected with the vegetation line for a beach to 
obtain erosion rates. The erosion attributes for each transect were then partitioned according to 
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each beach providing a range of erosion estimates that were then summarized to mean, minimum, 
maximum, and standard deviation (Table 2-1). 
 

Figure 3: Erosion rates calculated for Wrightsville Beach from USGS erosion transects that intersect the 

Wrightsville Beach vegetation line. 

 

 
 
Nourishment of beaches has been significant in coastal North Carolina which resulted in 

positive erosion rates (or accreting beaches). We identified beaches that had been nourished 
anytime prior to 1997 using data from the Program for Developed Shorelines at Duke University 
(Table 2-1). The erosion rate for these beaches was removed from our analysis. To estimate 
erosion rates for nourished beaches we used the overall mean erosion rate from all the erosion 
estimates from non-nourished beaches. This overall mean was used to project changes in erosion 
from climate change (Table 2-2). 

 
To project changes in erosion from rising sea level and increased storminess we met with 

Dr. Orrin Pilkey from the Earth and Ocean Sciences Department at Duke University. Due to 
significant uncertainty in modeling shoreline response to global change (Cooper and Pilkey 2005, 
Slott et al. In press), Dr. Pilkey provided us with a range of percent increases in historic erosion 
rates that are most likely in the future based on his extensive experience in coastal NC. The 
historic erosion rates were adjusted by these percentages and then used for projecting future 
shoreline change. Two endpoints were used to project changes in beach width, the year 2030 and 
2080 (with a low, mid, and high scenario for each year (Table 2-3)). The annual erosion rate was 
multiplied by the number of years to determine beach width lost, and this figure was subtracted 
from the beach widths provided by the U.S. Army Corps of Engineers.  
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Table 2-1: Summary of beach dimensions, nourishment, and erosion statistics for recreational beaches 

 
Erosion Summary (m yr-1) 

Beach Name 
Vegetation 
line from 

DCM 

Nourished 
prior to 
1997 

Beach 
width (m) Mean 

Standard 
Deviation 

Minimum Maximum 

Number 
of 

transects 
(n) 

Fort Macon Yes Y 27.43 0.70 0.25 0.12 1.09 43 

Atlantic Beach Yes Y 41.15 0.25 0.24 -0.27 0.71 147 

Pine Knoll 
Shores 

Yes N 33.53 -0.22 0.05 -0.33 -0.08 155 

Salter 
Path/Indian 

Beach 
Yes N 27.43 -0.22 0.02 -0.24 -0.20 16 

Emerald Isle  Y 39.62 0.30 0.22 -0.13 0.92 389 

North Topsail 
Beach 

 Y 24.99 -0.11 0.22 -0.62 0.60 354 

Surf City  Y 27.43 0.06 0.27 -0.53 0.61 191 

Topsail Beach Yes Y 33.53 0.27 0.46 -0.35 1.20 115 

Wrightsville 
Beach 

Yes Y 48.77 0.41 0.46 -0.47 1.00 65 

Carolina 
Beach 

Yes Y 56.39 -0.31 0.23 -0.94 0.00 137 

Kure Beach  N 39.62 -0.79 0.50 -2.03 -0.45 70 

Fort Fisher  N  121.92 0.38 1.36 -1.48 5.09 24 

Caswell Beach Yes N 24.38 -0.68 0.63 -1.43 0.31 91 

Oak Island  N 36.58 -0.66 0.37 -1.35 -0.10 242 

Holden Beach Yes Y 27.43 -0.56 0.46 -2.71 0.82 231 

Ocean Isle 
Beach 

 Y 25.91 -0.50 0.53 -0.91 1.19 103 

Sunset Beach  
Naturally 
accreting 

35.05 0.48 0.25 -0.09 0.83 58 

 
 
This study makes a number of assumptions that affect the accuracy of this analysis. 

However, we provide a wide range of estimates to reflect this uncertainty. These assumptions 
include using a constant rate of erosion for the entire coastline of North Carolina, assuming that 
barrier island migration will not occur, that nourishment will not occur, and that the baseline 
erosion rate is accurate. The resulting economic analysis is not sensitive to these assumptions so 
we focus on the midrange erosion scenario. 
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Table 2-2: Summary of sea level rise, percent erosion increases, wind speed adjustments, and storm surge 

buffers for the low, mid, and high climate scenarios. 

 

Year Scenario Projected sea level, including both eustatic 
and isostatic components (m) 

 

Increase in 
erosion (%) 

Wind 
Speed (%) 

Storm surge 
buffer (m) 

Low 0.11 10 2 250 

Mid 0.16 20 2 500 

2030 

High 0.21 30 3 750 

Low 0.26 20 5 1000 

Mid 0.46 40 8 1500 

2080 

High 0.81 60 10 2000 

 
In addition, it should be recognized that near-term human modification of beaches (i.e. 

shoreline hardening and bulkheading) will have a significantly greater effect on sediment supply 
and erosion dynamics than climate change (personal communication, Orrin Pilkey). However, 
shoreline hardening is not currently a policy option in North Carolina.  

 
Table 2-3: Summary of projected erosion rates and width of beach losses for 2030 and 2080 

 

Projection Year 
 

30-Years 80-Years 

Percent increase in 
erosion (%) 

10 20 30 20 40 60 

Average erosion rate from 
20th century long-term 

rate of 0.4 m yr-1
0.4 0.5 0.6 0.5 0.6 0.7 

Long-term beach loss 
from erosion (m) 

14.1 15.4 16.7 41.0 47.9 54.7 

 

Fishing 

 
Thirty-seven fishing locations were identified in this study as important open-ocean 

fishing locations (Figure 4). The vegetation line for each location was digitized for 1-3 km in 
either direction of the fishing location (initially identified as a lat/long point). The vegetation line 
was digitized using 2005 USDA National Air Inventory Program photographs using the same 
methods for the recreational beaches. The beach width for the fishing locations was not provided 
and was calculated by measuring the distance between the vegetation line and a vectorized 1998 
shoreline provided by the North Carolina Division of Coastal Management. 
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Figure 4: Location of fishing beaches used in this study 

 
 
The erosion rates were calculated using the same methods as described for the 

recreational beaches. The same USGS dataset consisting of transects with erosion attributes was 
intersect with the fishing location data (Figure 5). The mean erosion rate for all non-nourished 
(and non-inlet) fishing locations was calculated. We did not use erosion rates from inlets to 
calculate the mean erosion rate because these locations are exceptionally dynamic and not 
representative of the entire coastline. Projected changes in beach width were then calculated for 
low, mid, and high scenarios for the years 2030 and 2080 using the percent increase factors 
recommended by Dr. Orrin Pilkey (Table 2-4). The resulting economic analysis focuses on the 
midrange erosion scenario. 
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Table 2-4: Summary statistics for fishing beaches and their erosion rates. 

Erosion Summary (m yr-1) 

Beach Name 
Beach 
width 
(m) 

Mean 
Standard 
Deviation 

Minimum Maximum 

Number 
of 

transects 
(n) 

HOLDEN BEACH 27.17 -0.74 0.39 -2.71 -0.43 118 

BEACH/BANK 43.14 -0.37 0.45 -0.81 0.82 113 

OCEAN ISLE BEACH 36.66 -0.50 0.53 -0.91 1.19 103 

TRIPLES "S" FISHING PIER 42.76 0.25 0.24 -0.27 0.71 147 

FT MACON STATE PARK 46.88 0.70 0.25 0.12 1.09 43 

EMERALD ISLE PUBLIC ACCESS AREA 39.11 0.30 0.22 -0.13 0.92 389 

COROLLA BEACH ACCESS RAMP 4X4 66.27 -0.63 0.20 -0.9 -0.29 52 

OREGON INLET SOUTH 211.47 -3.68 0.11 -3.93 -3.51 21 

HATTERAS INLET 225.65 -5.42 0.06 -5.5 -5.32 13 

HEADQUARTERS AREA 65.47 0.46 0.20 -0.1 0.7 47 

AVALON PIER KITTY HAWK AREA 36.51 -0.83 0.14 -1.11 -0.61 96 

JEANETTE'S OCEAN FISHING PIER 58.70 -0.83 0.11 -1.02 -0.66 32 

KITTY HAWK FISHING PIER 36.22 -0.76 0.14 -0.96 -0.37 100 

OUTER BANKS PIER SOUTH NAGS 
HEAD 

310.36 -4.41 0.61 -5.81 -3.91 21 

BEACH ACCESS RAMP 20 81.31 0.16 0.19 -0.28 0.4 40 

BEACH ACCESS RAMP 23 84.87 1.02 0.42 0.3 1.6 80 

BEACH ACCESS 27 59.53 0.12 0.16 -0.25 0.45 64 

BEACH ACCESS 30 83.26 1.25 0.44 0.29 2.01 57 

BEACH ACCESS RAMP 34 94.83 -0.42 0.40 -0.88 0.74 69 

BEACH ACCESS RAMP 38 82.32 -1.81 1.12 -4.13 -0.45 135 

CALVIN STREET KILL DEVIL HILLS 49.87 -0.56 0.15 -0.76 -0.23 26 

1ST STREET KILL DEVIL HILLS 60.12 -0.35 0.06 -0.45 -0.22 33 

PUBLIC ACCESS E.GULFSTREAM 
S.NAGSHD 

45.02 -0.92 0.10 -1.05 -0.69 26 

PUBLIC ACESS E. BONNETT ST 
NAGSHEAD 

50.37 -1.24 0.16 -1.49 -0.95 33 

PUBLIC ACCESS E.FOREST ST 
NAGSHEAD 

47.73 -0.72 0.04 -0.79 -0.64 30 

RAMP 49 FRISCO 55.03 -5.87 0.09 -6.01 -5.7 49 

OCRACOKE INLET BEACH N. & S. 122.39 -5.42 0.06 -5.5 -5.32 13 

HATTERAS INLET BEACH 276.45 -5.42 0.06 -5.5 -5.32 13 

KURE BEACH 77.36 -0.20 0.13 -0.59 0 78 

FT. FISHER STATE PARK 37.45 0.38 1.36 -1.48 5.09 24 

CAROLINA BEACH NW EXTENSION 144.28 -1.36 0.17 -1.57 -1.02 35 

CAROLINA BEACH PIER 79.40 -0.45 0.24 -0.94 -0.07 59 

BEACH BANK TOPSAIL 51.34 0.00 0.07 -0.18 0.13 170 

ACCESS AT NEW RIVER INLET DRIVE 50.97 -0.28 0.18 -0.62 0.11 152 

NEW RIVER INLET,  TOPSAIL ISLAND 60.87 0.07 0.34 -0.42 0.6 32 

SOUTH TOPSAIL BEACH BANK 30.41 0.03 0.04 -0.04 0.1 58 
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Figure 5: Erosion rates for fishing beaches calculated by intersecting USGS erosion transects with vegetation 

line. Beach width was computed as the distance between shoreline (determined by the NC Division of Coastal 

Management) and the vegetation line 

 
 

Inundation Impacts 

Six scenarios for future sea level rise were provided from recent GCM output 
representing low, mid, and high scenarios for 2030 and 2080 (Table 2-2). Estimates for sea level 
rise from the recent IPCC report (In Prep) are somewhat lower than the previous (2001) report, 
and considerable uncertainty continues to exist (Rahmstorf 2006). These scenarios were adjusted 
for regional subsidence that is geologically important in North Carolina (Tushingham and Peltier 
1991). A LIDAR derived digital elevation model with +/- 25 cm vertical accuracy was 
assembled using data from the North Carolina Floodplain Mapping Program (NCFMP 2004). 
The horizontal resolution of the digital elevation model (DEM) was 15 meters. To model 
inundation from sea level rise we used an 8-side rule to maintain hydrologic contagion between 
the ocean and flooded grid cells (to prevent ponding in interior regions). The inundation results 
by county are shown in Figure 6. 
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Figure 6: Inundation of coastal North Carolina with detailed examples for each of the counties investigated in 

this study. This particular example uses the high scenario for the year 2080 which includes both eustatic and 

isostatic sea level rise. 

 

Tax Parcel Data 

Centroids. Tax parcel spatial and tabular attributes were acquired for four counties 
representing a variety of geomorphic and economic resources. These counties were Bertie, Dare, 
Carteret, and New Hanover (Figure 7). The centroid for each tax parcel was calculated 
(restricting its location to within the tax parcel boundary) assuming that it represented average 
conditions within the tax parcel (Figure 8). 
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Figure 7: Location of counties analyzed for property impacts 

 

 
 
Shoreline location. Oceanfront and estuarine-front properties were identified for all four 

counties for current sea level. Attributes were added to these tax parcels indicating what type of 
shoreline position they currently occupy. 

 
Shoreline distance. Distance to shoreline was created for each inundation scenario. We 

used Euclidean distance to describe the proximity of a tax parcel to the shoreline. Tax parcel 
centroids were then used to sample the seven distance surfaces (current and 6-scenarios). 
 

Elevation. Elevation was sampled and assigned as an attribute to each tax parcel using the 
centroid. The LIDAR derived DEM was used as the source of elevation data. This DEM has had 
buildings systematically removed although there may still be errors that are greater than the 
average +/- 0.25 m. Therefore, it is most likely that the elevation values reported for tax parcels 
in dense urban areas represent an over-estimate for elevation. 

 
Inundation. The six inundation grids representing the new shoreline-ocean interface 

following sea level rise was sampled by the tax parcel centroids. Attributes reflecting whether a 
tax parcel was inundated were added to each centroid. 
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Figure 8: Example of data sampling for property values for Carteret County (a), lidar elevation surface (b), 

distance to shoreline example (c), and tax parcel centriods (d). 

 

 
 

Impacts on Hurricane Flooding 

To evaluate changes in flood frequency we acquired a storm surge map from the North 
Carolina Center for Geographic Information and Analysis. This map indicates zones of potential 
flooding from storm surge for a Category 1, 2, 3, 4 or 5 hurricane using output generated from 
the SLOSH hydrodynamic model. We conducted a sensitivity analysis to determine the impact of 
these storm surge boundaries extending further inland as sea level rise and more intense 
hurricanes alter flooding. Six scenarios were developed where we buffered the storm surge 
boundaries by various distances so that the Category 4-5 zone expanded further inland (Table 2-
2). The centroids for individual tax parcels were then intersected with the storm surge zone maps 
to determine whether inundation occurred. 

Impacts on Hurricane Wind Speeds 

Perhaps the best way to characterize the general effects of climate change on storm wind 
speed at a particular location (for example, a particular county in coastal North Carolina) is to 
describe changes in the wind speed frequency distribution (often modeled as a Weibull 
distribution) at the location.  However, the climate models used in this study did not provide the 
types of output needed to fully specify changes in wind speed frequency distributions.  Instead, 
the climate models provided information sufficient to characterize wind speeds for one storm 
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under three scenarios.  The climate models provided maximum sustained wind speed data for 
each of the four case study counties for three scenarios: a baseline scenario defined as the 1996 
hurricane Fran strike, and two climate change scenarios defined as the hurricane Fran strike 
adjusted for the effects of climate change in 2030 and 2080.  Analysis of these three scenarios 
allows results to be presented in terms that will be relatively familiar and interpretable by a lay 
audience—a comparison of a recent, familiar, “known” storm with storms affected by climate 
change.  The baseline storm (hurricane Fran) is a category 3 hurricane on the Saffir-Simpson 
hurricane intensity scale.  Hence, our analysis provides estimates of the effects of climate change 
for a storm that would be a category 3 hurricane under conditions of no climate change and that 
strikes North Carolina with a track similar to the one taken by hurricane Fran.  

We used the Hurrecon model (Boose et al. 1994, Foster et al. 1999) to estimate wind 
speeds for coastal North Carolina based on the Hurricane Fran track of 1996 (a Category 3 
hurricane that made landfall in New Hanover County) (see Table 2-5).  Hurricane Fran’s track 
was interpolated from 3-hourly measurements provided by NOAA to 1-hourly data. For each 
time point, maximum wind gusts and maximum sustained wind velocity surfaces were calculated 
using Hurrecon. This model takes the observed maximum wind speed along the hurricane track 
and predicts wind speeds based on distance from the eye of the hurricane making relatively 
simple assumptions about surface roughness.  

For the climate change scenario, we estimated wind speeds for a hypothetical hurricane 
following hurricane Fran’s track that would have been a category 3 hurricane in the absence of 
climate change.  The spatial distribution of wind speeds generated for the climate change 
scenarios are similar to the baseline hurricane Fran wind fields due to the spatial resolution used 
in the inputs to the Hurrecon model and the sensitivity (or lack thereof) of the function 
describing the rate of decreasing wind speeds as the distance from the eye increases.  Baseline 
(hurricane Fran) wind speed intensity was modified based on an analysis of model runs provided 
by MAGIC/SCENGEN that relates storm intensity (wind speed) to sea surface temperature 
(Knutson and Tuleya 2004) provided by Joel Smith (Stratus Consulting).  The resulting 
percentage increases in wind speeds for the climate change scenarios are presented in Table 2-2.    
Wind speeds for the climate change scenarios were calcuated by simply multiplying baseline 
(hurricane Fran) wind speeds by the percentage increases in wind speeds. 

As with the previous methods, the centroids for the tax parcels were intersected with the 
maximum wind speed maps (for gusts and maximum sustained wind speed). For each county 
considered in the analysis, average (within the county) maximum sustained wind speed was 
calculated for the baseline 1996 category 3 hurricane (Fran) scenario and for each climate change 
scenario, assuming that the storms in the climate change scenarios follow hurricane Fran’s 
spatial track (Table 2-5).  Wind speeds vary across counties for a given scenario due to 
differences across counties in latitude, distance from the ocean, topography, etc.  
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Table 2-5: Maximum sustained wind speed (m/s) data for a category 3 hurricane (hurricane 

Fran) under baseline (no climate change) conditions and two climate change scenarios. 

Category 3 Hurricane 
(Hurricane Fran) 

Baseline 
Climate Change Scenarios 

1996 1996 1996 2030 2030 2030 2080 2080 2080  
County MIN MID MAX MIN MID MAX MIN MID MAX 

Bertie 23 24 31 23 25 32 25 26 33 

Carteret 28 34 43 29 35 44 30 37 46 

Dare 22 28 32 22 28 33 24 30 35 

New Hanover 36 38 47 37 39 48 39 41 51 
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3. Impacts on Real Estate Markets 

 

Introduction 

 
Coastal areas in the U.S. have seen growing populations and increased economic activity 

in recent years.  Population in the coastal zone grew 37% between 1970 and 2000.  The coastal 
zone contains only 4% of the U.S. land area, but the economic activity measured by employment 
and value added in the coastal zone contributed 11% to the U.S. economy in 2000 (Colgan 2004).  
Population growth has been accompanied by unparalleled growth in property values.  The Heinz 
Center Report (2000) estimated that a typical coastal property is worth from 8% to 45% more 
than a comparable inland property.  The relatively dense populations and valuable coastal 
properties are vulnerable to substantial risks including coastal flooding, shoreline erosion, and 
storm damages.   
 

The purpose of this section of the study is to estimate the impacts of sea level rise on 
property values in coastal North Carolina. The sea level rise scenarios considered are an 11 
centimeters (cm) increase in sea level by 2030 (2030-Low), a 16 cm increase by 2030 (2030-
Mid), a 21 cm increase by 2030 (2030-High), a 26 cm increase by 2080 (2080-Low), a 46 cm 
increase by 2080 (2080-Mid), and an 81 cm increase by 2080 (2080-High). Data on property 
values come from the county tax offices which maintain property parcel records that include 
assessed value of property as well as lot size, total square footage, the year the structure was built, 
and other structural characteristics of the property.  Spatial amenities such as ocean and 
sound/estuarine frontage, distance to nearest shoreline and elevation are also obtained using the 
Geographic Information Systems (GIS). All impacts are measured in 2004 U.S. dollars. 

 
This study estimates the loss of property values due to sea level rise using a simulation 

approach within a hedonic property model framework.  In this approach, the property values are 
regressed on structural, location, and environmental attributes.  Separate hedonic schedules are 
estimated for residential and non-residential properties.  The estimated regression provides the 
relative importance of each property attribute in determining the property values.  Numerous 
studies have applied hedonic property value models to estimate the impact on property values 
from hazard risks such as flood hazards (MacDonald, Murdoch, and White 1987; MacDonald, et 
al. 1990; Bin and Polasky 2004), earthquake/volcanic hazards (Bernknopf, Brookshire, and 
Thayer 1990; Beron et al. 1997), hazardous waste and Superfund sites (Clark and Allison 1999; 
Gayer, Hamilton, and Viscusi 2000; McClusky and Rausser 2001), erosion hazards (Kriesel, 
Randall, and Lichtkoppler 1993; Landry, Keeler, and Kriesel 2003), and wind hazards (Simmons, 
Kruse, and Smith 2000). 

 
The results indicate that the impacts of sea level rise vary among different portions of 

North Carolina coastline. Without discounting, the residential property value loss in Dare County 
ranges from $406 million (2.18%) to $4.5 billion (11.59%), and the loss in Carteret County 
ranges from $43 million (0.48%) to $488 million (2.58%).  New Hanover and Bertie counties 
show relatively smaller impacts.  New Hanover County has the estimated residential property 
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value loss between $62 million (0.35%) and $354 million (0.96%), and Bertie County has the 
loss between $3 million (0.29%) and $12 million (0.51%).   

 
Using a 2% discount rate, the residential property value loss in Dare County ranges from 

$242 million (1.30%) to $2.7 billion (6.93%), and the loss in Carteret County ranges from $26 
million (0.29%) to $291 million (1.54%).  New Hanover County has the estimated residential 
property value loss between $37 million (0.21%) and $212 million (0.57%), and Bertie County 
has the loss between $2 million (0.17%) and $7 million (0.30%).   

 
Using a 7% discount rate, the residential property value loss in Dare County ranges from 

$70 million (0.38%) to $776 million (2.00%), and the loss in Carteret County ranges from $7 
million (0.08%) to $84 million (0.44%).  New Hanover County has the estimated residential 
property value loss between $11 million (0.06%) and $61 million (0.16%), and Bertie County 
has the loss between $1 million (0.05%) and $2 million (0.09%).   

 
 Overall, the northern part of the North Carolina coastline is comparatively more 

vulnerable to the effect of sea level rise than the southern part.  Low-lying and heavily developed 
areas in the northern coastline of North Carolina are especially at high risk from sea level rise.   

 
Methods 

 
Since the pioneering work by Rosen (1974), hedonic property models have been 

extensively used to infer the preferences of real estate and other market participants.  The models 
assume that values of heterogeneous bundles of property attributes are reflected in differential 
property prices.  Given that residential property can be distinguished based upon structural, 
neighborhood, and environmental characteristics, one can assume that utility (i.e., happiness) 
derives directly from these attributes rather than consumption of the property itself.  The market 
price of property, which is observable, thus represents the value of the collection of attributes.  
Residential homes are composite goods that contain different amounts of a variety of attributes, 
and observing how property values change as the level of various attributes change provides a 
way of estimating the marginal value of these attributes to property owners.  Palmquist (2004) 
provides a useful summary of the hedonic property models. 

 
Suppose that S represent a matrix of structural characteristics such as lot size, age, and 

number of bathrooms.  Let N represent neighborhood characteristics such as township and 
distance to nearest shoreline.  Also, let E represent environmental characteristics such as 
ocean/sound frontage and property elevation. Given a vector of observed property values, R, the 
hedonic price function can be written as: 

 

R = R(S, N, E).                                                                        [1] 
 
The housing market is assumed to be in equilibrium, which requires that households 

optimize their residential choice (determining S, N, and E) based on the exogenous price 
schedule for available housing in a market.  Estimation and partial differentiation of the hedonic 
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price function with respect to an attribute reveals the average household’s marginal willingness 
to pay (WTP) for that attribute.  The analysis is only useful for estimating WTP for marginal (i.e., 
small) changes in environmental quality (e.g., long term shoreline erosion).  Additional data on 
demand-shifting parameters (i.e. income and other socioeconomic variables) are necessary to 
estimate the welfare impacts from non-marginal environmental changes. 
 

This study estimates the following hedonic price function: 
 

εENSR ++++= ∑∑∑
k

kk

j

jj

i

ii φγβαln ,                                                       [2]   

 

where ln R is the log of assessed property value, α, β, γ, and φ are the unknown parameters to be 

estimated, and ε is an independent random error term.  Both reported sales prices and market 
assessed values have been used in the hedonic literature as proxies for the true sales prices.   
 

