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1. REPORT SUMMARY

A coupled hydrodynamic/water quality model of the Tar-Pamlico River was
developed for the North Carolina Department of Environmental Management (NCDEM) to
assist in developing nutrient trading strategies within the basin. The calibrated water
quality model will eventually be used by NCDEM to develop an effective basinwide point
and non-point source nutrient reduction program that will improve water quality within the

Tar-Pamlico River basin.

The stratification and destratification processes observed.in the Tar-Pamlico River
required the use of a time-variable coupled hydrodynamic/wat_er quality model which is
capable of representing these processes. Because the water column/sediment nutrient
exchanges and sediment oxygen demand were considered important in the Tar-Pamlico
River, a sediment submodel was included in the water quality modeling framework to
represent these interaqtions. The coupled hydrodynamic/water quality model was
calibrated against tidal stage and water quality data collected during 1991 and resulted
in a calibrated model that represented the hydrodynamic, water column and sediment
quality in the Tar-Pamlico River reasonably well. Even though the water quality models
were calibrated reasonably well, certain areas of the coupled. model need further

refinement and should be validated against another year of data.

Preliminary water quality projections were completed as part of the Tar-Pamlico
River project as an example of point and non-point source nutrient control effects on water
quality. In general, the non-point source nutrient controls had a greater impact on
calculated dissolved oxygen concentrations than the point source controls. These
preliminary projections were based upon the currently calibrated coupled model and should

be revised after further validation of the coupled model.

_In general, the development of the coupled hydrodynamic/water quality model of
the Tar-Pamlico River should provide the NCDEM with a reliable tool for developing

preliminary basinwide nutrient control targets. The predictive capability of the water




quality model to project water quality improvements is only as good as the calibration and

any further validation of the water quality model would improve the reliability of nutrient
reduction projections.




2. CONCLUSIONS AND RECOMMENDATIONS

A laterally averaged two-dimensional hydrodynamic/water quality model has been
~ developed for the Tar-Pamlico Rivef/Estuary. The water quality model was derived from
the Long Island Sound and Chesapeake Bay eutrophication and sediment models and was
calibrated against water quality data in the Tar-Pamlico River for 1991, The sediment
model was primarily based upon the Chesapeake Bay Study calibration and refined for the
Tar-Pamlico River based upon historical sediment data (early 1980’s) and from calibration
of the eutrophication component of the water quality model. The hydrodynamic modeling
was completed using the coastal and ocean circulation model ECOM3D (Blumberg and
Mellor, 1987) which was calibrated agamst surface elevation and salinity data in the

Tar-Pamlico River for 1991.

In general, the annual interactions between the hydrodynamic circulation, nutrient
loadings, phytoplankton populations, sediment fluxes and dissolved oxygen concentrations
in the Tar-Pamlico River during 1991 are reasonably represented by the calibrated
hydrodynamic, eutrophication and sediment models. However, certain discrepancies
between the observed data and the model calculations are apparent in the hydrodynamic

and water quality models which indicate a need for further refinements to the models.

2.1 CONCLUSIONS

The following conclusions were drawn from the analysis of historical data in the
Tar Pamlico River, the model calibration to the 1991 data and the preliminary projections

completed as part of this study:

1. Chlorophyll levels at the mouth of the estuary, near Pamlico Point, are typically the
lowest in the estuary. Upstream from Pamlico Point, chlorophyll levels increase and
typically reach a maximum between Blounts Bay and Washington. In 1991, the
winter median chlorophyll levels ranged from 5 to 20 ug/l and the summer levels

ranged from 10 to 50 ug/I.




Typically, the limiting nutrient for algal growth in the estuary is nitrogen.
Phosphorus may limit algal growth upstream near Washington during periods of
high freshwater flow, when nitrogen concentrations are high. Median total
inorganic nitrogen (TIN) concentrations in 1991 ranged from 20 to 400 ug/l during
the winter and from 20 to 200 ug/l during the summer. The maximum TIN
concentrations typically occur upstream where freshwater flow dominates the
system. Total inorganic phosphorus (TIP) median concentrations in 1991 ranged
from 50 to 100 ug/l during the winter and from 100 to 400 ug/l during the summer.
Maximum TIP concentrations typically occur in the middle of the estuary primarily

due to the Texasgulf industrial discharge of phosphorus mining wastes.

Nitrogen loads to the Tar-Pamlico River were estimated in 1991 for both point and
non-point sources. The total point source nitrogen loading was approximately 1.2
million pounds which was approximately 17% of the total nitrogen load to the
system. Non-point source nitrogen loads contributed approximately 83% of the

total nitrogen load and were approximately 5.8 million pounds.

Bottom layer dissolved oxygen concehtrations are less than 5 mg/l approximately
30 to 60% of the time throughout the estuary, where the larger percentages
typically occur upstream. Surface layer dissolved oxygen concentrations are
typically above 5 mg/l below Blounts Bay and at station 12 (near Washington) are

above 5 mg/l approximately 90% of the time.

The low bottom layer dissolved oxygen concentrations are primarily due to salinity
stratification coupled with the oxygen demand from the sediment (SOD) and algal

respiration.

Salinity stratification is a periodic event which is highly influenced by wind
conditions and to a lesser extent, freshwater flow. The duration of these

stratification events is typically on a time scale of days to a week.




7. The SOD observed in the Tar-Pamlico River is primarily derived from the settling of
algae and the subsequent decay of algal carbon in the sediments.

8. The preliminary nutrient reduction projections for the Tar-Pamlico River, indicate
that a 50% point source nitrogen reduction will increase the bottom layer dissolved
Oxygen concentrations by less than 0.5 mg/I. Non-point source nutrient reductions
of 25 and 50% resulted in approximately a 1.0 and 1.5 mg/l increase in bottom
layer dissolved oxygen concentrations. The full impact of these reductions on
dissolved oxygen concentrations appears to take approximately five years due to

the storage capacity of the sediments.
2.2 RECOMMENDATIONS

In light of the conclusions drawn from this study, a number of recommendations for

further investigation are presented:

1. The importance of the Tar-Pamlico River model to accurately predict the impact of
nutrient loadings and future control strategies rests in the level of model calibration.
Sihce, the models have only been calibrated against the 1991 data set, and
questions concerning model geometry, stratification levels, non-point source
loadings, sediment fluxes and organic carbon input are still present, additional data

sets that include the annual cycle should be used to validate the model.

2. The existing data collection program, as maintained by Dr. Donald Stanley for
Texasgulf Inc., should be continued or adopted by another agency to monitor the
effects of nutrient loading reductions and subsequent improvement in dissolved

oxygen levels.

3. In addition to the routine monitoring program currently in effect, additional data
should be collected to help address the questions remaining after this study. The

following additional data should be collected:

»




e a0 oo

water column long term BOD (LTBOD),

non-point source loadings,

lateral water quality measurements,

measurement of the sediment fluxes of oxygen (SOD), nitrogen and phosphorus,
measurement of phytoplankton primary productivity and respiration,

measurement of zooplankton populations.




3. INTRODUCTION

Historical water quality studies of the Tar-Pamlico River system have highlighted the
periodic salinity stratification and destratification events and the associated effects on
bottom water dissolved oxygen levels. The causes of these phenomena are mainly related
to freshwater inflow and wind conditions but the inputs of nutrients required for algal
growth and oxygen demanding materials also contribute to the deoxygenation of the
bottom waters. The salinity and dissolved oxygen concentrations for station 7, are
presented in Figure 3-1 for the years 1987 through 1991. This station is in the middle of
the estuary, Figure 4-1, and the data displays the typical patterns of salinity and dissolved
oxygen stratification and destratification present in the Tar-Pamlico River. Typically,
surface water dissolved oxygen levels are above 5 mg/l and are near the surface dissolved
OXygen saturation concentrations. Bottom water dissolved oxygen levels, depending upon
the degree of salinity stratification present, are quite often less than 5 mg/l and typically

during the warmer summer months approach hypoxic conditions.

The water quality modeling of the Tar-Pamlico River system was precipitated by the
requirements of the Nutrient Sensitive Waters (NSW) strategy. To quantify the cause and
control of the periodic hypoxic events observed within the system, the NSW strategy
required the development of a water quality model to investigate and assess the relative
effects of point and non-point source nutrient loadings upon algal growth and dissolved
oxygen hypoxia in the Tar-Pamlico River basin. The final goal in developing the water
quality model was to provide the North Carolina Division of Environmental Management
(NCDEM) with a tool to develop nutrient loading reduction targets and point and non-point

source nutrient control strategies.

The water quality modeling effort consists of two components: hydrodynamic and
water quality modeling. The hydrodynamic model calculates the advective and diffusive
transport processes within the estuarine system which are then used to drive the water
quality model calculation for a number of water quality constituents. The water quality
model employed allows the calculation of important water column/sediment exchanges

through the use of coupled eutrophication and sediment model.
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4.  STUDY AREA

The Tar-Pamlico River is located in eastern North Carolina and is connected to
Pamlico Sound near Pamlico Point, see Figure 4-1. The Tar River, which is upstream from
Washington, has depths ranging from 8 to 20 feet (ft) and is about 300 ft wide. The
Pamlico River, which is downstream from Washington, increases in width from 1000 ft
at Washington to about 4 miles at the mouth near Pamlico Point. Average water depths
in the Pamlico River also increase in the downstream direction from about 5 ft at
Washington to 20 ft near Pamlico Point. A navigation channel is maintained in the
Tar-Pamlico River by the U.S. Army Corps of Engineers from the mouth of the Tar-Pamlico
River upstream to Greenville. The channel is maintained at 200 feet wide and 12 feet
deep from the mouth of the Tar-Pamlico to Washington, 100 feet wide and 12 feet deep
from Washington to Hardee Creek (a tributary on the Tar River) and 75 feet wide and 5
feet deep from Hardee Creek to Greenville.

The drainage area of the Tar-Pamlico River at Washington is approximately 3,100
square miles (mi2) and increases to a total of approximately 4,300 mi2 at the mouth near
Pamlico Point. The surface area of the Tar-Pamlico River including the Pungo River is

approximately 150 mi? and the total volume is approximately 344 billion gallons.

The mean freshwater inflow to the estuary at Washington is approximately 3,200
cubic feet per second (cfs). The main freshwater inputs to the estuary are from the Tar
River upstream and several tributaries which include Chicod, Grindle, Tranters, Bath,
Durham, South and Goose Creeks. Water levels in the estuary fluctuate primarily in
response to wind driven currents due to the dampening of ocean tides by the Pamlico
Sound. The daily water level fluctuation in the Pamlicb River is only about 0.7 ft and
salinities range between 0 and 20 parts per thousand (ppt) within the estuary. Despite the
shallowness of the system, significant vertical density gradients, up to 10 ppt difference
between surface and bottom salinities, occur during periods of high freshwater inflow or
low wind conditions. These stratification events can significantly affect dissolved oxygen
levels in the lower layers of the water column causing intermittent hypoxia, especially

during the warmer periods of the year.
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The Tar-Pamlico River receives loadings of nutrients, nitrogen'aﬁd phosphorus,
primarily from point and non-point sources. Most of the point source loadings (municipal
and industrial) discharge to the Tar River above Greenville, with a few municipal and
industrial loadings discharging to the Tar-Pamlico River below Greenville. The largest point
source in the system is the Texasgulf Inc. industrial discharge of phosphorus from its
mining operations which are located in the middle of the estuary between Durham Creek
and South Creek. The non-point source loadings within the Tar-Pamlico River are more
difficult to locate and primarily originate from a number of sources: forested 'land,‘
harvested agricultural cropland, nonforested farmland, pastureland, farm animals, urban

land and all other land areas (Stanley, 1993).

The nitrogen and phosphorus loadings from these sources are available for algal
growth and therefore affect the eutrophication of the Tar-Pamlico River. Observations of
nitrogen and phosphorus concentrations within the estuary and results of previous
estuarine studies indicate that for a large area of the estuary during most of the year, algal
growth is limited by nitrogen. The magnitude of these point and non-point source loadings
of nitrogen depend upon the time of year. Typically during the winter and spring when
freshwater flows and point source dilution are the greatest, non-point sources loadings are
the dominant source. During summer and fall, when freshwater flows are low and runoff

is minimal, the significance of the point source loadings increases.
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5. MODELING FRAMEWORK
5.1 HYDRODYNAMIC MODEL

The movement and mixing of waste materials introduced to the marine environment
are controlled by the circulation characteristics of the particular body of water. To predict
the circulation characteristics, one must define the hydrodynamic transport processes as
forced by various hydrographical (runoff), meteorological (surface wind, heating/cooling),
adjacent open ocean (large scale ocean circulation offshore), and astronomical
mechanisms. In recent years, hydrodynamic models have come to be relied upon to
provide the necessary ingredients, namely the currents and dispersions, for use in water

quality analyses.

The hydrodynamic modeling framework is based upon the time-dependent,
three-dimensional estuarine, coastal and ocean circulation model (ECOM-3D) developed by
Blumberg and Mellor (1980, 1987) and Blumberg and Herring (1987). ECOM-3D solves
prognostic equations for free surface elevation, velocity components, temperature, salinity,
turbulence energy and turbulence macroscale. The vertical turbulent mixing processes are
parameterized using the turbulent closure submode! of Mellor and Yamada (1982). This
submodel contains non-dimensional empirical constants that are fixed by reference to
laboratory data and are independent‘ of particular hydrodynamic model applications.
ECOM-3D also incorporates an a-coordinate system such that the number of grid points
in the vertical is independent of depth so that the dynamically important surface and
bottom boundary layers across a sloping region can be adequately resolved. The last
model feature to note is the use of a curvilinear coordinate system, greatly increasing
model efficiency in treating irrregularly shaped coastlines and meeting requirements for
high resolution in specific local regions. The model incorporates detailed features of the
bathymetry and shoreline and includes: freshwater run-off, surface wind stress, surface
heat flux, temperature and salinity profiles at the edges of the modeled region as time-
dependent forcing boundary conditions, and, therefore, includes the entire spectrum of

factors determining the three-dimensional estuarine circulation. A complete description of

12




the governing equations and numerical techniques can be found in Blumberg and Mellor
(1987). The model has been used in over 30 studies, the results of which have appeared
in the referred literature and is being exercised in an operational forecasting mode for the
Great Lakes and the Norwegian coastal waters. A detailed presentation of the model

equations can be found in the ECOM-3D users manual (HydroQual, 1992).

The presence of lateral salinity gradients have been observed in the Pamlico River,
with the higher salinities found on the northern side of the estuary. However longitudinal
and vertical salinity gradients in the estuary are much more important in driving the
two-layer estuarine circulation pattern, with denser, saltier water flowing upstream in the
lower layer and fresher water flowing toward the estuary mouth in the upper portion of the
water column. A valid approximation to the full three-dimensional equations of motion in
this case is the two-dimensional, laterally-averaged equations, which neglect lateral
velocities and gradients. Thus type of model approximates the geometry of the estuary as
arectangular channel with the water column divided into a number of layers in the vertical.
Examination of Tar Pamlico River bathymetry indicates that a typical cross-section can be

approximated by a rectangular channel reasonably well, see Figure 4-1.
5.2 WATER QUALITY MODEL

The eutrophication modeling framework employed for the Tar-Pamlico River system
was developed during the Long Island Sound (HydroQual, Inc. 1991) and Chesapeake Bay
(HydroQual, Inc. 1987, 1989) modeling studies. Modeling the exchanges of nutrients and
oxygen between the water column and the sediment was accomplished through the use
of the sediment model developed during the Chesapeake Bay modeling study (HydroQual,
Inc. 1993). The estuarine transport processes for the system are obtained from the
hydrodynamic model (ECOM3D) which is briefly described in Section 5.1. A detailed
description of the eutrophication model is included in Appendix 9.1, which was derived
from the theory section developed during the Long Island Sound Study. Sediment model
development and calibration are presented in the HydroQual, Inc. 1993 report for the
United States Corps of Engineers entitled "Chesapeake Bay Sediment Flux Model". The
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remainder of this section contains a general description of the eutrophication and sediment

model frameworks employed in this study.

