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ABSTRACT

A modified version of an existing two-dimensional, laterally averaged model (CE-QUAL-W?2)
was applied to predict water quality conditions in the lower 80-km of the Neuse River Estuary.
Model input data sets and observed data sets used for calibration and verification were developed
using observed data gathered from various agencies. The period June 1, 1997 to December 31,
1999 was found to have sufficient data to create the necessary model data set for calibration, and
year 2000 data were used to verify the parameters established during calibration. The level of
calibration achieved in this project was comparable to levels attained in ¢ her eutrophication
model studies of eastern U.S. estuaries. Model performance during verification was comparable
to the performance seen during calibration. The model’s salinity prediction capabilities were
somewhat better in the validation, however, dissolved oxygen performance in the validation year
was slightly poorer compared to model performance obtained with 1997 to 1999 predictions.
Nutrient and chlorophyll-a performance were virtually the same between the calibration and
validation exercises. Based on the results of the study, it can be concluded that a mechanistic
eutrophication model is capable of simulating chlorophyll-a, nutrient, and dissolved oxygen
dynamics in the Neuse River Estuary.
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SUMMARY AND CONCLUSIONS

In response to major fish kills in the Neuse River Estuary in 1995 and 1996, designation of the
Neuse River as nutrient-sensitive, and the widespread perception that water quality in the estuary
has been degraded by excessive nutrient loading, the State has drafted regulations aimed at
reducing nitrogen loading to the estuary by 30 percent. In deciding upon this initial target for
nutrient reduction, it was recognized that the level of nutrient reduction necessary to achieve
desired water quality improvements was, and is a critical research need.

In this study a water quality model of the Neuse River Estuary was used to examine the
interaction between nutrient loading, algal blooms, and estuarine water quality. An extensively
modified version of an existing two-dimensional, laterally averaged model (CE-QUAL-W2) was
applied to predict water quality conditions in the lower 80-km of the estuary, between Streets
Ferry and Oriental, NC. Input data sets were developed using observed data gathered from the
United States Geological Survey, the North Carolina Division of Water Quality, Weyerhaeuser,
the National Weather Service, and the University of North Carolina Institute of Marine Sciences.
The period June 1, 1997 to December 31, 1999 was found to have sufficient data to create the
necessary model data set for calibration. Year 2000 data was used to verify calibration

parameters.

The degree to which the model fit the observed data varied widely between the model
constituents. Correlation coefficients (R-squared) between model predictions and observations
from June 1, 1997 to December 31, 1999 were .88 for salinity, .19 for orthophosphate, .11 for
ammonia, .79 for nitrite+nitrate, .61 for dissolved oxygen, and .45 for log(chlorophyll-a). This
level of calibration was comparable to that attained in other eutrophication model studies of
eastern U.S. estuaries. It is also worth mentioning that the model performs best with respect to
constituents that do not receive a direct input from sediment fluxes. While nitrite+nitrate and
dissolved oxygen predictions are influenced by what is happening in the sediment layer,
sediment fluxes are not a direct source or sink of these constituents. Sediments are a direct
source and sink of orthophosphate and ammonia predictions, however.

Model performance during verification was comparable to the performance seen during
calibration. The model’s salinity prediction capabilities were better in the validation year as
overall mean error was reduced by 67 percent. However, dissolved oxygen performance in the
validation year was not quite as good as 1997 to 1999 predictions. The calibrated model had
virtually no error with respect to dissolved oxygen, but was shown to under predict dissolved
oxygen by 0.85 mg/l (11 percent) using the verification data set. Nutrient and chlorophyll-a
performance were virtually the same between the calibration and validation exercises.

Based on the results of the study, it can be concluded that a mechanistic eutrophication model is
capable of simulating chlorophyll-a, nutrient, and dissolved oxygen dynamics in the Neuse River
Estuary. The three years modeled in this project (1998-2000) were found to be rather benevolent
with respect to water quality. No serious algal blooms or fish kills occurred during this time
although model predictions showed violations of the chlorophyll-a standard.
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RECOMMENDATIONS