Reported sales prices may not reflect the true sales prices because they may not 
incorporate the price adjustments in the sales negotiation process or they may be intentionally 
misreported (Mooney and Eisgruber 2001).  Many state statutes require that all property be 
valued at 100 percent of current market value for their property tax purpose.  In fact, Dare 
County recently implemented countywide re-evaluation of property values to reflect the real 
market prices.  This study uses the market assessed values as the dependent variable in the 
hedonic regression because these values are highly correlated with the reported sales prices (for a 
limited number of the records with recent sales transactions) and result in a larger sample size for 
econometric analysis.   
 

We use quadratic specifications for non-dichotomous property attributes such as age of 
the property and total structural square footage in order to capture the diminishing marginal 
effect. The effect of these attributes on property values is assumed to decline as the level of these 
attributes increase. The primary results are robust across several alternative specifications, and 
the current specification provided the best overall model fit. We report the standard errors and p-
values based upon the consistent estimator of the covariance matrix corrected for potential 
heteroskedasticity. 
 

Equation [2] is estimated using all observations that locate within a mile from the 
coastline.1 Separate hedonic price schedules are estimated for residential and non-residential 
properties. The estimated hedonic price functions are then used to simulate the property value 
loss for various sea level rise scenarios.  We use a method similar to Parsons and Powell (2001).  
The net loss in property values from sea level rise in year t can be represented by  

 
1 With an exception of Bertie County, almost all observations in Dare, Carteret, and New 
Hanover counties locate within a mile from the shoreline.  In Bertie County, coastal property 
owners may not consider the adjacent inland properties as potential substitutes.  All properties at 
risk are within a mile from the coastline. 
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{ }.oss ,,, tINVtLOSTtLOSTt ALNet RR Δ+−⋅= δ                                               [3] 

 

The first term  is the value of lost properties in year t.  The second term  is the 

amenity value of the lost properties in year t, which is purged from the total value.  The property 
at the time of loss would not have the peak value which stems from the amenities associated with 

its current waterfront location.  The third term 

tLOST ,R tLOSTA ,

tINV ,RΔ  is the change in the value of other 

properties in the inventory due to a permanent change in location and the market condition of the 

developed area, and δ is the discount factor.   
 

We focus on the first two terms because estimating the third term requires additional data 
as it depends on the perception and behaviors of coastal property owners (i.e. discounting and 
risk preference), communities, and regulatory agencies.  The third term relates to adjustments 
induced by sea level rise, and the impacts are relatively small compared to the first two 
categories. The net loss in [3] is measured by the following steps.  First, the hedonic price 
models are estimated to predict the contribution of each attribute to the value of the property.  
Second, the value of risks and amenities of the lost properties are purged from the total value of 
the lost properties. It is assumed that each lost property has the same structural characteristics but 
no water frontage and that it has the distance from the shoreline and the elevation evaluated at 
the sample mean. Third, the predicted value of each lost property is inflated to 2030 or 2080.2  
The value is then discounted to present using various discount rates (no discounting, 2%, 5%, 
and 7%) for sensitivity analysis.   
 

Results 

 
Table 3-1 shows the distribution of current property values at risk from sea level rise.  

Displayed are the current property values that will be lost under the inundation scenarios. The 
most significant loss is occurring in Dare County, followed by Carteret, New Hanover, and 
Bertie counties.  For Dare County, the percentage of the loss to the total property value ranges 
from 6% to 19%.  Dense development along the Outer Banks in Dare County is subject to the 
most dynamic geological process in North Carolina.  Carteret County has the loss ranging from 
2% to 5% while New Hanover County has a relative small impact between less than one percent 
and 1.5%.  The impact on Bertie County is also similar to that of New Hanover County.  The 
hedonic regression and simulation results for each county are reported below.  

 

                                                 
2 The adjustment is based on a Special Report on Emissions Scenarios (SRES) by the IPCC.  Per 
capita personal income level in 2004 is compared to the 2030 and 2080 income levels, which 
provides 1.517 for inflating the 2004 lost values to 2030 dollars and 3.172 for the inflating 2004 
lost values to 2080 dollars. 
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Table 3-1: Current Property Values at Risk in North Carolina 

Sea Level Rise Scenarios   
  

Total 
Values 2030-Low 2030-Mid 2030-High 2080-Low 2080-Mid 2080-High 

New Hanover        

        

Total $16,154,421,910 $80,363,644 $84,415,484 $88,871,520 $95,187,467 $123,010,639 $227,704,809 

*(n) 85,786 495 516 544 574 680 1,063 

**(%)  0.50% 0.52% 0.55% 0.59% 0.76% 1.41% 

Residential $11,688,362,599 $62,149,975 $66,201,267 $70,590,850 $72,850,081 $90,724,269 $167,398,608 

(n) 74,984 345 360 385 403 476 773 

(%)  0.53% 0.57% 0.60% 0.62% 0.78% 1.43% 

Nonresidential $4,466,059,311 $18,213,669 $18,214,217 $18,280,670 $22,337,386 $32,286,370 $60,306,201 

(n) 10,802 150 156 159 171 204 290 

(%)   0.41% 0.41% 0.41% 0.50% 0.72% 1.35% 

Dare        

        

Total $18,800,008,900 $1,142,866,500 $1,241,804,000 $1,332,870,500 $1,622,998,600 $2,224,747,700 $3,544,751,100 

(n) 38,780 1,506 1,725 1,965 2,331 4,004 7,716 

(%)  6.08% 6.61% 7.09% 8.63% 11.83% 18.86% 

Residential $12,262,755,500 $365,991,100 $410,835,300 $461,919,900 $521,547,700 $906,674,500 $1,801,992,600 

(n) 27,006 825 927 1,051 1,225 2,143 4,371 

(%)  2.98% 3.35% 3.77% 4.25% 7.39% 14.69% 

Nonresidential $6,537,253,400 $776,875,400 $830,968,700 $870,950,600 $1,101,450,900 $1,318,073,200 $1,742,758,500 

(n) 11,774 681 798 914 1,106 1,861 3,345 

(%)   11.88% 12.71% 13.32% 16.85% 20.16% 26.66% 

Carteret        

        

Total $8,217,336,284 $172,082,588 $176,378,147 $185,818,633 $202,376,889 $260,333,900 $433,401,826 

(n) 55,509 1,077 1,140 1,225 1,322 1,977 3,890 

(%)  2.09% 2.15% 2.26% 2.46% 3.17% 5.27% 

Residential $5,960,237,380 $42,828,093 $45,528,169 $49,406,827 $56,115,882 $92,285,041 $208,047,285 

(n) 34,073 192 207 228 261 468 1,204 

(%)  0.72% 0.76% 0.83% 0.94% 1.55% 3.49% 

Nonresidential $2,257,098,904 $129,254,495 $130,849,978 $136,411,806 $146,261,007 $168,048,859 $225,354,541 

(n) 21,436 885 933 997 1,061 1,509 2,686 

(%)   5.73% 5.80% 6.04% 6.48% 7.45% 9.98% 

Bertie        

        

Total $1,001,181,659 $5,248,975 $6,057,921 $6,631,122 $6,748,592 $8,450,076 $12,571,118 

(n) 17,502 72 81 93 99 126 174 

(%)  0.52% 0.61% 0.66% 0.67% 0.84% 1.26% 

Residential $727,088,075 $3,215,894 $3,731,251 $3,919,220 $4,035,716 $4,988,806 $7,660,841 

(n) 15,777 55 61 68 73 91 126 

(%)  0.44% 0.51% 0.54% 0.56% 0.69% 1.05% 

Nonresidential $274,093,584 $2,033,081 $2,326,670 $2,711,902 $2,712,876 $3,461,270 $4,910,277 

(n) 1,725 17 20 25 26 35 48 

(%)   0.74% 0.85% 0.99% 0.99% 1.26% 1.79% 

* The number of property at risk 
** The percentage to the total property value     
 
New Hanover County 
 

New Hanover County is located in the southern part of the NC coastline and is highly 
developed relative to other coastal counties. The variable definitions and summary statistics for a 
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total of 39,546 residential properties are given in Table 3-2.  The average residential property 
value is $176,554.  The data contain a series of structural attributes that are common in hedonic 
analysis.  The properties are on average 25 years old and have about 1786 total structure square 
feet. About 90 percent of the observations have central air conditioning, and about one third of 
the houses are multistory units. Geocoded data provide an indicator for coastal water frontage 
and other important spatial measures.  About one percent of the properties have ocean frontage 
and two percent have a sound/estuarine frontage.  The mean distance to the nearest shoreline is 
about 1812 feet and the elevation of the properties is on average 26 feet above see level.  The 
distance to the nearest shoreline is measured as the Euclidean distance in feet from the edge of 
each property to the nearest coastline. 

 
Table 3-2: Definitions and Summary Statistics for the New Hanover Residential Property Data 

Variable Description Mean Standard Deviation 

AV Real assessed property value as of May 2006 176,554.01 152,684.14 

WRIGHTS Wrightsville Beach township (= 1) 0.02 0.13 

CAROLINA  Carolina Beach township (= 1) 0.04 0.20 

KURE  Kure Beach township (= 1) 0.03 0.16 

FIGEIGHT Castle Hayne township (=1) 0.02 0.15 

LOTSIZE Total lot size measured in square feet 16,375.63 23,106.41 

SQFT Total structure square footage 1,786.05 798.79 

AGE Age of house  25.46 23.12 

BATHRM Number of bathrooms 2.23 0.85 

AIRCOND Central air conditioning (= 1) 0.90 0.30 

FIREPLCE Fireplace (= 1) 0.64 0.48 

MULTISTR Multistory house (= 1) 0.30 0.46 

DETGAR Detached garage (= 1) 0.07 0.26 

OCEAN On ocean front (= 1) 0.01 0.08 

SOUND On sound front (= 1) 0.02 0.12 

DIST Distance to nearest shoreline measured in feet 1,811.87 1,273.46 

ELEV Elevation of property measured in feet 26.21 12.14 

Note: The number of observations is 39,546.   
 

The baseline hedonic property model is estimated using the 39,546 residential property 
records. The natural log of assessed property values are used as the dependent variable, giving 
the hedonic regression the common semilog functional form. The regression model controls for 
heterogeneity across townships using a set of dummy variables representing four townships in 
New Hanover County.  The coefficient estimates are reported in Table 3-3.  Adjusted R2 is 0.86, 
indicating overall a good fit.  Most structural and neighborhood variables are statistically 
significant at any conventional level of significance (p-value < 0.0001), with an exception of the 
multistory indicator.  Most coefficient signs are consistent with common findings in the hedonic 
literature.  
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Table 3-3: Estimation Results for the New Hanover Residential Hedonic Model 

Variable Coefficient Standard Error P-value 

Constant 10.612 0.012 <.0001 

WRIGHTS 0.837 0.010 <.0001 

CAROLINA  0.128 0.007 <.0001 

KURE  0.272 0.007 <.0001 

FIGEIGHT -0.168 0.008 <.0001 

LOTSIZE 2.44E-06 8.44E-08 <.0001 

LOTSIZE2 -1.40E-12 1.26E-13 <.0001 

SQFT 0.001 3.74E-06 <.0001 

SQFT2 -2.39E-08 4.04E-10 <.0001 

AGE -0.005 1.68E-04 <.0001 

AGE2 1.97E-05 1.82E-06 <.0001 

BATHRM 0.200 0.006 <.0001 

BATHRM2 -0.016 0.001 <.0001 

AIRCOND 0.155 0.005 <.0001 

FIREPLCE 0.144 0.003 <.0001 

MULTISTR -4.66E-04 0.003 0.8817 

DETGAR 0.058 0.004 <.0001 

OCEAN 0.545 0.014 <.0001 

SOUND 0.345 0.010 <.0001 

DIST -2.97E-05 3.42E-06 <.0001 

DIST2 5.04E-09 6.78E-10 <.0001 

ELEV -0.009 4.47E-04 <.0001 

ELEV2 8.92E-05 7.26E-06 <.0001 

Notes: Number of observations is 39,546.  Dependent variable is the log of assessed property values.  Omitted 
category for township is Wilmington.  Adjusted R2 is 0.8641.  

 
 
Proximity to shoreline has a strong positive effect on property values. Water frontage also 

commands a substantial premium and raises the property values by about 55% for ocean frontage 
and 35% for sound frontage. Milon, Gressel, and Mulkey (1984) estimated a large positive value 
from being close to the shore.  They found that property values declined 36% in moving 500 feet 
from the Gulf of Mexico.  Other studies have also found positive values for water proximity 
(Shabman and Bertelson 1979; Earnhart 2001).   

 
The specification used to generate the results for nonresidential properties is identical to 

the one used to generate Table 3-3.  However, the parcel records for nonresidential properties 
such as governmental properties normally do not contain structural information (e.g. number of 
room, fireplace, etc).  Thus, the hedonic regression is estimated with fewer independent 
variables.3

 
The simulation results under different sea level rise scenarios are reported in Table 3-4 

for both residential and non-residential observations. The discount rates of 2%, 5%, and 7% as 
well as a zero discount rate are used to provide the present value of the loss. Without discounting, 

                                                 
3 The results are available upon request. 

A-496



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

26

 
 
 
the residential property value loss in New Hanover County ranges from $62 million (0.35%) to 
$354 million (0.96%), and the non-residential property value loss ranges from $33 million 
(0.49%) to $155 million (1.09%).   
 

Table 3-4: Present Value of Property Value Losses for New Hanover County  

Discount Rate 
Residential  

No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $61.82 0.35% $36.94 0.21% $17.39 0.10% $10.64 0.06% 

2030-Mid $65.49 0.37% $39.14 0.22% $18.42 0.10% $11.28 0.06% 

2030-High $69.72 0.39% $41.66 0.23% $19.61 0.11% $12.00 0.07% 

2080-Low $151.56 0.41% $90.57 0.24% $42.62 0.11% $26.10 0.07% 

2080-Mid $194.37 0.52% $116.15 0.31% $54.66 0.15% $33.47 0.09% 

2080-High $354.14 0.96% $211.63 0.57% $99.60 0.27% $60.98 0.16% 

         

Discount Rate 
Non-residential No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $33.01 0.49% $19.73 0.29% $9.28 0.14% $5.68 0.08% 

2030-Mid $33.01 0.49% $19.73 0.29% $9.28 0.14% $5.68 0.08% 

2030-High $33.28 0.49% $19.89 0.29% $9.36 0.14% $5.73 0.08% 

2080-Low $78.81 0.56% $47.09 0.33% $22.16 0.16% $13.57 0.10% 

2080-Mid $103.96 0.73% $62.13 0.44% $29.24 0.21% $17.90 0.13% 

2080-High $154.62 1.09% $92.40 0.65% $43.49 0.31% $26.63 0.19% 

Notes:  2030-Low, 2030-Mid, and 2030-High represent an 11 cm, a 16 cm, and a 21 cm increase in sea level by 
2030, respectively.  Similarly, 2080-Low, 2080-Mid, and 2080-High represent a 26 cm, a 46 cm, and an 81 cm 
increase in sea level by 2080, respectively.  Dollars are measured in million.  Reported are the percent to the total 
property values. 
 

Based on a 2% discount rate, the residential property value loss ranges from $37 million 
(0.21%) to $212 million (0.57%), and the non-residential property value loss ranges from $20 
million (0.29%) to $92 million (0.65%).  Based on a 7% discount rate, the residential property 
value loss ranges from $11 million (0.06%) to $61 million (0.16%), and the non-residential 
property value loss ranges from $6 million (0.08%) to $27 million (0.19%).  The non-residential 
properties display a smaller impact, although the percent terms are quite comparable to those of 
the residential properties. 
 
Dare County 

 
Dare County is located in the northern part of the NC coastline and represents one of the 

most developed areas on the NC coastline.  The northern section of the NC coastline experiences 
very active geological process compared to other parts of the coastline. The area is low-lying and 
vulnerable to various coastal natural hazards.   
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The variable definitions and summary statistics for a total of 25,870 residential properties 
are given in Table 3-5.  The average property value is about $456,058.4  The properties are on 
average 21 years old and have the total lot size of about 21,548 square feet.  More than 90 
percent of the houses have central air conditioning and about one half of them are multistory 
homes.  Given the location of the county and substantial development on the Outer Banks, Dare 
County has about eight percent of the properties on the ocean front and about twelve percent on 
the sound/estuarine front.  The mean distance to nearest shoreline is about 1360 feet and the 
elevation of the properties is on average 7.9 feet above sea level.  Most homes are located close 
to shorelines and have lower elevations.   

 
Table 3-5: Definitions and Summary Statistics for the Dare Residential Property Data 

Variable Description Mean Standard Deviation 

AV Real assessed property value as of May 2006 456,058.27  358,961.55  

AVON Avon township (= 1) 0.06  0.23  

BUXTON Buxton township (= 1) 0.02  0.15  

DUCK Duck township (= 1) 0.08  0.28  

FRISCO Frisco township (=1) 0.04  0.19  

HATTERAS Hatteras township (=1) 0.03  0.16  

KDH Kill Devil Hills township (=1) 0.20  0.40  

KITTY Kitty Hawk township (=1) 0.08  0.27  

NAGS Nags Head township (=1) 0.15  0.36  

RODANT Rodant township (=1) 0.02  0.12  

SALVO Salvo township (=1) 0.02  0.15  

SOUTHERN Southern Shores township (=1) 0.09  0.28  

WAVES Waves township (=1) 0.01  0.11  

LOTSIZE Total lot size measured in square feet 21,547.65  135,918.19  

AGE Age of house  21.35  17.17  

BEDRM Number of bedrooms 3.54  1.12  

AIRCOND Central air conditioning (= 1) 0.91  0.29  

MULTISTR Multistory house (= 1) 0.51  0.50  

HDWDFL Hardwood floor (= 1) 0.07  0.25  

OCEAN On ocean front (= 1) 0.08  0.27  

SOUND On sound front (= 1) 0.12  0.32  

DIST Distance to nearest shoreline measured in feet 1,361.90  969.58  

ELEV Elevation of property measured in feet 7.86  7.10  

Note: The number of observations is 25,870.   

 
The baseline hedonic regression results are reported in Table 3-6.  The natural log of 

assessed property values is used as the dependent variable, and the quadratic specification is used 
for non-dichotomous independent variables to capture diminishing marginal returns.  The 
regression model controls for heterogeneity across townships using a set of dummy variables 
representing 12 townships on the Outer Banks.  Omitted category is the townships located on the  
mainland.  Table 3-6 shows that most structural and neighborhood variables are statistically 
significant at any conventional level of significance with the exception of the squared age and 
elevation.  Lower elevation of property is likely to provide easy access to coastal water, yet at the 

                                                 
4 Note that there was a county wide reevaluation of property values in 2004 which resulted in the higher property 
values in Dare County. 
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same time higher vulnerability to storm surge flooding or shoreline erosion.  Again, increasing 
distance from the shoreline has a strong negative impact on property values.  Water frontage also 
commands a substantial premium and raises the property values substantially.    

Table 3-6: Estimation Results for the Dare Residential Hedonic Model 

Variable Coefficient Standard Error P-value 

Constant 11.750 0.020 <.0001 

AVON 0.171 0.010 <.0001 

BUXTON 0.073 0.014 <.0001 

DUCK 0.588 0.009 <.0001 

FRISCO 0.097 0.012 <.0001 

HATTERAS 0.232 0.014 <.0001 

KDH 0.157 0.007 <.0001 

KITTY 0.223 0.009 <.0001 

NAGS 0.257 0.007 <.0001 

RODANT 0.331 0.017 <.0001 

SALVO 0.314 0.015 <.0001 

SOUTHERN 0.572 0.009 <.0001 

WAVES 0.284 0.020 <.0001 

LOTSIZE 3.69E-07 3.28E-08 <.0001 

LOTSIZE2 -3.17E-14 3.19E-15 <.0001 

AGE -0.004 3.43E-04 <.0001 

AGE2 3.87E-06 3.91E-06 0.3226 

BEDRM 0.220 0.008 <.0001 

BEDRM2 -0.004 0.001 <.0001 

AIRCOND 0.141 0.008 <.0001 

MULTISTR 0.163 0.005 <.0001 

HDWDFL 0.162 0.008 <.0001 

OCEAN 0.730 0.008 <.0001 

SOUND 0.321 0.007 <.0001 

DIST -9.52E-05 7.37E-06 <.0001 

DIST2 9.54E-09 1.82E-09 <.0001 

ELEV 0.001 0.001 0.4799 

ELEV2 -9.37E-05 2.34E-05 <.0001 

Notes: Number of observations is 25,870.  Dependent variable is the log of assessed property values.  Mainland 
townships are omitted.  Adjusted R2 is 0.7082. 

 
The simulation results for the impact on property values are shown in Table 3-7. Without 

discounting, the residential property value loss in Dare County ranges from $406 million 
(2.18%) to $4.5 billion (11.59%), and the non-residential property value loss ranges from $248 
million (2.50%) to $5.7 billion (27.84%).  Based on a 2% discount rate, the residential property 
value loss ranges from $242 million (1.30%) to $2.7 billion (6.93%), and the non-residential 
property value loss ranges from $148 million (1.50%) to $3.4 billion (16.42%).  Based on a 7% 
discount rate, the residential property value loss ranges from $70 million (0.38%) to $776 million 
(2.00%), and the non-residential property value loss ranges from $43 million (0.43%) to $981 
million (4.73%).  The results indicate that Dare County has the most significant impact from sea 
level rise among the North Carolina coastal counties.     

A-499



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

29

 
 
 

 
Table 3-7: Present Value of Property Value Losses for Dare County  

Discount Rate 
Residential  

No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $405.77 2.18% $242.48 1.30% $114.12 0.61% $69.87 0.38% 

2030-Mid $454.85 2.45% $271.81 1.46% $127.92 0.69% $78.32 0.42% 

2030-High $514.30 2.76% $307.33 1.65% $144.64 0.78% $88.56 0.48% 

2080-Low $1,231.93 3.17% $736.17 1.89% $346.47 0.89% $212.13 0.55% 

2080-Mid $2,200.69 5.66% $1,315.09 3.38% $618.92 1.59% $378.95 0.97% 

2080-High $4,507.78 11.59% $2,693.75 6.93% $1,267.77 3.26% $776.22 2.00% 

         

Discount Rate 
Non-residential 

No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $248.16 2.50% $148.29 1.50% $69.79 0.70% $42.73 0.43% 

2030-Mid $277.69 2.80% $165.94 1.67% $78.10 0.79% $47.82 0.48% 

2030-High $304.11 3.07% $181.73 1.83% $85.53 0.86% $52.37 0.53% 

2080-Low $718.21 3.46% $429.19 2.07% $201.99 0.97% $123.67 0.60% 

2080-Mid $1,099.95 5.30% $657.31 3.17% $309.35 1.49% $189.41 0.91% 

2080-High $5,698.54 27.48% $3,405.33 16.42% $1,602.66 7.73% $981.26 4.73% 

Notes:  2030-Low, 2030-Mid, and 2030-High represent an 11 cm, a 16 cm, and a 21 cm increase in sea level by 2030, 
respectively.  Similarly, 2080-Low, 2080-Mid, and 2080-High represent a 26 cm, a 46 cm, and an 81 cm increase in 
sea level by 2080, respectively.  Dollars are measured in million.  Reported are the percent to the total property values. 