The eutrophication model includes the modeling of two phytoplanktoh groups
(winter and summer assemblages), salinity, dissolved oxygen, and the various organic and
inorganic forms of nitrogen, phosphorus, silica and carbon. The diagram presented in
Figure 5-1, presents the various kinetic pathways involved in the modeling framework. A
brief description of the 25 state variables and their various kinetic pathways is described
below. The calibration constants developed during the Tar-Pamlico modeling study are

tabulated along with the detailed kinetic discussion in Appendix 9.1.
5.2.1 Phytoplankton - Winter and Summer Functional Groups

The eutrophication model includes two algal groups, a winter and summer
population. The basic kinetics affecting phytoplankton growth and death are identical for
the two groups, with the distinction in the growth kinetic constants assigned for each
group. Phytoplankton growth is dependent upon temperature, ambient light and nutrient
levels which modify the maximum growth rate to ambient conditions. The growth rates

~of the two algal groups are controlled through the use of temperature optimums that
maximize growth at a certain temperature and decrease growth above and below this
temperature. In this manner, the winter and summer algal groups were allowed to peak
in growfh at different times of the year or within different temperature regimes. Ambient
surface light conditions are input externally and are reduced with depth as a function of
measured light extinction coefficients. The surface light conditions are either based upon
ambient measurements or calculated from percent cloud cover data. Algal growth is
further decreased when the ambient nutrients (phosphorus, nitrogen and silica) approach
a limiting concentration. A nutrient Iimitat‘ion factor, defined in Appendix 9.1, is calculated
for phosphorus, nitrogen and silica with the minimum factor chosen to adjust the growth
rate. The ambient growth rate, which is adjusted for temperature, light and nutrient
limitations, is then used to determine the oxygen produced through photosynthesis during

growth.
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The loss of biomass from the water column through respiration, zooplankton grazing
and settllng are identical for the two algal groups. The respiration formulation for each
algal group allows the respiration to vary as a fraction of the temperature corrected growth
rate above a minimum basal respiration rate. During respiration, dissolved oxygen is
consumed and nutrients are recycled to the phosphorus, nitrogen and silica systems.
Zooplankton grazing is accounted for through a temperature dependent decay rate and
recycles nutrients and carbon. Algal settling to the sediment is a temperature dependent
process and is increased as the nutrient limitation factor decreases (nutrient stressed

settling).

5.2.2 Phosphorus

Particulate and dissolved organic phosphorus forms are included in the model with
further distinctions based upon reactivity. The reactivity distinctions are based upon the
relative decay rates for the organics. A labile fraction accounts for organic material that
decays on a time scale of several weeks to a month or two, while the refractory fraction
accounts for decay processes on a time scale of months to a year. The labile fractions
decay primarily in the water column or else rapidly in the sediments while the refractory
components are mainly decomposed in the sediments. The inorganic form of phosphorus,
orthophosphate (PQy), is also modeled for a total of five state variables for phosphorus,
as tabulated in Table 5-1.

‘_'Table 5-1. Phosphorus State Variables
Refractory Particulate Organic Phosphorus (RPOP)
Labile Particulate Organic Phosphorus (LPOP)
Refractory Dissolved Organic Phosphorus (RDOP)
Labile Dissolved Organic Phosphorus (LDOP)
Orthophosphate (PO,)
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Particulate organic phosphorus, whether refractory or labile, decomposes to
dissolved organic phosphorus through hydrolysis which is a temperature and bacterial
biomass mediated reaction. The size of the bacterial population involved in decomposing
organic compounds in the water column affects the rate at which this process occurs.
Because, bacterial biomass is not directly modeled, algal biomass is used as a surrogate
tracking variable for computational purposes. The particulate fraction of organic
phosphorus settles at a temperature dependent rate within the water column and is
deposited to the sediment where it is further decomposed through anaerobic processes.
The dissolved form of organic phosphorus further decomposos through mineralization into
the inorganic form of phosphorus (PO,4) which is affected by the same factors controlling
hydrolysis. Inorganic phosphorus (PO,) is lost through the utilization by algae as a nutrient
essential for growth and is supplied from or lost to the sediment. All forms of phosphorus,
organic and inorganic, are supplied as a consequence of algal respiration and zooplankton
grazing which is termed algal nutrient recycle. Inputs of organic and inorganic phosphorus
from the atmosphere, boundaries, tributaries, non-point and point sources are also

accounted for in the modeling framework.
5.2.3 Nitrogen

The organic nitrogen state variables are divided into the same four components as
organic phosphorus with the addition of the two inorganic forms of nitrogen: ammonia
(NH3) and nitrite plus nitrate (NO,). A total of six state variables are include for nitrogen
as tabulated in Table 5-2.

Table 5-2. Nitrogen State Variables
Refractory Particulate Organic Nitrogen (RPON)
Labile Particulate Organic Nitrogen : (LPON)
Refractory Dissolved Organic Nitrogen (RDON)
Labile Dissolved Organic Nitrogen (LDON)
Ammonia ' (NH3)
Nitrite plus Nitrate (NO3)
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The particulate and dissolved forms of nitrogen decompose through the same
reaction pathways as phosphorus with the particulate fractions settling to the sediment.
The dissolved organic forms mineralize to ammonia which is subsequently nitrified to nitrite
and nitrate in which dissolved oxygenis consumed. Nitrification is an aerobic reaction and
therefore the reaction decreases as dissolved oxygen concentrations decrease below a
certain value. The nitrification reaction is therefore dependent upon water column
dissolved oxygen concentrations and also upon temperature. The denitrification of nitrate
to nitrogen gas is an anaerobic reaction and is also dependent upon water column
dissolved oxygen concentrations and temperature. Ammonia and nitrite plus nitrate are
utilized by algae as nutrients for growth with ammonia being the preferred nutrient. An
ammonia preference scheme for determining ammonia or nitrite plus nitrate preference at
varying concentrations is presented in Appendix 9.1. Algal nutrient recycle replenishes the
four organic forms and ammonia during algal respiration and zooplankton grazing.
Sediment fluxes of ammonia and nitrate are either a source or sink of these nutrients in the
water column. External inputs of all forms of nitrogen are also accounted for within the

model.
5.2.4 Carbon

Organic carbon is divided into the Same groups as organic nitrogen and phosphorus
with two additional state variables. The inputs of highly reactive dissolved organic
material, such as carbonaceous inputs associated with sewage treatment plants or
combined sewer outfalls which decay on a time scale of days to a week or two, is
classified as reactive dissolved organic carbon. Excretion of dissolved organic carbon by
phytoplankton during photosynthesis is included as the state variable algal exudate, and
decays on a time scale similar to reactive dissolved organic carbon. The six state variables

described for carbon are tabulated in Table 5-3.
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__Table 5-3. Carbon State Variables |
Refractory Particulate Organic Carbon (RPOC)
Labile Partiéulate Organic Carbon (LPOC)
Refractory Dissolved Organic Carbon (RDOC)
Labile Dissolved Organic Carbon (LDOC)
Reactive Dissolved Organic Carbon (REDOC)
Algal Exudate Dissolved Organic Carbon (EXDOC)

The particulate and dissolved forms of carbon decompose through the same
reaction pathways as phosphorus and nitrogen with the particulate fractions settling to the
sediment. The dissolved forms of carbon oxidize to carbon dioxide and utilize dissolved
oxygen during the process. Oxidation of dissolved organic carbon is aerobic and is
therefore reduced at low water column dissolved oxygen concentrations. The oxidation
process is also modified for temperature and bacterial biomass levels, which are mdlrectly
represented by algal biomass. Algal recycle due to zooplankton grazing is a source for
refractory particulate and dissolved organic carbon and for labile particulate and dissolved
organic carbon. External inputs of organic carbon are also included in the modeling

framework.
5.2.5 Silica

Two silica forms are included in the model: particulate biogenic silica, which is
unavailable for algal growth and silica which is available for algal growth. Particulate
biogenic silica is mineralized to available silica at a temperature and bacterial biomass
dependent rate and can also settle to the sediment. Available silica is utilized as a nutrient
during algal growth and interacts with the sediment through silica fluxes. Algal recycle
supplies the particulate biogenic silica system through algal respiration and zooplankton

grazing. The two state variables for silica are tabulated in Table 5-4.

Table 5-4. Silica State Variables

Biogenic Silica - Unavailable (BSI)
Silica - Available (S1)




5.2.6 Dissolved Oxygen

Dissolved oxygen is affected through the nitrification of ammonia, denitrification of
nitrate, oxidation of dissolved organic carbon, algal oxygen production and respiration,
sediment oxygen demand (SOD) and atmospheric reaeration. The sediment oxygen
demand is calculated within the sediment model as an end product of carbon diagenesis
and supplied to the water quality model. Aqueous SOD or the oxygen 'demanding
equivalents associated with sediment sulfide production, is included as an additional state
variable (O2EQ). It is coupled with the sediment oxygen demand and is produced at low
water column dissolved oxygen levels when the sediment oxidation of sulfide (SOD) is
reduced. The aqueous SOD produced is fluxed into the water column and oxidized when
water column dissolved oxygen levels increase. Dissolved oxygen saturation is computed
from water column temperature, an external input, and from salinity, which is modeled as
a separate state variable. The dissolved oxygen effects due to algal photosynthesis and

respiration are briefly described in Section 5.2.1.
5.2.7 Sediment Model

The sediment model framework described in this section is a brief description of the
processes that affect sediment nutrient fluxes and sediment oxygen demand (SOD). A
more detailed discussion is found in the report documenting the development and
calibration of the Chesapeake Bay Sediment Flux Model (HydroQual, Inc. 1993). A
sediment diagram is presented in Figure 5-2 which highlights the general interactions
occurring in the sediment. The sediment model is formulated with two compartments, an
aerobic and anaerobic sediment layer, and uses the settling fluxes from the eutrophication
model as inputs. Particulate organic matter (POM), detrital or algal nitrogen, phosphorus,
silica and carbon, settles through the water column and is deposited to the sediment. This
settling of F"OM is the driving force behind the various decay mechanisms occurring in the
sediment. The POM that settles into the sediment is classified into three reactivity classes
referenced G1, G2 and G3. The G1 component is the most reactive with a half-life of

about 20 days. The G2 component has a half-life of about one year and the G3
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component is basically non-reactive in the current model calibration. Once POM settles
to the sediment, it can either decompose through diagenesis to the various end products
of nitrogen, phosphorus, carbon and silica or become buried in the sediments. The
particulate organic nitrogen, phosphorus and silica that settle to the sediment eventually
decompose following various temperaturedependent kinetic pathwaysinto their associated
inorganic forms: ammonia, orthophosphate, and available silica. Depending upon
overlying water dissolved oxygenconcentrations and the water column/sediment dissolved
concentration gradients, ammonia, orthophosphate and available silica can either flux‘ out
of orinto the sediments. The temperature dependent decomposition of particulate organic
carbon in the sediment results in the formation of sulfide. Depending upon the overlying
water column dissolved OXygen concentration, the sulfide is either oxidized in the sediment
(SOD) or fluxed into the water column at low dissolved oxygen levels as oxygen
demanding equivalents or aqueous SOD (02EQ). In addition to the carbon component of -
the SOD, the nitrification of ammonia to nitrate consumes oxygen and therefore is also

included in the calculation of the total SOD.

This simplified description of the sediment model should not detract from the
importance of sediment processes in the context of an estuarine systeﬁ1 like the
Tar-PamIico River. The nutrient fluxes into the water column can be a significant source
of nutrients needed for algal growth and for the sediment oxygen demand, a significant
source of deoxygenation potential. Also, the storage capacity of POM in the sediments
during the cooler fall and winter seasons, plays a vital role in the cycling of nutrients back
into the water column during the warmer spring and summer months. In general, the
inclusion of the sediment in the modeling framework greatly improves the ability to predict

the dynamics of the estuary over the course of a year.
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6. HYDRODYNAMIC MODEL CALIBRATION

6.1 GRID SELECTION

The laterally-averaged hydrodynamic model was developed for a 55 mile reach of
the Tar Pamlico River, extending from Greenville to Pamlico Point including the Pungo
River. A total of 56 numerical grid elements were used to discretize the study area in the
horizontal plane, with a grid spacing of about 1.25 miles, depending upon local bathymetry
and geometry, see Figures 6-1 and 6-2. Eight sigma layers were used in the vertical. The
depth assigned to each grid element was the laterally-averaged depth at that particular
cross-section. The variation of laterally-averaged depth throughout the estuary is shown

on Figure 6-3.
6.2 MODEL FORCING DATA

The hydrodynamic model requires five types of boundary condition data: freshwater
inflow, water surface elevation, salinity, temperature and wind direction/velocity. The
nearest U.S. Geological Survey (USGS) stream gauging station on the Tar River is located
at Tarboro, which has a drainage area of 2,200 miZ. Daily average flow rates are
measured by USGS at the Tarboro station. To specify the flow rate at Greenville, the
upstream limit of the model domain, drainage area proration of flows measured at Tarboro
was used. The drainage area increases by 20 percent between Tarboro and Greenville, so
measured flow rates at Tarboro were multiplied by 1.20 to estimate the flow rate at
Greenville. Seven ungauged tributaries flow into the Tar Pamlico estuary downstream of
Greenville. The assumption has been made in this study that the same drainage area
proration applied at Greenville can be used for these tributaries. Therefore, all tributary
inflows are proportional to the flow at Tarboro. These proportionality constants are

presented in Table 6-1.
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TABLE 6-1. TRIBUTARY FLOW RATE MULTIPLIERS
| Tribﬁtéfy Multiplier of Tarboro Flow Rate |
Grindle Creek 0.06
Chicod Creek 0.05
Tranters Creek 0.10
Bath Creek 0.14
Durham Creek 0.14
South Creek 0.14
Goose Creek 0.14

Water surface elevation must be specified at the downstream limit of the numerical
grid, which is located at Pamlico Point. The nearest tidal gauges are located on the north
(Pamlico Beach) and south (Goose Creek) sides of the estuary, see Figure 4-1. The USGS
operates these tide gauges and measurements are made every 15 minutes. The
assumption has been made that the effective water surface elevation at this cross-section
is the average of the Pamlico Beach and Goose Creek observations. Once the observed
elevations have been averaged, a phase shift must be used to account for the distance
between the tide gauge locations and Pamlico Point, which is approximately 7.5 miles.
Modeling analyses indicated that a 40 minute phase shift produced the best results;

elevations at Pamlico Point are specified 40 minutes earlier than the measured elevations.

Surface and bottom salinity measurements obtained at either water quality station
1 or 1A (Figure 6-1) were used to specify the vertical salinity distribution at the Pamlico
Point open boundary. The observations at these stations have been collected infrequently,
with only ten measurements being made in 1991. Thus, linear interpolation between
observations was used to temporally vary the salinity boundary conditions at Pamlico

Point. Salinity was set to zero at all freshwater inflows. Since vertical stratification due
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to temperature variations is negligible in this estuary, temperature was specified as
vertically constant at all boundaries. Temperature was allowed to vary temporally using
the interpolation procedure applied to salinity but the same temperature was applied to all

boundaries at a particular time.

Wwind speed and direction were specified using hourly wind data collected at the
Texasgulf plant, see Figure 4-1. Wind direction had to be converted for proper grid

orientation using the following formula:

3400 + 6y ., 00 =< 6y < 20°

By - (1

oy - 20°, , 20° = 6y < 360°

where 6,, is the converted model wind direction and 6y is the measured wind direction

with respect to North.
6.3 DESCRIPTION OF CALIBRATION PERIOD

A one-year period, 1991, was used to calibrate and validate the hydrodynamic
model. Surface elevation and salinity data collected within the Tar Pamlico estuary during
that period were used to assess the performance of the model. The daily average flow
rates measured at Tarboro during 1991 are illustrated on Figure 6-4. The average flow
rate at Tarboro during this year was 1,240 cfs which corresponds to an annual average
freshwater inflow to the Tar Pamlico estuary of 2,440 cfs. Six relatively high flow events,
with maximum flow rates greater than 3000 cfs at Tarboro, occurred during 1991.
Variations in the wind stress, determined from measured wind velocities, during 1991 are
also shown on Figure 6-4. Significant wind events, i.e., greater than 1 dyne/cm2 which
corresponds to a velocity of approximately 18 knots, occur about once every two weeks.
Observed tidal elevations, representing the average of the Pamlico Beach and Goose Creek

tide gauge measurements, during the calibration period are shown on Figure 6-5.
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6.4 MODEL PARAMETERS AND COEFFICIENTS

A 10 minute timestep was used for the internal mode calculations and a 1 minute
timestep was utilized for the external mode (free surface waves). The vertical turbulence
closure sub-model used a background mixing value of 56 X 10® m2/s. The two coefficients.
that were adjusted to achieve the best calibration results were the bottom roughness
coefficient and the horizontal eddy viscosity. The optimum values of the bottom
roughness and horizontal viscosity were 0.1 cm and 15 m?/s, respectively. The eddy

diffusion coefficients were set equal to the eddy viscosity coefficients in all calculations.
6.5 CALIBRATION RESULTS

Surface elevation and salinity distribution were the two qUantities used to assess
the accuracy of the hydrodynamic model during the one year calibration period. A
comparison between predicted and observed tidal elevations at Washington is presented
on Figure 6-6. The agreement between simulation results and measurements is seen to
be excellent. The average error was 3.3 percent for the entire year. These results indicate

that the model geometry and bottom friction coefficient are realistic and accurate.