Much of the work in developing the Neuse Estuary Eutrophication Model involved collection
and processing of monitoring data, and estimation of model input data that were not available in
the monitoring data set. Several of the constituents that are a part of the CE-QUAL-W2 model
were not a part of the monitoring data set. For instance, the riverine data set included only total
phosphorus concentrations, while the model recognizes both organic and inorganic forms of
phosphorus. The estuarine sampling included inorganic phosphorus, but did not analyze for total
phosphorus. Estimation methods were necessary to create the missing data sets needed to run the
model. A similar problem existed with the organic carbon constituents in the model. The model
uses four constituents to characterize the organic carbon species, yet the riverine sampling
included no organic carbon measurement, and the estuarine sampling included only one
particulate species. Once again, estimation methods were used to create the missing data sets.
Having to resort this sort of data estimation increases the model prediction uncertainty, which in
turn lessens the value of model predictions. While coordination of modeling and monitoring
efforts was an important part of the ModMon project, this project highlights the challenge in
coordinating the many groups that must work together to produce the work presented in this
report. When eutrophication modeling is to be conducted, future efforts should pay special
attention to initial planning of the monitoring work to produce the best information possible.

This modeling work was somewhat lucky in being conducted during a time of extreme weather
events in Neuse River Basin. While the duration of data set (4 years, 7 months) used for
calibration and verification might seem relatively short considering the more than twenty years
of Neuse Estuary water quality monitoring work, these years included two historic high flow
events, and one prolonged drought. The series of hurricanes that pummeled the basin in
September and October of 1999 delivered more than a year’s worth of nutrients to the estuary in
a matter of weeks. Previous to this, the basin had received below average runoff for more than a
year. This dynamic data set no doubt increased the value of the model predictions, but additional
years of monitoring and modeling would probably also prove useful. No serious algal blooms
occurred during the monitoring period, nor did the widespread fish kills of 1995 and 1996
reappear during the later years of the project. Modeling of a time period with such events might
prove highly instructive as to the relationship between hydrologic events and water quality
impacts. Modeling these periods might also provide additional information on the potential
benefits of various environmental regulatory strategies.
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1. INTRODUCTION
1.1 Background

The Neuse River, located in Eastern North Carolina, has received much public and regulatory
scrutiny regarding nutrient loading to the estuary and the resulting water quality. Although
concerns about water quality in the estuary have been evident for the past 20 to 30 years, massive
fish kills in 1995, 1996, and 1998 have rejuvenated public interest. The fish kills have been
attributed to low dissolved oxygen levels and possibly the outbreak of the toxic algae, Pfiesteria
piscicida (Burkholder, et al, 1995). Both of these phenomena can be linked to high algae
concentrations, which in turn are a result of increased nutrient loading. The State of North
Carolina has designated the Neuse River a ‘nutrient sensitive water’ and management strategies
call for a 30 percent reduction of nutrient loading to the river. The level of reduction needed to
achieve desired water quality was deemed a critical research need in the decision to implement

this initial reduction target.

The Neuse River begins as a 10-acre farm pond, which feeds into what is typically considered
the headwater, Falls of the Neuse Lake located north of Raleigh, NC. The Neuse River drains
approximately 16,000 square kilometers and empties into the Pamlico Sound. Nearly 1.5 million
people and 1.8 million hogs reside in the Neuse River Basin. One hundred million gallons of
partially treated sewage is discharged into the Neuse River each day. The estuary occupies the
lower 80 kilometers of the river. The estuarine waters of the Neuse provide 2,750 acres of prime
nursery habitat and 1,750 acres of secondary nursery habitat for many marine fish species. The
estuary is broad and shallow with depths ranging from four meters at New Bem to six meters at

the mouth.

The phenomenon that governs hydrodynamics in the estuary can vary greatly depending on
where you are in the system. The upper estuary, from Street’s Ferry to Broad Creek, is
oligohaline. Velocities and salinities in this section are strongly influenced by riverine flushing
of the Neuse River, Trent River, and Swift Creek (Giese et al 1985). These water bodies account
for 90 percent of the surface water loading to the estuary. The upper estuary is considered
eutrophic and has been affected by nuisance blue-green algae blooms.

The middle estuary comprises an area from the Broad Creek, southwesterly to the ‘elbow’ at
Cherry Point where the estuary takes a perpendicular bend to the northeast. The middle estuary is
somewhat wider and shallower than the upper estuary. The lower estuary is wider and deeper
than the upper and middle reaches. Circulation and transport in the middle and lower sections are
dominated by shifting winds and tidal cycles. These sections are considered mesohaline and
mesotrophic. The middle and lower reaches of the estuary have been recently beleaguered with
occurrences of dinoflagellate blooms (Rudek et al. 1991, Mallin and Paerl 1994).