   
 
Carteret County 
 

Carteret County is located in the central part of the NC coastline.  The total property 
value in the county is about half of those of New Hanover County and Dare County.  The 
variable definitions and summary statistics for a total of 27,789 residential properties are given in 
Table 3-8.  The average property value is about $171,934.  The properties are on average 28 
years old and about 1718 total structure square feet.  Most homes have two bathrooms and about 
28,578 total lot size measured in square feet.  About three percent of the properties have an 
ocean-frontage and thirteen percent have the sound/estuarine frontage.  The mean distance to 
nearest shoreline is about 1123 feet and the elevation of the properties is on average 13 feet 
above see level.   
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Table 3-8: Definitions and Summary Statistics for the Carteret Residential Property Data 

Variable Description Mean Standard Deviation 

AV Real assessed property value as of May 2006 171934.93 146659.57 

ATLANTIC Atlantic township (= 1) 0.01 0.11 

CEDAR Cedar Island township (= 1) 0.01 0.07 

DAVIS Davis township (=1) 0.01 0.08 

HARKERS Harkers Island township (=1) 0.03 0.17 

HARLOWE Harlowe township (=1) 0.02 0.13 

MARSHALL Marshall township (=1) 0.01 0.10 

MERRIMON Merrimon township (=1) 0.01 0.10 

MOREHEAD Morehead township (=1) 0.38 0.48 

NEWPORT Newport township (=1) 0.08 0.28 

SEALEVEL Sea Level township (=1) 0.01 0.07 

SMYRNA Smyrna township (=1) 0.01 0.10 

STACY Stacy township (=1) 0.00 0.06 

STRAITS Straits township (=1) 0.04 0.19 

WHITE OAK White Oak township (=1) 0.27 0.45 

LOTSIZE Total lot size measured in square feet 28578.31 45745.65 

SQFT Total structure square footage 1718.76 736.87 

AGE Age of house  28.34 22.92 

BATHRM Number of bathrooms 2.03 0.80 

OCEAN On ocean front (= 1) 0.03 0.16 

SOUND On sound front (= 1) 0.13 0.34 

DIST Distance to nearest shoreline measured in feet 1122.99 946.93 

ELEV Elevation of property measured in feet 12.76 7.99 

Note: The number of observations is 27,789. 
 

The baseline hedonic regression results are reported in Table 3-9.  The regression model 
controls for heterogeneity across townships using a set of dummy variables representing 14 
townships in Carteret County.  The omitted category is Beaufort.  Most structural and 
neighborhood variables are statistically significant at any conventional level of significance with 
the exception of lot size and elevation, and the coefficient signs are consistent with common 
findings in the hedonic literature.  Adjusted R2 from the regression is 0.69.   
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Table 3-9: Estimation Results for the Carteret Residential Hedonic Model 

Variable Coefficient Standard Error P-value 

Constant 10.215 0.021 <.0001 

ATLANTIC -0.347 0.022 <.0001 

CEDAR -0.447 0.033 <.0001 

DAVIS -0.383 0.030 <.0001 

HARKERS -0.062 0.015 <.0001 

HARLOWE -0.188 0.019 <.0001 

MARSHALL -0.212 0.025 <.0001 

MERRIMON -0.293 0.024 <.0001 

MOREHEAD 0.053 0.009 <.0001 

NEWPORT -0.098 0.012 <.0001 

SEALEVEL -0.392 0.034 <.0001 

SMYRNA -0.258 0.025 <.0001 

STACY -0.391 0.040 <.0001 

STRAITS -0.244 0.015 <.0001 

WHITE OAK 0.148 0.009 <.0001 

LOTSIZE 1.01E-07 1.37E-07 0.4602 

LOTSIZE2 1.46E-12 3.89E-13 0.0002 

SQFT 0.001 1.15E-05 <.0001 

SQFT2 -7.66E-08 2.12E-09 <.0001 

AGE -0.002 3.40E-04 <.0001 

AGE2 1.62E-05 3.64E-06 <.0001 

BATHRM 0.279 0.013 <.0001 

BATHRM2 -0.025 0.002 <.0001 

OCEAN 0.665 0.015 <.0001 

SOUND 0.497 0.008 <.0001 

DIST -8.07E-05 8.67E-06 <.0001 

DIST2 1.58E-08 2.25E-09 <.0001 

ELEV 0.001 0.001 0.3144 

ELEV2 -1.92E-04 4.02E-05 <.0001 

Notes: Number of observations is 27,789.  Dependent variable is the log of assessed property values.  Category 
omitted for township is Beaufort.  Adjusted R2 is 0.6898. 

 
The simulated property value losses are shown in Table 3-10 for the entire county 

including both residential and non-residential properties. Without discounting, the residential 
property value loss in Carteret County ranges from $44 million (0.48%) to $488 million (2.58%), 
and the non-residential property value loss ranges from $25 million (0.73%) to $230 million 
(3.21%).  Based on a 2% discount rate, the residential property value loss ranges from $26 
million (0.29%) to $292 million (1.54%), and the non-residential property value loss ranges from 
$15 million (0.44%) to $137 million (1.92%).  Based on a 7% discount rate, the residential 
property value loss ranges from $7 million (0.08%) to $84 million (0.44%), and the non-
residential property value loss ranges from $4 million (0.13%) to $40 million (0.55%).    
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Table 3-10: Present Value of Property Value Losses for Carteret County

Discount Rate 
Residential  

No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $43.35 0.48% $25.91 0.29% $12.19 0.13% $7.47 0.08% 

2030-Mid $46.37 0.51% $27.71 0.31% $13.04 0.14% $7.98 0.09% 

2030-High $50.96 0.56% $30.45 0.34% $14.33 0.16% $8.78 0.10% 

2080-Low $120.79 0.64% $72.18 0.38% $33.97 0.18% $20.80 0.11% 

2080-Mid $206.69 1.09% $123.52 0.65% $58.13 0.31% $35.59 0.19% 

2080-High $487.96 2.58% $291.60 1.54% $137.23 0.73% $84.02 0.44% 

         

Discount Rate 
Non-residential 

No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $24.98 0.73% $14.93 0.44% $7.02 0.21% $4.30 0.13% 

2030-Mid $26.17 0.76% $15.64 0.46% $7.36 0.21% $4.51 0.13% 

2030-High $28.48 0.83% $17.02 0.50% $8.01 0.23% $4.90 0.14% 

2080-Low $64.26 0.90% $38.40 0.54% $18.07 0.25% $11.07 0.15% 

2080-Mid $144.06 2.01% $86.09 1.20% $40.51 0.57% $24.81 0.35% 

2080-High $229.85 3.21% $137.35 1.92% $64.64 0.90% $39.58 0.55% 

Notes:  2030-Low, 2030-Mid, and 2030-High represent an 11 cm, a 16 cm, and a 21 cm increase in sea level by 
2030, respectively.  Similarly, 2080-Low, 2080-Mid, and 2080-High represent a 26 cm, a 46 cm, and an 81 cm 
increase in sea level by 2080, respectively.  Dollars are measured in million.  Reported are the percent to the total 
property values.    
 
Bertie County 
 

Bertie County represents a rural and underdeveloped county in the data.  The total 
property value is about $1 billion which is only about 5% of the total property value for Dare 
County.  Less confidence is placed on the estimates given data limitations.  The structural 
information on property such as square foot and age is available for only a very small number of 
observations and thus excluded in the data set. More than half of the observations are located 
outside one mile from the shoreline.   

 
The variable definitions and summary statistics for a total of 3,279 residential properties 

within one mile from the shoreline are given in Table 3-11.  The average residential property 
value is about $48,684, which is quite low compared to the previously considered counties.  
There are no ocean front properties in the county, but about four percent of the observations in 
the sample have an estuarine water frontage.  The mean distance to nearest shoreline is about 
2065 feet and the elevation of the properties is on average 29 feet above see level.  The baseline 
hedonic regression results are reported in Table 3-12.   
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Table 3-11: Definitions and Summary Statistics for the Bertie Residential Property Data 

Variable Description Mean Standard Deviation 

AV Real assessed property value as of May 2006 48683.61 49588.56 

COLERAIN Colerain township (= 1) 0.10 0.30 

INDIAN  Indian Woods township (= 1) 0.03 0.18 

MERRY Merry Hill township (=1) 0.10 0.30 

SNAKEBITE Snake Bite township (=1) 0.00 0.03 

WHITES Whites township (=1) 0.12 0.33 

LOTSIZE Total lot size measured in square feet 22410.90 11731.85 

MULTISTR Multistory house (= 1) 0.08 0.28 

SOUND On sound front (= 1) 0.04 0.19 

DIST Distance to nearest shoreline measured in feet 2064.59 1450.03 

ELEV Elevation of property measured in feet 28.91 13.59 

Note: The number of observations is 3,279. 
 
 

Table 3-12: Estimation Results for the Bertie Residential Hedonic Model

Variable Coefficient Standard Error P-value 

Constant 9.976 0.088 <.0001 

COLERAIN -0.090 0.077 0.2426 

INDIAN  -0.269 0.091 0.003 

MERRY -0.160 0.056 0.0043 

MITCHELL 0.486 0.451 0.2813 

ROXOBEL -0.100 0.059 0.0914 

SNAKEBITE 3.62E-05 5.70E-06 <.0001 

WHITES -4.86E-10 1.07E-10 <.0001 

WOODVILLE 1.014 0.057 <.0001 

LOTSIZE 0.769 0.094 <.0001 

LOTSIZE2 -2.30E-04 4.81E-05 <.0001 

MULTISTR 3.15E-08 8.96E-09 0.0004 

SOUND 0.005 0.005 0.3673 

DIST -3.54E-05 8.25E-05 0.6679 

DIST2 9.976 0.088 <.0001 

ELEV -0.090 0.077 0.2426 

ELEV2 -0.269 0.091 0.003 

ELEV*DIST -0.160 0.056 0.0043 

Notes: Number of observations is 3,279.  Dependent variable is the log of assessed property values.  
Category omitted for township is Windsor.  Adjusted R2 is 0.1514. 

 
The estimated hedonic price function is used to simulate the property value loss, and the 

results are shown in Table 3-13.  The loss of property values in Bertie County is relatively 
smaller than those of the other counties discussed above.  Without discounting, the residential 
property value loss in Bertie County ranges from $3 million (0.29%) to $12 million (0.51%), and 
the non-residential property value loss ranges from $1 million (0.32%) to $26 million (2.99%).  
Based on a 2% discount rate, the residential property value loss ranges from $2 million (0.17%) 
to $7 million (0.30%), and the non-residential property value loss ranges from $1 million 
(0.19%) to $16 million (1.79 %).  Based on a 7% discount rate, the residential property value 
loss ranges from $1 million (0.05%) to $2 million (0.09%), and the non-residential property 
value loss ranges from $0.2 million (0.06%) to $4 million (0.52%).    
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Table 3-13: Present Value of Property Value Losses for Bertie County 

Discount Rate 
Residential  

No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $3.23 0.29% $1.93 0.17% $0.91 0.08% $0.56 0.05% 

2030-Mid $3.91 0.35% $2.34 0.21% $1.10 0.10% $0.67 0.06% 

2030-High $4.34 0.39% $2.59 0.24% $1.22 0.11% $0.75 0.07% 

2080-Low $9.98 0.43% $5.96 0.26% $2.81 0.12% $1.72 0.07% 

2080-Mid $11.73 0.51% $7.01 0.30% $3.30 0.14% $2.02 0.09% 

2080-High $11.66 0.51% $6.97 0.30% $3.28 0.14% $2.01 0.09% 

         

Discount Rate 
Non-residential 

No Discounting 2% 5% 7% 

SLR Scenario 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 
$  

(millions) % 

2030-Low $1.35 0.32% $0.81 0.19% $0.38 0.09% $0.23 0.06% 

2030-Mid $1.55 0.37% $0.92 0.22% $0.43 0.10% $0.27 0.06% 

2030-High $2.04 0.49% $1.22 0.29% $0.57 0.14% $0.35 0.08% 

2080-Low $4.26 0.49% $2.55 0.29% $1.20 0.14% $0.734 0.08% 

2080-Mid $9.11 1.05% $5.45 0.63% $2.56 0.29% $1.569 0.18% 

2080-High $26.02 2.99% $15.55 1.79% $7.32 0.84% $4.48 0.52% 

Notes:  2030-Low, 2030-Mid, and 2030-High represent an 11 cm, a 16 cm, and a 21 cm increase in sea 
level by 2030, respectively.  Similarly, 2080-Low, 2080-Mid, and 2080-High represent a 26 cm, a 46 cm, and an 81 
cm increase in sea level by 2080, respectively.  Dollars are measured in million.  Reported are the percent to the 
total property values. 
 

Conclusions 

 
In this section we estimate the impacts of sea level rise on property values for four coastal 

counties in North Carolina.  The sea level rise scenarios considered include an 11 cm increase by 
2030, a 16 cm increase by 2030, a 21 cm increase by 2030, a 26 cm increase by 2080, a 46 cm 
increase by 2080, and an 81 cm increase by 2080.  The results indicate that low-lying developed 
areas in the northern section of the coastline are especially vulnerable to the impacts from sea 
level rise.  The magnitude of the impacts also depends on the level of development in the areas.  
The central parts of coastline are also at risk, while the southern parts are generally at lower risk.  
The estimated results are quite sensitive to the discount rate used.   
 

Care must be taken with the interpretation of the results.  The current study focuses on 
the loss of property value from permanent inundation.  Temporary inundation caused by high 
tides and storms occurs much sooner in time than permanent flooding, and the discounted 
present value of the costs associated with it can be quite large relative to those associated with 
permanent flooding.  Measuring the impacts of temporary flooding requires additional data such 
as the distribution of the partial damage extents due to storm surge, frequency and intensity of 
storms, and timing of storms.  Flood insurance may change the estimated loss, although the 
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insurance covers only the structures (not the land) and does not cover the loss due to sea level 
rise. The current flood insurance coverage is limited to $250,000 for single family residence.   

 
We also do not consider the adaptation that coastal communities and property owners 

undertake as they observe sea level rise over time. They may decide to relocate their 
communities in response to sea level rise or pursue beach nourishment.  There might be 
additional costs associated with increased distance to the shoreline for new development. The 
value of lost public infrastructure is another component that is not included in the current study, 
although it likely to be small especially in the rural areas.   

 
A large portion of undeveloped land in coastal North Carolina is wetlands that provide a 

wide range of amenities such as habitat for fish and wildlife, flood protection, water quality 
improvement, opportunities for recreation, education and research, and aesthetic values.  These 
functions and services are economically and ecologically valuable.  These values are unlikely to 
be captured in the assessed property values.   
 
 

References 

 
Bernknopf, R., D. Brookshire, and M. Thayer. 1990. Earthquake and Volcano Hazard Notices:  
  An Economic Evaluation of Changes in Risk Perception. Journal of Environmental 

Economics and Management 18: 35-49. 
Beron K., J. Murdoch, M. Thayer, and W. Vijverberg. 1997. An Analysis of the Housing  
 Market before and after the 1989 Loma Prieta Earthquake. Land Economics 73: 101-13. 
Bin, O. and S. Polasky. Effects of Flood Hazards on Property Values: Evidence Before and After 

Hurricane Floyd. Land Economics 80(2004): 490-500. 
Clark, D.E., and T. Allison. 1999. Spent Nuclear Fuel and Residential Property Values: The  

Influence of Proximity, Visual Cues and Public Information. Papers in Regional Science  
78(4): 403-21. 

Colgan, C.S. 2004. Living Near… And Making a Living From… The Nation’s Coasts and 
Oceans in Appendix C of An Ocean Blueprint for the 21

st
 Century: Final Report of the 

U.S. Commission on Ocean Policy (www.oceancomission.gov) 
Earnhart, D. 2001. Combining Revealed and Stated Preference Methods to Value Environmental 

Amenities at Residential Locations. Land Economics 77: 12-29. 
Gayer, T., J.T. Hamilton, and W.K. Viscusi. 2000. Private Values of Risk Tradeoffs at 

Superfund Sites: Housing Market Evidence on Learning about Risk. Review of 

Economics and Statistics 82(3): 439-51. 
Heinz Center for Science, Economics and Environment. 2000. Evaluation of Erosion Hazards 

Summary prepared for Federal Emergency Management Agency. 
Intergovernmental Panel on Climate Change (IPCC). 2001. Climate Change 2001: The Scientific 

Basis United Nations: New York, NY. 

A-506



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

36

 
 
 
Kriesel, W., A. Randall, and F. Lichtkoppler. 1993. Estimating the Benefits of Shore Erosion  

Protection in Ohio’s Lake Erie Housing Market. Water Resources Journal 29(4):795- 
801. 

Landry, C.E., A.G. Keeler, and W. Kriesel. 2003. An Economic Evaluation of Beach Erosion  
 Management Alternatives. Marine Resource Economics 18: 105-27.  
MacDonald, D., J. Murdoch, and H. White. 1987. Uncertain Hazards, Insurance and Consumer 
 Choice: Evidence from Housing Markets. Land Economics 63: 361-71. 
MacDonald, D., H. White, P. Taube, and W. Huth. 1990. Flood Hazard Pricing and Insurance  
 Premium Differentials: Evidence from the Housing Market. Journal of Risk and 

Insurance 57:654-63. 
McCluskey, J., and G. Rausser. 2001. Estimation of Perceived Risk and Its Effect on Property  

Values Land Economics. Land Economics 77(1):42-55. 
Meade, C. and M. Abbot. 2003. Assessing Federal Research and Development for Hazard Loss 

Reduction. RAND: prepared for Office of Science and Technology Policy. 
Milon, J., J. Gressel and D. Mulkey. 1984. Hedonic Amenity Valuation and Functional Form 

Specification. Land Economics 60: 378-87.    
Mooney, S. and L. Eisgruber. 2001. The Influence of Riparian Protection Measures on 

Residential Property Values: The Case of the Oregon Plan for Salmon and Watersheds. 
Journal of Real Estate Finance and Economics 22(2): 273-286. 

Palmquist, R. "Property Value Models," in K-G Maler and J. Vincent, eds., Handbook of 

 Environmental Economics, volume 2, North Holland, 2004. 
Parsons, G. and M. Powell. 2001. Measuring the Cost of Beach Retreat. Coastal Management 

29:91-103. 
Rosen, S. 1974. Hedonic Prices and Implicit Markets: Product Differentiation in Pure  
 Competition. Journal of Political Economy 82(1): 34-55. 
Shabman, L. and M. Bertelson. 1979. The Use of Development Value Estimates for Coastal 

Wetland Permit Decisions. Land Economics 55: 213-22. 
Simmons, K.M., J.B. Kruse, and D.A. Smith. 2002. Valuing Mitigation: Real Estate Market  
 Response to Hurricane Loss Reduction Measures. Southern Economic Journal 68(3):  
 660-71. 
 
 

A-507



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

37

 
 
 

 4. Impacts on Recreation and Tourism  

In this section of the study we estimate the impacts of sea-level rise induced reductions in 
beach width on beach recreation demand. Climate change-induced sea-level rise will have 
negative impacts on beach recreation and beach recreation-dependent communities. Sea-level 
rise exacerbates coastal erosion and can eventually eliminate a recreation site. The data limit our 
ability to consider other geological and behavior factors. For example, we do not consider the 
effects of new beach recreation sites created by littoral drift of sand, beach nourishment or beach 
retreat. All impacts are presented in 2004 dollars.  

The concept of consumer surplus is the basis for the theoretical definition of the 
economic costs of climate change. Consumer surplus is the difference between what the 
consumer is willing (and able) to pay and the market price or cost of the product. Consumer 
surplus is also called net willingness to pay since it is willingness to pay net of the costs. In the 
case of beach recreation, if the traveler is willing to pay $100 for a beach trip and the out-of-
pocket expenditures are $25 then the consumer surplus is $75. The consumer surplus is the value 
of the recreation experience to the recreationist, while the out-of-pocket expenditures represent 
the initial, direct economic impact of the trip on the local beach economy (additional, 
“multipler,” economic impacts on the local beach economy may also arise based on the direct 
economic impacts of the initial expenditures). Hereafter, we refer to consumer surplus as 
willingness to pay, or WTP. 

Estimation of WTP from demand curves is relatively straightforward if market data exist 
to estimate the demand curves. Without market data, a number of methodologies have been 
developed to estimate WTP for environmental, and other, non-market goods. The travel cost 
method is a revealed preference approach that is most often used to estimate the benefits of 
outdoor recreation. The travel cost method begins with the insight that the major cost of outdoor 
recreation is the travel and time costs incurred to get to the recreation site. Since individuals 
reside at varying distances from the recreation site, the variation in distance and the number of 
trips taken are used to estimate a demand curve for the recreation site.  The demand curve is then 
used to derive the WTP associated with using the site. With data on appropriate demand curve 
shift variables (i.e., independent variables such as beach width), the economic benefits (i.e., 
changes in WTP) associated with changes in the shift variables (i.e., changes in beach width) can 
be derived. 

While recreation demand is able to capture a large portion of the recreation benefits, 
additional recreational benefits are capitalized in the property values of residents. These and 
other amenity values of coastal property are considered separately in section 3 in this report. A 
more thorough treatment of this issue would consider the joint location and intensity (i.e., trips) 
decisions of beach recreation. However, this analysis is beyond the scope of the current project.  

We use two sets of data. The first includes information on beach trips to southern North 
Carolina beaches (excluding the Outer Banks). The second includes information on shore-based 
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fishing trips for the entire North Carolina coast. We use the random utility site-selection model 
version of the travel cost method. In this model, it is assumed that individuals choose recreation 
sites based on tradeoffs among trip costs and site characteristics (e.g., beach width, catch rates). 
Combined with trip frequency models we estimate the potential change in the economic value 
per beach trip, the potential change in the number of beach trips and potential changes in beach 
trip expenditures due to reductions in beach width arising from sea-level rise.  

We use average beach width data obtained from the U.S. Army Corps of Engineers 
(USACE) and other sources. These are described in section 2 of this report. Since these estimates 
are at the aggregate beach level, an average over miles of beach, there is potential for 
measurement error. We assume that the measurement error is not correlated with the true beach 
width and is not correlated with other variables in the model. Under these conditions any 
measurement error in beach width will not bias our results.5  

Another assumption that we adopt is the lack of adaptation in terms of beach nourishment. 
Each of the beaches that we consider is bordered inland by highways and roads. We assume that 
beach erosion proceeds to the highway or road and, at that point, the sandy beach has vanished. 
This is the most extreme assumption but it allows us to estimate of the maximum loss of 
recreation values that might be expected. Periodic beach nourishment occurs in North Carolina 
but these efforts are costly. We discuss some estimates of the cost of beach nourishment that 
might be expected to avoid the loss of recreation value in the concluding section of this report. 

Southern Beaches 

Data 

The study area includes beaches in five southern North Carolina counties. Bogue Banks, 
a barrier island, is located in Carteret County, and encompasses a twenty-four mile stretch of 
beach communities. Topsail Island, a barrier island, is located in both Pender and Onslow 
Counties and encompasses a twenty-two mile stretch of beach communities. New Hanover 
County encompasses a thirteen mile stretch of beach communities and lies between Pender and 
Brunswick County. The Brunswick County Beaches are located between the Cape Fear River 
and the South Carolina border and encompass a twenty-four mile stretch of beach communities.  

We use beach recreation data from a recent USACE funded study (Herstine et al., 2005). 
The target survey population was chosen based upon the results of an on-site survey conducted 
during the summer of 2003 at the study area beaches. One finding from the on-site survey is that 
the vast majority of day users (approximately 73% of all day users) traveled 120 miles or less to 
get to the beach. For this study, day users are defined as those who leave their home, enjoy the 
beach and return home afterwards, without spending the night. Overnight users spend at least one 

 
5Also, as a referee points out, we have no measure of sand or beach quality. Beach width 

may serve as a proxy for these variables. 
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night away from home. Locals are those who live within walking or biking distance of the beach.  

A telephone survey of all types of beachgoers, day users, overnight users and locals, was 
administered by the Survey Research Laboratory at the University of North Carolina at 
Wilmington. Survey Sampling, Inc. provided telephone numbers within the study area. The 
telephone survey was conducted during May 2004. The telephone survey response rate is 52 
percent. 

Of the telephone survey respondents 1509 stated that they had considered going to an 
oceanfront beach in North Carolina during the last year (2003). Of this number, 1186 (79%) 
actually took an oceanfront beach trip to the North Carolina coast in 2003. Of these, 79% took an 
oceanfront beach trip to the southern North Carolina beaches in 2003. Approximately 80% of the 
respondents stated that 2003 was a typical year in terms of their oceanfront beach trips to the 
southern North Carolina coast. Of those who reported that 2003 was not a typical year in terms 
of oceanfront beach trips to the southern North Carolina coast, 75% would normally have taken 
more trips. Of all respondents who took at least one trip to the southern North Carolina coast, 
96% planned to take at least one oceanfront beach trip to this area in 2004. After deleting cases 
with missing trip information, missing income, missing distance or distance beyond the study 
site the remaining sample size is 632. 