Due to a sparsity of salinity boundary condition data, calibration of the
hydrodynamic model using observed salinity distributions required interpolation between
measurements. Surface and bottom salinity observations were made at the downstream
boundary only 10 times during 1991, so very little information on the temporal and vertical
variation at this important location was available. Adjustment of the downstream salinity
boundary condition, with respect to the few available measurements, was necessary to
improve the model results. The temporal variation of surface and bottom salinity values

specified at the downstream boundary are shown in the top panel on Figure 6-7.

Predicted surface and bottom salinities were compared with measured salinity
values at the seven water quality stations shown on Figure 6-1. Time-histories of

predicted salinities and measured values at stations 1A, 3, 5, 7, 8, 10 and 12 are
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presented on Figures 6-7 and 6-8, respectively. Measured bottom salinities shown on
these graphs are laterally-averaged values. This lateral-averaging was necessary because
the salinity measurements were typically made in the deeper, central portion of the estuary
channel. Differences between the lateral-average depth used in the hydrodynamic model
and the depth at the measurement site could be significant. The bottom salinity data was
collected deeper in the water column than the lateral-average depth, causing the data to
be incompatible with the hydrodynamic model results. By laterally-averaging the bottom

salinity data, model predictions and observed values could be fairly compared.

Review of Figures 6-7 and 6-8 indicates that the model adequately reproduces the
salt distribution in the Tar Pamlico estuary over a wide range of conditions. The
longitudinal distribution of salt, which indicates the limit of salt intrusion, followed the
observed pattern fairly well, with the salt intrusion usually extending up to the vicinity of
Washington. While the model did not always match the level of stratification indicated by
the data, tvhe model was successfully able to reproduce the periodic stratification events,

at about the correct frequency, that are typical of this estuary.

The ability of the model to realistically simulate the two-layer circulation patternin
the Tar Pamlico estuary is demonstrated by examining the vertical distributions of salinity
and velocity at station 7 during two days in July 1991. Low river flow conditions existed
on both days, July 9 and 17, with freshwater input from the Tar River averaging about
530 cfs. The estuary was vertically stratified on the first day, July 9, due to low winds.
Increased wind velocity during the second day mixed the water column and generated
unstratified conditions in the mid-section of the estuary. As mentioned previously,
intermittent stratified/unstratified periods due to varying winds during the summer and

early fall are typical in the Pamlico River.

The vertical variations in daily-average salinity and longitudinal velocity on July 9
are shown in the top panels on Figure 6-9. The difference between the lateral-average
depth and the depth at station 7 is clearly seen on this figure. The hydrodynamic model

predicts a surface to bottom stratification of nearly 4 ppt which compares favorably with
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observed values. The halocline is predicted to be located at about mid-depth. Two-layer
estuarine circulation is clearly evident in the vertical velocity profile. Dense water flows
upstream in the lower layer, at about -0.05 ft/s, while fresher water flows toward the
estuary mouth in the upper portion of the water column. The vertically-averaged velocity
on July 9 was 0.065 ft/s.

The hydrodynamic model produces a very weakly stratified water column on July
17, see bottom panels on Figure 6-9, with a diffve‘rence of 0.6 ppt from top to bottom. The
measured surface salinity was actually 0.4 ppt greater than the observed bottom value on
this day. Even with this weak stratification, the model generates a significant two-layer
flow with the shear layer occurring near mid-depth. The driving force of this two-layer
circulation pattern is the horizontal density gradient caused by longitudinal variations in
salinity. This phenomenon has been observed in previous estuarine studies (Galperin et
al., 1992) and emphasizes the need for properly accounting for salinity gradients, evenin
an estuary that can be classified as well-mixed. Bottom layer velocities are slightly greater
than on July 9, about -0.065 ft/s, while surface layer flow has decreased significantly.

The vertically-averaged velocity on this day was 0.03 ft/s.

The circulation pattern and salinity distribution in the estuary on a day with an
approximately average freshwater inflow, 2,800 cfs, are illustrated on Figure 6-10. The
model results presented on this figure are daily average values on August 3. Vertical
stratification in the estuary, except in the upstream portion near Washington, is between
2 and 3 ppt. The fresher surface flow is clearly evident in the top meter of the water
column. Upstream flow in the lower layer extends almost to Washington. Interestingly,
some upwelling in the lower layer occurs at several intermediate points between the
upstream limit of the salinity intrusion near Washington and Pamlico Point. This
phenomenon is due to geometric variations in the estuary, i.e., bathymetry and

cross-sectional area.
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7. WATER QUALITY MODEL CALIBRATION

The segmentation and geometry used for water quality modeling is identical to that
developed for the hydrodynamic modeling (Section 6). There are a total of nine boundary
conditions in the model which include the upstream freshwater inflow from the Tar River
at Greenville, the tidally influenced downstream boundary near Pamlico Point and seven
freshwater tributaries, which are tabulated in Table 6-1. Five main point sources are
included within the model domain, see Figure 7-1, of which three are municipal waste
water treatment plants (WWTP) for the cities of Washington, Aurora and Bélhaven. The
two industrial point sources are the National Spinning Company in Washington and
Texasgulf, Inc. which discharges its phosphorus mining wastes between Durham Creek
and South Creek. There are also a number of point source loadings upstream from the
boundary at Greenville that are not directly included in the model but are reflected in the
measured upstream boundary inputs. A table of the point source loadings and flows
entering the Tar-Pamlico River systemupstream and downstream from Greenville for 1991
are presented in Appendix 9.2. Monthly loadings of total nitrogen and total phosphorus
were compiled from four sources: NCDEM (1987, 1989), Research Triangle Institute
(1992), personal correspondence from Paul Blount (Tar-Pamlico Basin Association, 1993)

and Dr. Donald Stanley (East Carolina University, 1993).

The data collected as part of the Tar-Pamlico River sampling program funded by
Texasgulf, Inc., was used to develop inputs and to calibrate the water quality model for
the 1991 study period. The 1991 data is part of an extensive database collected by Dr.
Donald Stanley and East Carolina University (Institute for Coastal and Marine Resources,
1991). ‘A compilation of the data for 1981 through 1990 is presented in a report
completed by HydroQual in 1992. Data collected as part of the sampling program
included: particulate phosphorus, total dissolved phosphorus, orthophosphate phosphorus,
ammonia nitrogen, nitrate nitrogen, particulate nitrogen, dissolved kjeldahl nitrogen, total
fluoride, chlorophyll, salinity, tenﬁperature, dissolved oxygen and pH. Surface and bottom
samples were collected bi-monthly for all of the constituents and beginniﬁg in 1990,

vertical sampling with respect to depth for salinity, temperature and dissolved oxygen. A
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total of 21 stations were sampled of which eight main stem stations, see Figure 4-1, were
used for model inputs and calibration. Since silica is not considered to limit algal growth
in this system and is abundantly available in the Tar-Pamlico River, the two silica state

variables were not modeled in this calibration analysis.

7.1 MODEL INPUTS AND FORCINGS

7.1.1 Boundary Conditions

A total of nine boundary conditions are included in the model, eight of which are
freshwater tributaries. The upstream boundary on the Tar River at Greenville was based
on the data collected at a station near Grimesland (Seine Beach, SB) during 1991. This
station is approximately nine miles downstream from the Greenville model boundary and
is upstream from Grindle and Chicod Creeks. Data was collected at this station twenty
times throughout 1991 and was linearly interpolated in between sampling dates for model
input. The downstream boundary near Pamlico Point was based upon data collected
during 1991 at stations 1 and 1A, see Figure 4-1. The use of both stations in defining the
boundary condition was based on the model calibration analysis and also upon the need
to further define the temporal variation at this boundary. Vertical stratification of salinity
and dissolved oxygen occurs at these stations and therefore the boundary condition data

was interpolated vertically and then temporally for input into the model.

Unfortunately, water quality data for the seven tributaries was sparse or not
available for 1991 and therefore the available databases were used to develop
concentration versus flow relationships for defining the tributary model inputs. Water
quality data collected at Chicod Creek, Tranters Creek, Durham Creek and Campbell Creek
by the NCDEM and the United States Geological Survey (USGS) from 1986 through 1991
was used to establish the relationships. Since flow data was not available for these creeks
and model flow inputs were based upon the Tar River flow at Tarboro, the relationships
were developed relative to the flow at Tarboro. Seasonal relationships, winter and

summer, were developed for Tranters Creek, Durham Creek and Campbell Creek but not
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for Chicod Creek due to the sparsity of data. The results of these analyses are presented
in a log-log format in Appendix 9.3 and for the Tranters Creek summer data in Figure 7-2.
Adjustments in the relationships developed for Chicod Creek total kjeldahl nitrogen and
nitrite plus nitrate, presented in Appendix 9.3 were necessary based upon the calibration
analysis. The adjusted relationships are represented in the figure as dashed lines. Certain
assumptions were made regarding the ammonia and orthophosphate relationships, as
noted in Appendix 9.3 which were based upon available data and the model calibration.
Also, the particulate and dissolved fractions of the measured organics for the tributary

inputs was based upon the available data.

Organic carbon and biochemical oxygen demand (BOD) measurements were either
extremely limited or non-éxistent during 1991 and therefore historical values were used
to define the boundary condition inputs. Measurements made between August, 1975 and
July, 1977 within the Tar-Pamlico River were used to define the boundary inputs (Davis,
et. al. 1978). The organic carbon boundary inputs used for the 1991 calibration are

presented in Table 7-1.

T'a‘blé"b7,-j"1,.n 1991 Calibration Boundary Inputs of Organic‘Carbon
POC (mg/l) DOC (mg/l)
Boundary Surface Bottom Surface Bottom
Pamlico Point 1.5 1.6 5.7 6.2
Tar River at 1.8 1.8 6.8 6.8
Greenville
Tributaries 1.0 1.0 21.0 21.0

The reactivities of organic material, as described in Se
condition inputs is also necessary.
reactivity of boundary organic nitrogen, phosphorus and carbon, rea

assigned from other estuarine studies. The upstream and tributary bo

ction 5.2, for the boundary
Because no data were available on the relative
ctivity fractions were

undary inputs of

organic material were assigned 75 % labile and 259% refractory. The downstream boundary

near Pamlico Point is influenced by the Pamlico Sound where it is assumed that the labile

42




100

10
—
~ 1
o % o
E %o °5 -2,
=z 0.1
Y
’_
0.01L. TKN = 0.652%070-032
0.001 1 11 aaanl sl 11
100 1000 10000 50000
100
L] LI l|||ll L T ¥ IIIIII L] T L
10 NH3 = 0.054*0-0.034
y 1
o
E
m 0.1
I o ° °
Z oc° -€0—-0
o
0.01
0.0011 L 1 e aaanl 3 1 vl 1
100 1000 10000 50000
1
: L] LI llllll T LI llllll L L] l-
E o0 - Total e - Dissoved 3
—~ 0.1L -
— 3 3
~ C m
[@)] o .
E N ]
éy L .
> 0.01; -
0001 1 p 11 agasl 1 p ¢yl [ |
100 1000 10000 50000
Flow at Tarboro (cfs)
Figure 7-2.

* (Summer

Tranters Creek Data vs Flow at Tarboro
Apr, May, Jun, Jul, Aug, Sep)

100 T TTTITI] T TTTTTI] | —— |
10 NOy = 0.007%g0-395
<
— 1
[e)]
E
]
x 0.1 O&
o
zZ o
[e]
0.01
0.001 y oy aaul L 1 aauul i1
100 1000 10000 50000
10 T T T rrrirg T 1 T Iy |ﬁ§
L TP - 0.452x~0.223 I
= ]
:5 0.1 2 ° |
E E o - o 3
- oo 3) i
a C ]
L L i
0.01L .
0.001 11 1l 1 11l 1
100 1000 10000 50000
10 T TTTTT] T T 71T T
[ Poa- 0.031%g0-088
= o
~ L
o L
E o.1L -
3 ELE—————17———"—-——— 3
< F 3
o F o :
a - -
0.01 =
0.001l y 1ol v sl L1
100 1000 10000 50000

Flow at Tarboro (cfs)

(1986-1991)




fraction of organic material has had sufficient time to decompose. Therefore, organic
material entering the Tar-Pamlico River from the Pamlico Sound was assumed to be more
refractory (stable) in nature than the upstream sources. The percentage of organic
material in the labile and refractory forms for the calibration was assigned as 50% labile

and 50% refractory.
7.1.2 Solar Radiation, Fraction Daylight and Saturating Algal Light Intensity

The input of these three parameters is necessary for the algal growth formulation
described in Section 5.2. Solar radiation controls the amount of energy available for algal
growth and was estimated on a daily basis. Daily cloud cover data for 1991 was obtained
from the National Oceanic and Atmospheric Administration (NOAA) weather station at
Cape Hatteras, North Carolina and converted to total daily solar radiation. The conversion

of cloud cover data to solar radiation values in langleys was based upon an empirical
equation developed by Hamon, Weiss and Wilson (1954) and the latitude of the modeled

system.

The duration of sunlight within a day, fraction daylight, is also required for the algal
growth formulation, since algal growth only occurs during the day. An estimate of the
fraction daylight was based upon the latitude of the system and the equations developed
by Duffie and Beckman (1974).

The optimum light condition at which algal growth is maximized is referred to as the
saturating algal light intensity. In previous algal growth formulations this value was
assigned as a constant in time, but for this analysis the saturating algal light intensity was
assigned as a fraction of the daylight solar radiation. The daily saturating algal light
intensity was calculated as 40% of the five day moving average of the daylight solar
radiation. The total solar radiation, fraction daylight, daylight solar radiation and saturating
algal light intensity for 1991 are _presented in Figure 7-3. The calculation results in

saturating algal light intensities that range from 250 to 500 langleys per day.
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7.1.3 Light Extinction Coefficients

The solar radiation that is available for algal growth is a maximum at the surface
and decreases with depth in the water column. This decrease of solar radiation with depth
is estimated by an exponential decay function and light extinction coefficients. In the
Tar-Pamlico River, direct measurements of the light extinction coefficients for 1991 were
available in the database collected by Dr. Donald Stanley and East Carolina University
(ECU). These measured light extinction coefficients were input spatially and temporally

and are presented for seven main stem water quality stations in Figure 7-4.

The light extinction coefficient measures the light absorbance of detrital (non-algal)
material and also of the ambient algal cells. The light formulation used in this study,
utilizes the non-algal (base) light extinction and therefore the measured light extinction
coefficients (total) must be corrected for algal interference or algal self shading. The algal
self shading effect is computed internally based upon an algal related light extinction
coefficient and the computed algal biomass (chlorophyll). The algal related light extinction
coefficient per unit of chlorophyll was determined from an analysis of the measured total
light extinction coefficients and the associated chlorophyll at the time of measurement.

The details of the complete algal light formulation are presented in Appendix 9.1.
7.1.4 Algal Stoichiometry

The phytoplankton systemsin the water quality model are based in carbon units and
therefofe the ratios of carbon, nitrogen and phosphorus to chlorophyll are necessary.
Organic carbon data was not collected in 1991 and therefore the carbon to chlorophyll
ratio (C/Chl) could not be developed. A C/Chl ratio of 83 was used based upon the organic
carbon and chlorophyll data collected from 1976 through 1977 (Davis, et. al. 1978).
Nitrogen to chlorophyll (N/Chl) and phosphorus to chlorophyll (P/Chl) ratios were developed
based upon the ECU database for 1991. A N/Chl ratio of 6.6 and a P/Chl ratio of 1.0 were
calculated from the 1991 data and used for calibration. The calibration C/Chl, N/Chl and

P/Chl ratios and data are presented in Figure 7.5. Nutrient ratios reported for the
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Tar-Pamlico River (USGS, 1990) are in general agreement with those calculated from the

1991 data, see Table 7-2. The Redfield ratios are also presented in Table 7-2 for

reference.

L :1~',} :ij ',T:éb_l'e17‘-’2.','Nutrient Ratio Comparisons
Carbon: Carbon: Nitrogen:
Source Nitrogen Phosphorus Phosphorus
| catibration 12.6 83.0 6.6
“ USGS, 1990 17.0 85.9 5.3
“ Redfield 5.7 41.0 7.2

7.1.5 Oxygen Transfer Coefficient

Atmospheric reaeration is calculated from an oxygen transfer coefficient and water
depth, see Appendix 9.1. Typical ranges of the oxygen transfef coefficient in estuarine
systems are from 2 to 7 feet per day (ff/d). Since the stratification/destratification and
hypoxia events in this system are mainly coupled to wind conditions, the oxygen transfer
coefficient was calculated as a function of the daily wind speed. Oxygen transfer
coefficients were calculated from the daily wind speed measurements at the Texasgulf
facility and the equations developed by O’Connor (1983). Figure 7-6 present the daily
wind speeds and the calculated oxygen transfer coefficients for 1991 based upon

O’Connor’s equations for an intermediate system.
7.1.6 Water Temperature

Water temperaturesin the Tar-Pamlico River on average range from about 5 degrees
celsius (°C) in the winter months to about 30°C during the summer. In 1991, minimum
water temperatures were about 8°C in January and December and increased to maximum
of about 30°C in June, July and August. Water column temperatures were input spatially,

temporally and constant in depth for 1991.