Serious water quality problems have existed throughout the estuary since 1995. High algae
concentrations and low dissolved oxygen concentrations generally occur during summer and
early fall months. High nutrient concentrations due to agricultural runoff from heavy spring rains
and the availability of light and warm temperatures cause algae to grow without limitation.
Summer low flows prevent algal blooms from being flushed out of the system. Chlorophyll



concentrations can reach up to 200 micrograms per liter during times of low flow and abundant
light and nutrients. Nutrient bioassay studies conducted in the 1980°s suggested that nutrient
loading reductions of 30 percent might be effective to rein in the level and occurrence of
phytoplankton blooms (Paerl, 1987).

Anoxia, low bottom-water dissolved oxygen, can also be attributed to algal blooms. When algae
die off, they sink to the bottom sediments where bacteria decompose the organic matter.
Throughout this process, bacteria consume dissolved oxygen. During the summer, a narrow
region of sharp change in temperature called the thermocline can stratify the water column.
Transport of substances across this region is inhibited. Reduced aeration in the bottom water
combined with a high influx of organic matter can lead to bottom water anoxia. When a strong
storm event causes vertical mixing across the thermocline, anoxic bottom waters become mixed
with overlying waters resulting in low dissolved oxygen levels throughout the water column.
This phenomenon occurs rapidly enough for fish to become trapped in low dissolved oxygen
water and suffocate.

Times of low dissolved oxygen and fish kills have occurred in the past but were prevalent and
severe in 1995 and 1996. In 1995, intense summer rains followed by a lingering period of density
stratification initiated phytoplankton blooms, extensive water column anoxia, and substantial fish
kills (Paerl and Pinckney 1996). After the passage of Hurricane Fran in 1996, a comparable
situation occurred with anoxia and fish kills throughout the estuary. Although problems
associated with excessive nutrient loading have occasionally occurred in the past, these water
quality problems appear to be at all time highs in the Neuse River Estuary.

The purpose of this project is to predict water quality in North Carolina’s Neuse River Estuary.
Results will be used to determine the relationship between nutrient loading reduction and water
quality improvement. The level of response nutrient reduction scenarios have on water quality
predictions are useful to both water quality managers and stakeholders. Water quality predictions
in an estuary as complex as the Neuse have often been, and are in this project, accomplished with
a “‘conservation based” simulation model of the physical representation. These models have as
their basis conservation equations for fluid momentum and mass, and constituent mass. This type
of model is usually referred to as a “mechanistic” model since each term in the conservation
equations relate to specific mechanisms of momentum or mass fate and transport.

This study utilized the work done previously by Bales and Robbins (1999) to establish an initial
model framework for the Neuse River Estuary. Model grid and bathymetry files had been
prepared previously, and were used as a starting point for the preparation of the NEEM model
grid. Initial model runs, to simulate 1991 conditions, were performed using water quality
information at the downstream boundary that had been assembled previously (Paerl et al. 1995).
However, many gaps in the 1991 data set were soon discovered, particularly in data available for
model calibration. A more extensive water quality data set was available for 1997 and 1998
(Luettich et al. 2000). Hydrodynamic and water quality data were collected for 1999 and 2000 as
well, providing a complete data set for model input files and calibration for mid-1997 through
2000. The 1997-2000 input data sets relied on water quality, sediment and water property, and
meteorologic information originally collected by the United States Geological Survey, National
Weather Service, the NC Division of Water Quality, Weyerhaeuser, and the UNC Institute of



Marine Sciences. More specific information on the procedures for creating model inputs from
these data is provided in following sections.

1.2 Study Objectives

In this project a mechanistic eutrophication model is employed to examine relationships between
hydrodynamics, nutrient loading, phytoplankton growth, sediment water-column interactions,
and dissolved oxygen kinetics. The model region to be simulated is the Neuse River between
Street’s Ferry and Oriental (Figure 1). The focus in this part of the study is to calibrate and verify
the numerical model. The following objectives are pursued:

«* develop and calibrate a two-dimensional, laterally averaged model of the Neuse River
Estuary from June 1, 1997 through December 31, 1999 using bathymetric, hydrodynamic
and water quality data collected from the Neuse River MODeling and MONitoring
(MODMON) project (Luettich et al. 2000) and other sources,

«* complete the assembly of a model input data set for the period January 1, 2000 through
December 31, 2000

«* use the 2000 data set to perform a model verification exercise.

e 7700 e 76 45 7630

Bay
River

Broad
Creek

. ™Oriental

Cilaa s i e X ' ' Southw i

< 58 Tucker i River IR B e ; y
: e i D (?rsek v ) : . Adams pine g . 1
: @ ; E TR S/ml-”n-Cherry - g Creek S ed ]

i ! T oreek ™ Point : . . - il
Llomies : : « Hancock, - : sgck K
o Croek . i~ : reel
10 kilometers - n re9%. 0 . Clubfbot £ ’
' Havelock Creek

Figure 1. Neuse River Estuary, NC.