The telephone survey elicited information on whether respondents took day trips only or 
a mix of day and overnight trips.6 Two-hundred twenty eight members of the sample took only 
day trips. Four hundred and four members took both day and overnight trips. There exists a 
variety of approaches to overnight trips (Parsons 2003). The problem is that the WTP for the 
recreation trip or a characteristic of the trip may be biased with multiple purpose trips. The bias 
may be positive if the beach trip is a minor reason for taking the overnight trip. For example, 
vacationers may spend more time at an amusement park or shopping than at the beach. Since we 
are unable to distinguish between day trips and overnight trips for this sub-sample, we estimate 
separate models for (i) day trippers and (ii) day and overnight trippers. In the day and overnight 
trippers model we assume that beach recreation is the primary purpose of the trip and attribute all 
of the WTP to that purpose; however, estimating separate models for day trippers (only) and 
day/overnight trippers allows WTP to differ across the two types of recreation households.  

Beach trip data was elicited by asking respondents who had actually taken oceanfront 
beach trips to the North Carolina coast in 2003 how many of their oceanfront beach trips were to 
the southern North Carolina coast from the Beaufort/Morehead City area in Carteret County to 
the South Carolina border. The average annual number of trips is 22 for day trippers and 11 for 
day and overnight trippers (Table 4-1). We did not gather information about the number of days 
spent at the beach so that we must aggregate over the number of trips and not days. Otherwise, 
the subsamples are similar. The average number of children is less than one, 68% of the sample 

 
6 It is preferable to spit the sample into day users and overnight users. The mixture of the day and 
overnight trips for the second group of users is an unfortunate constraint imposed by data 
limitations.  
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is married, 40% is male and 90% is white. The average age is 44 and the average number of 
years schooling is 13. The average household income is $57 thousand for day trippers and $61 
thousand for day and overnight trippers.  

Table 4-1: Beach Recreation Participants Characteristics 

 Day Trippers Day and Overnight Trippers 

 Mean Std.Dev. Mean Std.Dev. 

Trips 21.89 47.11 10.60 21.55 

Children 0.72 1.02 0.77 1.06 

Married 0.68 0.47 0.68 0.47 

Male 0.40 0.49 0.40 0.49 

White 0.89 0.32 0.90 0.30 

Age 44.42 15.49 43.22 15.11 

Education 12.99 1.97 13.19 2.03 

Income ($1000) 57.41 26.13 60.69 27.81 

Cases 228 404 

A Model of Beach Demand 

The beach site selection and characteristic data are presented in Table 4-2. The most 
popular beaches for day trippers are Atlantic Beach, North Topsail Beach, Wrightsville Beach 
and Carolina Beach. The most popular beaches for day and overnight trippers are Atlantic Beach, 
Emerald Isle, Wrightsville Beach and Carolina Beach. Beach characteristic data includes beach 
width, beach length, the number of parking spaces, the number of public access points and water 
salinity. Average beach length was found using various USACE project books.  Parking access 
points and parking spaces were also collected from USACE project data.  Salinity data was 
collected from the North Carolina Department of Environment and Natural Resources.  

Average beach width was estimated using USACE aerial photography from 2002 and 
was from the mean high water line to the first line of vegetation. The average beach width is 130 
feet.7 The minimum beach width is 80 feet (Caswell Beach). The maximum width is 400 feet 
(Fort Fisher). Beach width data for 2030 and 2080 was developed as described in section 2 of 
this report. All of the beaches lose 50 feet of width by 2030. By 2080, 14 of the 17 beaches have 
eroded to the road so that beach recreation is not feasible. Wrightsville Beach only has 3 feet of 
width, Carolina Beach has 28 feet and Fort Fisher has 243 feet.  

                                                 
7 In this section of the report beach width is presented in feet since this is the measure supplied 
by the USACE and to remain consistent with other analyses using these data.  
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Table 4-2: Beach Site Data Summary 

Proportion of Trips 
Average width 

(feet) 

County Beach Day 
Day and 

Overnight Salinity 
Public 
Access 

Parking 
Spaces 

State 
Park Length 2004 2030 2080 

Carteret Fort Macon 0.042 0.012 31.87 2 602 1 1.40 90 40 0 

Carteret Atlantic Beach 0.103 0.155 32.17 19 662 0 4.90 135 85 0 

Carteret Pine Knoll Shores 0.039 0.021 32.61 6 195 0 4.80 110 60 0 

Carteret Indian Beach / Salter Path 0.018 0.014 31.92 2 131 0 2.50 90 40 0 

Carteret Emerald Isle 0.096 0.142 32.74 69 550 0 11.50 130 80 0 

Onslow-Pender North Topsail Beach 0.115 0.048 35.89 42 929 0 9.70 82 32 0 

Onslow-Pender Surf City 0.032 0.050 36.02 36 272 0 5.10 90 40 0 

Onslow-Pender Topsail Beach 0.035 0.079 36.13 37 234 0 4.00 110 60 0 

New Hanover Wrightsville Beach 0.153 0.231 36.19 45 1479 0 4.50 160 110 3 

New Hanover Carolina Beach 0.155 0.119 35.16 26 452 0 2.00 185 135 28 

New Hanover Kure Beach 0.023 0.016 34.83 20 223 0 2.80 130 80 0 

New Hanover Fort Fisher 0.019 0.019 35.08 2 240 1 1.90 400 350 243 

Brunswick Caswell Beach 0.028 0.004 31.05 12 103 0 2.80 80 30 0 

Brunswick Oak Island 0.018 0.020 33.31 66 821 0 7.50 120 70 0 

Brunswick Holden Beach 0.019 0.034 34.57 21 200 0 6.80 90 40 0 

Brunswick Ocean Isle Beach 0.081 0.030 35.04 28 341 0 5.30 85 35 0 

Brunswick Sunset Beach 0.025 0.007 34.61 34 260 0 1.20 115 65 0 

Measuring the Impacts of Climate Change
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The site selection model is specified so that beach goers first choose a coastal county and 
then choose the particular beach to visit within the county. The beach site selection decision 
depends on travel costs and the beach quality characteristics from Table 4-2. The technical 
aspects of the linked nested random utility site selection and trip frequency models are described 
in Haab and McConnell (2003). In this section of the report we focus on conceptual issues. See 
the Appendix A to this section for a thorough treatment of the empirical model.  

Travel distances and time between each survey respondent’s home zip code and the zip 
code of the population center of each beach county were calculated using the ZIPFIP correction 
for “great circle” distances (Hellerstein et al. 1993). Travel time was calculated by dividing 
distance by 50 miles per hour. The cost per mile used was $0.37, the national average automobile 
driving cost for 2003 including only variable costs and no fixed costs as reported by the 
American Automobile Association (AAA) (AAA Personal communication, 2005). Thirty-three 
percent of the wage rate was used to value leisure time for each respondent. The round-trip travel 

cost is [( )mphdwdcp /2)2( ××+××= θ  where c is cost per mile, d is one-way distance, θ is 

the fraction of the wage rate, w, and mph is miles per hour. The average travel cost across all trip 
choice occasions is $95 (n = 17 beaches × 202 cases = 3876) for day trippers and $138 (n = 17 
beaches × 404 cases = 6868) for day/overnight trippers.  

The nested logit demand models are estimated with the full information maximum 
likelihood routine in the NLOGIT econometric software (Greene 2002). The results indicate that 
beach goers behave as expected with respect to trip costs and beach width (Table 4-3). Both day 
trippers and day/overnight trippers choose beaches that have lower travel costs (i.e., are closer to 
home) and have wider beaches.8 Other results are that beach goers are less likely to choose 
beaches that have greater water salinity and that are state parks. Beachgoers are more likely to 
choose sites with ample parking. Since the number of parking spaces is positively correlated with 

                                                 

8 We also estimated another set of models to determine if the effect of beach width is 
nonlinear. These models include the square of beach width (divided by a factor of 100) along 
with the beach width variable. The coefficient on width squared is negative and statistically 
significant indicating that both day and day/overnight trippers prefer wider beaches up to a 
certain width. Beyond this optimal beach width (i.e., the width that maximizes trip value), 
additional width decreases value. Considering the day tripper model, the marginal value of each 

foot of beach width is approximately , where WTP is 

willingness to pay. The optimal beach width is found where this nonlinear function is maximized, 

2)100/(1.5. widthwidthWTP ×−×=

( 0100/2.5. =×−=
∂
∂

width
width

WTP ) , suggesting that the optimal beach width is 250 feet for 

recreation (the optimal beach width is about 500 feet for day/overnight users). Since only 1 of 
the 17 beaches is greater than 250 feet and the NLOGIT software has difficulty with the 
increasing number of simulated parameters, we leave this issue for future research.  
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the number of access points and beach length, it is not surprising that the coefficients on these 
two variables are negative and statistically significant. The coefficient on the inclusive value is 
statistically different from zero and one in both models which indicates the county-site choice is 
an appropriate nesting structure.  

Table 4-3: Nested Random Utility Site Selection Models 

 Day Trippers Day/Overnight Trippers 

 Coeff. t-ratio Coeff. t-ratio 

Travel Cost -0.083 -28.14 -0.071 -23.50 

Width 0.003 8.59 0.015 17.55 

Salinity -0.126 -9.44 -0.137 -8.50 

Access -0.007 -5.06 -0.003 -1.72 

State Park -0.818 -9.55 -3.906 -16.34 

Parking Spaces 0.001 23.49 0.001 17.71 

Length -0.026 -2.91 0.010 0.80 

IV 0.883 24.17 0.842 21.24 

LL -9621.44 -8915.49 

Pseudo-R2 0.32 0.26 

Cases 228 404 

The trip frequency models include the demographic variables in Table 4-1 along with the 
inclusive value from the nested random utility model as independent variables (Table 4-4). The 
dependent variable is the number of beach trips summed across the 17 beaches. For both 
subsamples, the number of beach trips increases with the inclusive value. In other words, since 
beach site quality variables do not vary across respondents, those with lower travel costs take 
more trips. For day trippers, white beach goers with more children and higher incomes take more 
trips. For day/overnight trippers, those with higher incomes take more trips.   

Table 4-4: Negative Binomial Trip Frequency Models 

 Day Trippers Day/Overnight Trippers 

 Coeff. t-ratio Coeff. t-ratio 

Constant 2.18 3.21 3.34 6.68 

Children 0.37 4.05 0.05 0.83 

Married -0.11 -0.43 -0.21 -1.44 

Male -0.18 -1.02 -0.10 -0.85 

White 0.67 2.26 -0.08 -0.42 

Age 0.00 0.62 -0.01 -1.33 

Education -0.02 -0.43 -0.02 -0.72 

Income 0.01 1.80 0.02 6.48 

IV 0.15 6.67 0.15 8.83 

α 1.51 11.79 1.14 14.48 

Cases 228 404 

Welfare Simulations 

Day Trippers. Predictions and welfare (i.e., WTP) analyses using these models and the 
simulated data are presented in Worksheets 1 – 4 in Appendix B. Since we assume that beach 
width changes uniformly along the coast, the proportion of trips to each of the beaches does not 
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change from baseline conditions. The baseline trips fall, but only slightly, with a 50 foot 
reduction in beach width. Willingness to pay to avoid a 50 foot decrease in beach width is almost 
$2 per trip. Multiplying the WTP by the predicted number of trips at each site and summing 
gives an estimate of the WTP to avoid a decrease in beach width of $43 for each beachgoer. The 
reduction in beach trips is also a component of the cost (i.e., lost welfare) of sea level rise. 
Summing the product of the WTP for each beach recreation site and the reduction in the number 
of trips to that site across sites gives an estimate of the WTP to avoid reduced beach trips. In 
2030, the WTP is only $0.27 for each beachgoer.  

In 2080 sea level rise is predicted to eliminate 14 of the 17 beach recreation sites, 
therefore the proportion of trips to each of the beaches changes from baseline conditions. 
Wrightsville Beach trips rise from 20% to 66%, Carolina Beach trips rise from 6% to 23% and 
Fort Fisher trips rise from 3% to 11%. Note that the predicted beach width at Wrightsville Beach 
is only 3 feet. It may seem unrealistic for 66% of all beach trips to be congregated on a beach 
only one yard wide. Since all of the sites currently support beach recreation, it is difficult for the 
model to predict beyond the range of beach width. Another concern is the impact of congestion 
on beach trips. Since Wrightsville Beach is a popular beach, the model allocates a large number 
of trips to a narrow strip of sand (20% to 66%), drastically increasing congestion and reducing 
the value of each beach trip. Finally, at the erosion rates used to estimate reductions in beach 
widths, Wrightsville Beach will be eliminated from the choice set in less than 2 years beyond 
2080.   

Since the basic NRUM can not readily accommodate these details, we pursue the analysis 
with the assumption that Wrightsville Beach is no longer part of the recreation choice set in 2080 
(i.e., it is completely eroded). We assume that in 2080 sea level rise eliminates 15 of the 17 
beach recreation sites and the proportion of trips to each of the beaches changes from baseline 
conditions. Wrightsville Beach trips fall to 0%, Carolina Beach trips rise from 6% to 68% and 
Fort Fisher trips rise from 3% to 32%.  

Without Wrightsville Beach in the choice set the number of beach trips falls by more than 
5 trips for each day tripper. Willingness to pay to avoid the decrease in beach width is between 
$5/trip and $6/trip for the two remaining beaches. Multiplying the WTP by the predicted number 
of trips at each site and summing gives an estimate of the WTP to avoid a decrease in beach 
width of $102 for each beachgoer. Summing the product of the WTP for each beach recreation 
site, calculated at the county level, and the reduction in the number of trips to that site across 
sites gives the WTP to avoid reduced beach trips due to loss of site access. In 2080 without 
Wrightsville Beach in the choice set, the WTP is $63 for each beachgoer.  

Day/Overnight Trippers. The baseline number of trips falls by more than 10% with sea 
level rise in 2030 with day/overnight trippers. Willingness to pay to avoid a 50 foot decrease in 
beach width is $8 per trip. Aggregated over all trips with the decrease in beach width at each site, 
the WTP to avoid a decrease in beach width is $102 for each day/overnight tripper. In 2030, the 
WTP to avoid the slight reduction in beach trips due to reduced width is only $0.85 for each 
day/overnight tripper. 
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 In 2080 for day/overnight trippers Carolina Beach trips rise from 8% to 76% and Fort 
Fisher trips rise from 3% to 24% assuming that Wrightsville Beach is no longer a viable 
recreation site with a 3 foot wide beach. The number of beach trips fall by over 4 trips for each 
day/overnight tripper. Willingness to pay to avoid the decrease in beach width is between 
$32/trip and $34/trip for the two remaining beaches. Multiplying the WTP by the predicted 
number of trips at each site and summing gives an estimate of the WTP to avoid a decrease in 
beach width of $195 for each beachgoer. In 2080, the WTP to avoid the reduction in beach trips 
is $34 for each beachgoer. 

Willingness to Pay 

Aggregation of trips, WTP and expenditures across the population in 2030 and 2080 is 
conducted assuming (1) no change in population and income and (2) increases in population and 
income. Smith (2006) estimates that the NC population will increase by 50% from 2000 to 2030 
and increase by 100% from 2000 to 2080. Increases in population increase the size of the 
recreation market. Smith (2006) also estimates that NC per capita personal income will increase 
by 52% from 2004 to 2030 and increase by 217% from 2004 to 2080. Income increases may 
increase the number of recreation trips taken and the percentage of the population that engages in 
beach recreation.  

We use the trip frequency model to predict the number of trips with an increase in sample 
income and find unrealistically high trip estimates (e.g., we predict that some households go to 
the beach every day with increased income). Therefore, we assume that the household average 
number of annual trips is constrained by time and equal to the household average number of 
annual trips in 2003. This assumption likely causes our welfare cost estimates to be 
underestimated. Note also that increased congestion at eroding beaches, especially in 2080, will 
lead to lower quality and therefore lower values of ongoing beach trips. This is another factor 
that causes the recreation costs of sea level rise to be underestimated in this study. 

An estimate of the increase in the percentage of the population that takes beach trips is 
obtained from analysis of the National Survey on Recreation and the Environment (NSRE) 
(1999-2001) data. The sample is 1086 North Carolina residents. The dependent variable is 
whether the respondent took an ocean beach trip. Independent variables are respondent 
characteristics. A probit model is used to estimate the determinants of beach recreation 
participation (Table 4-5). 
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Table 4-5: Probit Model of Beach Trip Participation 

 Coeff. t-ratio Marginal Effect Mean 

ONE -1.287 -4.26   

HHNUM 0.039 0.71 0.015 2.63 

OVER16 0.044 0.60 0.017 1.09 

UNDER6 0.044 0.50 0.017 0.25 

INCOME 0.004 2.61 0.002 33.52 

WHITE 0.396 3.82 0.153 0.81 

EDUC2 0.073 4.24 0.029 13.38 

MALE -0.021 -0.26 -0.008 0.41 

AGE -0.008 -3.28 -0.003 45.99 

MISSINC -0.049 -0.43 -0.019 0.40 

MISSEDUC 0.920 1.77 0.335 0.01 

χ2 98.98    

Cases 1086    

Percent Beachgoers 0.48    

Beach recreation participation increases with income and education and decreases with 
age. Whites are more likely to participate. The marginal effect of the independent variable on the 
dependent variable is the change in the probability of participation from a one unit change in the 
independent variable. For each $1000 increase in income, recreation participation increases by 
0.2%. The marginal effect can be used to forecast changes in beach recreation participation with 
the caveat that the probit model is nonlinear and the marginal effects are only accurate for small 
changes in the independent variables. Forecasts for nonmarginal changes in independent 
variables should only be considered first order approximations.  

Various aggregations of the individual impacts of climate change-induced sea level rise 
on beach demand are presented in Worksheets 5-7 in Appendix B. Considering that 64% of the 
general population contacted in the USACE telephone survey participated in some form of beach 
trip, we estimate that 23% of the general population are day trippers and 41% are day/overnight 
trippers. We aggregate impacts assuming (1) no increases in population or income and (2) 
increases in population and income. Under assumption (2) beach recreation participation is 
forecast to be 37% and 55% for day and day/overnight trippers in 2030 and 54% and 70% in 
2080.  

The 2000 population of the study region is 1.58 million households. Applying the 
percentage of recreation participants to the population gives an estimate of the number of beach 
going households in the study region. In 2003 there are about 365 thousand day trippers and 646 
thousand day/overnight trippers. Since the southern NC beaches might reach capacity with 
increases in recreation demand and decreases in supply, especially in 2080, we estimate the 
economic effects of sea-level rise with and without changes in recreation participation. We 
estimate that the number of day trippers increases to 875 thousand in 2030 and 1.7 million in 
2080 as both population and participation rates increase (the latter increase due to increases in 

A-517



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

47

 
 
 
income). The number of day/overnight trippers increases to 1.3 million in 2030 and 2.2 million 
in 2080 with increases in population and participation.  

The product of the beach trip households and annual trips is an estimate of the total 
number of beach trips. We assume that total baseline trips remains constant at 8.6 million and 6.9 
million for day and day/overnight trippers. With increased population and income the number of 
day trips increases from 8.6 million in 2003 to 20.6 million in 2030 and 39.9 million in 2080. 
The number of day/overnight trips increases from 6.9 million in 2003 to 14 million in 2030 to 
23.4 million in 2080. Considering the large number of trips and the limited space on the beach, 
congestion would be a significant problem.  

The individual WTP for a beach trip is approximated by assuming that all of the beach 
sites represent 99% of the beach recreation opportunities for each household (see Worksheets 6 
and 7 in Appendix B). This assumption likely overstates the aggregate baseline value of beach 
recreation but understates the estimate of the percentage change in beach recreation value due to 
sea level rise. Since our aim is to estimate the change in beach recreation value we proceed with 
the conservative assumption. 

Taking the product of aggregate beach trips and WTP for a beach trip, the baseline value 
of southern North Carolina beaches is $477 million for day trippers and $445 million for 
day/overnight trippers in 2003. With an increase in total number of trips due to population and 
income increases aggregate WTP rises to $1.1 billion in 2030 and $2.2 billion in 2080 for day 
trippers. For day/overnight trippers, aggregate WTP for beach trips rises to $905 million in 2030 
and $1.5 billion in 2080. 

The WTP to avoid a decrease in beach width per beach household is $43 for day trippers 
and $102 for day/overnight trippers in 2030. In 2080 the household WTP to avoid the decrease in 
beach width is $102 for day trippers and $195 for day/overnight trippers. Aggregating the 
household values gives an estimate of the aggregate welfare cost of a decrease in beach width of 
$15.7 million and $66.2 million for day and day/overnight trippers in 2030. In 2080 the welfare 
cost is $37 million and $125 million for day and day/overnight trippers in 2030. 

Taking into account potential increases in population and income, the estimated 
aggregate welfare costs of a decrease in beach width are larger.  The aggregate welfare cost of a 
decrease in beach width is $37.6 million and $135 million for day and day/overnight trippers in 
2030. In 2080 the welfare cost is $172 and $430 million.  

Another component of the aggregate welfare cost of sea level rise is the value of beach 
trips not taken due to a lower quality beach. Taking the product of the difference in beach trips 
and the value of beach trips provides this estimate. Assuming no change in population or income, 
aggregate WTP to avoid the decrease in beach trips is $4.86 million and $6.45 million for day 
and day/overnight trippers in 2030 and $15.1 million and $25 million for day and day/overnight 
trippers in 2080. With increasing population and income, aggregate WTP to avoid the decrease 
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in beach trips is $11.6 million and $13.1 million for day and day/overnight trippers in 2030 and 
$69.8 million and $85.3 million for day and day/overnight trippers in 2080.  

The total WTP to avoid the decrease in beach width is the sum of the value of the 
reduction in trip quality and the value of the lost trips. Assuming no changes in population or 
income, the total WTP to avoid the decrease in beach width is $20.5 million and $72.7 million 
for day and day/overnight trippers in 2030 and $52.1 million and $150.8 million for day and 
day/overnight trippers in 2080. The total welfare cost for all beach goers is $93.2 million in 2030 
and $202.9 million in 2080.  

With increasing population and income, the total WTP to avoid the decrease in beach 
width is $49.3 million and $148 million for day and day/overnight trippers in 2030 and $242 
million and $515 million for day and day/overnight trippers in 2080. The total welfare cost for 
all beach goers is $197 million in 2030 and $757 million in 2080.  

Taking the quotient of the total WTP to avoid the decrease in beach width and the 
baseline value of beach trips provides an estimate of the percentage change in beach recreation 
value due to sea level rise. For day trippers, 4.3% of recreation value is lost in 2030 and 11% is 
lost in 2080. For day and overnight trippers, 16% and 34% of recreation value is lost in 2030 and 
2080, respectively. These percentages hold with increases in population and income since the 
baseline value and the WTP to avoid the decrease in beach width grow at the same rate.  

The estimates above are annual welfare costs (i.e., annual aggregate WTP to avoid the 
decrease in beach width). The present value of the welfare costs are estimated by assuming the 
impacts are equal to zero in 2004 and increase linearly to 2080. Using a 0% discount rate, the 
present value of the welfare costs of sea level rise from 2005 to 2080 assuming no increase in 
population or income is $8.7 billion. Assuming increases in population and income leads to a 
present value of the welfare costs of $26.8 billion. Using a 2% discount rate, the present value of 
the welfare costs assuming no increase in population or income is $3.5 billion. Assuming 
increases in population and income leads to a present value of the welfare costs of $10 billion. 
Using a 7% discount rate, the present value of the welfare costs assuming no increase in 
population or income is $711 million. Assuming increases in population and income leads to a 
present value of the welfare costs of $1.7 billion.  

We emphasize that due to the negative effects of increasing congestion on recreation 
participation and the value of each beach trip, the welfare costs of sea level rise on beach 
recreation are underestimated. 

Economic Impacts 

Next we estimate the direct economic impacts of recreationists’ reduced trip expenditures 
on regional economic activity due to climate change-induced sea level rise. The expenditures of 
beach recreation are obtained from a 2003 survey of Wrightsville Beach visitors in which the 
average trip expenditure for day and overnight trippers is $164 and $1081 (Imperial, Jones and 
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Dumas, 2004). The Wrightsville Beach sample included 65% day trippers and 35% overnight 
trippers. About 54% of the trips in the USACE sample are exclusively day trips. If 35% of the 
trips in the USACE sample are overnight trips then this suggests that 25% of the trips in the 
day/overnight trip sample are day trips. Weighting the day/overnight trips by these proportions 
gives a per trip expenditure estimate for the day/overnight sample of $852. 