49




76617 JOj4 Iy pajernare) pue ON ‘jTn9gsexal 3e paads putM Atteq °'g9-£ 3Jnbld

AON 3130 das Bny e

unp Aep Jday Jep qa4d uer

N

RPN e e L L

JU3TIT 44307 Jajsued] uabAxp abedsaay — — —

T T T T T 10°0

-+ - 4= {¥= =74 A gl - - -h

320

AON 120 das 6ny mr

unp Aen Jay Jen qa4 uep

T T T T T 0°0

o o1

-

Y

(P/33)
}}200 Jajsued| ua

paads putM

(s/w)

BAXQ




7.2 CALIBRATION ANALYSIS

The data used for calibration was from the 1991 ECU database and at times also
included NCDEM and USGS water quality data. Sediment data was not available for 1991
and therefore historical sediment data from the early 1980’s was used to guide the
calibration (Water Resources Research Institute of the University of North Carolina, 1983,
1984). The only recent sediment data was SOD measurements collected in 1992 by the
NCDEM. Typical sediment data magnitudes and ranges from other estuarine studies on
Long Island Sound and Chesapeake Bay, were used for additional guidance during the
calibration. The water quality model calibration examined the model behavior over the year
at nine water quality stations. Sediment model output was also examined at these
stations plus at stations where historical data wés available for comparison. The final
calibration was the result of over 100 model runs calculated on a daily basis which

included model sensitivities for various model coefficients.

The calibration analysis that follows is presented in three graphical formats to

highlight the insights gained throughout the course of this study.

1. Seasonally averaged spatial figures of water quality data and model output to

address the general dynamics of the system.

2. Temporal figures of water quality data and model output for specific stations to

address system dynamics within the year.

3. Temporal enlargements of salinity and dissolved oxygen data and model output
to address the dynamics of the stratification/destratification and hypoxia events

within the system.

Salinity and dissolved oxygen samples were collected vertically in the water column
and at times the maximum sampling depth exceeded the model segment depth. This

discrepancy typically occurred at the upstream stations due to sampling in the dredged

51




center channel or in a deeper center channel. The laterally averaged model can not
represent these geometries adequately because model depths must represent the entire
width of the river. It was therefore necessary to weight the vertical samples of salinity
and dissolved oxygen with respect to the cross sectional area at each sampling station.
In the remaivning calibration figures salinity and dissolved oxygen concentrations are
presented as a weighted average above and below the halocline with the ranges
representing the minimum and maximum values for each case. Surface and bottom
samples are presented for the remaining data, e.g. chlorophyll and ammonia

concentrations, and model output is presented for layers 1 and 8.

In addition to the averaging procedure outlined above, bottom layer model and data
comparisons for stations 3 and 12 were omitted for the following reasons. Data samples
at station 12 were often collected in the dredged center channel near Washington. The
dimensions of this channel are maintained at approximately 12 feetin depth and 200 feet
in width. The actual dimensions of the river at this location are approximately 3,500 feet
wide and 4 to 5 feet deep. The laterally averaged model geometry represents the average
depths and therefore can not include the dredged channel. Data samples collected within
the dredged channel were excluded when averaging the data and the remaining samples

were considered as surface layer measurements.

Station 3 is located downstream near Indian Island where samples were typically
collected at shallower depths than the main channel. Maximum sample depths ranged
between 10 and 12 feet while the main channel depth was approximately 16 feet.
Therefore, actual bottom layer samples may not have been collected. All measurements
obtained at station 3 were assumed to represent the surface layer and were averaged for

model and data comparisons.

During a few sampling dates in September, November and December measured
dissolved oxygen concentrations from the ECU database seemed to contradict
measurements obtained by the NCDEM during the same periods. Dissolved oxygen

concentrations from the ECU database were significantly higher than those measured by
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the NCDEM during the same periods. In Figure 7-7, the comparison of dissolved oxygen
concentrations from the two databases for 1991 highlight the discrepancies during these
periods. Probability distributions of the dissolved oxygen concentrations from the two
databases are presented in Figures 7-8 and 7.9 with and without the questionable ECU
dissolved oxygen data. The dissolved -oxygen probability distributions from the two
databases compare more favorably without the questionable ECU data. Therefore, in some
of the subsequent calibration figures, the questionable ECU dissolved oxygen data have

been excluded where noted.
7.2.1 Summer Averaged Spatial Comparisons

The summer averaged model output and data are presented in Figures 7-10 through
7-12 as spatial profiles beginning near Grimesland, station SB, and ending near Pamlico
Point, station 1. The summer average includes the months of May through September and
is calculated from daily model output. The plotted data represent the median and range
of the values within these periods above and below the halocline. Similarly, the model
output represents the average within these periods with the surface layer composed of the

top 5 model layers and the bottom composed of the bottom 3 model layers.

In general, the overall computed spatial profiles and magnitudes of dissolved
oxygen, salinity and chlorophyll levels reproduce the observed trends and are within the
associated ranges for this period, Figure 7-10. Computed surface layer dissolved oxygen
concentrations generally reproduce the observed median concentrations which are
relatively constant within the estuary. The computed increase in dissolved oxygen
concentrations at station 12 is due the increase in chlorophyll levels and the associated
increase in oxygen production.  The computed bottom layer dissolved oxygen
concentrations at stations 8 and 10 are slightly higher than the observed median values.
Computed chlorophyll levels reproduce the observed increase in chlorophyll levels from the
mouth of the estuary to a maximum near station 12 at Washington and then decrease

upstream from Washington.
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Figure 7-8. Tar-Pamlico River D.0. Probability Distributions - 1991

- Data averaged above and below the halocline
- Open Symbols = ECU, Filled Symbols = NCDEM
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Figure 7-9. Tar-Pamlico River D.0. Probability Distributions - 1991
- Data averaged above and below the halocline
- Open Symbols = ECU, Filled Symbols = NCDEM
- Excludes 9/5, 11/12, 11/26 and 12/9 ECU data
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The model computes that saltwater intrudes into the estuary a couple of miles
beyond station 12, near Washington, where freshwater from the Tar River meets the
Pamlico River, as shown in the middle panels of Figure 7-10. The salinity levels near the
mouth of the estuary, Pamlico Point, are approximately 13'ppt in the downstream flowing
surface layer and 15 ppt in the upstream flowing bottom layer. The average difference
between surface and bottom layer salinities during this period is less than 1 ppt. The
model captures the observed decrease in salinity levels from Pamlico Point to Washington

and also the approximate level of salinity stratification.

This computed level of salinity stratification along with the oxygen demands within
the systemcause an associated stratificationin computed'dissolved oxygen concentrations
of approximately 1to 2 mg/l between Washington and Pamlico Point, as shown in the top
panels of Figure 7-10. The computed dissolved oxygen stratification upstream from
Washington gradually decreases as salinity stratification decreases and as the system
becomes dominated by the completely mixed freshwater reaches of the Tar River.
Computed surface layer dissolved oxygen concentrations range between 6 and 9 mg/l and
are slightly lower than the observed median concentrations which are generally near the
dissolved oxygen saturation values. The computed bottom layer dissolved oxygen
concentrations range between 5 and 8 mg/l and are higher than the observed median
concentrations. near stations 8 and 10. The differences in computed and observed
dissolved oxygen concentrations at stations 8 and 10 may be due to the collection of
samples within a center channel which is not represented by the laterally averaged model.
Also, the slightly greater observed salinity stratification than computed results in increased

computed vertical mixing which effects the level of dissolved oxygen stratification.

The oxygen demands within the system also have an impact upon dissolved oxygen
concentrations and the level of dissolved oxygen stratification. One of the sources of
oxygen demanding material in the estuary originates from phytoplankton growth and
death. The oxygen demands associated with the phytoplankton are due to algal respiration
and indirectly due to the decomposition of dead algae in the sediments and the associated

SOD. The average phytoplankton levels, measured in chlorophyll units, are presented in

58




the bottom panels of Figure 7-10 and range from 10 to 50 ug/l. Computed upstream
surface layer chlorophyll concentrations are lower than the observed median
concentrations which may explain the lower surface layer dissolved oxygen
concentrations, since algal oxygen production may be slightly greater. The difference in
computed and observed bottom layer dissolved oxygen concentrations may also result
from the lower computed chlorophyll levels along with the level of salinity stratification

since algal respiration and SOD are main factors in the bottom layer oxygen balance.

The spatial profiles of chlorophyll, ammonia plus nitrate and orthophosphate
concentrations for the summer period are presented in Figure 7-11. Ammonia plus nitrate,
total inorganic nitrogen (TIN), entering the system near Grimesland (station SB) is
approximately 0.8 mg/l and decreases to less 0.1 mg/l downstream from station 10. This
decrease of TIN, which is captured by the model, is mainly due to saltwater dilution at this
location with additional losses due to uptake by algae for growth and flux into the
sediments. The ammonia concentrations constitute approximately 10% of the TIN at
station SB and the nitrate concentrétions constitute approximately 90%. At station 12,
the percentages change to approximately 40% ammonia and 60% nitrate and then
ammonia tends to dominate farther downstream with the percentages of 80% ammonia
and 20% nitrate. The impact of freshwater sources is reflected by the larger percentage
of observed nitrate in the upstream reaches of the estuary. The peak in chlorophyll levels
near station 12 is primarily due to the available nutrients. Since ambient phosphorus levels
downstream from station 12 are above the phosphorus half saturation constant of 0.001
mg/l, the system is nitrogen limited. Therefore, the nutrient limitations that occur
downstream from station 12 are the primary cause for the decrease in chlorophyll levels.
The lower chlorophyll levels upstream from station 12 is mainly controlled by the short
residence time since ambient nutrients are above the half saturation constants for nitrogen

and phosphorus.

The model computation of orthophosphate concentrations are less than the
observed median values in the central sections of the estuary. This discrepancy may result

from under computed sediment phosphorus fluxes. Since the concentrations are well
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above the phosphorus half saturation constant of 0.001 mg/l, the discrepancy does not
effect algal growth. Sediment phosphorus fluxes are dependent upon water column
dissolved oxygen concentrations and therefore discrepancies between computed and
observed dissolved oxygen concentrations may also effect sediment phosphorus fluxes.
The uncertainty in phosphorus loadings to the system, specifically non-point sources, may
also contribute to the under computed water column orthophosphate concentrations.
Generally, the computed nutrient concentrations reproduce the observed trends and fall
within the measured ranges. The Texasgulf phosphorus loading is apparent between
stations 5 and 7 near mile 16. Algal levels and spatial profiles are reasonably computed

and the algal-nutrient interactions are properly modeled.

The averaged sediment output, at ambient temperature, for the summer period is
presented in Figure 7-12 along with the bottom layer dissolved oxygen and chlorophyll
concentrations. The computed spatial trends for the SOD and phosphorus, ammonia and
nitrate fluxes respond to the algal peak near station 12. The computed SOD and fluxes
increase to a maximum slightly downstream from station 12 between stations 10 and 12
(mile 32) which may result fromincreased settling due to changes in geometry. Computed
SOD is approximately 1 g/m2/d upstream and downstream from the maximum of
approximately 2.2 g/m2/d. The computed phosphorus fluxes range from 6 mg/mzld to 26
mg/mzld at the peak. The computed ammonia and nitrate fluxes upstream from station
12 are generally into the sediments due to the large concentration gradient between the
water column and the sediment pore water. The ammonia fluxes decrease downstream
of station 12 from approximately 70 to 5 mg/m?/d and the nitrate fluxes decrease from

approximately 25 to 10 mg/m?/d.
7.2.2 Winter Averaged Spatial Comparisons

The winter period is presented in Figures 7-13 through 7-15 and the data and model
are averaged for the months of October through April as described for the summer average
comparisons. Generally, the same trends and factors that affect the water quality data

and model output for the summer average period are true for the winter.
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The observed and modeled dissolved oxygen, salinity and chlorophyll concentrations
are presented in Figure 7-1 3. The model reasonably captures the magnitudes and trends
of the observed data except for the bottom layer dissolved oxygen concentrations which
are greater than observed median values for station 7, 8 and 10 but are still within the
observed ranges for this period. Surface layer observed and modeled dissolved oxygen
concentrations are near the surface dissolved oxygen saturation value and are
approximately 9 mg/l. Bottom layer median dissolved oxygen concentrations are
approximately 7 mg/l at station SB and downstream from station 5 and for stations 7, 8
and 10 are approximately 5 mg/l. The increase in dnssolved oxygen levels during the
winter period is due to the lower water temperatures and algal levels and the subsequent

decrease in the SOD.

The observed and computed chlorophyll levels are approximately one half the
summer values and peak between stations 10 and 12, see Figure 7-14. Chlorophyll levels
upstream and downstream from the peak are approximately 5 wg/l and increase to a |
maximum of 25 ug/l. The TIN concentrations exhibit the same decreasing spatial trend as
the summer values. Higher TIN concentrations from station 12 downstream are due to the
high freshwater loadings of ammonia and nitrate in the beginning of the year. Upstream
TIN concentrations are composed of approximately 13% ammonia and 87 % nitrate and
at station 12 are approxnmately 20% ammonia and 80% nitrate. Downstream from station
12 to station 1 the percentage of ammonia increases from approximately 50% to 80%.
The lower percentage of ammonia during the winter than the summer reflects the higher
loading of nitrate from the high flows in the beginning of the year and the higher ammonia
fluxes during the summer. Modeled orthophosphate concentrations are slightly higher than
the observed medians in the middle of the estuary but are still within the observed ranges.
Winter observed orthophosphate concentrations are lower than the summer values due to

the increased phosphorus fluxes during the summer.

The average sediment response to the lower water temperatures and algal levels

during the winter is evident from Figure 7-15. The computed SOD and phosphorus,
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ammonia and nitrate fluxes are all significantly lower than the values computed during the
summer. Water temperature is the primary cause for these decreased values. The peak
in the SOD and fluxes still responds to the algal peak between stations 10 and 12. The
maximum SOD during the winter period is approximately 1.0 g/mzld as compared to the
summer maximum of approximately 2.2 g/m2/d. Upstream and downstream from the
peak, the SOD decreases to approximately 0.2 to 0.4 g/mz/d. The phosphorus fluxes
range between O and 4 mg/mz/d. The ammonia and nitrate fluxes upstream from station
12 are into the sediments, similar to the summer fluxes, due to the large concentration
gradient between the water column and sediment pore water concentrations. Ammonia
fluxes downstream from station 12 range from O to 10 mg/mz/d and the nitrate fluxes are

near zero.
7.2.3 Temporal Comparisons

The next series of figures presents the temporal trends in water quality data and
daily model output for four stations in the estuary. Dissolved oxygen, salinity, chlorophyll,
orthophosphate, ammonia and nitrate concentrations for stations 5, 7, 8 and 10 are
presented on Figures 7-16 through 7-19. The dissolved oxygen and salinity data and
model output are also presented on expanded scales in Figures 7-20 through 7-23. The
dissolved oxygen and salinity data and model output are averaged above and below the
halocline as outlined in Section 7.2, with the solid line representing the surface layer and
the dashed line representing the bottom layer. Chlorophyll, orthophosphate, ammonia and
nitrate concentrations are presented as surface and bottom samples for the observed data
and as layers 1 and 8 for the model output. For these constituents, the solid line

represents layer 1 model output and the dashed line represents layer 8.

The observed salinity concentrations for 1991 generally increase throughout the
year reflecting the overall decrease in freshwater flow entering the system, Figures 7-16
through 7-19. The decrease in salinity concentrations during January, March, April and
August reflect the high freshwater flows entering the systemin the beginning of the year

and in late July and August. The model generally captures the increasing salinity
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concentrations throughout the year for these stations and also the downstream increase
in salinity concentrations from station 10 to 5. The short term salinity stratification and
destratification events that occur within days in the estuary are calculated by the model
yet are not obvious from the data, which is sampled approximately every two weeks. This
behavior is exhibited in the USGS salinity and dissolved oxygen continuous monitoring data
in Figure 7-24. The relatively short time scale of the mixing events is evident from the
USGS surface and bottom data collected at the four stations in the estuary. The
discontinuous behavior of the USGS data is due to malfunctions of the sampling device

during the sampling period.

The observed surface layer dissolved oxygen concentrations are typically near the
dissolved oxygen saturation values which are approximately 9.5 mg/l during the winter and
7.5 mg/l in the summer. Surface layer dissolved oxygen concentrations occasionally are
supersaturated primarily due to algal dissolved oxygen production. The modeled surface
layer dissolved oxygen concentrations for stations 5, 7, 8 and 10 generally reproduce the
observed winter and summer trends and magnitudes and are typically within the measured
ranges for these stations during the year. The observed dissolved oxygen concentrations
during November and December were included in these figures to highlight the

discrepancies in their magnitude, as described in section 7.2.