Once calibrated and verified, the model is to be used to examine the change in estuarine
chlorophyll-a conentrations that would have occurred if nitrogen loading to the estuary were
reduced by various amounts. The results of this part of the study have previously been published
(Bowen and Hieronymus 2003, Stow et al. 2003



2. MODEL SETUP

Development of the Neuse Estuary Eutrophication Model (NEEM) was begun through the joint
effort of the USGS and the NC DWQ (Bales and Robbins 1999). It was decided to model water
quality in the Neuse River Estuary using a two-dimensional, laterally averaged model (Bowen
and Hieronymus 2000). At the same time a monitoring program was initiated that would collect
the data needed to apply the two-dimensional model while further investigating the extent to
which water quality conditions varied across the channel (Luettich et al. 2000). The United
States Army Corps of Engineer’s CE-QUAL-W2 was chosen for application to the Neuse River
Estuary.

2.1 Model Description

CE-QUAL-W?2 is a laterally averaged, two-dimensional hydrodynamic and water quality model
(Cole and Buchak 1995). Due to the assumption of lateral homogeneity, the model is best suited
for long and narrow bodies of water. However, the model can be applied to many types of water
bodies where lateral variations are less significant than variations in the other directions. The
model has been applied to a variety of rivers, lakes, and estuaries, typically by specifying
upstream flow and downstream elevation or flow boundary conditions. The model also allows
for application to complex water bodies by incorporating multiple branch algorithms and
provisions for multiple inflows from point/non-point sources and precipitation. The
hydrodynamic capabilities of W2 include prediction of water surface elevation, velocities, and
temperatures.

In addition to the hydrodynamic aspects, W2’s water quality algorithms incorporate 24
constituents, 17 of which are used in this application (Table 1). These 17 constituents are linked
to one another to simulate: 1) phytoplankton uptake and release of nutrients and CO, through
photosynthesis and respiration; 2) remineralization of carbon and nutrients through
phytoplankton mortality, exudation, and water column respiration; 3) consumption and
production, and transport of dissolved oxygen (DO) through respiration, reaeration, and
photosynthesis; and 4) recycling of nutrients and consumption of DO through sediment
diagenesis.

Relative to other eutrophication models currently in use, CE-QUAL-W?2 is of intermediate
complexity. Its uses an “algebraic” turbulence model whereby vertical eddy viscosities and
diffusivities, which determine vertical momentum and mass transport rates, are calculated using
Prandt!’s “mixing length” concept. Eddy viscosities vary both in time and space according to the
mixing energy available from wind and shear, as well as the turbulence suppressing effects of
vertical density stratification. Eddy diffusivities are assumed to be a constant fraction of the
calculated eddy viscosities. CE-QUAL-W2's water quality simulation routines use a relatively
simple, single-constituent sediment diagenesis model. Other simplifications in the water quality
model include a fixed carbon to chlorophyll ratio, fixed phytoplankton cell quotas for nutrients
and carbon, and organic matter constituents that are all made up of identical fractions of carbon,
nitrogen, and phosphorus (Cole and Buchak 1995).



Table 1. Neuse Estuary Eutrophication Model Constituents

NEEM const. no. Constituent Unit
1 Tracer mg/1
3 Salinity g/l
6 Orthophosphate mg/1
7 Ammonia mg/1
8 Nitrite-Nitrate mg/]
9 Dissolved Silica mg/l
12 Labile Dissolved Organic Matter (LDOM) mg/l
13 Refractory Dissolved Organic Matter (RDOM) mg/]
14 Labile Particulate Organic Matter (LPOM) mg/1
15 Refractory Particulate Organic Matter (RPOM) mg/1
16 BOD mg/1
17 Diatoms mg/1
18 Greens mg/1
19 Blue-Greens mg/l
20 Dissolved Oxygen mg/1
24 Temperature deg C
61 & 62 Labile and Refractory Sediment OM mg/]

2.2 Model Grid and Bathymetry

The model uses a computational grid for the discretized representation of the waterbody. The
grid geometry is determined by specifying the length of every longitudinal segment, and the
width and thickness of every vertical layer. As the number of segments increases the spatial
resolution increases, as does the computation time, while numerical errors related to
discretization decrease. It is desirable to determine a segmentation that gives good spatial
resolution, acceptable levels of discretization error, and acceptable run times (Cole and Buchak

1995).