The economic impacts are much greater when multiplier effects are included. The 
indirect and induced impact on output within each coastal county is $149 per trip for day trippers 
and $697 for day/overnight trippers. The total impact on output within the county is the sum of 
direct, indirect and induced expenditures. The total impact per trip is $313 for day trippers and 
$1778 for those who take day/overnight trips.  

In the aggregate analysis we only consider direct spending (i.e., no multiplier effects) and 
assume that spending associated with reductions in local beach trips will be replaced by spending 
associated with other activities within the county. Local residents are defined as those that live 
within 27 miles of a beach. Twenty-seven miles is the 25th percentile of the minimum one-way 
travel distance in the USACE sample.  

We assume that non-local residents will substitute out of beach trips with a reduction in 
beach width.  Multiplying total non-local trips by expenditures per trip gives an estimate of the 
baseline beach recreation expenditures that have the potential to change as a result of climate 
change. The 2004 baseline expenditures is $392 million for day trippers and $4 billion for 
day/overnight trippers. Assuming increasing population and income, the expenditures on beach 
trips is $941 million for day trippers and $7.9 billion for day/overnight trippers in 2030. In 2080 
the expenditures on beach trips is $1.8 billion for day trippers and $13 billion for day/overnight 
trippers.  

The aggregate change in beach recreation expenditures is equal to the product of the 
change in the aggregate number of beach trips and trip expenditure. Assuming no changes in 
population or income, the expenditure change is $7.46 million and $703 million for day and 
day/overnight trippers in 2030 and $90 million and $1.95 billion for day and day/overnight 
trippers in 2080. With increases in population and income, the expenditure change is $17.9 
million and $1.2 billion for day and day/overnight trippers in 2030 and $418 million and $6.4 
billion for day and day/overnight trippers in 2080.  

In percentage terms, the change is a 2% reduction in expenditures by day trippers in 2030 
and 16% reduction by day/overnight trippers in 2030 with no change in population or income. 
Allowing for changes in population and income the reduction in expenditures by day trippers and 
day/overnight trippers is 23% and 48%, respectively, in 2080. 

Recreational Fishing 

The National Marine Fisheries Service (NMFS) collects recreational fishing data 
annually with the Marine Recreational Fishery Statistics Survey (MRFSS). The MRFSS is a 
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creel survey with information on fishing location, mode, target species, catch and harvest, and 
fishing days during the past 2-month and 12-month time periods. Periodically, the NMFS 
collects additional data from anglers with economic add-on surveys. In the southeast region, 
economic add-ons have taken place in 1997, 1999 and 2000. An expenditure add-on was 
conducted in 2006.  

The MRFSS add-on surveys requests additional information so that the travel cost 
method can be employed with the intercept creel survey data. Key information collected is on 
single-day vs. multiple-day trips and if fishing is the primary purpose of the trip. The travel cost 
method typically employs only single-day fishing trips (i.e., trips in which the respondent did not 
spend any nights away from the permanent residence) because overnight trips may have multiple 
purposes (McConnell and Strand, 1999). 

The most comprehensive of the MRFSS southeastern add-on surveys was in 1997 when 
data on expenditures, household income, location-specific trips, mode-specific trips, target 
species-specific trips and WTP for various management measures were collected with on-site 
and telephone follow-up surveys. The 1997 data supports analysis of economic impacts and 
recreation demand (Haab, Whitehead and McConnell, 2000). In 1999 expenditures data were 
collected that supports economic impact analysis (Gentner, Price and Steinback, 2001). In 2000 
income and other data were collected that supports recreation demand analysis.  

Data 

We investigated the potential of the 1997 and 2000 MRFSS add-on data to support a 
shore-based demand model for North Carolina. Unfortunately, too few cases exist (e.g., n = 70). 
Instead, we adapt the most recently available MRFSS data. In 2005, 105,174 anglers were 
interviewed in the MRFSS creel survey. 12,104 of these anglers were interviewed in North 
Carolina. Forty-five percent of the NC anglers fish from the shore and almost all of these shore 
anglers use hook and line gear (n = 5439). 5368 of these anglers have complete days fished 
information. The average number of days fished during the past 2 (12) months is 5 (22).   

We consider only those anglers who fished in ocean waters (excluding the sounds of 
coastal NC). This leaves 4676 anglers. In an attempt to focus on day trips and to be consistent 
with the beach trip data we exclude about one-half of these anglers who reside outside of NC. 
109 anglers with bad zip code data were deleted. In a further attempt to consider only day trip 
anglers we exclude 129 anglers who live greater than 200 miles away from any of the fishing 
sites. Finally, we lose 170 anglers who visited MRFSS intercept sites with a lack of information 
that makes it difficult to determine beach widths. 1905 anglers remain. The average number of 
days fished during the past 2 (12) months is 7 (35).   

To summarize, we focus on trips in which (1) the angler was interviewed in North 
Carolina, (2) the fishing effort occurred in the ocean and (3) the angler fished from either a man-
made structure (e.g., a pier or a bridge) or the beach. Further, we consider only hook and line 
anglers and those North Carolina residents who live within 200 miles of the coast. With these 
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decisions we hope to exclude most anglers who took overnight trips, which can create problems 
in the demand analysis (McConnell and Strand, 1989).  

To measure site quality in the standard NMFS demand model, the catch and keep rate is 
measured with the 5-year historic targeted harvest of big game fish (e.g., tunas), bottom fish (e.g., 
spot, groupers), flat fish (e.g., flounders), and small game fish (e.g., mackerels). In contrast, we 
consider all targeted species in the catch rates for the NC shore fishing model, because most 
shore anglers do not target specific species.  Only twenty-six percent of anglers in our data set 
target specific species (others target “anything they can catch”). Of these, 26% target spot, 12% 
target flounder, 11% target kingfish, 11% target seatrout, 8% target bluefish, 8% target striped 
bass, 6% target Spanish mackerel, 5% target red drum and 5% target king mackerel. Three year 
(2002-2004) targeted historic catch and keep rates per hour are calculated using MRFSS data at 
each of the sites to measure site quality.  

Sixty-two percent of the anglers fish from manmade structures. The frequency of trips, 
average respondent travel cost at each site and the three-year historic average catch at each site is 
presented for the 22 manmade fishing sites (Table 4-6) and the 28 beach fishing sites (Table 4-7). 
The travel cost variable is measured using the same parameters as in the beach recreation model. 
Travel costs are computed using “great circle” distance (i.e., “as the crow flies”) from the home 
zipcode to the zipcode of the city in the nine county zones with the ZIPFIP adjustment for twists 
and turns in the road.  

In the standard NMFS methodology, a measure of time cost is collected in the add-on 
survey for anglers who forego wages during the trip. Since income is not available with the creel 
surveys we can assign a time cost equal to zero or use a proxy for income. A time cost of zero 
would bias our value estimates downward but perhaps not significantly, since less than five 
percent of MRFSS add-on anglers report that they lost income by taking the trip. Or, we can use 
the zip-code level median household income from the 2000 Census as a proxy for household 
income in the measurement of the opportunity cost of time. We choose the latter option, but find 
that WTP estimates are not significantly different from a model with zero time costs.  

A Model of Shore Fishing 

In the standard NMFS travel cost demand model anglers are assumed to first choose 
mutually exclusive species to target and fishing mode and then choose among mutually exclusive 
fishing sites (aggregated to the county level) based on their attributes. Due to the large number of 
sites, the model is estimated in two-stages (Haab, Whitehead and McConnell, 2001). In contrast, 
we focus on the first stage choice of shore anglers between manmade structures (piers and 
bridges) and beach fishing. In addition, we assume that anglers choose between an Outer Banks 
trip and a southern NC coast trip. In the second stage decision, anglers choose fishing sites (not 
aggregated to the county level as in the standard NMFS model).  The shore mode-site choice 
NRUM model follows the standard NMFS methodology where possible with adjustments for 
North Carolina shore anglers. In particular, the smaller number of choices, 50 instead of 1050, 
allows the model to be estimated with the full information maximum likelihood routine. 
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Table 4-6: MRFSS Manmade Shore Fishing Sites 

Choice Intsite Site Name County Frequency Percent Travel Cost Catch

1 1 Seaview Pier Pender 35 1.84 128.15 0.41 

2 279 Sunset Beach Fishing Pier Brunswick 1 0.05 158.22 3.17 

3 282 Yaupon Beach Fishing Pier Brunswick 9 0.47 153.56 0.48 

4 388 Ocean Isle Pier Brunswick 2 0.1 153.56 0.80 

5 394 Nags Head Fishing Pier Dare 178 9.34 143.20 0.82 

6 415 Avalon Pier Kitty Hawk Area Dare 111 5.83 143.70 0.43 

7 417 Bogue Inlet Fishing Pier Carteret 167 8.77 127.70 1.36 

8 419 Frisco Pier Dare 28 1.47 146.18 0.05 

9 423 Hatteral Fishing Pier Dare 17 0.89 146.18 0.20 

10 424 Holden Beach Fishing Pier Brunswick 17 0.89 151.51 1.04 

11 427 Jeanette's Ocean Fishing Pier Dare 6 0.31 143.20 0.00 

12 433 Outer Banks Pier South Nags Head Dare 22 1.15 143.70 0.17 

13 434 Oceanana Fishing Pier Carteret 13 0.68 127.98 0.04 

14 441 Sportsmans Pier Carteret 133 6.98 127.98 0.79 

15 443 Triple "S" Fishing Pier Carteret 137 7.19 127.98 1.07 

16 445 Jolly Rogers Pier Pender 42 2.2 128.15 0.83 

17 448 Surf City Ocena Pier Pender 23 1.21 128.15 1.85 

18 450 Oregon Inlet Bridge Dare 12 0.63 143.70 0.57 

19 452 Kure Beach Pier New Hanover 65 3.41 146.00 0.48 

20 522 Long Beach Fishing Pier Brunswick 3 0.16 153.27 3.67 

21 670 Avon Fishing Pier Dare 77 4.04 154.48 0.47 

22 902 Carolina Beach Pier New Hanover 81 4.25 146.00 0.65 
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Table 4-7: MRFSS Beach and Bank Fishing Sites 

Choice Intsite Site Name County Frequency Percent Travel Cost Catch 

23 262 Oregon Inlet South Dare 21 1.1 143.70 0.23 

24 264 Cape Point Dare 91 4.78 154.79 0.18 

25 265 Hatteras Inlet Dare 32 1.68 146.18 0.15 

26 274 Kure Beach New Hanover 31 1.63 146.00 0.05 

27 391 Holden Beach Brunswick 14 0.73 151.51 0.55 

28 396 Ft Fisher State Beach New Hanover 6 0.31 146.00 0.48 

29 400 Ocracoke Inlet Beach N. & S. Hyde 7 0.37 146.18 0.06 

30 415 Avalon Pier Kitty Hawk Area Dare 5 0.26 143.70 2.00 

31 468 Ft Macon State Park Carteret 97 5.09 127.98 0.12 

32 494 Emerald Isle Public Access Area Carteret 21 1.1 127.70 0.50 

33 500 Oregon Inlet North Shore Dare 155 8.14 143.70 0.21 

34 521 Hatteras Inlet Beach Hyde 10 0.52 146.18 0.10 

35 525 Access at New River Inlet Drive Onslow 3 0.16 128.15 0.17 

36 574 Beach Access Ramp 20 Dare 5 0.26 143.20 0.40 

37 575 Beach Access Ramp 23 Dare 16 0.84 154.48 0.20 

38 576 Beach Access 27 Dare 3 0.16 154.48 0.34 

39 577 Beach Access 30 Dare 21 1.1 154.48 0.02 

40 578 Beach Access Ramp 34 Dare 6 0.31 154.48 0.09 

41 579 Beach Access Ramp 38 Dare 21 1.1 154.48 0.13 

42 672 New River Inlet, Topsail Island Onslow 96 5.04 128.15 0.19 

43 689 Carolina Beach NW Extension New Hanover 4 0.21 146.00 0.13 

44 705 Calvin Street Kill Devil Hills Dare 18 0.94 143.70 0.00 

45 706 1st Street Kill Devil Hills Dare 22 1.15 143.70 0.00 

46 801 Public Access E. Gulfstream S. Nags Head Dare 5 0.26 143.70 0.00 

47 802 Public Access E. Bonnett St Nags Head Dare 10 0.52 89.64 0.00 

48 803 Public Access E. Forest St Nagshead Dare 2 0.1 89.64 0.00 

49 808 Ramp 49 Frisco Dare 3 0.16 95.55 0.03 

50 900 South Topsail Beach Bank Pender 1 0.05 78.85 0.00 

The theory behind the NRUM is that anglers consider fishing sites based on the utility 
(i.e., satisfaction) that each site provides. Anglers will tend to choose fishing sites that provide 
the most utility. The NRUM exploits the empirical observation that anglers tend to choose 
fishing sites with relatively low travel costs and relatively high chances of fishing success. 

The utility function is a linear function of the travel costs, the square root of the catch rate 
and beach width. The NRUM is estimated using the full information maximum likelihood PROC 
MDC in SAS and presented in Table 4-8. The full information maximum likelihood routine 
estimates the two stages of choice jointly.  
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Table 4-8: NRUM Site Selection Model 

 Coeff. t-ratio 

Travel Cost -0.036 -22.72 

Square root of catch 0.600 9.56 

Width 0.00504 12.66 

IV 0.534 17.74 

McFadden’s R2 0.11 

Cases 1905 

Sites 50 

Sample size 95,250 

The likelihood that an angler would choose a fishing site is negatively related to the 
travel cost and positively related to the historic targeted catch rate. In addition to the variables 
described above the model includes the beach width (measured as described in Section 2 of this 
report) as an independent variable. Beach width is positively related to site choice (Table 4-8). In 
other words, beach anglers prefer a wider beach. Various other model specifications (e.g., 
including a squared width term and width +/- one standard deviation) were investigated to test 
the sensitivity of results to the simple linear specification. The simple linear specification is 
statistically preferred. The parameter estimates on the mode-specific inclusive value is between 0 
and 1 and statistically different from zero and one which indicates that the nested model is 
appropriate.  

Willingness to Pay 

A large number of WTP estimates can be developed from the model including the loss of 
access to fishing sites, changes in catch rates and changes in beach width (see Appendix A). The 
change in WTP per trip from a change in the catch rate of one fish per hour at each site is $16.80. 
The change in WTP per trip from an increase in beach width of 10 meters is $1.41. Both results 
seem to be of an appropriate magnitude which lends validity to the model.  

The WTP loss resulting from reduced beach width is estimated by calculating the change 
in angler utility using the beach width data in Table 4-9. Beaches with negative width, choice 
numbers 23 and 50 in 2030 and 23, 29 and 50 in 2080, are removed from the choice set. The 
change in WTP per trip in 2030 is $3.90. The change in WTP per trip in 2080 is $4.46. The 
change in WTP per trip with zero time costs is about 25% lower: $2.94 in 2030 and $3.38 in 
2080. 
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Table 4-9: Beach Widths (meters) 

Choice Intsite Site Name County 2005 2030 2080 

23 262 Oregon Inlet South Dare 27.17 -4.34 -9.59 

24 264 Cape Point Dare 46.88 15.37 10.12 

25 265 Hatteras Inlet Dare 39.11 7.60 2.34 

26 274 Kure Beach New Hanover 211.47 179.95 174.70 

27 391 Holden Beach Brunswick 225.65 194.14 188.88 

28 396 Ft Fisher State Beach New Hanover 225.65 194.14 188.88 

29 400 Ocracoke Inlet Beach N. & S. Hyde 36.51 5.00 -0.25 

30 415 Avalon Pier Kitty Hawk Area Dare 310.36 278.84 273.59 

31 468 Ft Macon State Park Carteret 81.31 49.80 44.55 

32 494 Emerald Isle Public Access Area Carteret 84.87 53.35 48.10 

33 500 Oregon Inlet North Shore Dare 59.53 28.02 22.77 

34 521 Hatteras Inlet Beach Hyde 83.26 51.75 46.49 

35 525 Access at New River Inlet Drive Onslow 94.83 63.32 58.07 

36 574 Beach Access Ramp 20 Dare 82.32 50.80 45.55 

37 575 Beach Access Ramp 23 Dare 49.87 18.36 13.10 

38 576 Beach Access 27 Dare 60.12 28.61 23.36 

39 577 Beach Access 30 Dare 45.02 13.51 8.26 

40 578 Beach Access Ramp 34 Dare 50.37 18.86 13.60 

41 579 Beach Access Ramp 38 Dare 47.73 16.21 10.96 

42 672 New River Inlet, Topsail Island Onslow 55.03 23.51 18.26 

43 689 Carolina Beach NW Extension New Hanover 122.39 90.88 85.63 

44 705 Calvin Street Kill Devil Hills Dare 276.45 244.93 239.68 

45 706 1st Street Kill Devil Hills Dare 77.36 45.85 40.60 

46 801 Public Access E. Gulfstream S. Nags Head Dare 37.45 5.94 0.68 

47 802 Public Access E. Bonnett St Nags Head Dare 144.28 112.77 107.51 

48 803 Public Access E. Forest St Nagshead Dare 50.97 19.46 14.21 

49 808 Ramp 49 Frisco Dare 60.87 29.36 24.11 

50 900 South Topsail Beach Bank Pender 30.41 -1.10 -6.35 

We aggregate WTP values over North Carolina ocean fishing trips (personal 
communication, NMFS).9 We present annual and 2-month survey wave values. Wave 2 is March 
and April, wave 3 is May and June, wave 4 is July and August, wave 5 is September and October 
and wave 6 is November and December. The MRFSS data collected in NC does not include trips 
from wave 1 (January and February) so we do not aggregate over these months.  

                                                 

9 Aggregating over all trips, single-day trips and multiple-day trips, may be an 
overestimate or underestimate of total willingness to pay. Estimation of willingness to pay values 
for overnight trips using the standard NMFS methodology tends to produce upwardly biased 
estimates of willingness to pay (McConnell and Strand, 1999) because the standard NMFS 
methodology employs the assumption that the purpose of the entire trip is fishing when only a 
fraction of the multi-day trip may be devoted to this activity (e.g, a family vacation).  
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Table 4-10: Lost Willingness to Pay Due to Changes in Beach Width  

Lost Willingness to Pay ($ millions) 

No Change in Trips 50% more trips 100% more trips
Wave NC Shore/Ocean Fishing Trips (2005) 2030  2080  2030  2080 

2 333,250 1.30  1.52  1.95  2.28  

3 877,127 3.42  4.00  5.13  6.00  

4 988,237 3.85  4.51  5.78  6.76  

5 1,269,847 4.95  5.79  7.43  8.69  

6 243,042 0.95  1.11  1.42  1.66  

Total 3,711,503 14.47  16.92  21.71  25.39  

The baseline (without climate change) total number of trips in 2030 and 2080 is estimated 
as simple 50% and 100% increases in trip estimates. We use this simple approach for several 
reasons. First, Milon (2000) uses the MRFSS participation data and forecasts fishing 
participation out to 2025. He finds that participation, measured as the percentage of the 
population that takes at least one marine recreational fishing trip, will decline slightly. Second, 
an analysis of the NSRE saltwater fishing participation data finds that income increases do not 
significantly affect participation. In light of these results, we assume that the number of trips per 
angler stays constant while the number of participants increases with population, with a constant 
participation rate. Our estimates of future trips are significantly lower than a forecast that uses 
the trend line from the 1981-2005 aggregate MRFSS data obtained from the NMFS website to 
forecast trips into the future. Our simple estimate is 9% lower in 2030 and 32% lower in 2080. 
Therefore, our estimates of the economic effects of climate change on marine recreational fishing 
are conservative.  

A limitation of the NRUM model is that it holds the number of fishing trips constant. 
That is, with the loss of a fishing site anglers are assumed to substitute to other sites or fishing 
modes. This assumption may be appropriate for many events and policies that have a minor 
impact on the fishing experience. But for lost beach fishing sites it would not be surprising if the 
aggregate number of fishing trips declines. A practical approach to estimating this effect is with a 
trip intensity model in which angler trips are regressed on the inclusive value (i.e., an index of 
site-mode utility values), which is constructed for each angler from the parameters of the NRUM, 
and other individual angler characteristics (as in the beach recreation model). If trips are 
positively related to the utility of fishing then a change in fishing conditions which lowers utility 
will lead to fewer trips taken.  

The “demand” model is a negative binomial model estimated with Proc GENMOD in 
SAS. The negative binomial model accounts for the integer values of the dependent variable. The 
dependent variable in the negative binomial trip intensity model is the annual number of fishing 
days. Note that these are not necessarily equivalent to single-day trips since single-day trippers 
may also take multiple-day fishing trips over the course of a year.  

The demand model does a reasonable job of explaining the variation in fishing days 
according to the model chi-squared statistic. Shore anglers increase trips as the inclusive value 
increases. More intuitively, trips increase as travel costs decrease and catch rates increase. The 
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dispersion coefficient is statistically different from zero which suggests the negative binomial 
distribution fits the data well. The regression model is used to simulate the number of fishing 
days that anglers would experience with the loss of beach width. The number of fishing days 
falls by 6% in 2030 and 7% in 2080. However, the differences in trips are not statistically 
significant. Given these small effects and their lack of statistical significance we do not consider 
the impact of lost fishing days further.10

Assuming that the number of shore trips is constant between 2005 and 2080, aggregate 
WTP loss across all five waves is $14 million in 2030 and $17 million in 2080. Assuming that 
the number of shore trips increases by 50% between 2005 and 2030, aggregate WTP loss across 
all five waves is $22 million. Assuming that the number of shore trips increases by 100% 
between 2005 and 2080, aggregate WTP loss across all five waves is $25 million.  

As in the beach analysis, the individual WTP for a North Carolina shore fishing trip is 
approximated by assuming that all of the fishing sites represent 99% of the fishing opportunities. 
Taking the product of aggregate fishing trips (Table 4-10) and WTP for a North Carolina fishing 
trip ($128), the annual baseline value of North Carolina shore fishing sites is $475 million. The 
lost recreational fishing value due to sea level rise is 3% in 2030 and 3.5% in 2080. As in the 
beach analysis, the percentage values are likely conservative estimates since the aggregate WTP 
estimate is a likely overestimate.  

The present value of the welfare costs are estimated by assuming the impacts of sea level 
rise are equal to zero in 2004 and increase linearly to 2080. Using a 0% discount rate, the present 
value of the welfare costs are $981 million assuming no change in population and $1.45 billion 
assuming an increase in population. Using a 2% discount rate, the present value of the welfare 
costs are $430 million assuming no change in population and $645 million assuming an increase 
in population. With a 7% discount rate, the estimates of the present value of the welfare costs are 
$101 million and $151 million assuming an increase in population.  

Conclusions 

In this section we develop estimates of the economic effects of climate change-induced 
sea level rise on beach recreation. We focus on beach and fishing trips since the data is readily 
available. We find that the total welfare cost of climate change-induced sea level rise to beach 
recreationists is between $93 million and $197 million in 2030 and between $223 million and 
$826 million in 2080 for the southern NC beaches.  

The present value of the welfare costs assuming no increase in population or income is 
$9.2 billion, $3.7 billion and $722 million with 0%, 2% and 7% discount rates. Assuming 
increases in population and income leads to a present value of the welfare costs of $28.5 billion, 
$10.6 billion and $1.76 billion with 0%, 2% and 7% discount rates.   

 
10 These results are available upon request. 
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Beach trip spending by non-local North Carolina residents would also change 
significantly with climate change-induced sea level rise. Total spending by those who only take 
day trips would fall by 2% in 2030 and 23% in 2080 compared to 2004. Those who take both day 
and overnight trips would spend 16% less in 2030 and 48% less in 2080. 

The aggregate annual welfare cost to shore anglers in all of NC is between $15 million 
and $22 million in 2030, depending upon the assumed effect of population increases on trips. 
The aggregate welfare cost is between $17 million and $25 million in 2080.  

The present value of the welfare costs to shore anglers is between $981 million and $1.47 
billion using a 0% discount rate, depending upon the assumed effect of population increases on 
trips. The present value of the welfare costs is between $430 million and $645 million using a 
2% discount rate. With a 7% discount rate, the range of the present value of welfare costs is $101 
million to $151 million. Angler spending would not change significantly as beach anglers move 
to other beach sites to fish or fish from piers or bridges.  