Bottom layer dissolved oxygen céncentrations are significantly less than the surface
layer concentrations due the salinity stratification present and the ambient oxygen
demands. These low dissolved oxygen levels typically occur during the summer when
water temperatures are near the maximum of approximately 30°C. Also at this time of
the year, SOD and the sediment fluxes are at their maximums, again due to the high water
temperatures. The observed and modeled dissolved oxygen stratification typically
coincides with salinity stratification and the frequency of eventsis of the same time scale
as that for salinity stratification. The_ modeled bottom layer dissolved oxygen
concentrations are slightly higher than the observed concentrations (station 10), as
mentioned in Section 7.2.1, which is possibly due to the lateral averaging of water depths

for model geometry. Differences between the laterally averaged modeled depth and the
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observed maximum depth are a maximum upstream and decrease in the downstream
direction. The improvement between observed and modeled bottom layer dissolved
oxygen concentrations at station 5, 7 and 8, may reflect better agreement between model

and actual water depths at these stations.

The computed chlorophyll, orthophosphate, ammonia and nitrate concentrations
reasonably reproduce the observed patterns and magnitudes of the observed data for
stations 5, 7, 8 and 10. The computed algal biomass reproduces the observed average
level throughout the year. Chlorophyll concentrations in 1991 typically start at low levels
and grow to maximums during the spring and summer and then decrease again near the
end of the year. The periodic algal peaks or blooms that occur throughout the year are not
computed in the model since most of these peaks are probably of small areal extent and
are locally influenced, The decreasing chlorophyll levels from September through
December at these stations are caused by the decreasing available nitrogen, specifically

ammonia, and decreasing water temperatures.

The computed and observed ammonia and nitrate concentrations are typically the
greatest in the beginning of the year when the freshwater inflows were the highest and
decrease throughout the year to low levels during the winter. The effect of the freshwater
inflow and the associated elevated ammonia and nitrate concentrations are reproduced by
the model. Summer increases in the ammonia and nitrate concentrations, especially in the
bottom layer, reflect the increased fluxes of ammonia and nitrate. In general, the ammonia
and nitrate concentrations are near the nitrogen half saturation constant for algal growth

of 0.01 mg/l and are the limiting nutrients for the year.

Orthophosphate concentrations are at the highest levels during the summer due to
the increased phosphorus fluxes during this time. The summer increase of phosphorus
fluxes is due to high water temperatures and low bottom layer dissolved oxygen levels.
This observed behavior is generally computed by the model but the summer magnitudes
are under computed. Even though the observed summer orthophosphate concentrations

are under computed, there is no effect upon algal growth since nitrogen is the limiting
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nutrient. Also, the orthophosphate concentrations near the end of the year are slightly
~ over computed. The difficulty in reproducing the observed orthophosphate concentrations
may result from the absence of sediment data for 1991 which is needed to calibrate the
sediment model for this system. Other difficulties may stem from the limited data used
to develop the tributary loadings for 1991 and also not knowing the capacity of the

sediment to store phosphorus from previous years.

The primary factorsinfluencing salinity stratification and destratification (mixing) for
this system are the ambient wind and flow conditions. In Figure 7-25, the daily average
freshwater flow, wind stress and station 7 salinity and dissolved oxygen data are
presented to highlight the physical mixing factors. The high freshwater flows in the
beginning of the year and in July and August cause salinity stratification in April and at the
end of July as bottom salinities remain constant while the surface salinities decrease. The
importance of low wind conditions and therefore low surface wind stress, is more
important during steady flow conditions such as those observed during June and July and
from September through December. The low wind stress near the end of May causes
significant vertical salinity stratification as observed during the first sampling date in June.
The second sampling date in June is completely mixed in the vertical in response to the
increased wind stress prior to the sampling date. The importance of wind or flow induced
stratification and destratification is also observed in the dissolved oxygen data in Figure
7-25. Typically, when surface and bottom »salinities are stratified, a concurrent

stratification of surface and bottom dissolved oxygen concentrations is observed.

Figures 7-20 through 7-23 highlight the importance of these mixing processes on
dissolved oxygen levels and also the frequency of these events in the Tar-Pamlico River.
These wind induced mixing events occur on a time scale of days to weeks and result in
the mixing of the surface and bottom layers in the estuary. The effect of these mixing
processes on dissolved oxygen levels is apparent from these figures. At the onset of
salinity stratification, surface and bottom layer dissolved oxygen concentrations are either
completely or partially mixed. As the duration of the stratification event increases, the

bottom layer dissolved oxygen concentrations decrease and if water temperatures and
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oxygen demands are high they may approach hypoxic conditions. The physical process
that controls the deoxygenation of the bottom waters is the decrease in mixing between
the surface and bottom layers. As this physical mixing decreases, the transfer of dissolved
oxygen from the surface layer to the bottom layer is reduced and the dissolved oxygen
supplied through atmospheric reaeration is prevented from offsetting the oxygen demands
in the bottom layer. As the wind speeds increase and therefore mixing, surface and
bottom layer salinities and dissolved oxygen concentrations become mixed until the winds
subside and the stratification processes begin again. These events occur throughout the
year as displayed in the Figures for stations 5 through 10 but dissolved oxygen hypoxia
typically occurs during the summer when water temperatures and oxygen demands are the

highest.
7.2.4 Sediment Model Calibration

The computed SOD and nutrient fluxes for 1991 are presented in Figures 7-26
through 7-31 along with SOD measurements from 1992 and ammonia and orthophosphate
fluxes from 1981 through 1983. None of the sediment data available coincided with the
calibration year of 1991 and therefore the yearly trends and relative magnitudes of the
data were considered during the calibration of the sediment model. Pore water data was
also available from a few studies during 1980 through 1983 and are included with the

sediment calibration figures in Appendix 9.4.

The computed SOD and nﬁtrient fluxes all reach maximum values during the
summer when water temperatures are high and dissolved oxygen levels are low. Also, the
algal biomass is an important factor controlling nutrient fluxes and SOD since the settling
algae are the main source of organic material in the sediments and their decomposition is
important in sediment nutrient recycling. The sediments also actas a reservoir for settling
organic material during the ‘cooler months when sediment decomposition is slow. As
water temperatures increase, the decay of organic' material (carbon, nitrogen and
phosphorus) in the sediments increases and therefore the production of their end products

(sulfide, ammonia and nitrate, and orthophosphate) also increases. The oxidation of sulfide
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and the nitrification of ammonia to nitrate determine the SOD and occur in the presence
of oxygen, aerobic conditions. Therefore, as dissolved oxygen levels decrease, the SOD
decreases due to the decrease of sulfide oxidation and nitrification. The production of
sulfide is not affected by low dissolved oxygen levels and therefore fluxes into the water
column where it eventually oxidizes. Another consequence of low dissolved oxygen levels
is that the nitrification of ammonia to nitrate decreases and ammonia is fluxed into the
water column. This increase in ammonia flux is observed in the data and model output
during the summer when the dissolved oxygen levels are low and the water temperatures
are high. Orthophosphate fluxes are also increased as dissolved oxygen levels decrease
which is due to increases in the dissolved fraction of orthophosphate in the sediments.
In general, the computed SOD and sediment fluxes behave in established patterns, low
fluxes during the cooler winter months and high fluxes during the warmer summer months.
Their relative magnitudes are similar to those measured in the Tar-Pamlico estuary and to

those observed in similar systems.

The relationship between ammonia and orthophosphate fluxes andkdissolved oxygen
levels is presented in Figures 7-30 and 7-31. Observed and modeled fluxes are compared
to the dissolved oxygen concentrations at the time of measurement or calculation.
Additional ammonia and orthophosphate flux data from a few long term studies from 1981
to 1983 was included in these figures along with the data presented in Figures 7-26 to
7-29. These figures highlight the strong correlation between decreasing dissolved oxygen
concentrations and increasing ammonia and orthophosphate fluxes. In both cases, the
model reasonably reproduces the observed flux increase with decreasing dissolved oxygen

concentrations.
7.3 VERTICAL DISPERSION SENSITIVITY

A model sensitivity was performed to address the question regarding the lateral
averaging of model depths and its effect upon salinity and dissolved oxygen stratification.
As discussed earlier, the laterally averaged model depths are less than the actual depths

in certain areas of the estuary where a center channel may exist. The inability of a
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two-dimensional, laterally averaged model to represent these geometries may result in
calculated vertical stratification, vertical mixing, that is less than observed. To address
this question, the calculated vertical dispersion from ECOM3D was reduced by 75% for

the entire year and the model calibration re-executed.

In order to compare the sensitivity results to the calibration for the entire year, the
difference between computed surface and bottom layer salinities, termed delta salinity, are
compared as frequency distributions in Figure 7-32. The calibration delta salinities are
presented as a solid line in Figure 7-.32 and the sensitivity results as a dashed line. The
observed delta salinities for stations 5, 7, 8 and 10 are also presented in Figure 7-32. The
calibration delta salinities are less than those observed and may suggest that the proper
level of vertical salinity stratification is not attained. Comparison of observed and
computed delta salinities for the sensitivity is improved and begins to approach the
observed level of vertical salinity stratification. The effect of the increased salinity

stratification on dissolved oxygen levels is presented in the next series of figures.

Observed and modeled surface layer and bottom layer dissolved oxygen
concentrations are presented as fre‘quency distributions for stations 5, 7, 8, and 10. Also
included in the figures are the model computed minimum and maximum dissolved oxygen
concentrations. The comparisons for the calibration are presented in Figure 7-33 and
compare reasonably well but bottom layer dissolved oxygen concentrations are slightly
higher than observed, especially at station 10. The comparison between observed and
modeled dissolved oxygen concentrations for the sensitivity is presented in Figure 7-34
and shows the improved comparison of the bottom layer dissolved oxygen concentrations.
Since vertical dispersions were reduced at all times during the year, some of the bottom
layer dissolved oxygen concentrations which are above 7 or 8 mg/l were under computed

which compared favorably during the calibration.

There are also changes in the computed chlorophyll, orthophosphate, ammonia and
nitrate concentrations due to the vertical dispersion sensitivity. In general, the

orthophosphate, ammonia and nitrate concentrations are greater than those computed in
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the calibration. This is due to the lower bottom layer dissolved oxygen concentrations and
the associated increase of the sediment fluxes. Since the system is nitrogen limited, the
increased ammonia and nitrate concentrations also cause the algal levels to increase
slightly. The increases in the ammonia and nitrate concentrations for the sensitivity may

require further calibration analyses if this sensitivity is ever used as a final calibration.

The vertical dispersion sensitivity highlights the importance of vertical mixing on
salinity and dissolved oxygen stratification. The reduction of the vertical dispersion
significantly increases the vertical salinity stratification which in turn increases the level
of dissolved oxygen stratification. Even though this simple sensitivity highiights the
importance of vertical mixing, further testing is necessary. A more formal and rigorous
testing of this hypothesis should be completed in the future if the model is validated
against another data set or if the model is applied to a different syste{n. Such testing
might include reduction of the vertical dispersion term within the hydrodynamic model and
laterally segmenting the model in order to more realistically represent the actual

bathymetry.
7.4 EXAMPLE MODEL PROJECTION

The ultimate purpose in developing and calibrating the water quality model for the
Tar-Pamlico River was to develop a nutrient control strategy for the basin. Model
projections were completed with the calibrated model that present examples of point and
non-point source nutrient controls and their associated impacts on water quality. The first
projection involved the reduction of point source inputs based upon effluent nutrient
targets. The second set of projections presents a 25% and 50% reduction of non-point
source loadings to the system. The water quality improvement for these projections was
based upon the computed dissolved oxygen concentrations. Dissolved oxygen
concentrations from the projections were compared to the calibration concentrations and
judgements were made based upon the relative improvements in each case. The dissolved
oxygen concentrations are presented as frequency distributions at each station for the

summer and winter periods described in Section 7.2.
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The point source nutrient reduction projection was based on effluent nutrient targets
for total nitrogen of 6 mg/l and for total phosphorus of 2 mg/l. Current effluent
concentrations of total nitrogen (TN) and total phosphorus (TP) were determined from the
point source loadings tabulated in Appendix 9.2 and resulted in concentrations of
approximately 13.3 mg/l TN and 1.8 mg/l TP. Since current TP concentrations were less
than the target value, only TN point source reductions were considered. The point source
loadings downstream from Greenville are input directly into the model and therefore their
loadings were directly reduced for each month. Point sources entering the system
upstream from Greenville were indirectly reduced by adjusting the measured upstream
boundary loadings. The monthly averaged TN and TP loadings at Greenville, based on
station SB data, are presented in Figure 7-35 along with the estimated point and non-point
source loadings. The point source loadings upstream from Greenville were estimated from
the data tabulated in Appendix 9.2. Non-point source loadings were estimated as the
difference between the measured loadings at the boundary and the estimated point source
loadings. This method implies that all of the point source nutrients entering the system
upstream from Greenville reach the boundary and are reflected in the measured
concentrations. Any losses, such as denitrification or sedimentation, are not considered
which might result in optimistic improvements in water quality for the point source
projeétion. The problems associated with this method are obvious in the TP loadings for
September through November, when estimated point source loadings were greater‘ than
the measured loadings at the boundary. The Texasgulf loadings were not reduced for the

point source reduction projection.

The non-point source projections were based upon a 25%. and 50% reduction of
TN and TP monthly loadings to the system. The estimated upstream TP non-point source
loadings from September through November were not adjusted since the estimated point
source loadings were greater than the measured loadings. Therefore, the measured
loadings were input and were assumed to entirely reflect point source loadings. The
tributary and downstream, Pamlico Point, boundary TN and TP loadings were also reduced

to reflect the 25% and 50% non-point source nutrient reduction.

94




--—--——--—--—-1—,
(8]
©
o
>
o
b4
-+
[8]
o
a
)
0"
K i o
B =]
[ > A
| Te q ™
A o
R q 3
c
=)
3
{ >
-a
=
5
<
R ]
3 q =
R { o
k d ©
w
c
q ©
XS 5
[} o o o o o
o o o o o
o o o o o
s} < ™ Y -

(s42) MOT4

T T T T [ T T T T [ 7T T T r[rrr>
n
Q
........ SRR R R TR R PR R R
[
3 0
Qo o
L9 G AP
[
< 3
O C o
—~ .~ )
— 0 ...........
SRR TR R PR R
v — n re e vee
c c -~ IO
O O O
I & T R
C
O E E = oo
Q o
+ o
T N A R I
o o O
c c cC
- M M
T N « T o e
M M @
O 0o o
R R |
L Z e e e
— -
POOHHXN
BBy -
N N\
EXXIXIIOOCNNCNNHXN
PO
POOOOOOVOOOOORNNRXXXN
L1
o o o o o
[} (o] o (o] (o}
Al m o ~

(P/QT 0007) N1

Dec

Apr May Jun Jul Aug Sep 0Oct Nov

Feb Mar

Jan

(P/QT 0007) dli

--—--—_-_-—-.-
(8}
H O
[mn]
>
o
0 Z
[}
........ D v
[ 4+
3J 0 8]
o o
L n.u. e
o5
Q
O Cc o )
~ .~ N n
T T = s
- A
> | C o
cC c '~ 3
L O O <
T 4 & e R
[
O E E oo -
o o 3
o e
R T T )
o o o [
c c Cc 3
[P R — o
TR « T = T = I R
M O @©
8898 )
=
-www_ ............................
Y V. VYO VVy r
0u0.0.0.0.0.0.0. =
L BBRR . —— <
N
XA XAT IR
ROOOOOOOOXXXN @
=
o)
3}
w
I )
IOIVOOOOOVOOOOOOOOOONXN m
1111 J
o o o [S) [S)
< m (4 - o

Tar River Flow at Greenville and TN & TP Loadings

Figure 7-35.




The point and non-point source projection cases were run for five years to allow the
sediment particulate organic concentrations to reach steady state in response to the
decrease of nutrient inputs and their effects on algal populations. Results from the fifth
year are presented for the point source nutrient reductions in Figures 7-36 and 7-37 and
for the non-point source nutrient reductions in Figures 7-38 and 7-41 for stations 5,7,8
and 10. The differences between the calibration dissolved oxygen concentrations and the

projection concentrations are considered to assess the benefit in each case.