The study area consists of two rivers, nine creeks, and three wastewater treatment plants. It was
decided that the two rivers, Neuse and Trent, would be used as the branches making up the
computational grid, and the creeks and wastewater treatment plants would be treated as
tributaries, i.e., point source loadings into these two branches. The tributaries enter the system at
a user-defined segment of the computational grid. The computational grid received from the
USGS had 42 segments for the Neuse and Trent River branches (Bales and Robbins 1999). The
Neuse River consisted of segments one through 37 and the Trent River segments 38 through 42.

In the original grid the 42 segments varied greatly in length. It was a concern that the model
would not make accurate predictions as a result, considering the relatively small number of
segments, and the relatively large changes in segment length. Convergence testing was
performed to determine the effects of changing the number of the segments on computational
time and numerical accuracy. The transport and mixing of a hypothetical, conservative tracer



was simulated in the convergence testing. The number of segments was varied from 42 to 147.
The starting point for convergence testing was the existing 42-segment system. Each of these
segments were first split in half to create a new bathymetry file with 80 segments, as each branch
boundary has an upstream and downstream ‘dummy’ segment. The original bathymetry file was
next split into thirds to create a 112-segment file and into fourths to create a 147-segment {ile.
Through comparison of these cases it was determined that segment lengths longer than
approximately 1.5 km produced unacceptably high amounts of numerical error.

Unfortunately, the preferred bathymetry file developed using the process described above
produced very long run times because of very short segments (250 m) in the upper estuary. It
was determined through additional testing that these short segments were providing little
advantage with respect to numerical accuracy. It was therefore decided to create a new
bathymetry file based on the NOAA navigation chart (NOAA Map 11552, Neuse River and
Upper Part of Bay River), which allowed for complete control over segment length. The initial
bathymetry file created from this map consisted of 50 segments. This new bathymetry file
greatly improved execution speed. Based on a second round of numerical testing, it was decided
to shorten the segments downstream of New Bern. With this final modification, the bathymetry
file consisted of 66 segments (Figure 2).

In the bathymetry input file, the Neuse River includes segments one through 61, and the

Trent River includes segments 62 through 66. The segment lengths are fairly uniform, with
lengths that produce an acceptably low amount of numerical error. The numerical grid is made
up a maximum of eighteen active vertical layers. All but the upper three active layers have a
thickness of 0.5 meters. The third active layer from the top is almost always the surface layer.
This layer is one meter thick, and is centered at mean sea level. The grid was set up in this way
to minimize layer addition and subtraction, which is computationally time consuming, and can
introduce unwanted numerical dispersion. The two active layers above, which are utilized only
during flood conditions, are two meters thick. The depth below mean sea level of the bottommost
layer varies from segment to segment and ranges from 4.0 meters (10 active layers) to 7.5 meters
(17 active layers). Water depths generally increase downstream with relatively shallow spots
near New Bern, Hampton Shoals, and Cherry Point. The top width of the estuary increases
downstream with the exception of the ‘elbow’ at Cherry Point. The model allows for
specification of trapezoidally shaped cross-sections by allowing widths to be specified layer-by-
layer, with the restriction that the widths are monotonically decreasing with increasing depth.
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3. SPECIFICATION OF FRESHWATER LOADINGS

The model allows the user to select either inflow/outflow or head boundary conditions. The type
of boundary condition can be different at the upstream and downstream boundaries, but multiple
upstream or downstream boundaries must be of the same type. Inflows were selected as the
upstream boundary condition. Three data inflow files were specified for each branch and
tributary within the modeled area. These files specify flows, temperatures, and constituent inflow
concentrations.

3.1 Point Sources

3.1.1 Branch and Tributary Inflows

The United States Geological Survey maintains many continuous flow-gauging stations within or
near the model region. Four stations were used to provide inflow data for the NEEM based on
criteria that the station is closest in proximity to the actual boundary and do not have negative
flows in the record. These include; Neuse River at Kinston (USGS 02089500), Neuse River at
Fort Bammwell (USGS 02091814), Trent River at Trenton (USGS 02092500), and Swift Creek at
Hilliardson (USGS 02082770). The stations collect data at 15-minute intervals and were used to
create inflow boundary files for two branches, Neuse and Trent Rivers, and nine tributaries;
Swift, Bachelor, Upper Broad, Goose, Slocum, Hancock, Clubfoot, Adams, and Greens Creeks.