Several caveats are in order. First, these estimates are incomplete. The beachgoers 
estimates do not include Outer Banks beach trips. The economic effects of sea level rise on the 
tourist and recreation economy in this area of NC is likely to be substantial. The impacts on 
shore anglers are muted since piers are a good substitute for fishing from the beach. However, 
pier fishing in NC is becoming more limited as coastal property values rise. Some of the piers in 
the 2005 data are no longer available as substitute fishing sites. Also, boat anglers might be 
affected by sea-level rise if marinas must be relocated. Our analysis does not include these 
impacts.  

Second, a limitation of the MRFSS and USACE data is that they include information on 
recreation participants only. Another potential impact of sea-level rise is its negative effect on 
participation. Marine recreational anglers may choose another recreation activity, such as 
freshwater fishing, if shore based fishing becomes unavailable. Beachgoers may choose another 
recreation activity as congestion increases (e.g., in 2030) and as beach capacity constraints are 
reached (e.g., in 2080). Future research could explore the possibility of using a participation site 
choice model with the day trippers in the USACE data to determine the magnitudes of these 
effects.  

 
Third, analysis of events in the far distant future is subject to much uncertainty. Our 

uncertainty arises in the rudimentary participation modeling. We make forecasts of future beach 
trips based on increases in population and income. We make forecasts of future fishing trips 
based on increases in population. We ignore demographic change. For example, recreation 
participation is typically higher for those between 25 and 64 years of age. If the population ages 
during the next 25 and 75 years, recreation participation rates will fall.  
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Appendix A: The Linked Site Selection – Trip Frequency Model 

Consider an individual who considers a set of j recreation sites. The individual utility 
from the trip is decreasing in trip cost and increasing in trip quality: 

iiiii qcyvu ε+−= ),(  

where u is the individual utility function, v is the nonstochastic portion of the utility function, y is 
the per-trip recreation budget, c is the trip cost, q is a vector of site qualities, ε is the error term, 
and i is a member of s recreation sites, s = 1, … , i , … J. The random utility model assumes that 
the individual chooses the site that gives the highest utility: 

)   Pr( isvv ssiii ≠∀+>+= εεπ  

where π is the probability that site i is chosen. If the error terms are independent and identically 
distributed extreme value variates then the conditional logit site selection model results: 

s

i

vJ

s

v

i
e

e

1=∑
=π  

The conditional logit model restricts the choices according to the assumption of the 
independence of irrelevant alternatives (IIA). The IIA restriction forces the relative probabilities 
of any two choices to be independent of other changes in the choice set. For example, if a quality 
characteristic at site j causes a 5% decrease in the probability of visiting site j then the 
probability of visiting each of the other k sites must increase by 5%. This assumption is 
unrealistic if any of the k sites are better substitutes for site j than the others.  

The nested logit model relaxes the IIA assumption. The nested logit site selection model 
assumes that recreation sites in the same nest are better substitutes than recreation sites in other 
nests. Choice probabilities for recreation sites within the same nest are still governed by the IIA 
assumption.  

Consider a two-level nested model.11 The site choice involves a choice among M groups 
of sites or nests, m = 1, … , M. Within each nest is a set of Jm sites, j= 1, … , Jm. When the nest 
chosen, n, is an element in M and the site choice, i, is an element in Jn and the error term is 
distributed as generalized extreme value the site selection probability in a two-level nested logit 
model is: 

                                                 
11 The notation follows Morey (1999).  
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where the numerator of the probability is the product of the utility resulting from the choice of 
nest n and site i and the summation of the utilities over sites within the chosen nest n. The 
denominator of the probability is the product of the summation over the utilities of all sites 
within each nest summed over all nests. The dissimilarity parameter, 0 < θm < 1, measures the 
degree of similarity of the sites within the nest. When the dissimilarity parameters are 
constrained to be equal, the nested site selection probability simplifies to: 
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As the dissimilarity parameter approaches zero the alternatives within each nest become less 
similar to each other when compared to sites in other nests. If the dissimilarity parameter is equal 
to one, the nested logit model collapses to the conditional logit model where M × Jm = J.  

Welfare analysis is conducted with the site selection models by, first, specifying a 
functional form for the site utilities. It is typical to specify the utility function as linear: 
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where α is the marginal utility of income. Since αy is a constant it will not affect the probabilities 
of site choice and can be dropped from the utility function.  

The next step is to recognize that the inclusive value is the expected maximum utility 
from the cost and quality characteristics of the sites. The inclusive value, I, is measured as the 
natural log of the summation of the nest-site choice utilities: 
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Hanemann (1999) shows that the per choice occasion welfare change from a change in 
cost and/or quality characteristics is:  
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α
βαβα ),;,(),;,( qqccIVqcIV

WTP
Δ+Δ+−

=  

where willingness to pay, WTP, is the compensating variation measure of welfare. Haab and 
McConnell show that the willingness to pay for a quality change (e.g., changes in beach width) 
can be measured as  

α
β nikk

k

q
niqWTP

|
)|(

Δ
=Δ  

where qk is one element of the q vector at site i in nest n.  Willingness to pay for the elimination 
of a recreation site from the choice set (e.g., beach erosion that eliminates the sandy beach) is  

( ) ( )[ ]
α

θ
)Pr(1)Pr()|Pr(1ln

)|(
nnni

niWTP
n −+−

=  

where  is the unconditional probability of choosing site i given that nest n is chosen and 

 is the unconditional probability of choosing nest n. Willingness to pay for elimination of a 

entire nest is  

)|Pr( ni

)Pr(n

( )
α

)Pr(1ln
)(

n
nWTP

−
=  

since  when the entire nest of sites is eliminated. Haab and McConnell show that the 

value of eliminating the entire nest is greater than the sum of the value of all of the individual 
sites within the nest. The intuition is that, losing each site within a nest is less valuable because a 
number of good substitutes remain available within the nest. Therefore, the value of the whole is 
greater than the sum of its parts.  

1)|Pr( =ni

These welfare measures apply for each choice occasion, in other words, trips taken by the 
individuals in the sample. If the number of trips taken is unaffected by the changes in cost and/or 
quality, then the total willingness to pay is equal to the product of the per trip willingness to pay 
and the average number of recreation trips, x .   

If the number of trips taken is affected by the changes in cost and/or quality then the 
appropriate measure of aggregate welfare must be adjusted by the change in trips. There are 
several methods of linking the trip frequency model with the site selection model (Herriges, 
Kling and Phaneuf, 1999; Parsons et al., 1999), we choose the original approach that includes the 
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inclusive parameter as a variable in the trip frequency model (Bockstael, Hanemann and Kling, 
1987)12: 

( )[ ]zyqcIVxx ,,,;, βα=  

where  is a trip frequency model and z is a vector of individual characteristics that affect trip 

frequency. These models are typically estimated with count (i.e, integer) data models such as the 
Poisson or negative binomial models (Haab and McConnell 2002, Parsons 2003).  

][⋅x

Trips under various welfare scenarios can be simulated by substitution of the cost and/or 
quality changes into the trip frequency model: 

( )[ ]zyqcIVxx ,,,;,)( βαΔΔ=Δ  

The total willingness to pay of a quality change that might affect the number of trips is 
aggregated over the number of trips: 

[ ] [ ]( ))|()()|()()( 11 jmWTPxxmjqWTPxqTWTP mjmjkmj

J

j

M

mk
m Δ−+ΔΔ∑∑=Δ ==  

The first component of the willingness to pay is the product of the average number of 
trips taken with the quality change and the value of the quality change. The second component of 
the willingness to pay is the product of the difference in trips and the willingness to pay for a trip 
to a particular site.  

 

                                                 
12 This is also referred to as a participation model in the literature. 
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Appendix B: Worksheets 

 

Worksheet 1: Change in Value with Sea Level Rise 2030 for Day Trippers 

Worksheet 2: Change in Value with Sea Level Rise 2080 for Day Trippers 

Worksheet 3: Change in Value with Sea Level Rise 2030 for Day/Overnight Trippers 

Worksheet 4: Change in Value with Sea Level Rise 2080 for Day/Overnight Trippers 

Worksheet 5: Key to Worksheets 6 and 7 

Worksheet 6: Impacts on Recreation with Current Income and Population 

Worksheet 7: Impacts on Recreation with Increased Income and Population
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Worksheet 1: Change in Value with Sea Level Rise 2030 for Day Trippers 

    (a) (b) (c) (d) (e)=(b)×(c) 
(f)=[(a)-
(b)]×(d) 

Beach 

Baseline 
Conditional 
Nest Choice 

Baseline 
Conditional 
Site Choice 

Predicted 
Site 

Choice 
with 

Decrease 
in Beach 

Width 
Baseline 

Trips 

Trips with 
a 

Decrease 
in Beach 

Width 

Willingness 
to Pay to 

Avoid 
Decrease in 

Beach Width 
per Trip 

Willingness 
to Pay for 
Beach Site 

per Trip 

Willingness 
to Pay for 

Decrease in 
Beach Width 

Willingness 
to Pay for 
Loss of 

Beach Site 

Fort Macon 0.30 0.03 0.03 0.75 0.74 1.86 0.34 1.37 0.01 

Atlantic Beach 0.30 0.10 0.10 2.26 2.22 1.86 0.76 4.12 0.03 

Pine Knoll Shores 0.30 0.04 0.04 0.88 0.87 1.86 0.39 1.61 0.01 

Indian Beach / Salter Path 0.30 0.06 0.06 1.50 1.47 1.86 0.59 2.74 0.02 

Emerald Isle 0.30 0.07 0.07 1.62 1.58 1.86 0.62 2.95 0.02 

North Topsail Beach 0.21 0.10 0.10 2.46 2.41 1.86 0.60 4.48 0.03 

Surf City 0.21 0.07 0.07 1.63 1.59 1.86 0.54 2.96 0.02 

Topsail Beach 0.21 0.04 0.04 0.92 0.90 1.86 0.37 1.67 0.01 

Wrightsville Beach 0.32 0.20 0.20 4.78 4.68 1.86 0.85 8.71 0.08 

Carolina Beach 0.32 0.06 0.06 1.39 1.36 1.86 0.57 2.54 0.02 

Kure Beach 0.32 0.03 0.03 0.77 0.75 1.86 0.35 1.40 0.01 

Fort Fisher 0.32 0.03 0.03 0.66 0.64 1.86 0.30 1.20 0.00 

Caswell Beach 0.17 0.03 0.03 0.72 0.71 1.86 0.29 1.32 0.00 

Oak Island 0.17 0.04 0.04 0.92 0.90 1.86 0.35 1.67 0.01 

Holden Beach 0.17 0.03 0.03 0.80 0.78 1.86 0.32 1.46 0.01 

Ocean Isle Beach 0.17 0.03 0.03 0.74 0.73 1.86 0.30 1.35 0.00 

Sunset Beach 0.17 0.03 0.03 0.79 0.77 1.86 0.31 1.43 0.00 

Total    23.58 23.11  7.83 42.99 0.27 
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Worksheet 2: Change in Value with Sea Level Rise 2080 for Day Trippers 

    (a) (b) (c) (d) (e)=(b)×(c) 
(f)=[(a)-
(b)]×(d) 

Beach 

Baseline 
Conditional 
Nest Choice 

Baseline 
Conditional 
Site Choice 

Predicted 
Site 

Choice 
with 

Decrease 
in Beach 

Width 
Baseline 

Trips 

Trips with 
a 

Decrease 
in Beach 

Width 

Willingness 
to Pay to 

Avoid 
Decrease in 

Beach Width 
per Trip 

Willingness 
to Pay for 
Beach Site 

per Trip 

Willingness 
to Pay for 

Decrease in 
Beach Width 

Willingness 
to Pay for 
Loss of 

Beach Site 

Fort Macon 0.30 0.03 0.00 0.75 0.00  4.27 0.00 3.21 

Atlantic Beach 0.30 0.10 0.00 2.26 0.00  4.27 0.00 9.66 

Pine Knoll Shores 0.30 0.04 0.00 0.88 0.00  4.27 0.00 3.77 

Indian Beach / Salter Path 0.30 0.06 0.00 1.50 0.00  4.27 0.00 6.41 

Emerald Isle 0.30 0.07 0.00 1.62 0.00  4.27 0.00 6.91 

North Topsail Beach 0.21 0.10 0.00 2.46 0.00  2.43 0.00 5.98 

Surf City 0.21 0.07 0.00 1.63 0.00  2.43 0.00 3.96 

Topsail Beach 0.21 0.04 0.00 0.92 0.00  2.43 0.00 2.23 

Wrightsville Beach 0.32 0.20 0.00 4.78 0.00  2.50 0.00 11.94 

Carolina Beach 0.32 0.06 0.68 1.39 12.45 5.48  68.21 0.00 

Kure Beach 0.32 0.03 0.00 0.77 0.00  0.25 0.00 0.19 

Fort Fisher 0.32 0.03 0.32 0.66 5.86 5.85  34.28 0.00 

Caswell Beach 0.17 0.03 0.00 0.72 0.00  2.27 0.00 1.64 

Oak Island 0.17 0.04 0.00 0.92 0.00  2.27 0.00 2.08 

Holden Beach 0.17 0.03 0.00 0.80 0.00  2.27 0.00 1.82 

Ocean Isle Beach 0.17 0.03 0.00 0.74 0.00  2.27 0.00 1.69 

Sunset Beach 0.17 0.03 0.00 0.79 0.00  2.27 0.00 1.79 

Total    23.58 18.31  42.75 102.49 63.27 
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Worksheet 3: Change in Value with Sea Level Rise 2030 for Day/Overnight Trippers 

    (a) (b) (c) (d) (e)=(b)×(c) 
(f)=[(a)-
(b)]×(d) 

Beach 

Baseline 
Conditional 
Nest Choice 

Baseline 
Conditional 
Site Choice 

Predicted 
Site 

Choice 
with 

Decrease 
in Beach 

Width 
Baseline 

Trips 

Trips with 
a 

Decrease 
in Beach 

Width 

Willingness 
to Pay to 

Avoid 
Decrease in 

Beach Width 
per Trip 

Willingness 
to Pay for 
Beach Site 

per Trip 

Willingness 
to Pay for 

Decrease in 
Beach Width 

Willingness 
to Pay for 
Loss of 

Beach Site 

Fort Macon 0.29 0.00 0.00 0.01 0.01 10.77 0.01 0.08 0.00 

Atlantic Beach 0.30 0.10 0.10 1.08 0.96 10.77 0.87 10.30 0.10 

Pine Knoll Shores 0.30 0.03 0.03 0.33 0.30 10.77 0.38 3.19 0.01 

Indian Beach / Salter Path 0.30 0.04 0.04 0.45 0.40 10.77 0.48 4.27 0.02 

Emerald Isle 0.30 0.12 0.12 1.27 1.13 10.77 0.93 12.14 0.13 

North Topsail Beach 0.20 0.09 0.09 0.93 0.83 10.77 0.62 8.92 0.06 

Surf City 0.21 0.06 0.06 0.67 0.59 10.77 0.58 6.40 0.04 

Topsail Beach 0.21 0.05 0.05 0.50 0.45 10.77 0.48 4.80 0.03 

Wrightsville Beach 0.36 0.22 0.22 2.39 2.12 10.77 1.07 22.85 0.28 

Carolina Beach 0.32 0.08 0.08 0.89 0.79 10.77 0.82 8.52 0.08 

Kure Beach 0.32 0.03 0.03 0.27 0.24 10.77 0.32 2.60 0.01 

Fort Fisher 0.32 0.03 0.03 0.27 0.24 10.77 0.32 2.58 0.01 

Caswell Beach 0.15 0.02 0.02 0.19 0.16 10.77 0.21 1.77 0.00 

Oak Island 0.17 0.04 0.04 0.47 0.42 10.77 0.43 4.54 0.02 

Holden Beach 0.17 0.03 0.03 0.31 0.27 10.77 0.32 2.92 0.01 

Ocean Isle Beach 0.17 0.02 0.02 0.25 0.22 10.77 0.27 2.42 0.01 

Sunset Beach 0.17 0.03 0.03 0.35 0.31 10.77 0.35 3.34 0.01 

Total    10.62 9.44  8.46 101.65 0.85 
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Worksheet 4: Change in Value with Sea Level Rise 2080 for Day/Overnight Trippers 

(f)=[(a)-
(b)]×(d) 

Beach 

Baseline 
Conditional 
Nest Choice 

Baseline 
Conditional 
Site Choice 

Predicted 
Site 

Choice 
with 

Decrease 
in Beach 

Width 
Baseline 

Trips 

Trips with 
a 

Decrease 
in Beach 

Width 

Willingness 
to Pay to 

Avoid 
Decrease in 

Beach Width 
per Trip 

Willingness 
to Pay for 
Beach Site 

per Trip 

Willingness 
to Pay for 

Decrease in 
Beach Width 

Willingness 
to Pay for 
Loss of 

Beach Site 

Fort Macon 0.29 0.00 0.00 0.01 0.00  5.92 0.00 0.05 

Atlantic Beach 0.30 0.10 0.00 1.07 0.00  5.92 0.00 6.36 

Pine Knoll Shores 0.30 0.03 0.00 0.33 0.00  5.92 0.00 1.97 

Indian Beach / Salter Path 0.30 0.04 0.00 0.45 0.00  5.92 0.00 2.64 

Emerald Isle 0.30 0.12 0.00 1.27 0.00  5.92 0.00 7.50 

North Topsail Beach 0.20 0.09 0.00 0.93 0.00  2.73 0.00 2.54 

Surf City 0.21 0.06 0.00 0.67 0.00  2.73 0.00 1.82 

Topsail Beach 0.21 0.05 0.00 0.50 0.00  2.73 0.00 1.37 

Wrightsville Beach 0.36 0.22 0.00 2.38 0.00  3.07 0.00 7.32 

Carolina Beach 0.32 0.08 0.76 0.89 4.60 31.65  145.53  

Kure Beach 0.32 0.03 0.00 0.27 0.00  0.19 0.00 0.05 

Fort Fisher 0.32 0.03 0.24 0.27 1.45 33.81  49.09  

Caswell Beach 0.15 0.02 0.00 0.18 0.00  1.39 0.00 0.26 

Oak Island 0.17 0.04 0.00 0.47 0.00  1.39 0.00 0.66 

Holden Beach 0.17 0.03 0.00 0.30 0.00  1.39 0.00 0.42 

Ocean Isle Beach 0.17 0.02 0.00 0.25 0.00  1.39 0.00 0.35 

Sunset Beach 0.17 0.03 0.00 0.35 0.00  1.39 0.00 0.48 

Total    10.60 6.05  48.00 194.62 33.78 

Measuring the Impacts of Climate Change
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Worksheet 5: Key to Worksheets 6 and 7 

Row 

(1) Beach recreation participant household income (in thousands) 

(2) Beach recreation participation rate 

(3) Household population of study region  

(4) Beach going households 

(5) Baseline trips 

(6) Total number of annual trips  

(7) Trips with decrease in beach width 

(8) Total number of annual trips with decrease in beach width 

(9) Change in total number of annual trips with decrease in beach width  

(10) Individual WTP for beach trips per trip 

(11) Individual WTP to avoid a decrease in beach width per beach household 

(12) Baseline Aggregate Beach Trip Value  

(13) Aggregate WTP for decrease in beach width  

(14) Aggregate WTP for decrease in beach trips 

(15) Total Aggregate WTP to avoid a decrease in beach width  

(16) Percentage of Lost Aggregate WTP from decrease in beach width 

(17) Beach recreation expenditures per trip 

(18) Baseline nonlocal trips 

(19) Percentage of nonlocal trips 

(20) Baseline nonlocal trips  

(21) Total nonlocal beach recreation Expenditures 

(22) Nonlocal trips per household with decrease in beach width  

(23) Nonlocal trips with decrease in beach width  

(24) Total nonlocal beach recreation expenditures with decrease in beach width  

(25) Aggregate change in nonlocal beach recreation expenditures 

(26) Aggregate change in beach recreation expenditures 
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Worksheet 6: Impacts on Recreation with Current Income and Population 

  2030 2080 

Row Calculation Day Trippers Day/Overnight Trippers Day Trippers Day/Overnight Trippers

(1) Table 4-1 $57.41 $60.69 $57.41 $60.69 

(2) Survey Response 23.09% 40.91% 23.09% 40.91% 

(3) Survey Response 1,580,000 1,580,000 1,580,000 1,580,000 

(4) (2) × (3) 364,800 646,400 364,800 646,400 

(5) Worksheets 1-4 23.58 10.62 23.58 10.62 

(6) (4) × (5) 8,601,984 6,864,768 8,601,984 6,864,768 

(7) Worksheets 1-4 21.88 9.44 18.31 6.05 

(8) (4) × (7) 7,981,824 6,102,016 6,679,488 3,910,720 

(9) (6) - (8) 620,160 762,752 1,922,496 2,954,048 

(10) Note (a) $55.48 $64.86 $55.48 $64.86 

(11) Worksheets 1-4 $43 $102 $102 $195 

(12) (6) × (10) $477,238,072 $445,248,853 $477,238,072 $445,248,853 

(13) (4) × (11) $15,686,400 $66,249,536 $37,081,920 $125,802,368 

(14) (9) × (10) $4,855,853 $6,452,882 $15,053,144 $24,991,246 

(15) (13) + (14) $20,542,253 $72,702,418 $52,135,064 $150,793,614 

(16) (15) ÷ (12) 4.3% 16.32% 10.92% 33.87% 

(17) Another Study $163.87 $851.65 $163.87 $851.65 

(18) Table 4-1 12.62 8.14 12.62 8.14 

(19) (18) ÷ (5) 0.52 0.87 0.52 0.87 

(20) (4) × (18)  × (19) 2,393,964 4,577,676 2,393,964 4,577,676 

(21) (17) × (20) $392,298,880 $3,988,577,765 $392,298,880 $3,988,577,765 

(22) Table 4-9 12.38 6.86 9.72 4.25 

(23) (4) × (22) ×  (19) 2,348,436 3,857,844 1,843,845 2,390,064 

(24) (17) × (23) $384,838,207 $3,285,532,843 $302,150,880 $2,035,498,006 

(25) (21) - (24) $7,460,673 $703,044,922 $90,148,000 $1,953,079,759 

(26) (25) ÷ (21) 1.90% 15.72% 22.98% 47.79% 

 (a) An approximation of the total site value: 
( )

α
)Pr(1ln

)(
n

nWTP
−

= ; where Pr(n) = .99
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Worksheet 7: Impacts on Recreation with Increased Income and Population 

  2030 2080 

Row Calculation Day Trippers 
Day/Overnight 

Trippers Day Trippers 
Day/Overnight 

Trippers 

(1) Table 4-1 $87.10 $92.08 $182.13 $192.53 

(2) Survey Response 36.93% 55.48% 53.55% 69.84% 

(3) Smith (2006) 2,370,000 2,370,000 3,160,000 3,160,000 

(4) (2) × (3) 875,176 1,314,770 1,692,027 2,207,020 

(5) Worksheets 1-4 23.58 10.62 23.58 10.62 

(6) (4) × (5) 20,636,641 13,962,855 39,898,007 23,438,555 

(7) Worksheets 1-4 21.88 9.44 18.31 6.05 

(8) (4) × (7) 19,148,843 12,411,427 30,981,023 13,352,473 

(9) (6) - (8) 1,487,799 1,551,428 8,916,985 10,086,083 

(10) Note (a) $55.48 $64.86 $55.48 $64.86 

(11) Worksheets 1-4 $43 $102 $102 $195 

(12) (6) × (10) $1,144,920,843 $905,630,775 $2,213,541,428 $1,520,224,677 

(13) (4) × (11) $37,632,568 $134,750,753 $171,994,590 $429,530,286 

(14) (9) × (10) $11,649,463 $13,125,084 $69,819,990 $85,328,259 

(15) (13) + (14) $49,282,031 $147,875,836 $241,814,580 $514,858,545 

(16) (15) ÷ (12) 4.3% 16.32% 10.92% 33.87% 

(17) Another Study $163.87 $851.65 $163.87 $851.65 

(18) Table 4-1 12.62 8.14 12.62 8.14 

(19) (18) ÷ (5) 0.52 0.87 0.52 0.87 

(20) (4) × (18)  × (19) 5,743,252 9,310,936 11,103,761 15,629,676 

(21) (17) × (20) $941,146,705 $7,929,658,644 $1,819,573,315 $13,311,013,570 

(22) Table 4-9 12.38 6.86 9.72 4.25 

(23) (4) × (22) ×  (19) 5,634,031 7,846,809 8,552,184 8,160,457 

(24) (17) × (23) $923,248,660 $6,682,734,885 $1,401,446,392 $6,949,853,204 

(25) (21) - (24) $17,898,045 $1,246,923,759 $418,126,923 $6,361,160,366 

(26) (25) ÷ (21) 1.90% 15.72% 22.98% 47.79% 

(a) An approximation of the total site value: 
( )

α
)Pr(1ln

)(
n

nWTP
−

= ; where Pr(n) = .99.
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5. Impacts on Business and Industry 

 
In section 5 of this report we estimate the economic impacts of changes in tropical storm 

and hurricane wind speeds due to climate change.  Table 2-5 in Section 2 presents the estimated 
maximum sustained wind speeds for three scenarios: 1996 (baseline), 2030, and 2080, for four 
example counties: Bertie, Carteret, Dare, and New Hanover.  The windspeeds in Table 2-5 are 
converted to their equivalent Saffir-Simpson scale hurricane categories13, presented in Table 5-1.  
The wind speeds in Table 2-5 and hurricane categories in Table 5-1 corresponding to the “MAX” 
model run for the baseline 1996 storm (hurricane Fran) are most consistent with the observed 
wind speeds in the field in 1996 (NWS-NHC, 2007); hence, we use the “MAX” model runs for 
our impact analysis.  The hurricane categories for the MAX model runs in Table 5-1 correspond 
to tropical storm through weak category 3 storms, relatively low-intensity storms for which 
agricultural, forestry, commercial fisheries, and general “business interruption” impacts would 
likely be the predominate categories of economic impacts (i.e., instead of massive damage to 
structures and infrastructure).  Economic impact estimates by impact category are discussed 
below.  