The point source TN reduction of approximately 50%, results in small changes in
bottom layer dissolved oxygen concentrations for the winter months of October through
April, see Figure 7-36. Maximum bottom layer increases for the four stations‘range from
0.07 to 0.31 mg/l. Surface layer dissolved oxygen concentrations are slightly lower than
the calibration concentrations due to decreased algal levels and the associated decrease
in oxygen production. The maximum decrease of surface layer dissolved oxygen
concentrations range from 0.14 to 0.40 mg/l. The projection for the summer months of
May through September, Figure 7-37, results in larger increases in bottom layer dissolved
oxygen concentrations than the winter months with the maximum increases ranging from
0.16t0 0.40 mg/l. Surface layer dissolved oxygen concentrations are again greater during
the summer than the winter with the maximums differences ranging from 0.04 to 0.52

mg/l.

The results from the 25% non-point nutrient reductions ’are presented in Figures
7-38 and 7-39 for the winter and summer periods, and for the 50% reduction in Figures
7-40 and 7-41. Again, the results from the summer period indicate a greater improvement
in bottom layer dissolved oxygen concentrations than during the winter period. The
maximum differences during the winter for the 25% non-point source reductions range
from 0.42 to 0.56 mg/l in the surface layer and from 0.27 to 0.78 mg/l in the bottom
layer. The summer maximum differences, for the 25% reduction, range from 0.13 t0 0.97
mg/l in the surface layer and from O. 66 to 1.1 mg/l in the bottom layer. The greater
bottom layer dissolved oxygen improvements for the non-point source nutrient reductions
than from the point reductions reflects the larger percentage of nutrient inputs to the

system from non-point sources.
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Similarly, for the 50% non-point source nutrient reduction summerdissolved oxygen
differences are greater than the winter differences. The maximum differences in the
surface layer during the winter range from 0.62 to 1.39 mg/l and in the bottom layer range
from 0.50 to 1.0 mg/l. Summer maximum differences in the surface layer range from 0.13
to 1.9 mg/l and in the bottom layer range from 1.2 to 2.3 mg/l. The bottom layer
dissolved oxygen differences for the 50% non-point source nutrient reduction are
approximately twice the differences calculated for the 25% reduction. This suggests that
there is an approximate linear relationship between the non-point source nutrient input to

the Tar-Pamlico River and the calculated bottom water dissolved oxygen concentrations.
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APPENDIX 9.1

WATER QUALITY MODEL THEORY {LISS} AND CALIBRATION CONSTANTS




APPENDIX 9.1
WATER QUALITY MODEL

1.1 INTRODUCTION

1.1.1 Conservation of Mass

The modeling framework used in this study and detailed in this report is based upon
the principle of conservation of mass. The conservation of mass accounts for all of a
material entering o leaving a body of water. transport of the material within the water
body, and physical, chemical and biological transformations of the material. For an
infinitesimal volume oriented along the axis of a three-dimensional coordinate system, a

mathematical formulation of the conservation of mass may be written:

o6 _
at

_ 9 _823~ng0_~13§§ € (1-1)
ax

6, 9 06 . 0
X . I % ZE Sy,

x oy

dispersive transport advective transport

+ S(X,Y,Z.1) + WY,
sources or sinks external inputs’
While Equation 1-1 is often taken as the "instantaneous” water quality mass balance

equation, it may be interpreted as the "time-averaged over the tidal period” mass balance

equation when the coefficients of the equation are chosen as follows:

c — concentration of the water quality variable {M/L3},
t = time [T],
E = dispersion {mixing) coefficient due to tides and density and

velocity gradients (L,
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U = tidally-averaged net advective velocity (L/T),

S = sources and sinks of the water guality variable, representing kinetic
interactions {(M/L3-T),

W = external inputs of the variable C (M/L3-T),

x,y,z = longitudinal, lateral and vertical coordinates,

M,L,T = units of mass, length and time, respectively.

The modeling framework amployed in this study is made up of three components:
the transport due to density-driven currents and dispersion, the kinetic interaction between
variables and the external iNDUTS. Density-driven currents and tidally induced mixing are

rasponsible for the movement of the water quality constituents within the waterbody.

External inputs of nutrients and oxygen-demanding material are derived from
municipal and industrial discharges, CS0O’s, natural surface runoff and atmospheric

deposition 1o the water surface of the waterbody.

The kinetics control the rates of interactions arong the water quality constituents.
ldeally, in a modeling effort, they should be independent of location per se, although they
may be functions of exogenous variables, such as temperature and light, which may vary

with location.

Analytical solutions are not available for partial differential equations of the form of
Equation 1-1 except for the simplest cases. Instead, numerical methods are utilized to
solve these mass balance equations. A specific method of solution, employed in a majority
of water quality modeling frameworks, is known as the finite difference technique. First,
the estuary is divided into finite volumes. Then a finite difference approximation of
Equation 1-1 is applied 10 the it" finite volume or segment, resulting in an equation of the

form {see Thomann, 1972):




Vz%? = j Ry(G - ) + i QyiCy - ;i Q.G = S + W, (1-2)
i=1,2,..,m
where

vV, = volume of segment i L,

C; = concentration of the water quality variable in the i segment
M/L3,

Rjj = exchange between segment i and j resulting from dispersive mixing
(LM,

Qy — net advective flow entering segment i from segment kK (L3m,

Q,,, = net advective flow leaving segment | and going to segment m
{L3m,

S; — sources and sinks, in segment i representing kinetic interactions
(M/T),

W, = external inputs to segment i {M/T).

The exchange coefficients and advective flows are computed from

= E!_A.‘l {1-3a)

U : {1-3b)

LY
i
P

respectively, where E;j is the dispersion coefficient, representing the overall phenomenon
of mixing due to temporal variation in the tidal velocity, lateral and vertical gradients in
velocity, and density differences within the water body; Aij is the cross-sectional area of
the ij interface; L is the characteristic length defined as (L, + L)/2; and Uy is the net

advective velocity from segment i to j. The term S, the sources and sinks of materialin
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segment i, represents the kinetic interactions {physical, chemical and biological) occurring
within the segment. These interactions may be functions only of the variable under
consideration, for example, the first order decay of organic material. Alternately they may
involve the interactions between other variables, for example, the first order feed-forward
interaction between organic carbon BOD and dissolved oxygen, of the more complex
interactions between phytoplankton biomass and nutrients which involve non-linear feed-
forward and feedback interactions. The term W, the external inputs of material into
segment i, includes point and nonpoint source loads, £SO lnads, atmospheric loads and

inputs from the sediment bed.

Mass balance equations in the form of Equation 1-2 are formulated for each
segment in the estuary and for each state variable included in the modeling framework.
This results in n x m simultanaous finite difference equations to be solved, where nis the

number of segments and m is the number of state variables.

1.1.2 Choice of State Variables

An important criterion for the inclusion of variables in a modeling framework is the
existence of adequate field data for calipration/verification of the variable, as well as the
importance of the variable in the processes being considered. The kinetic framework
employed is based on the LISS eutrophication model (HydroQual, Inc. 1991) and the
modeling effort of the Chesapeake Bay system (HydroQual, lnc. 1989) and utilizes the

following 25 state variables:

- salinity {S)

- phytoplankton carbon - winter assemblage {(Psq)

- phytoplankton carbon - summer assemblage (Pgo)
refractory particulate organic phosphorus (RPOP)

- |abile particulate organic phosphorus (LPOP)

refractory dissolved organic phosphorus {RDOP)

-\IO)U\L(A)M—-?“
i

labile dissolved organic phosphorus (LDOP)
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3. - dissolved inorganic phosphorus (DIP)

g. - refractory particulate organic nitrogen (RPON)
10. - labile particulate organic nitrogen {LPON)

11. - refractory dissolved prganic nitrogen {(RDON)
12 - labile dissolved organic nitrogen {(LDON)

13. - ammonia nitrogen (NH3]

14. - nitrite + nitrate nitrogen (NG, +NO3)

15. - biogenic silica - unavailable {SiU)

16. - silica - available (Si)

refractory particulate organic carbon {RPOC)

e
wad
)

18 . labile particulate organic carbon {LPOC)
19. . refractory dissolved organic carbon (RDOC)
20. - labile dissolved organic carbon {LDOC)
21 . reactive dissolved organic carbon (ReDOC)

22, . algal exudate dissolved organic carbon (ExDOC)
23. - dissolved oxygen equivalents (O;)

24. - dissolved oxygen (DO)

25. - total active metal {TAM)

The kinetic equations discussed helow incorporate these state variables and are
designed to simulate the annual cycle of phytoplankton production, its relation to the
supply of nutrients and its effect on dissolved oxygen. The calculation is based on
formulating the kinetics which govern the interactions of the biota and the various nutrient
forms, and the application of these kinetics to the waterbody within the context of mass

conservation eguations.
1.2 MODEL KINETICS

1.2.1 General Structure

Salinity is included in the modeling framework to enable verification of the transport

structure transferred fromthe hydrodynamic mode! ECOM3D (Blumberg and Mellor, 1987).
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For salinity there are no reaction kinetics involved, i.e., they are conservative. There are
no direct sources or sinks of salinity, other than via exchange with the model boundaries
or via freshwater dilution resulting from wastewater treatment facilities and from

freshwater rivers draining into the waterbody.

Figure 1-1 presents the principal kinetic interactions for the nutrient cycles and
dissolved oxygen. Inthe phosphorus system kinetics, DIP is utilized by phytoplankton for
growth. Phosphorus is returned from the phytoplankton biomass poo! to the various
dissolved and particulate organic phosphorus pools and to DIP through endogenous
respiration and predatory grazing. The various forrns of organic phosphorus are converted

+p DIP at a temperature-dependent rate.

The kinetics of the nitrogen species are fundamentally the same as the kinetics of
the phosphorus system. Ammonia and nitrate are used by phytoplankton for growth.
Ammonia is the preferred form of inorganic nitrogen for algal growth, but phytoplankton
will utilize nitrate nitrogen as ammonia concentrations become depleted. Nitrogen is
returned from the algal biomass and follows pathways that are similar to those of
phosphorus. Organic nitrogen is converted to ammonia at a temperature-dependentrate,
and ammonia is then converted to nitrate [nitrification) at a temperature- and oxygen-
dependent rate. Nitrate may be converted to nitrogen gas {denitrification) in the absence

of oxygen at a temperature-dependent rate.

Available silica is utilized by diatom phytoplankton during growth. Silicais returned
to the unavailable silica pool during respiration and predation and must undergo

mineralization processes before becoming available for phytoplankton growth.

Dissolved oxygen is coupled to the other state variables. The sources of oxygen
considered are reaeration and algal photosynthesis. The sinks of oxygen are algal
respiration, oxidation of detrital carbon and carbonaceous material from wastewater

treatment plant effluents and nonpoint discharges, nitrification and SOD.
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Figure 1-1.
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, Organic carbon sources include anthropogenic inputs and the by-products of primary
production and zooplankton grazing. The sink of organic carbon is via bacterial

decomposition or oxidation. Specific datails for the above reactions are presented pbelow.

1.2.2 Phytoplankton Growth and Death

The kinetic framework employed for both functional algal groups is the same, only
the choice of model cnefficients is different. it is convenient 1o express the kinetic source
term for phytoplankton, Sp, as the difference between the phytoplankton growth rate, Gp,

and the death rate, Dp. Thatis:

S, = (Gp - De)P | (1-4)

where P is the phytoplankion population, and where Gp and Dp have units (day’™"). The
balance between the magnitude of the growth rate and the death rate {together with the
transport and mixing) determines the rate at which phytoplankton mass is created in each

volume element.

The growth rate of a population of phytoplankton in a natural environment is a
complicated function of the species of phytoplankton present and their differing reactions
to solar radiation, temperature, and the balance between nutrient availability and nutrient
requirements. The complex and often conflicting data pertinent to this problem have been
reviewed by many researchers {(Rhee, 1973 Hutchinson, 1967; Strickland, 1965; Lund,
1965, and Raymont, 1963). The available information is not sufficiently detailed 10
specify the growth kinetics for individual algal species in a natural environment, Hence,
in order to construct a growth function, a simplified approach is followed. Rather than -
consider the problem of different species and their associated environmental and nutrient
requirements, the population is characterizedas 2 whole by a measurement of the biomass

of the phytoplankton present.




Page 9

For single species, the direct measure of the population size is the number of cells
per unit volume. Cell counts of a single species may be obtained fairly readily in a well-
controlled laboratory snvironment. However, in naturally occurring populations, this
measure may be somewhat ambiguous. it is difficult 1o distinguish between viable and
non-viable cells, and colonizing species tend to pose a problem pbecause counts usually do

not distinguish individual ceils, and the sizes of the colonies are quite variable.

The sum of the numbers of sach species, the total count, could be used 1o
characterize biomass, bul since cell size varies substantially, the pico-phytop!ankton would
dominate such an aggregation. To account for this, the toial bio-volume, or wet weight
of phytoplankton, assuming unit density, can De calculated using characteristic volumes
for each identified species. Unfortunately, volumes can vary appreciably as a function of
nutrient availability. Conversion to phytoplankton dry weight and carbon involves further
species—dependent constants, which are also nutrient dependent, and therefore, are subject
1o variation and uncertainty. Thus, although the use of phytoplankton dry weight or
carbon concentration is an appealing solution to the issue of aggregation, it suffers from

some practical difficulties.

An alternative approach 10 this problem is 10 measure a parameter which is
characteristic of all phytoplankton, namely, chl-a, and 10 use this as the aggregated
variable. The principal advantages are that the measurement is direct, it integrates cell
types and age, and it accounts for cell viability. The principal disadvantages are that it is
a community measurement with no differentiation between functional groups (for example,
diatoms or blue-green algae), and it is not necessarily a good measurement of standing
crop in dry weight or carbon units, since the chiorophyll to dry weight and carbon ratios
are variable, and non-active chlorophyll (phaeo-pigments) must be measured to determine

viable chiorophyli concentrations.

As can be seen from the above discussion, No simple aggregate measurement is
entirely satisfactory. From a historical and practical point of view, the availability of

extensive chlorophyll data for many waterbodies essentially dictates its use as the
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aggregate measure of the phytoplankton population, 0Of hiomass, for calibration and
verification purposes. However, for internal computations, the sutrophication model uses
phytoplankton carbon as a measure of algal bilomass. The reasons for choosing
phytoplankton carbon, rather than chi-a as the internal state variable, are twofold. The
first is a desire 10 maintain compatibility with the modeling sramework developed DY
HydroQual, Inc. for the Chesapeake Bay study, from which the basic kinetic framework
is drawn. The second reason is that the use of phytoplankton carbon greatly facilitates
the model computation of oxygen-demanding material deposited to the sediment bed via

settling.

With the choice of biomass units established, a growth rate which expresses the
rate of production of biomass as a funlction of the important environmental variables,
temperature, light and nutrients, may be developed. The specific growth rate, Gp, is
related 10 Gppay: the maximurn growth rate at optimum light, temperature and nutrients,

via the following eguation:

Gp = Gy ® G GO &GN (1-5)
ternperature light nutrients
where

G+(T) is the effect of temperature,

G} is the light attenuation given by

G, = g{.f.HkK) (1-6)
and Gy(N) is fhe nutrient fimitation given by

Gy(N) = g(DIP,DIN,Si) (1-7)




Page 11
where'T is the ambient water temperature,; I'is the incident solar radiation; 1 is the fraction
of daylight; H is the deptn of the water column; k, is the extinction or light attenuation
coefficient; and DIP, DIN and Si are the availabie nutrients required for growth: dissolved
inorganic phosphorus {orthophosphate). dissolved inorganic nitrogen {ammonia plus

nitrite/nitrate) and available silica, respectively.

Initial estimates of Gppp,, Were based upon oravious estuarine modeling studies and
were subsequently refined during the calibration process. The selected maximum growth
rates are then temperawre-corfected using spatially dependent, ambient water column
temperature values. The temperature-corrected growth rate is computed using the
following equation, which relates Gppax (T), the growih rate at ambient temperature, T,

10 Gpmax! Topt)s The growth rate at the optimal temperature, Tyo

{T—To i B
GPmax(T) = GPmax(Tth) ﬁ? F") Ti’: Topt (1 8a)
or
G'o _'T\’ B
Gpmad D = Grmax(Top) 07 T, (1-8b)

The temperatqre-corrected growth rate is then adjusted to reflect attenuation due 1O

ambient fight and nutrient levels.

in the natural environment, the light intensity to which the phytoplankton are
exposed is not uniformly at the optimum value. At the surface and near-surface of the air-
water interface, photo-inhibition can occur due to high light intensities, while at depths
pelow the euphotic zone, light is not available for photosynthesis due to natural and algal
related turbidity. The modeling framework used in this study extends from a light curve
analysis formulated by Steele {1962), and accounts for both the effects of supersaturating
light intensities and light attenuation through the water column. The depth-averaged light
attenuated growth rate factor, G, is presented in Equation 1-9 and is obtained by

integrating the specific growth rate over depth:




S - 2 loxp (12 &™) - exp(2) (19
K,H i i
where:
e = 2.718,
f = the photoperiod of fraction of daylight,
H = the total water column depth {m),
k, = thetotal extinction coefficient, computed from the sum of the base, non-
algal related, light attenuation, Kapaser and the self-shading attenuation
due to the ambient nhytoplankton population R {m""},
K = the algalrelated axtinction coefficient per unit of chliorophyll (m?/mg chi-a),
Pernia = the ambient phytoplankion population as chiorophyli {mg chi-a/L), where
Pehta = Pe/@cen
P. — the ambient phytopiankton population as carbon (mgC/L),
8cenl = the ratio of algal carbon 10 algal chlorophyll (mgC/mg chi-a),

] — the total daily incident light intensity at the surface (ly/day), and
] - the saturating light intensity {ly/dayi.

in the Tar-Pamlico River model, the saturating light intensity has been modified
from a constant throughout the year to a time dependent variable. The saturating light
intensity is formulated as a fraction (0.4) of the total daily incident light intensity at the
surface. Since the saturating light intensity response +0 the total daily incident light
intensity is not instantaneous, a five day moving average of the total daily incident light

intensity was used 10 calculate the saturating light intensity.