Due to the fact that the gauging stations were not in the exact location as the boundary and none
of the creeks downstream of New Bern were monitored for flow, drainage areas were used to
scale up or scale down observed flows in order to estimate flows in respective locations (Table
2). The total drainage area accounted for in model inputs is equal to 13513 km?”. The drainage
area at Oriental is 14055 km? (Bales and Robbins 1999). Approximately 542 km” drainage arca
was not accounted for, so an additional factor was used to account for this remaining inflow.
This was determined to be (14055/(14055-542)) = 1.04011 (Table 2). The flow data used to
estimate each branch or tributary inflow corresponded to the USGS station that was closest to the
boundary location. Neuse River inflows were estimated with Fort Bamwell data, Swift Creek
inflows were estimated with Hilliardson data, Bachelor Creek inflows were estimated with
Hilliardson data, and Trent River inflows and all tributary inflows downstream of New Bern
were estimated with Trenton data. Kinston data was used to supplement missing data from the
other gauging stations.

3.1.2 Branch and Tributary Inflow Temperatures

The United States Geological Survey maintains three real-time instruments in the Neuse Estuary
which measure physiochemical properties; temperature, salinity, and dissolved oxygen. These
sites are located at New Bern, Channel Light 11, and Channel Light 9 and take measurements
every 15 minutes. While the North Carolina Division of Water Quality and Institute of Marine
Sciences make temperature measurements at locations closer to the branch and tributary
boundaries, these measurements are made on a weekly basis and do not capture diurnal
fluctuations in temperature. It was therefore decided to use continuous data from New Bern for
the upstream Neuse River temperature inflow.



Table 2. Drainage Areas of Watersheds Within the Neuse River Basin (from Bales and Robbins
1999).

Location Drainage Area (km’) | Percentage of Total

Neuse River at Kinston 6,972 -
Neuse River at Fort Bamwell 10,100 ---
Swift Creek at Hilliardson 430 -—-
Trent River at Trenton 437 -

Neuse River at Street’s Ferry 10,497 74.7
Trent River at Mouth 1,350 9.6
Swift Creek at Mouth 869 6.2
Bachelor Creek at Mouth 166 1.1
Upper Broad Creek at Mouth 143 1.0
Goose Creek at SR 1100 65 0.5
Slocum Creek at Mouth 135 1.0
Hancock Creek at Mouth 84 0.6
Clubfoot Creek at Mouth 60 04
Adams Creek at Mouth 107 0.8
Greens Creek near Oriental 37 0.3
Direct Runoff to Estuary 542 39

Neuse River near Oriental 14,055 100.0

The North Carolina Division of Water Quality monitors land sites on the Trent River near
Pollacksville and Swift Creek near Street’s Ferry on a weekly basis for physiochemical
properties. A linear regression analysis was performed between weekly temperature
measurements at these respective locations and the corresponding measurement in the Neuse at
New Bern. This allowed predictions of Trent River and Swift Creek temperatures that were
much more frequent, 15-minute as opposed to weekly measurements, than seen in the actual
observed record.

Results of the least squares fit indicated that temperatures at New Bern could model Trent River
temperatures at Pollacksville (Tporacksville = 0.9864* Tnew Bem) With 97.9 percent of the variance in
Pollacksville temperatures explained. Ninety-five data points were used to predict Pollacksville
temperatures from New Bern temperatures. Temperatures at New Bern could model Swift Creek
temperatures (Tsyeers Ferry = 0.9142*Tnew Bem) and explain 96.9 of the variance in Swift Creek
temperatures using 90 data points.

No other data were available to estimate temperatures for the remaining tributaries.

Temperatures used for the tributaries without data corresponded to the branch or tributary having
temperature data that was in closest proximity. Swift Creek temperatures were used for Bachelor
Creek temperature inflows and Trent River temperatures were used for all tributaries
downstream of New Bern.
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3.2 Branch and Tributary Inflow Concentrations

Fifteen constituents are treated as upstream inflows and downstream head concentrations in the
NEEM. At the upstream boundary, inflow concentration data for the various constituents are
obtained from four monitoring stations located in three separate water bodies. The North
Carolina Division of Water Quality maintains ambient monitoring sites located at or near the
NEEM upstream boundaries of the Neuse River, Trent River, and Swift Creek. The Institute of
Marine Sciences, in cooperation with the Division of Water Quality and Weyerhaeuser
Corporation, maintains a monitoring site on the Neuse River upstream model boundary at the
Street’s Ferry Bridge (ModMon 0) where physiochemical measurements and grab samples are
taken on a weekly basis. Bi-weekly samples are collected by IMS. DWQ and Weyerhaeuser each
sample once a month.