 
Table 5-1: Saffir-Simpson scale hurricane categories for baseline and climate change 

scenarios (TS = tropical storm, 1 = category 1 hurricane, 2 = category 2 hurricane, etc.) 

Category 3 Hurricane 
(Hurricane Fran) 
Baseline Scenario 

Climate Change Scenarios 

1996 1996 1996 2030 2030 2030 2080 2080 2080  
County MIN MID MAX MIN MID MAX MIN MID MAX 

Bertie TS TS TS TS TS TS TS TS TS 

Carteret TS 1 1 TS 1 2 TS 1 2 

Dare TS TS TS TS TS 1 TS TS 1 

New Hanover 1 1 2 1 1 2 1 1 3 

Note: Although hurricane Fran was recorded as a “category 3” storm at landfall in New Hanover county, 
based on maximum sustainable winds recorded in the county, the wind speed model found that the 
maximum sustainable winds averaged across all locations in the county was a strong category 2, as reported 
in Table 5-1. 

 
Although low-intensity storms cause less physical damage to structures and infrastructure 

than do high-intensity storms, low-intensity storms occur with much greater frequency, 
especially in North Carolina. The cumulative economic impacts of frequent low-intensity storm 
strikes can rival the impacts of infrequent high-intensity storm strikes (Burrus et al. 2002). To 
properly account for the impacts of wind damage due to climate change, estimates of changes in 
both storm severity (maximum sustained winds) and storm frequency (or, estimates of shifts in 
the maximum sustained wind speed frequency distribution) are necessary.  However, the climate 
models used for this study do not produce estimates of changes in storm frequency or shifts in 
the wind speed frequency distribution.  In the absence of information on changes in storm 
frequency, we assume that the annual frequencies of hurricane strikes are equal to the average 
annual hurricane strike frequencies for North Carolina from 1851 to 2006, based on the observed 

                                                 
13 On the Saffir-Simpson scale, see http://www.nhc.noaa.gov/aboutsshs.shtml. 
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numbers of hurricane strikes as described in Blake, et al. (2005) and NWS-NHC (2007), 
presented in Table 5-2.  For the present study, only the annual strike frequency of category 3 
storms, 0.0705, is relevant, because the climate models produced estimates of changes in storm 
severity (wind speeds) for category 3 storms only. 
 

Table 5-2: Observed annual hurricane strike frequencies for North  

Carolina by Saffir-Simpson scale hurricane category. 

Hurricane Category 1 2 3 4 5 

Number of Strikes 
in North Carolina 
1851-2006 

23 13 11 1 0 

Annual Frequency 0.1474 0.0833 0.0705 0.0064 0.0000 

   
 We combine the storm severity (wind speed) estimates with the strike frequency data for 
category 3 storms by assuming that the strike frequency remains unchanged under climate 
change while the storm severities change across scenarios as shown in Table 5-1.  In effect, we 
are assuming that the storm strike frequency distribution remains unchanged as climate change 
occurs, but just before a given storm strikes the coast, its severity is adjusted based on the storm 
severity change estimates of the climate change models.   We estimate the present value of the 
economic impacts of expected increases in hurricane severity under climate change for a given 
pre-climate change category of storm (category 3 storms) assuming no change in pre-climate 
change strike frequency.  The primary categories of economic impacts for low-intensity storm 
strikes are “business interruption,” agriculture, forestry and commercial fisheries. 
 

Business Interruption Impacts  

 
“Business interruption” is a reduction in economic output due to temporary lack of utility 

service, employee absenteeism, supply chain interruption, and disruption of consumer access to 
businesses due to temporary flooding, etc.  Business interruption has been found to have a 
significant impact on economic activity following natural disasters (Webb et al. 2000, Burrus et 
al. 2002).  The regional economic impacts of low intensity storms arise mainly through business 
interruption rather than through damage to structures and infrastructure.  Business interruption 
impacts are important for the present study because the estimated changes in storm intensity in 
the study region due to climate change are changes among low intensity hurricane categories.  In 
contrast to the economic impacts of structural damage associated with high-intensity storm 
events, business interruption impacts caused by low-intensity storms are typically not offset by 
large inflows of extra-regional funds from insurers and government disaster assistance programs 
(where available and utilized, business interruption insurance may offset some of these impacts).   

 
Burrus et al. (2002) measured the business interruption impacts of three low intensity 

hurricanes striking Wilmington, North Carolina, between 1996 and 1998.  Hurricane Bertha was 
classified as a category 1 hurricane, Bonnie a category 2 storm, and Fran a moderate category 3 
hurricane; hence, these storms span the range of low-intensity hurricanes. Based on a survey of 
regional businesses, Burrus et al. calculated the “Full-Day Equivalents Lost” (FDEL) by industry 

A-544



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

74

 
 
 
sector attributable to each of the three hurricanes for New Hanover County, NC.  A FDEL for a 
given industry is the average number of full working days lost as a result of a storm strike.  For 
example, if survey respondents in a particular industry were, on average, at half of normal 
operations for four days following a category 2 storm strike, then the FDEL for that industry for 
category 2 storms would be 0.5 × 4 days = 2 FDEL.  Examples of industry-specific FDEL for 
New Hanover County, NC, by hurricane category are presented in Table 5-3.   

 
Table 5-3: Industries with Full-Day Equivalents Lost  

 
 

Industry 
Sector Name 

Hurricane 
Bertha 
(Cat 1) 
FDEL 

Hurricane 
Bonnie 
(Cat 2) 
FDEL 

Hurricane 
Fran 

(Cat 3) 
FDEL 

 
Industry 
Average 
FDEL 

Boat Building and Repairing 6.54 32.21 104.46 47.74 

Amusement and Recreation Services 9.94 17.78 89.03 38.92 

Food Stores 12.92 27.08 23.25 21.08 

Social Services 0.00 6.25 51.75 19.33 

New Residential Structures 12.96 6.33 34.25 17.85 

Electrical Repair Service 1.00 4.00 42.50 15.83 

Furniture & Home Furnishings Stores 8.58 4.92 31.58 15.03 

Other Nonprofit Organizations 16.75 14.56 13.13 14.81 

Real Estate 10.74 8.24 11.72 10.23 

Miscellaneous Retail 8.02 4.19 14.27 8.83 

Canvas Products 5.00 5.00 14.00 8.00 

Credit Agencies 6.31 2.88 14.35 7.85 

Radio and TV Broadcasting 2.00 8.75 12.38 7.71 

Hotels and Lodging Places 0.83 0.60 21.35 7.59 

. 
: 

. 
: 

. 
: 

. 
: 

. 
: 

Observation-Weighted Means 
Over ALL Sectors 

3.75 4.66 12.61 7.01 

 
The industry-specific FDEL estimates in Burrus et al. (2002) are assumed to hold for the other 
counties in eastern North Carolina.  However, baseline industry output/revenue is allowed to 
vary across industries as well as across counties.  For each county considered in this study, 
detailed industry output/revenue data were obtained from the IMPLAN (version 2.0.1025, 2003 
database and structural matrix) regional economic impact modeling software database (MIG 
2005). 

 
Since tropical storms produce little business interruption in the study region, we assume 

that the business interruption impacts of tropical storms are negligible.  The business interruption 
impacts for category 1 through category 3 hurricanes are estimated by applying the industry-
specific FDEL estimates to the average daily output/revenue for that industry and county.  For 
example, if a given industry in Carteret County is struck by a category 2 hurricane, the industry 
is assumed to lose a number of days of output/revenue equal to the FDEL for the corresponding 
industry in the Burrus et al. study.  However, the output/revenue figure per day is unique for that 
industry and county, based on the IMPLAN data.  For each county and hurricane category, 
FDEL are multiplied by average daily output/revenue by industry sector, and the resulting 
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products are summed across sectors to obtain economic impacts.  Due to the manner in which 
FDEL are defined, the conservative interpretation of these economic impacts is that they 
represent total economic impacts, including all “multiplier” effects due to indirect and induced 
impacts. Economic impact estimates by county and climate change scenario are presented in 
Table 5-4.  

 
 

Table 5-4: Business interruption impacts of a single storm strike in 2004, by county 

and scenario (Millions of 2004-year dollars) 

Climate Change Scenarios 

 
County 

Category 3 Hurricane 
 (Hurricane Fran 1996) 

Baseline Scenario 
MAX model run 

2030 
MAX model run 

2080 
MAX model run 

Bertie negligible negligible negligible 

Carteret $20 $24 $24 

Dare negligible $30 $30 

New Hanover $85 $85 $208 

 
For each county, the business interruption impacts of climate change per storm strike are 

measured by the change in impacts across model scenarios in Table 5-4, assuming 1996 impacts 
as a baseline.  Impact estimates are presented on a “per pre-climate change category 3 storm 
event” basis.  For example, if a category 3 (baseline, pre-climate change) storm with Fran’s track 
struck in 2004, it would be expected to reduce business output by $85 million in New Hanover 
County.  If a 2080-strength storm with Fran’s track struck New Hanover County in 2004, it 
would be expected to reduce business output by $208 million in the county. Hence, the change 
(increase) in business output losses is estimated to be $208 million - $85 million = $123 million 
in additional losses per storm event, measured in year 2004 dollars.  Similar estimates of the 
incremental damage per storm strike due to climate change can be made for other counties and 
climate change scenarios.   

 
To estimate the incremental damage of climate change over time, the incremental 

damages per storm event derived from Table 5-4 are multiplied by the frequency of category 3 
storm strikes per year (Table 5-2) and cumulated over years.  If we interpolate the incremental 
damages per storm strike between scenario years in Table 5-4, the present values of incremental 
damage due to climate change between 2004 and 2080 for 0%, 2%, 5% and 7% discount rates 
are presented in Table 5-5.  The effect of larger discount rates on losses is more pronounced for 
New Hanover County because the climate models suggest that a relatively large proportion of the  
climate change impacts for this county occur relatively far into the future, where discounting has 
a larger impact.  
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Table 5-5: Present Value of Business Interruption Losses 2004-2080 Due to 

Increased Severity of Category 3 (Only) Hurricane Strikes Without Regional 

Economic & Population Growth.
1
  

Discount Rate 
 0% 

 (No Discounting) 
2% 5% 7% 

County 
2004 $ 

(millions) 
2004 $ 

(millions) 
2004 $ 

(millions) 
2004 $ 

(millions) 

Bertie negligible negligible negligible negligible 

Carteret $18 $8 $3 $2 

Dare $134 $60 $24 $15 

New Hanover $221 $70 $14 $6 
1Assumes (1) annual strike frequency of category 3 hurricanes remains at 
historical average (1851 to 2006) of 0.0705 per year (see text); (2) linear 
increases in climate change impacts from 2004 to 2030, and from 2030 to 2080.   

 
There are several caveats to consider.  First, the business interruption impacts in Table 5-

5 are based on the assumption that regional population, economic output, and industry structure 
remain at 2003 levels from 2004 to 2080.  Of course, this is unlikely, and we can instead project 
growth in population and economic output into the future and estimate the changes in climate 
change impacts.  It is difficult to project regional economic growth and changes in industry 
structure, but if we assume that the regional business output grows in proportion to projected 
increases in state population and U.S. per capita personal income, then the present values of 
incremental damage due to climate change between 2004 and 2080 for various discount rates are 
as presented in Table 5-6. 

 
Table 5-6: Present Value of Business Interruption Losses 2004-2080 Due to 

Increased Severity of Category 3 (Only) Hurricane Strikes With Regional 

Economic & Population Growth.
1
  

Discount Rate 
 0% 

 (No Discounting) 
2% 5% 7% 

County 
2004 $ 

(millions) 
2004 $ 

(millions) 
2004 $ 

(millions) 
2004 $ 

(millions) 

Bertie negligible negligible negligible negligible 

Carteret $58 $22 $7 $4 

Dare $438 $168 $53 $29 

New Hanover $946 $284 $54 $20 
1Assumes (1) annual strike frequency of category 3 hurricanes remains at 
historical average (1851 to 2006) of 0.0705 per year (see text); (2) linear 
increases in climate change impacts from 2004 to 2030, and from 2030 to 2080; 
(3) population growth rates as per IPCC Special Report on Emissions Scenarios 
SRES A1 population projection; (4) economic growth based on United States 
Energy Information Agency projected growth rate in U.S. per capita GDP.   

 
Second, the business interruption loss estimates presented in Tables 5-5 and 5-6 do not 

include losses from tropical storms or category 1, 2, 4, or 5 hurricanes that may become more 
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severe due to climate change.  The climate change models used in this study produced estimates 
of storm severity impacts for category 3 hurricanes only, and the impacts reported in Tables 5-5 
and 5-6 reflect increased severity of category 3 hurricanes only. 

 
Third, the losses presented in Tables 5-5 and 5-6 do not reflect any damage due to 

increased frequency of tropical storm and hurricane strikes caused by climate change.  The loss 
estimates reflect category 3 hurricane storm strike frequency held constant at its historical value 
as of 2006.  If climate change increases storm frequency as well as storm severity, then the losses 
are underestimates.  If climate change decreases storm frequency while increasing storm severity, 
then the losses are overestimates.   

 
 Fourth, there is an assumption of linearity in the estimate of business interruption loss 
which may tend to understate the potential damages. The linearity comes into play in two ways:  
 

(1) Damage may be a convex function of the fraction of a day – loosing 9/10 of a day is more 
than 9 times as damaging as losing 1/10 of day (which may be essentially zero loss). 

(2) Damage may be a convex function of the number of full days equivalents lost –losing 4 
days may be more than 4 times more serious than losing 1 day. 

 
Although the model is linear in full day equivalents lost, the relationship between full day 
equivalents and wind speed is non-linear, and we believe this to be the key non-linearity with 
respect to hurricane damage.  In our analysis, a given increase in wind speed results in a more 
than proportional increase in full day equivalents lost, which, when multiplied by fixed output 
losses per full day equivalent, makes the relationship between wind speed and damage (output 
losses) non-linear.  Although it is possible that damage is non-linear in the number of full day 
equivalents lost, we believe that the effect of this non-linearity would be small relative to the 
effect of the non-linearity captured by the analysis.  Nevertheless, this is a topic for future 
research.   
 

Fifth, the business interruption impacts do not include impacts on basic resource 
industries: agriculture and forestry (which are important for Bertie and Carteret Counties) and 
commercial fisheries (which is important for Dare County).  Economic impacts for these 
industries are considered separately below.   

Agriculture Sector Impacts 

 
The North Carolina Agricultural Statistics Service (NCASS) is a joint venture between 

the North Carolina Department of Agriculture & Consumer Services and the United States 
Department of Agriculture's National Agricultural Statistics Service.  NCASS publishes current 
and historical statistics concerning agriculture in North Carolina (Murphy 2006).  NCASS has 
produced County Damage Reports that provide estimates of crop and livestock losses due to 
tropical storms and hurricanes since 1996 (NCASS 2006).  
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Agricultural hurricane damage statistics for the case study counties considered in this 
report and statewide totals, 1996-2006, are presented in Table 5-7.  There is great variation in 
damage across counties for a given storm.  This variation is due to differences in the types and 
intensity of crops and livestock raised across counties and differences in distances to the coast.  
Across storms, damages across counties differ for an additional reason—differences in storm 
tracks and landfall dates. Some storms cross counties that have large agricultural sectors, while 
other storms do not. Some storms make landfall at times when crops are more vulnerable to high 
winds and flood waters, other storms make landfall at times when crops are less vulnerable.  
Damages differ across years for a given county and hurricane category due to differences in the 
intensity of agriculture within a county over time and differences in agricultural commodity 
prices from year to year.   

 
Table 5-7: North Carolina Agricultural Hurricane Damage Statistics 

Agriculture Sector Damages 

Storm  
Name Date 

Storm  
Category 

Bertie 
(2004 $’s) 

Carteret 
(2004 $’s) 

Dare 
(2004 $’s) 

New Hanover 
(2004 $’s) 

NC Statewide 
Totals 

(2004 $’s) 

Bertha 1996 Cat 2 $10,893,115 $4,091,257 $0 $233,075 $206,685,166 

Fran 1996 Cat 3 $2,775,410 $2,436,815 $2,333,688 $1,117,130 $793,706,645 

Bonnie 1998 Cat 2/(3) $3,429,983 $7,715,530 $1,823,119 $624,400 $210,431,851 

Dennis 1999 TS/Cat 1 $0 $6,880,463 $0 $21,678 $47,743,241 

Floyd 1999 Cat (2)/3 $12,311,920 $8,807,432 $7,065,549 $169,465 $881,938,012 

Irene 1999 Cat 1 $6,154,031 $0 $2,878,837 $0 $32,191,125 

Bonnie & Charlie 2004 TS & TS $582,414 $1,795,434 $0 $119,876 $56,512,720 

Frances* 2004 TS $0 $0 $0 $0 $54,913,000 

Ivan* 2004 TS $0 $0 $0 $0 $21,313,391 

Ophelia 2005 Cat 1 $0 $2,111,824 $0 $0 $18,700,586 

Tammy 2005 TS $3,959,350 $196,712 $0 $0 $48,888,235 

Ernesto 2006 TS $0 $1,294,801 $0 $44,670 $55,685,149 

Alberto* 2006 TS NA NA NA NA NA 

Source: NCASS 2006. 
* Storm entered North Carolina from the West, causing little damage to coastal counties in the eastern, coastal portion of the state. 
NA = not available. 
TS = tropical storm. 
TS/Cat 1 = storm intensity borderline between tropical storm / category 1, category 1 assumed based on damage. 
2/(3) = storm intensity borderline between category 2 / category 3, category 2 assumed based on damage. 
(2)/3 = storm intensity borderline between category 2 / category 3, category 3 assumed based on damage. 

 
 
Despite the variation, some patterns emerge.  In general, higher intensity storms produce 

greater damages. Damages for each county and statewide damages averaged across storms 
within each hurricane category are presented in Table 5-8. As hurricanes increase in intensity, 
average damages rise. This pattern is not seen for every pair of hurricane categories for every 
county due to idiosyncrasies of the limited data set.  Indeed, even for the statewide totals, 
average damages for a category 1 hurricane are lower than average damages for a tropical storm.  
However, the increases in average statewide damages between category 1 and category 2 
hurricanes, and again between category 2 and category 3 hurricanes, are substantial. 
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Table 5-8: Average North Carolina Agricultural Hurricane Damage Statistics 

Storm Category 
Bertie 

(2004 $’s) 
Carteret 

(2004 $’s) 
Dare 

(2004 $’s) 
New Hanover 

(2004 $’s) 
NC Statewide Totals 

(2004 $’s) 

Tropical Storm $1,513,921 $1,095,649 $0 $54,849 $53,695,368 

Category 1 $2,051,344 $2,997,429 $959,612 $7,226 $32,878,317 

Category 2 $7,161,549 $5,903,393 $911,559 $428,738 $208,558,508 

Category 3 $7,543,665 $5,622,123 $4,699,619 $643,298 $837,822,329 

 
Based on differences in average North Carolina crop and livestock damages from tropical 

storms and hurricanes between 1996 and 2006, it appears that a tropical storm or category 1 
hurricane strike causes $30-$50 million (in 2004 dollars) in crop and livestock damage.  A 
category 2 storm causes an average of $200 million in damage, or $150 million in incremental 
damage beyond the damage that would be caused by a category 1 hurricane strike.  A category 3 
storm causes an average of $800 million in damage, or $600 million in incremental damage 
beyond the damage that would be caused by a category 2 strike.   

Forest Sector Impacts 

 
The North Carolina Division of Forest Resources normally conducts forest damage 

assessments when any agent (e.g., insect, disease, natural disaster) damages 1000 or more acres 
of forestland (Trickel 2006).  Many of the tropical storms and hurricanes that have threatened 
North Carolina have done scattered damage, but not enough to conduct a full-scale assessment.  
Most storms have been relatively weak tropical storms or hurricanes that fell apart quickly after 
making landfall and have not caused sufficient forest damage to require a damage assessment.  
Two notable storms that caused significant damage to North Carolina forests and for which 
damage assessments are available are hurricanes Fran and Isabel (Trickel 2003).   

 
The level and geographic distribution of forest damage depend heavily on the relationship 

between the storm track and the geographic distribution of forest land and tree maturity.  In 
addition, timber and wood pulp prices vary greatly over time.  Because of the variations in 
timber prices and the volume and geographic distribution of standing timber, it is difficult to 
estimate the “average” impact of a hurricane of given severity, much less the incremental impact 
of increased severity, without substantially more data.  In this study, we simply use the 
difference in damages caused by hurricane Isabel, a category 2 hurricane, and hurricane Fran, a 
category 3 storm, to illustrate the potential impacts of increasing storm severity on forest 
damages.  By comparing the damages from these two storms, we obtain some idea of the 
incremental impact of increasing storm severity in the likely range of severities considered by 
this climate change study.   

 
On September 6, 1996, Hurricane Fran made landfall as a Category 3 hurricane near 

Wilmington, NC, and cut northwest across the Northern Coastal Plain of North Carolina before 
passing into Virginia.  The circulation and radius of maximum winds were large and hurricane 
force winds likely extended over much of the North Carolina coastal areas of Brunswick, New 
Hanover, Pender, Onslow and Carteret counties.  At landfall, the maximum sustained surface 
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winds were estimated at 115 miles per hour.  The North Carolina Forest Service conducted a 
Timber Damage Assessment (Thompson and Doggett, 1996) that found varying degrees of 
damage to 8.2 million acres of forestland, representing 44% of all commercial forest land in the 
state.  The number of forest acres falling into each of four damage classes (based on percentage 
of trees destroyed) by county and for the state overall is shown in Table 5-9.  The majority of 
damaged trees were completely uprooted rather than simply broken.  The estimated value of lost 
timber was $1.2 billion ($1.39 billion in 2004 dollars). 

 
Table 5-9: Acreage of Timberland Damaged and Timber Damage Value in North Carolina  

by Percentage Damage Class,  Hurricane Fran 

 Percentage of Trees Destroyed 

County 1-25% 26-50% 51-75% 76-100% 

Total 
Damaged 

Acres 

Total  
Damage 
Value  

(2004 dollars) 

Bertie 142 acres - - - 142 acres $21,939 

Carteret 48,889 acres - - - 48,889 acres $5,794,113 

Dare - - - - 0 acres $0 

New Hanover 14,714 acres 19359 acres 8,425 acres 
7,105 
acres 49,603 acres $14,515,303 

NC Statewide Total 6,480,668 acres 
1,391,168 

acres 
333,034 

acres 
52,055 

acres 8,255,925 acres $1,496,044,962 

 
 
On September 18, 2003, Hurricane Isabel made landfall as a Category 2 hurricane near 

Cedar Island, NC, and cut northwest across the Northern Coastal Plain of North Carolina before 
passing into Virginia. Hurricane force winds were recorded in the area northeast of a line 
extending from Onslow County to Vance County.  Maximum sustained winds of 100 miles per 
hour with higher gusts were recorded in this area.  Sustained winds above 39 miles per hour were 
also recorded throughout the rest of North Carolina's Coastal Plain and throughout the Piedmont.  