The effects of various nutrient concentrations on the growth of phytoplankton
have been investigated, and the results are quite complex. As a first approximation to the
effect of nutrient concentration on the growth rate, it is assumed that the phytoplankton
population in question follows Monod growth kinetics with respect 10 the important
nutrients. That is, at an adequate level of substrate concentration, the growth rate

proceeds at the saturated rate for the ambient temperature and light conditions. However,
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at low substrate concentration, the growth rate becomes linearly proportional to substrate
concentration. Thus, fora nutrient with concentration N in the fh segment, the factor by
which the saturated growth rate is reduced in the ith segment 1s N;/(Km + Nj‘a. The
constant, K., which is called the Michaelis, or half-saturation constant, is the nutrient
concentration at which the growth rate is half the saturated growth rate. Since there are
three nutrients, nitrogen, phosphorus and silica, considered in this framework, the

Michaelis-Menton expression is evaluated for each nutrient and the minimum value is

chosen to reduce the saturated growth rate,

DIN DiP Si

3 3 .X-‘ (}"10)
—_— DIN K. * DIP Kog * Si)

Gy(N) = Mi
niN) m{}(

Numerous mechanisms have been proposed which contribute to the death rate of
phytoplankton: endogenous respiration, grazing by herbivorous zooplankton, sinking of
settling from the water column and parasitization (Fogg, 1965). The first three
mechanisms have been included in previous models for phytoplankton dynamics, and they
have been shown to be of general importance. For this study, only endogenous respiratioh
and settling have been explicitly included in the modeling framework. The effect of
zooplankton grazing is included indirectly using a first-order temperature corrected algal

loss rate.

The endogenous respiration rate of phytoplankton is the rate at which the
phytoplankton oxidize their organic carbon 10 carbon dioxide per unit weight of
phytoplankton organic carbon. Respirationisthereverse of the photosynthesis process, and
as such, contributes to the death rate of the phytoplankton population. If the respiration
rate of the phytoplankton as a whole is greater than the growth rate, there is a net loss of
phytoplankton carbon or biomass. The endogenous respiration rate has been shown to be

temperature dependent (Riley et al., 1949) and is determined via Equation 1-11,
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° -20) 1-11)

kpp(T) = kpr(20 C) ‘ega : (

where kpg (20°C) is the endogenous respiration rate at 20°C, and kpg(T) is the
temperature corrected rate. The units of kpg are day.

The respiration rate presented in Equation 1-11 has been modified in the Tar-

Pamlico River model and is determined from Equation 11 1a.

. " 1-11a
k?ﬁm = Kpgpasal Ty G§-‘>max(T} { )
where:

KpRuasal the minimum basal respiration rate {day 4,

i, —~ the fraction of the temperature corrected growth rate, and

GPmaX{T) — the temperature corrected growth rate (day ).

The current formulation of the respiration rate is calculated as a fraction of the

temperature corrected growth rate above a minimum basal respiration rate.

The sinking of phytoplankton is an important contribution to the overall mortality
of the phytoplankton population, particularly in lakes and coastal oceanic waters.
published values of the sinking velocity of phytoplankton, mostly in quiescent laboratory
conditions, range from 0.1 to 18.0 m/day. In some instances, NOWeVer; the settling
velocity is zero or negative. Actual settling rates in natural waters are a complex
phenomenon, affected by verticalturbulence, density gradients and the physiological state
of the different species of phytoplankton. An important factor determining the
physiological state of algae is nutrient availability. Bienfang et al. (1982) measured sinking
rate response of four marine diatoms 10 depletion of nitrate, phosphate and silicate. All
four species showed significant increase in sinking rate under conditions of silica depletion;
one species showed increased settling rate under nitrate limitation. An analysis of field
experiments by Culver and Smith (1989) indicated that low concentrations of nitrate, as

well as light availability. affected diatom settling rates. Although the effective settlingrate
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of phytoplankion is greatly reduced in arelatively shallow, well-mixed river of estuary due
tp vertical turbulence, it still can contribute to the overall mortality of the algal population.
In addition, the settling phytoplankton can be a significant source of nutrients to the
sadiments and can play an important role in the generation of SOD. For these reasons, @
temperature dependent term representing phytoplankton settling has been included in the

algal mortality expression, and is determined Dy:

{1-12)

v -
+ D1y N o0’

where kP is the net offective algal loss rate due 10 settling (day ™), vgpp is the base
settling velocity of phytoplankton (m/day), Vepy IS the nutrient dependent settling rate,

{m/day), GnIN) is defined by Equation 1.10, and H is the depth of the segment, (m).

Zooplankton grazing may, depending upon time of the year and zooplankton
biomass levels, be an important loss rate for phytoplankton. The loss term used 10

represent zooplankton grazing is as follows:

KyalT) = Kul20°C)265" (1-13)

where kg, {T) is +he temperature corrected loss rate due to zooplankton grazing and

kgrz(20°C) is the predation rate at 20°C. The units of kg, are day ™.

The total loss rate for phytoplankton is the sum of the three loss rates described

below:

Dy = Kpp(T) + kP + Kg(T) (1-14)
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This completes the specification of the growth and death rates for phytoplankton
in terms of the physical variables: light, temperature and available nutrients. Table 1-1
summarizes the equations and model coefficients used in this study. With these variables
known as a function of time, it would be possible to calculate the annual cycle of
phytoplankton chlorophyll. However, the nutrient concentrations are not known a priori
since they depend upon the phytoplankton population which develops. That is, these
systems are interdependent and cannot be analyzed separately. It is necessary 10
formulate a mass balance for the nutrients as well as the phytoplankton in order 10

calculate the chiorophyll which would develop for a given set of environmental conditions.

1.2.2.1 Stoichiometry and Uptake Kinetics

A principal component in the mass balance equations for the nuirient systems
included in the eutrophication framework is the nutrient uptake kinetics associated with
algal growth. in order to gquantify the nutrient uptake it is necessary 1o specify the
population stoichiometry in units of nutrient uptake per Mass of population synthesized.
For carbon as the unit of population biomass, the relevant ratios are the mass of nitrogen,
phosphorus and silica per unit mass of carbon. Table 1-2 lists the phosphokus to carbon

and nitrogen to carbon ratios used in this study.

TABLE 1-2. PHOSPHORUS TO CARBON, NITROGEN TO CARBON AND SILICA TO
' CARBON RATIOS

Winter Summer
Assemblage Assemblage
Nitrogen/Carbon {mgN/mgC) 0.080 0.080
Phosphorus/Carbon {mgP/mgC) 0.012 0.012
Silica/Carbon (mgSi/mgC) 0.27 0.27

Once the stoichiometric ratios have been determined, the mass balance equations
may be written for the nutrients in much the same way as for the phytoplankton biomass.
The principal processes determining the distribution of nutrients among the various pools

are: the uptake of inorganic nutrients by phytoplankton for cell growth, the release of




TABLE 1-1, PHY TOPLANKTON NET GROWTH EQUATIONS

; / : T-20
Sy = KGPmax"GT{T)’Gim 'GuiN) - [kPRbasa‘ N fr‘GPmax(ﬂl - kep ~ Kgrzfgrz )’Pc

Temperature Correction

3 T’_T 4
Gpmax!Th = GPmax(Top’J' g opt T=Topt

, \ Tone T
GPmaxrﬁ = GPmax(Topt)°8P opt T>Topt

{ight Reduction

i
a; = — € aoz-,g
's

Nutrient Uptake

. DIN DIP Si
Gy(N) = M , , .
NN ’”‘KmN BN’ Kop DI Knmgi +Si

DIN — dissolved inorganic nitrogén = NH; + NO, +NO;
DIP = dissolved inorganic phosphorus
Si = available silica

Algal Settling




TABLE 1-1. PHYTOPLANKTON NET GROWTH EQUATIONS
{Continued}

Exogenous Variables

Description

Total Extinction Coefficient

Base Extinction Coefficient

Total Daily Surface Solar Radiation

Temperature
Segment Depth
Fraction of Daylight

Description Notation

Maximum Specific Growth Gpmax
Rate at Tem

Temperature Coefficient Op
Temperature Optimum Topt

Phytopliankton Self-Light Ke
Attenuation

Half-Saturation Constant N
for Nitrogen

Half-Saturation Constant Knp
for Phosphorus

Half-Saturation Constant Kinsi
for Silica

Minimum Basal k
Respiration Rate PRbasal

Fraction of Temperature f,
Corrected Growth Rate

Base Algal Settling Rate Vspo

Nutrient Dependent Algal Y

Settling Rate sPn

Temperature Coefficient Bpase

Loss Due to Zooplankton Kgrz
Grazing

Temperature Coefficient Ggfz

Carbon/Chlorophyll Ratio acchl

Rate Constants

Winter
Diatoms

2.0

1.068
12.
0.016

10.

0.03

0.05

0.2b
0.005

1.029
0.025

1.08
83.

Notation
Kk

e

2
base

(@)

oty ‘:}: __l

Summer
Assemblage

3.0

1.068
25.
0.016

10.

0.25
0.005

1.029
0.025

1.08
83.

°C
m?2/mg chl-a

ugN/L
ugP/L
ugsi/L”

day’

m/day
m/day

day

mgC/mg chi-a
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inorganic and organic nutrients by algal respiration and predation processes, and the

recycling of organic nutrients to inorganic forms via bacterial nydrolysis and mineralization.

in their work on Lake Huron and Saginaw Bay, Di Toro and Matystick (1980}
proposed a nutrient recycle formulation that was a function of the localized phytoplankton
population. Drawing from an analysis of available tield data and citing the work of others
{Hendry, 1377; Lowe, 1976; Henrici, 1938; Menon et al., 1972; and Rao, 1 9786) that
indicated bacterial biomass incraasad as phytoplankton biomass increased, the mechanism
chosen, saturating recycle, was a compromise. This compromise was petween the
conventional first-order temperature corrected mechanism and a second-order recycle
mechanism, in which the recycleratelis directly proportional to the phytoplankton biomass
present, as indicated in pure culture, bacteria seeded laboratory studies {Jewell and

McCarty 1971). The various relationships may pe written:

First-order recycle: k(M =k’ (goog)gr—zo {1-15a)

Second-order recycle:  k(T) = k" (20°C)8T 0 » P, {1-15b)

i . / omnT-20 Pc |

Saturating recycle: k(M) = k’ (20°C)0 ? (1-15¢)
KmPC M Pc

Saturating recycle permits second-order dependency at jow phytoplankton concentrations,
when P, < < K pe, where K npc is the half saturation constant for recycle. It also permits
first-order recycle when the phytoplankton concentrations greatly exceed the half
saturation constant. Basically, this mechanism employs a second order recycle that slows
the recycle rate if the algal population is small, but does not permit the rate 1o increase
continuously as phytoplankton concentrations increase. The assumption is that at higher
population levels, other factors are limiting the recycle kinetics so that it proceeds at its

maximum first-order rate.
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1.2.2.2 Qrganic Carbon

5ix organic carbon state variables are considered: reactive dissolved organic
{ReDOC), labile dissolved (LDOC), refractory dissolved (RDOC), labile particulate (LPOC),
refractory particulate (RPOC) and dissolved algal exudate (ExDOC). Reactive, labile and
refractory distinctions are based upon the time scale of oxidation Of decomposition.
Reactive organic carbon decomposes on 2 time scale of days 10 2 week or two; labile
organic carbon decomposes on the time scale of several weeks to 3 month or Two;
refractory organic carbon decomposes on the order of months 10 a year. Reactive and
iabile organic carbon decompose primarily in the water column Of else rapidly in the
sediments. Refractory organic carbon decomposes much more siowly, almost entirely in

the sediments.

The principal sOurces of organic carbon are anthropogenic inputs and natural
runoff, and detrital algal carbon, which is produced as a result of predation. Zooplankton
take up and redistribute algal carbon to the organic carbon pools via grazing, assimilation,
respiration and excretion. Since zooplankton are not directly included in the model, the
redistribution of algal carbon by zooplankton is simulated by empirical distribution

coefficients.

An additional term, representing the excretion of DOC by phytoplankton during
photosynthesis, is included in the model. This algal exudate is very reactive and has a

time constant similar to the reactive DOC.

The decomposition of organic carbon is assumed to be temperature and bacterial
biomass mediated. Since bacterial biomass is not directly included within the model
framework, phytoplankton biomass is used as a surrogate variable. Table 1-3 presents the
reaction rate terms for each of the organic carbon pools considered in the model

framework.




REACTION EQUATIONS

TABLE 1-3. ORGANIC CARBON
ariable list in Section 1.1.2)

{Numbering scheme refers 1o the v

Refractory Particulate Organic Carbon (RPOC)

r-20 Pe

(TP - Ky7,19 917,19‘ -RPOC- -
KmPC * Pc

S,7 = fapoc’ Kgrz

_Vs17 . RPOC
H

Labile Particulate Organic Carbon {LPOC)

pc _ V18
Kop. + Po H

S.g = fpoc Kerz (T Pe ~ Kis,20 918,201('"20’&?0‘3

Refractory Dissolve Organic Carbon (RDOC)

Pe

Pe ¥ k17,19917,19T'20°RPOC ' ¥
mp, ¥ Pe

Sig = frRooc” kgrz(T}

- k19,0919,oT-

-LPOC




TABLE 1-3. ORGANIC CARBON REACTION EQUATIONS
(Numbering scheme rafers to the variable list in Section 1.1.2}
{Continued)

1 abile Dissolved Organic Carbon (LDOC)

S0 = fupoc *Kgrz{ T Pc * k18,20918,2OT~20‘LPOC -
KmPC + Pg

: T-20 ., P DO LDOC
~K20,00 -LDOC c .- ’
20.0920.0 Kmp. * Po Kpo + DO Kmipoc * LDOC

__2_ . % . k14,0914,oT~20 \NO, + NO3" KNiNfiaDO
Reactive Dissolved Organic carbon {(ReDOC)
Sy = ~k21,0921,oT'209 ReDOC- r— = B KDODE) 50 KmLDgsaogeDoC
ExDOC)

Algal Exudate Dissolved Organic Carbon {
S,o = fexppGe P

T-20 P DO ExDOC
- k9209 -ExDOC - c .- :
22,0922,0 X Kmp, * P. Kpo * DO Kmipoc * ExDOC




TABLE 1-3. ORGANIC
(Numbering scheme refers to the variab
(Continued)

CARBON REACTION EQUATIONS

12 list in Section 1.1.2)

Description Notation
Phytoplankton Biomasss P
Specific Phytoplankton Growth Rate Gp
Half Saturation Constant for Phytoplankton Kpp
Limitation c
Eraction of Grazed Organic Carbon Recycle to:
the LPOC pool fLpoc
the RPOC pool faroc
the LDOC poo! ! poc
the RDOC pool fapoc
Fraction of Primary Productivity Going 1o the fExPP
Algal Exudate DOC pool
Hydrolysis Rate for RPOC Ky7 19
Temperature Coefficient 917,19
Settling Rate of RPOC Vg7
Hydrolysis Rate for LPOC K1g 20
Temperature Coefficient 818,20
Settling Rate of LPOC Veig
Segment depth H
Oxidation Rate of RDOC K90
Temperature Coefficient 8190
Dxidation Rate LDOC k20,0
Temperature Coefficient 80,0
Oxidation Rate of ReDOC Ks1 0
Temperature Coefficient 871 0
Oxidation Rate of ExDOC K220
Temperature Coefficient 6220
Half Saturation for Oxygen Limitation kKpo
Michaelis Constant for LDOC Kmipoc
Dissolved Oxygen DO

_Value

Eg. 1-5

0.375

0.45
0.05
0.45
0.05
0.10

0.005
1.08
0.25

0.075
1.08
0.2

0.005
1.047
0.05
1.047
0.25
1.047
0.5
1.047
0.2
0.5

_Units
mgC/L
day’
mgC/L

day’

m/day
day’

m/day

day’

-3

day’
day’
mgO,/L

mg/L
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1.2.2.3 Phosphorus

The sutrophication model includes five principal phosphorus forms: labile and
refractory dissolved organic (LDOP and RDOP, respectivelyl, labile and refractory
particulate organic {LPOP and RPOP, respectively), and DIP. Inorganic phosphorus is
utilized by phytoplankton for growth and phosphorus is returned to the various organic and
inorganic forms via respiration and predation. A fraction of the phosphorus released during
phytopiaﬁkton raspiration and predation is in the inorganic form and readily available for
uptake by other viable algal cells. The remaining fraction released is in the dissolved and
particulate organic iorms. The organic phosphorus must undergo 2 mineralization or
bacterial decomposition into inorganic phosphorus pefore it can be used by phytoplankton.