In the upstream boundary constituent inflow files, the two conservative constituents of tracer and
salinity are assumed to have a concentration of zero. Also, since organic matter concentrations
are estimated for all branch and tributaries excluding wastewater treatment plants, biochemical
oxygen demand is zero in these input files. Constituent inflow files for the three-wastewater
treatment plants use measured BOD concentrations and assume organic matter inflow
concentrations of zero.

Dissolved silica is also assumed to have a constant inflow. Diatoms, one of the three algal
species modeled, need silica to develop their frustules and can actually become silica limited in
model simulations if the element is not present. It is generally thought that diatoms in the Neuse
River Estuary are not silica limited. A constant dissolved silica inflow of 1 mg/l is seen in the
branch and tributary inflow files.

3.2.1 Orthophosphate

Unfortunately, the NC DWQ does not measure orthophosphate at any of the three
aforementioned ambient monitoring sites. Total phosphorous is measured, but the NEEM does
not model total P and algae use the inorganic form of phosphorous for growth. An investigation
was conducted to try to estimate orthophosphate from total phosphorous data, but no meaningful
results were realized. Orthophosphate measured in the Neuse River at ModMon station 0 was
used for all branch and tributary orthophosphate inflow concentrations excluding WWTP’s.
Samples are collected on a weekly basis. However, only 3 samples a month are analyzed for
orthophosphate as DWQ samples are analyzed for total P. A linear trend in concentration is
assumed between samples.

3.2.2 Dissolved Inorganic Nitrogen
Nitrite + nitrate (NOx) and ammonia samples are collected by the NC DWQ in the Neuse River
at Fort Barnwell (J7850000), Trent River at Trenton (J8690000), and Swift Creek at Street’s

Ferry (J8230000). Nitrite + nitrate and ammonia data are collected daily from the Neuse River
site and data is collected at weekly intervals on the Trent River and Swift Creek sites. The
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dissolved inorganic nitrogen concentrations are used as-is in the respective constituent inflow
files for each branch and tributary.

3.2.3 Organic Matter

Organic matter inflow concentrations were predicted from observed particulate organic nitrogen
(PON) concentrations (IMS), and observed total organic nitrogen (TON) concentrations (DWQ
and Weyerhaeuser) sampled at the Street’s Ferry Bridge. The ratio of PON/TON was found from
distributional statistics, using the same method performed by Marty Lebo of Weyerhaeuser
Corporation (Lebo 2000). The ratio was determined by taking the 50" percentile of particulate
organic nitrogen samples at Street’s Ferry Bridge divided by the 50" percentile of the total
organic nitrogen samples at the Street’s Ferry Bridge for each calendar year (Table 3).

Table 3. Ratio of PON to TON in the Neuse River at Street’s Ferry

YEAR | Ratio PON/TON
1997 0.239
1998 0.118
1999 0.210
2000 0.1763

Nitrogen data, including Total Kjeldahl Nitrogen (TKN), ammonia nitrogen, and NOy are
collected daily from the Neuse River site and nitrogen data is collected at weekly intervals on the
Trent River and Swift Creek sites. Total organic nitrogen equals TKN plus NO,. Total organic
nitrogen data was calculated for the Neuse River, Trent River, and Swift Creek and the
PON/TON ratio was applied to estimate particulate organic nitrogen for each sample. Dissolved
organic nitrogen (DON) was then estimated by taking the difference between total organic and
particulate organic nitrogen. The PON/TON ratio calculated in the Neuse at Street’s Ferry was
applied to Trent River and Swift Creek total nitrogen data, as no data was available to estimate
the ratio.

Particulate organic nitrogen and dissolved organic nitrogen were further placed in labile and
refractory pools according to criteria specified by Marty Lebo (Lebo 2000). Particulate organic
nitrogen equals 23.8 percent labile if chlorophyll-a concentrations were less than or equal to 4
mg/l on that day. Particulate organic nitrogen equals 61.7 percent labile if chlorophyll-a
concentrations were greater than 4 mg/l on that day. Dissolved organic nitrogen is assumed 80
percent refractory at all times.