 
A Forest Damage Appraisal was conducted by the North Carolina Division of Forest 

Resources for the 26 counties most affected by Hurricane Isabel (Trickel 2003).  In comparison 
to the study for hurricane Fran, the Isabel study provided a more extensive description of 
appraisal methodology and findings.  The appraisal was based on data from two surveys: an 
aerial survey using east-west flight lines located 10 minutes (roughly 10 miles) apart, and a 
ground survey using a 10-mile block grid over the 26 county area.   

 
A total of 833,192 acres of timber sustained some level of damage. Of the damaged 

hardwoods located on ground survey plots 85 percent were blown over.  Most hardwood damage 
occurred in bottomlands, swamps and drainages where saturated soils provided less support.  
Seventy eight percent of the damaged pines were blown over. 

 
The number of forest acres falling into each of four damage classes (based on percentage 

of trees destroyed) by county and for the state overall is shown in Table 5-10.  Average timber 
values per acre before the storm were multiplied by mean percentage damage for each damage 
class and acreage in that damage class before aggregating over damage classes to obtain dollar 
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damages. Total timber damage in the state was estimated to be $578 million in 2004 dollars. A 
sufficient number of samples were taken over the entire area to achieve a 95 percent confidence 
level. More than a quarter of the timber damage (volume and value) from Hurricane Isabel 
occurred in Bertie County, one of the representative counties selected for this study. 

 
 

Table 5-10: Acreage of Timberland Damaged and Timber Damage Value in North Carolina  

by Percentage Damage Class, Hurricane Isabel 

 Percentage of Trees Destroyed 

County 1-25% 26-50% 51-75% 76-100% 

Total 
Damaged 

Acres 

Total  
Damage 
Value 

(2004 dollars) 

Bertie 61,655 acres 80,076 acres 44,255 acres - 185,986 acres $159,335,554 

Carteret 2820 acres - - - 2820 acres $1,064,431 

Dare 31,832 acres - - - 31,832 acres $8,027,868 

New Hanover - - - - 0 acres - 

NC Statewide Total 425,713 acres 310,619 acres 96,860 acres - 833,192 acres $578,387,092 

 
 
To summarize results for the forest sector, hurricane Fran, a category 3 storm, damaged 

ten-times as many forest acres as Isabel, a category 2 hurricane.  Dollar-denominated damage 
was two and a half times larger when expressed in equivalent year dollars. Isabel may have done 
more damage if she had preceded Fran, as Fran may have “cleared out” some weak trees.  If so, 
then the incremental damage of a category 3 storm in comparison to a category 2 storm would be 
smaller.  Even if this were the case, it appears that the incremental increase in forest damage 
associated with increased storm severity in the hurricane category 2 to category 3 range is 
substantial in North Carolina, perhaps equivalent to a doubling of dollar-valued damage, or about 
$500 million in incremental damage in 2004 dollars. 

Commercial Fishing Sector Impacts 

 
Although work is underway at the North Carolina Division of Marine Fisheries 

(NCDMF) to assess the impacts of hurricanes on North Carolina fisheries, it is still work in 
progress.  Consistent time series data do not exist on the costs or damages to commercial fishing 
operations caused by tropical storms and hurricanes (Bianchi 2006).  As a result, it is not 
possible at this time to estimate the impacts of increased storm intensity on North Carolina 
commercial fisheries.  However, two recent case studies, summarized below, shed some light on 
the economic impacts of hurricanes on the commercial fishing sector.   

  
Hurricane Disaster Relief Program Study--Hurricanes Dennis, Floyd and Irene impacted 

North Carolina during late August through October 1999.  North Carolina’s fishing industry 
suffered extensive damage from the hurricanes and associated floods.  Fishing gear, vessels, and 
shore side structures were damaged and lost.  Many of the approximately 5000 active 
commercial fishermen could not fish for periods ranging from days to months.  Infrastructure 
supporting both commercial and recreational fishing was damaged and destroyed.  Following 
Hurricane Floyd in 1999, the NCDMF was charged with dispersing Hurricane Disaster Relief 
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Program funds to commercial fishermen.  During this process NCDMF collected estimates of 
fishing gear lost and damages incurred.  However, the emergency relief program data were self-
reported by the fishermen, without independent validation to ensure that the data were correct.   

 
A follow-up survey of all fishermen who received money during the Hurricane Disaster 

Relief Program was conducted in 2004 to determine the efficacy of the program and to determine 
the lasting impacts of the hurricanes on the economic viability of the fishermen (Cheuvront 
2005).  A total of 983 commercial fishermen out of 1207 total applicants to the Hurricane 
Disaster Relief Program received compensation for losses attributable to Hurricane Floyd.  In 
2004, a random sample of 350 of those who received payments was selected to participate in the 
follow up survey.   

 
Most of the survey respondents (78%) said they had to replace fishing gear as a result of 

the hurricanes of 1999.  Losses consisted primarily of fishing gear (crab pots, gill nets, pound 
nets), or parts of these gears such as buoys. Thirty-one percent of the fishermen reported damage 
to their boats or fishing business property.  Electronics and other boat gear were listed most 
frequently.  Many boats were damaged after breaking away from their moorings and running 
aground.  Some boats were damaged by debris striking or falling on them.  There were also 
reports of damage to docks and fishing gear storage buildings.  Shellfish lease holders suffered 
economic losses when shellfish beds were covered with sand or destroyed by the heavy water 
action.  Many pound net fishermen lost their gear, because they did not have enough time to 
retrieve it once it was clear the storms were headed for the North Carolina coast.   

 
In addition to gear losses, nearly all of the fishermen (99.6%) reported lost income as a 

result of the hurricanes.  Fishermen who said they lost income reported losing between $700 and 
$120,000, with average losses of $12,672 (2004 dollars adjusted using the GDP implicit price 
deflator).  The 983 fishermen who received compensation received approximately $7.75 million 
in total compensation.   

 
Successful North Carolina commercial fishermen are adaptable and have changed their 

fishing practices as conditions warrant. The majority (88%) of survey respondents who were 
fishing prior to the hurricanes were still involved in commercial fishing at the time of the follow 
up survey.  Although many fishermen had changed target species or fishing gear between the 
hurricanes of 1999 and the survey in 2004, very few reported changing as a direct result of the 
hurricanes.   

 
In summary, the hurricane season of 1999 imposed significant costs on North Carolina’s 

commercial fisheries.  This survey likely underestimates total costs, as it examined only those 
fishermen who received assistance from the state. Other fishermen did not apply for program 
assistance, had their losses covered by private insurance, or did not have losses that qualified for 
reimbursement.  Although costly, the hurricane season of 1999 does not appear to have been a 
direct cause of significant changes in commercial fishing practices or employment. 
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Time Series Studies of NC Commercial Fisheries Landings--A statistical study by the 
NCDMF using commercial fishery landings data to determine the impacts of individual 
hurricanes on particular fisheries is currently underway (Burgess 2006).  Preliminary results for 
the hard blue crab and striped mullet fisheries indicate that commercial fisheries can be impacted 
in different ways.  The hard blue crab harvest increased immediately following Hurricane Floyd 
in 1999 but then decreased in following years.  Statistical intervention analysis found that mean 
hard blue crab landings decreased significantly (p<.05) in the years following the 1999 hurricane 
season by 21 million pounds (valued at $0.63/lb. in 2004).  It appears that Hurricane Floyd 
increased fresh water input to the estuary, which aggregated the crab population, making it 
susceptible to over-harvest in 1999.  The subsequent reduction in harvests may be due to a lower 
standing stock of crabs resulting from over-harvest immediately following the hurricane.   

 
In contrast, a large reduction in mullet landings was seen for some hurricane years but not 

others, and the effect was not persistent.  Intervention analysis showed a significant decrease of 1 
million pounds (valued at $0.45/lb. in 2004) in 1999 when Hurricanes Dennis, Floyd, and Irene 
impacted North Carolina, but no significant impacts for Hurricanes Fran (1996) or Isabel (2003).  
When reductions in mullet landings occur, they are likely due to fishermen missing the 
opportunity to fish for mullet during the brief mullet spawning season.   

 
In the case of the bay scallop fishery, it appears that a red tide occurring in 1987 

increased the vulnerability of the previously resilient scallop resource to large environmental 
disturbances, including hurricanes (NCDMF 2006).  For example, it appears that Hurricane 
Floyd in 1999 may have caused a significant reduction in the stock of scallops.  Hurricane 
rainfall reduces estuarine salinity, increasing bay scallop mortality. Hurricane rainfall may have 
prolonged the recovery period following the red tide event. During the recovery period, bay 
scallop harvests were 61% to 93% below the long term average of 29,732 bushels per year, a loss 
of approximately $140 thousand to $235 thousand per year. 

 
To summarize results for the commercial fishing sector, consistent time series data do not 

exist on the costs or damages to commercial fishing operations caused by tropical storms and 
hurricanes.  As a result, it is not possible at this time to estimate the impacts of increased storm 
intensity on North Carolina commercial fisheries.  Results from limited case studies indicate that 
commercial fisheries suffer economic losses primarily in the form of damaged fishing gear and 
reductions in the number of safe fishing days.  In addition, there is some evidence that the 
populations of some target species may fall following hurricanes, further reducing the 
profitability of fishing.  Increased storm severity due to climate change would likely increase the 
magnitude of these losses to some extent, but it is difficult to quantify without better data from 
multiple storm events of varying severity.   

Conclusions 

 
The impacts of climate change on economic output due to business interruption vary 

across county and climate change scenario, ranging from negligible impacts for Bertie county to 
$946 million for New Hanover County.  Due to limitations in the output of the climate change 
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models, these estimates reflect increases in severity in category 3 hurricanes only, assuming that 
the strike frequency of the storms remains unchanged from its historical average in 2006, and 
completely neglecting possible increases in severity of tropical storms and category 1, 2, 4 and 5 
hurricanes.  Though limited, these results show the incremental losses due to climate change that 
could result from a storm strike similar to hurricane Fran, a well-know category 3 storm that 
struck North Carolina in 1996.  The results answer the question: “How much worse would 
hurricane Fran have been if it had been influenced by climate change.”  The wide range of 
estimates across counties is due to differences in population, industry structure, distance to the 
coast, and prior hurricane damage history (on which damage estimates are based).  Although 
coastal residents may reduce these potential damages to some extent through adaptations such as 
better storm water management and utility line hardening, set against this are current 
demographic and development trends indicating that coastal populations and infrastructure will 
likely increase disproportionately in the future, placing more business and infrastructure at risk.     

 
Although coastal property owners may take adaptive actions to reduce the potential 

damages associated with climate change by increasing their insurance coverage or the physical 
integrity of their structures, such actions are influenced by current economic incentives.  For 
example, if insurance is made available at subsidized rates by state (e.g., state wind insurance 
pools) or federal (e.g., federal flood insurance) programs, property owners may undertake less 
structural mitigation. Similarly, the details of insurance policy premium and deductible schedules 
may have significant impacts on adaptive behavior. For example, Burrus et al. (2002) find that 
wind insurance deductibles must increase greatly for structural mitigation to be cost effective for 
many coastal NC residents, and changes in hurricane intensity affect mitigation decisions only in 
the neighborhood of category 3 storms, as weaker storms do not cause sufficient damage to 
necessitate mitigation, and stronger storms always cause damage beyond the typical insurance 
deductible, which is insured. 
 

The incremental increase in agricultural and forest damage due to increased storm 
severity resulting from climate change varies by county due to differences across counties in 
urbanization and location relative to storm tracks.  The data are not sufficient to produce county-
level estimates.  Based on differences in state-wide crop and livestock damage across storms for 
tropical storms and hurricanes between 1996 and 2006, it appears that on the order of $150 
million (2004 dollars) in additional agricultural damage would occur per storm event should 
climate change increase storm severity from category 1 to category 2, or $750 million in 
additional damage should storm severity increase from category 1 to category 3.  Based on state-
wide data, the incremental increase in forest damage associated with increased storm severity 
due to climate change could be substantial in North Carolina, perhaps equivalent to a doubling of 
dollar-valued damage, or about $500 million in incremental damage per storm event in 2004 
dollars.  These estimates assume no growth in these sectors of the economy.  Although the per 
unit value of output in these sectors will likely increase in the future, the amount of land devoted 
to agriculture and forestry will likely decline given current development trends, making the net 
effects of future growth uncertain. 
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  Consistent time series data on the costs or damages to commercial fishing operations 
caused by tropical storms and hurricanes do not exist.  Results from the existing, limited, case 
studies indicate that commercial fisheries suffer economic losses primarily in the form of 
damaged fishing gear and reductions in the number of safe fishing days, but the magnitude of 
these losses is very uncertain.   
 
 Future research should consider climate change scenarios which consider changes in the 
frequency of storm events as well as changes in intensity.  Anticipated impacts depend on both 
changes in frequency and changes in intensity.  Even with small anticipated changes in intensity, 
anticipated impacts might still be large should substantial changes in frequency occur.  This is 
especially the case for business interruption impacts, and impacts on agriculture, fisheries and 
recreation, all of which are affected by even low intensity storms—a doubling of the number of 
tropical storm strikes per year, even if they did not increase in intensity, could substantially 
increase economic costs in these sectors. 
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6. Conclusions 

Current scientific research shows that global sea level is expected to rise significantly 
over the next century (Rahmstorf 2006, IPCC 2007). The relatively dense development and 
abundant economic activity along the North Carolina coastline is vulnerable to risk of coastal 
flooding, shoreline erosion and storm damages.  This study has three purposes. Two of the 
purposes focus on sea-level rise. We estimate the impacts of sea level rise on property values and 
coastal recreation and tourism values. A third purpose is to consider the impacts of coastal storm 
activity on the local economies.  

We estimate the impacts of sea level rise on property values in New Hanover, Dare, 
Carteret, and Bertie counties.  A simulation approach based on the hedonic property model is 
developed to estimate the impacts of sea level rise on property values. A related purpose of this 
study is to estimate the impacts of sea level rise on coastal recreation and tourism. Sea-level rise 
exacerbates coastal erosion and can eventually eliminate beach recreation sites. We estimate the 
effects of sea-level rise on beach recreation at the southern North Carolina beaches and 
recreational fishing that takes place on the entire coast.  

A third purpose of this study is to estimate the impacts of increased storm activity on 
business interruption. Changes among low-intensity hurricane categories are the most likely 
results of climate change. Estimates of business interruption impacts on economic output are 
presented by county for three climate change scenarios.  Although scarce data limit the ability to 
estimate economic impacts for the vulnerable natural resource sectors, preliminary, order of 
magnitude assessments are developed, where possible.  

 
These estimates can help inform climate change policy. For example, a formal benefit 

cost analysis of a climate change policy would compare the benefits of avoiding climate change 
with the costs. One component of the benefits of climate change policy is the avoided costs of 
sea level rise. In this study we develop estimates of the property value costs and recreation and 
tourism costs of sea level rise. However, we have to this point ignored adaptation to climate 
change, such as beach nourishment. The property value, recreation and tourism impacts can be 
mitigated by the mining and deposition of replacement sand on eroded beaches. A comparison of 
beach nourishment benefits to its costs would inform policy makers about the economic 
efficiency of beach nourishment.  

 
In the rest of this concluding chapter, we summarize our analysis of the benefits (i.e., 

avoided costs) of sea-level rise, consider the costs of adaptation to sea level rise, summarize our 
analysis of changes in local economic activity from storm activity and sea level rise and offer 
some concluding remarks. Note that in this section of the report we focus our analysis with a 2% 
discount rate. Sensitivity of this choice to a range of discount rates is presented in the individual 
chapters.  
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Benefits of Avoiding Sea-Level Rise 

 
The property value analysis indicates that the impacts of sea level rise vary among 

different portions of the North Carolina coastline. Overall, the northern part of the North 
Carolina coastline is comparatively more vulnerable to sea level rise than the southern part.  
Low-lying and heavily developed areas in the northern coastline of North Carolina (i.e., Outer 
Banks) are especially at high risk from sea level rise. Considering four coastal counties, 
including the three most populous on the North Carolina coast, the present value of lost 
residential property value in 2080 is $3.2 billion discounted at a 2% rate. The present value of 
lost nonresidential property value in 2080 is $3.7 billion at a 2% rate. 

 
The coastal recreation and tourism analysis indicates that there are substantial losses from 

reduced opportunities of beach trips and fishing trips. The present value of the lost recreation 
benefits assuming no increase in future population or per capita income is $3.5 billion when 
discounted at a 2% rate for the southern NC beaches. The present value of the lost recreational 
fishing benefits is $430 million using a 2% discount rate.  

 
An estimate of the total recreation benefits that would be lost due to sea level rise is the 

sum of the beachgoer and angler benefits. The present value of lost benefits is $3.9 billion with a 
2% discount rate. Note that this estimate overstates benefits to the extent that anglers are 
included in the southern beaches sample and understates benefits since the Outer Banks is not 
included in the beaches sample. The former factor likely results in a minor overstatement while 
the latter likely results in a potentially significant understatement of lost benefits.  

Considering both the property value impacts and the recreation and tourism impacts, the 
lost economic value due to sea level rise in North Carolina is on the order of $10.8 billion in 
present value terms with a 2% discount rate. 

Costs of Adaptation 

 
Beach nourishment can be used to mitigate the damages to property values and coastal 

recreation and tourism due to sea-level rise (Jones and Mangun, 2001). According to data from 
the Program for the Study of the Developed Shoreline at Duke University (which has recently 
moved to Western Carolina University), annual beach nourishment costs in North Carolina have 
averaged $4.37 million (2004 dollars) from 1961 to 2006 (http://psds.wcu.edu/) for a total cost of 
$315 million. The number of NC beaches annually nourished ranges from one to seven.  

 
Using the same data up to 1996, Trembanis, Pilkey and Valverde (1999) estimate that the 

cost of nourishing all 138 miles of North Carolina shoreline is $831 million every 10 years (2004 
dollars). Trembanis, Pilkey and Valverde (1999) explicitly state that their estimates do not 
address the increasing nourishment needs from sea level rise. Assuming that the annual cost is 
$83.1 million, the present value of annual beach nourishment costs from 2004 to 2080 without 
sea level rise is $3.3 billion when discounted at a 2% rate.  

 

A-559



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

89

 
 
 

While these estimates are informative, they do not address the increased scope of beach 
nourishment necessary to mitigate sea-level rise. According to personnel at the Wilmington 
District of the U.S. Army Corps of Engineers, a rule of thumb is that one cubic yard per running 
foot of beach is needed to replace each foot of eroding beach. A one mile long stretch of beach 
would require 10,560 cubic yards per mile to replace the (approximate) average annual two feet 
of erosion per mile used in this study. Trembanis, Pilkey and Valverde (1999) report an average 
cost of $6 per cubic yard on east coast barrier beaches (2004 dollars). Given 138 miles of beach, 
the annual cost to replace two feet of eroded beach due to climate change-induced sea level rise 
is an additional $8.74 million. Given this estimate, the present value of annual beach 
nourishment costs to mitigate sea level rise from 2004 to 2080 is $348 million when discounted 
at a 2% rate.  

 
The total cost of maintenance of beach width with beach nourishment is the sum of the 

baseline cost and the additional cost due to sea level rise. The present value of annual beach 
nourishment costs from 2004 to 2080 is $3.65 billion with a 2% discount rate. Only 10.5% of 
these costs are due to climate change-induced sea level rise.  

 
A further issue is the possibility of increasing future nourishment costs. In Trembanis, 

Pilkey and Valverde (1999) the average cost of sand production is assumed to be constant. As 
offshore sand deposits are more difficult to find, the cost of mining and transporting sand is 
likely to rise with the increasing demand for nourishment projects. Titus et al. (1991) estimate 
the “cumulative cost of sand to protect the United States’ open coast.” The cost range varies by 
assumptions made about increasing dredging costs, technological improvement, increasing 
energy costs and economies of scale. Their low cost estimates assume that future costs are equal 
to historic costs and are consistent with the cost assumptions in Trembanis, Pilkey and Valverde 
(1999).  

 
Titus et al. (1991) present four cumulative sand cost estimates: (1) low initial cost and 

constant average cost, (2) low initial cost and increasing average cost, (3) high initial cost and 
constant average cost and (4) high initial cost and increasing average cost. Cost estimates 
increase by 64% from scenario (1) to (2), 68% from scenario (2) to (3) and 78% from scenario 
(3) to (4). These estimates suggest that the nourishment costs reported above might be 
substantially biased downward if technological improvement and economies of scale do not 
materialize, energy costs rise and new sand deposits are found to be inadequate in terms of 
quantity and quality.   

 
The baseline estimate of the costs of adaptation (i.e., the additional beach nourishment 

costs to avoid climate change-induce sea level rise), $348 million, is 32% of the estimate of the 
total real estate and recreation costs of sea level rise ($10.8 billion). However, considering 
scenarios (2) to (4) from Titus et al. (1991), the costs of adaptation could be anywhere from 53% 
to 100% of the real estate and recreation costs.  
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Economic Impacts 

Another category of impacts considered in this study is lost economic output in coastal 
areas. One type of lost output is business interruption from increased hurricane severity (i.e., 
increased wind speed). The impacts of increased hurricane severity on business interruption from 
2030-2080 vary across county and climate change scenario, ranging from negligible impacts for 
Bertie County to $946 million for New Hanover County.  Due to limitations in the output of the 
climate change models, these estimates reflect increases in severity in category 3 hurricanes only, 
assuming that the strike frequency of the storms remains unchanged from its historical average in 
2006, and completely neglecting possible increases in severity of tropical storms and category 1, 
2, 4 and 5 hurricanes.   

Though limited, these results show the incremental losses due to climate change that 
could result from a storm strike similar to hurricane Fran, a well-known category 3 storm that 
struck North Carolina in 1996.  The results answer the question: “How much worse would 
hurricane Fran have been if it had been influenced by climate change.”  Although coastal 
residents may reduce these potential damages to some extent through adaptations such as better 
storm water management and utility line hardening, set against this are current demographic and 
development trends indicating that coastal populations and infrastructure will likely increase 
disproportionately in the future, placing more business and infrastructure at risk.     

The incremental increase in agricultural and forest damage due to increased storm 
severity resulting from climate change varies by county due to differences in urbanization and 
location relative to storm tracks.  Based on differences in state-wide crop and livestock damage 
across storms for tropical storms and hurricanes between 1996 and 2006, on the order of $150 
million (2004 dollars) in additional agricultural damage would occur per storm event should 
climate change increase storm severity from category 1 to category 2, or $750 million in 
additional damage should storm severity increase from category 1 to category 3.  

 
Based on state-wide data, the incremental increase in forest damage associated with 

increased storm severity due to climate change could be substantial in North Carolina, perhaps 
equivalent to a doubling of dollar-valued damage, or about $500 million in incremental damage 
per storm event (2004 dollars). Although the per unit value of output in these sectors will likely 
increase in the future, the amount of land devoted to agriculture and forestry will likely decline 
given current development trends, making the net effects of future growth uncertain. 

Another type of lost economic output is reductions in tourist expenditures due to sea level 
rise and loss of beach recreation sites (lost output due to reductions in tourism caused by 
increased storm severity is included under business interruption losses above). Beach trips and 
the resulting spending by non-local North Carolina residents would change significantly with the 
loss of beach recreation sites. We estimate that total spending by those who only take day trips 
would fall by 2% in 2030 and 23% in 2080 compared to 2004. Those who take both day and 
overnight trips would spend 16% less in 2030 and 48% less in 2080 due to decreased beach trips.  

A-561



Measuring the Impacts of Climate Change on North Carolina Coastal Resources 

 

91

 
 
 
Concluding Remarks 

 
The impacts of climate change on North Carolina coastal resources are substantial and 

wide-ranging. The costs of climate change-induced sea level rise are substantial whether they 
materialize in the form of lost property value and lost recreation opportunities or beach 
nourishment costs. To the extent that climate change increases the frequency and intensity of 
hurricanes, reductions in business activity and damages will also be substantial.  
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