Table 1-4 presents the reaction rate terms for each of the five phoéphorus forms.
1.2.2.4 Nitrogen

The kinetic structure for nitrogen is similar 10 that for the phosphorus system.
Table 1-5 summarizes the terms used in the nitrogen system kinetics. During algal
respiration and death, a fraction of the cellular nitrogen is returned to the inorganic pool
in the form of NHj3. The remaining fraction is recycled to the dissolved and particulate
organic nitrogen pools. Organic nitrogen undergoes a bacterial decomposition, the end-
product of which is NH3, Ammonia nitrogen, in the presence of nitrifying bacteria and
oxygen, is converted to nitrite nitrogen and subsequently nitrate nitrogen (nitrification).
Both ammonia and nitrate are available for uptake and are used in cell growth by
phytoplankton; however, for physiological reasons, the preferred form is NH;. The

ammonia preference term takes the following form:

NO,+NO,

s (1-16)
(K *NHg) - (K y+NO,+NOy)

aNHa = NH3




TABLE 1-4. PHOSPHORUS REACTION RATES

{Numbering scheme refers 10 the variable list in Section 1.1.2)

Refractory Particulate Organic Phosphorus (RPOP)

c

, 7-20
S, = apo‘fapep’(kpag )t kgrz(T)}’Pc - KygDas ’RPOP’K L P
T

mP

Vs4
- 2.RPOP
H

Labile Particulate Organic Phosphorus {LPOP)
S, = apstiporKer(T)* Kgn(T) P

- P v
Ko7 OLPOP o "2 1pOP
3 , mP . *

c

Refractory Dissolved Organic Phosphorus (RDOP)

Se = aPC’fRDOP'(kPRm *kgnm)'Pc

P

HyBap 2ORPOP——"
C

mP,

C

KmP + Pc

s

"~ Keghso' 2ORDOP-

Labile Dissolved Organic Phosphorus {LDOP)
S; = aPc'fLDOP'(kPR(T)*kgam)'PC

_ P
F kg sy ZOLPOP——
c

mP,




TABLE 1-4. PHOSPHORUS REACTION RATES
(Continued)

- k7‘867,8T'20.LDOP‘K C_;, P“
mP, T %

Dissolved Inorganic Phosphorus {DIP)
Sg = 8pg foie (Ker(T) Ky (T P

I- . P
- (KesBos 20 BDOP ey gy 2 LDOP)
mP, ¢

-8pc {1 -Tepe) Cr o




TABLE 1-4. PHOSPHORUS REACTION RATES

{Continued)
Description Notation Value Units

Phyioplankton Biomass P mgC/L
Temperature Corrected Algal Kpg(T) Eqg. 1-11a day™
Respiration Rate
Temperature Corrected Grazing Rate kng(T) Eqg. 1-13 day'1
Specific Phytopiankton Growth Rate Gp Eg. 1-5 fjay“ﬂl
Phosphorus to Carbon Ratio apc Table 1-2 mgP/mgC
Fraction of Primary Productivity Going  fepp 0.7
10 the Algal Exudate DOC pool
Fraction of Respired and Grazed Algal
Phosphorus Recycled o

the LPOP pool fLpop 0.35

the RPOP pool fapop 0.05

the LDCP pool fLoop 0.10

the RDOP pool frRoop 0.05

the DIP pool fop 0.45
RPOP Hydrolysis Rate at 20°C K6 0.005 day™
Temperature Coefficient 845 1.08
RPOP Settling Rate Vsa 0.25 m/day
LPOP Hydrolysis Rate at 20°C kg7 0.075 day”’
Temperature Coefficient 57 1.08
LPOP Settling Rate Vg 0.25 m/day
RDOP Mineralization Rate at 20°C ke g 0.005 day'1
Temperature Coefficient 6 3 1.08
L DOP Mineralization Rate at 20°C ks g 0.075 day’”
Temperature Coefficient 1.08







TABLE 1-5. NITROGEN REACTION RATES
[Numbering scheme refers to the variable list in Section 1.1.2)

Refractory Particulate Organic Nitrogen (RPON)

- T-20 P
Sy = anefaron (KealT) +kgmm>'Pc - Kg11,9911 ’RPONR" i =

mP, <

_ Y50 apON
H

| abile Particulate Organic Nitrogen (LPON;
Sy = axctiron (Kog(T) Kz (1)) P,

_ = Y
Kooz QGJLP-QN-R——. g 04 PON

mP, c

Refractory Dissolved Organic Nitrogen (RDON)
Sy = aNc'fRDON’(kPH(T)’”kgrzm)'Pc

T-20 P
+ Kg110.11 -RPON-KmP < .

_ P
KmP * Pc

<

B k11,138‘i1,1

Labile Dissolved Organic Nitrogen {LDON)
Sz = ancfioon {Kpa(T) *Kgrz{1)) P

T-20 P
+ Kyg12010.12 ’LPON’K : c+ )

¢ c




LE 1-5. NITROGEN REACTION RATES

TAB
(Continued)

PC

T-20
Km,waazjs 'LDC’N""”K =) P
mP, c

Ammonia Nitrogen {NHz)

Sy3 = Ane yra Kerl D)+ Kyl 1) P,

s c

T-20 ROON ko fara - LDON):

v (Kyy 12047 12

(Kyy,93941,13 K,__-———mpc 5
’ T-20 DO

~anc i, U o) GpPs ~ KigiaBigia NHy =50

- nilr

Nitrite + Nitrate Nitrogen (NO, + NO3J

T-20 DO
Sy4 = Kig1aiaa QNHS"KM T D0 aye'{l -ty (1 “fepr) Cp o

T-20 NO, NOg——
Kyo, + DO

- k1 4,0814,0



TABLE 1-5. NITROGEN REACTION RATES
{Continued)
Description Notation Value Units

Phytoplankton Biomass P - mgC/L
Temperature Corrected Algal Respiration kpp(T) cf Eq. 1-11a day”’
Rate
Temperature Corrected Grazing Rate kgrz(T) cf Eg. 1-13 da\/""
Specific Phytoplankion Growth Rate Gp cf Eg. 1-5 day‘1
Nitrogen to Carbon Ration AnC of Table 1-2  mgN/mgC
Fraction of Primary Productivity Going @ fe pp 0.1
the Algal Exudate DOC pool
Fraction of Respired and Grazed Algal
Nitrogen Recycled 10

The LPON pool fLpoN 0.35

the RPON pool TrPON 0.05

the LDON pool fLoon 0.30

the RDON pool fapoN 0.05

the NH3 pool fum3 0.25
RPON Hydrolysis Rate at 20°C Kg 11 0.005 day”’
Temperature Coefficient TRE 1.08
RPON Settling Rate Vg 0.25 m/day
| PON Hydrolysis Rate at 20°C Kig.12 0.075 day”’
Temperature Coefficient 810,12 1.08
LPON Settling Rate Vo 0.25 m/day
RDON Mineralization Rate at 20°C Ki1.13 0.005 day”™
Temperature Coefficient 811,13 1.08
LDON Mineralization Rate at 20°C K213 0.075 day”’
Temperature Coefficient 612,13 1.08
Nitrification Rate at 20°C Kq314 0.05 day”’
Temperature Coefficient 813,14 1.08
Half Saturation Constant for Oxygen Koitr 2.0 mg0,/L
Limitation
Denitrification Rate at 20°C K140 0.05 day
Temperature Coefficient 0140 1.045
Michaelis Constant for Denitrification Kno 5 0.01 mg0O,,
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KmN

+ NH, »
{NH3+NO,+NO,) - (K *NO, +NO,)

The behavior of this equation, for a Michaelis value, Koane of 10 pygN/L, is illustrated on
Figure 1-2. The behavior of Equation 1-16 is most sensitive at low values of ammonia or
nitrate. For a given concantration of ammonia, as the available nitrate increases above
approximately the Michaglis limitation, the preference for ammonia reaches a plateau.
Also, as the concentration of available ammonia increases, the plateau occurs at values
closer to unity, thatis, total preference for ammonia. The process of nitrification in natural
waters is carried out by aerobic autotrophs, Nitrosomonas and Nitrobacter, in particular.
It is a two-step process with ANitrosomonas bacteria responsible for the conversion of
ammonia to nitrite (NO,) and Nitrobacter responsible for the subsequent conversion of
nitrite to nitrate {NOj3). Essential to this reaction process are aerobic conditions. In order
toreduce the number of state variables required in the modeling framework, it was decided
to incorporate nitrite and nitrate together as a single state variable. Therefore, the process
of nitrification is assumed to be approximated by a first-order reaction rate that is a

function of the water column dissolved oxygen concentration and ambient temperature.

Denitrification refers to the reduction of NO; {or NO,) to N, and other gaseous
products such as N,O and NO. This process is carried out by a large number of
heterotrophic, facultative anaerobes. Under normal aerobic conditions found in the water
column, these organisms utilize oxygen to oxidize organic material. However, under the
anaerobic conditions found in the sediment bed or during extremely low oxygen conditions
in the water column, these organisms are able to use NOj, as the electron acceptor. The
process of denitrification is included in the modeling framework simply as a sink of nitrate.
This can always occur in the anaerobic sediment layer. In the water column, however,
denitrification should only occur under extremely iow dissolved oxygen conditions. This
is accomplished computationally by modifying the linear first-order denitrification rate by
the expression Kyg3/(Kygs + DO). This expression is similar to the Michaelis-Menton

expression; for concentrations of dissolved oxygen greater than 1 mg/L, the expression




Ammonia Preference

NH3 = 100 ug/1 -

NHy = 50 ug/1

/

NHy = 25 ug/1

g/l -

<

NH3 =1

NHy = 5 ug/l

0 20 40 80 80 100

NOo+NO3 (ug/1)

Figure 1-2. Behavior of the Ammonia Preference Structure
for Various Concentrations of NH3z and NOo+NOg
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reduces denitrification 10 near zero, whereas for dissolvad oxygen levels less than

0.1mg/L, this expression permits denitrification to occur.

1.2.2.5 Silica

Two silica state-variables are considered: available (Si) and unavailable or
particulate biogenic {SiU). Available silica is dissoived and is utilized by diatoms during
growth for their cell structure. Unavailable or particulate biogenic silica is produced from
diatom respiration and diatom grazing by zooplankton. Particulate biogenic silica
undergoes mineralization to available silica or settles 10 the sediment from the water
column. Table 1-8 presents the state-variable squations for the two silica forms utilized

in the model frameswork,

1.2.2.8 Dissolved Oxvagen

A by-product of photosynthetic carbon fixation is the croduction of dissolved
oxygen. The rate of oxygen production and nutrient uptake is oroportional to the growth
rate of the phytoplankton, since its stoichiometry is fixed. An additional source of oxygen
from aigal growth occurs when the available ammonia nuirient source is exhausted and
the phytoplankton begin to utilize the available nitrate. This additional OXygen source can

De seen by comparing equations 1-17a and 1-17b (Morel, 1983)

106 CO, + 16 NH, + H PO, -~ 106 H,O
2 2 2
- Protoplasm + 106 O, + 15H" {1-17a)

106 CO, 16 NO; + H,PO, + 122 H,0 + 17 H*

= Protoplasm + 138 O, (1-17b)




TABLE 1-6. SILICA REACTION EQUATIONS

Unavailabie or Biogenic (SiU)

. 7 T-20 @, c v 15 &
Sis = (Kpg(M +Kyuo(TH Py~ Kys45845.15 SiU- ‘ - —==SiU
mP, Pc H
<
Available Silica (Si)
T"‘QG H PC 7 £ -
S'Iﬁ = kjS,';ﬁﬁ'is,'ia "Siu’-‘—'“mm‘"“‘““* - {A —iEXPP} "ESCGP'PG
Kmp" T pG
Description Notation Value Units

Phytoplankton Biomass P, mgC/L
Temperature Corrected Algal Kpg! T} Eq. 1-11a day’
Respiration Rate

Temperature Corrected Grazing Rate Rgrpt 1 Eq. 1-13 day”’
Specific Phytoplankton Growth Rate GC Eg. 1-5 day™’
Silica to Carbon Ration A, Table 1-2 mgSi/mgC
Fraction of Primary Productivity Going fe pp 0.1

to the Algal Exudate pool

Mineralization Rate of Biogenic Silica Kig s 0.05 day”’
Temperature Coefficient "15 - 1.08

Silica Settling Rate Vs 0.25 m/day
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The above equations present the stoichiometric descrintion of the photosynthetic process
assuming ammonium (Equation 1-17a) or nitrate {(Equation 1-17b} as the nitrogen source

and assuming algal biomass to have Redfisld stoichiometry:
Biomass = C,ps Hygy Oyy9 Nyg P, {1-18)

Oxygen-deficient or under-saturated waters are replenished via atmospheric
reaeration. The reaeration coefficient is a function of the average tidal velocity, wind and

temperature, and is computad using Equations '-19a and 1-19b:

K, (20°C) = KyH {1-19a)
Wind
ko(T) = k,(20°C)e, = (1-19b)

femperature

where

ka = the surface mass fransfer coefficiant {m/dav}.

H = depth (m),

a = iemperature coafficient.

Inthe Tar-Pamlico River model, the oxygen transfer coefficient (K ) has been modified from
a constant in time to a time varying coefficient. The oxygen transfer coefficient is
calculated as a function of the daily wind speeds based upon the equations developed by
O’'Connor (1983),

Dissolved oxygen saturation is a function of both temperature and salinity and is

determined via Equation 1-20 {(Hyer et ail., 1971}:

DO,y = 14.6244 - 0.367134T + 0.0044972T2 - 0.0966S (1-20)

where S is salinity in ppt.
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+ 0.002058T + 0.00027398+2

Dissolved oxygen is diminished in the water column as aresult of algal respiration,

which is the reverse process of photosynthesis; as a result of nitrification:

NH, - 20, - NOy + H,0 + 2H" {1-21)

as a-result of the oxidation of carbonaceous material {including detrital phytoplankton):

and, if dissolved oxygen concentrations ars sufficiently low, as a result of denitrification:

5CH,O + 4NO; + 4H" = 5C0, + 2N, » 7H,0 (1-23)

Table 1-7 presents a summary of the dissolved oxygen mass balance equation and

associated cosfficients usad in this study.




TABLE 1-7 DISSOLVED OXYGEN AND O; REACTION RATES

Sulfide Oxygen Equivalents (0,)

#* * 1-2 . b
Sy3 = ng 902 T ’“01{)5 R ° c 5 . v DO 55
[mp, 77 Xpo . *
mP, o

Dissolved Oxygen (DO}

S24 = 20c  aNwg - GpPe = (anp el -1 -ayy ) - Gp- Py
) ? ‘2{.} itnle - Voo 7 P
- a‘(aga . zi,Ogat DO) a0 kpg{T) s
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TABLE 1-7. DISSOLVED OXYGEN AND 03 REACTION RATES
{Continued)

Rate Constants

Description Notation Value Units
Oxygen to Carbon Ratio 400 32/12 mgO,/mg C
Oxygen to Nitrogen Ratio A0N 32/14 mg0,/mg N
Oxygen to Carbon Ratio for Nitrate Uptaks jNOSC 48 ape mgO,/mg C
14
Reaeration Rate at 20°C < £g. 1.19s day™
Temperature Coefficient 4. 1.024 none
Oxygen Transfer Cosefficient Ky function of m!
wind
Dissolved Oxygen Saturation DO, Eg. 1.20 mgO,/L
Oxidation Ratss and Temperature Coefficients
for RDOC Kia.o 0.005 day’
819 ¢ 1.047
for LDOC koo, 0.05 day’!
9200 1.047
for ReDOC Ks1 0 0.25 day™!
921 0 1.047
for ExXDOC Koz g 0.5 day’
8920 1.047
Oxidation Rate of Dissolved Sulfide ko) 0.25 day’
Temperature Coefficient 902‘* 1.047
Half Saturation for Oxygen Limitation Kpg - 0.2 mgQ0,/I
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