Organic nitrogen concentrations were then scaled up to organic matter concentrations by
dividing the organic nitrogen concentrations by the stoichiometric equivalent of nitrogen
specified in the NEEM, which is 0.08.

3.2.4 Algal Species
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The NEEM has the capability to model three separate algal groups. The Institute of Marine
Science performs High Performance Liquid Chromatography (HPLC) analysis on samples
collected bi-weekly at ModMon 0, to determine the individual algal species concentrations that
collectively make up chlorophyll-a. IMS reports five species: chlorophytes, cryptophytes,
cyanobacteria, diatoms, and dinoflagellates. Species with similar growth characteristics were
lumped into the same algal colony in order to reduce the number of species to three. So a plan
was devised to create a ‘green’ algal group consisting of chlorophytes plus cryptophytes, a ‘blue-
green’ group of cyanobacteria, and finally a third group of diatoms plus dinoflagellates.

A potential problem was discovered when the sum of the algal species concentrations were
generally less than the reported chlorophyll-a concentrations. Although HPLC analysis is
recognized as the most accurate method of measuring algal concentrations, the objective in this
modeling effort was to predict chlorophyll-a concentrations. Also, HPLC analysis was performed
only by IMS whereas all sampling entities provided chlorophyll-a measurements to which the
NEEM was calibrated. In light of these facts, HPLC data were used to determine the ratio of
contribution each species had on the overall chlorophyll-a concentration and these ratios were
applied to reported chlorophyll-a concentrations to determine the inflow concentrations of each

algal species group.

Since these data were available only for the Neuse River inflow boundary, the concentrations
seen at Street’s Ferry were assumed to be representative of the Trent River and Swift Creek algal
species inflow concentrations.

3.2.5 Dissolved Oxygen

Vertical profiles of dissolved oxygen concentrations were measured on a weekly basis at
ModMon station 0. Near-surface measurements taken at ModMon 0 were used for dissolved
oxygen inflow concentrations in all branch and tributary inflow files, excluding WWTP’s. A
linear trend was assumed between samples.

3.3 Wastewater Treatment Plant Inflows

Three wastewater treatment plants are located in the model region and are treated as tributaries to
the system. Data for Weyerhaeuser WWTP, New Bern WWTP, and Cherry Point WWTP was
obtained via the NC DWQ. Data included monthly averages for flow, effluent temperature, and
effluent concentrations of ammonia, total phosphorous, total nitrogen, BOD, and dissolved
oxygen. Data for nitrate concentrations were obtained directly from each WWTP.

Inflow files, temperature inflow files, and constituent inflow files, with the exception of nitrate,
were created for each WWTP using monthly average data provided by the DWQ. Total
phosphorous concentrations were assumed to be 100 percent soluble and hence used as
orthophosphate concentrations. All other flows, temperatures, and concentrations were used as
reported.

3.3.1 Nitrate
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Weyerhaeuser Wastewater Treatment Plant nitrate concentrations for the 2000 calendar year
were obtained directly from Weyerhaeuser. Nitrate data in conjunction with total nitrogen data
measured in 2000 were used to determine the ratio of nitrate to total nitrogen. This ratio was
determined to be 0.0076. The ratio was then applied to total nitrogen data for 1997 through 2000
to estimate nitrate concentrations.

Quarterly nitrate concentrations for 1998 through 2000 were obtained from the New Bern
WWTP. This data was used as-is and 1997 concentrations were assumed to be the same as the
first reported 1998 concentration.

Personal communication between representatives of the DWQ and Cherry Point WWTP
provided information that virtually no organic nitrogen exists in the Cherry Point effluent.
Nitrate concentrations were therefore assumed to be equal to total nitrogen concentrations minus
ammonia concentrations.

3.4 Non-Gauged Tributary Concentrations

Constituent concentrations were not measured in Bachelor Creek, Upper Broad Creek, Goose
Creek, Slocum Creek, Hancock Creek, Clubfoot Creek, Adams Creek, and Greens Creek. The
criteria for which constituent inflow concentration data file would be used to estimate each
tributary constituent inflow concentration corresponded to the branch or tributary with measured
data that was in closest proximity to a tributary without data. Bachelor Creek constituent
concentrations were assumed to be the same as Swift Creek constituent concentrations. The
remaining seven creeks are downstream of New Bern, so theses tributaries were assumed to have
the same constituent concentrations as the Trent River.

3.5 Nonpoint Sources

3.5.1 Precipitation

Daily precipitation data were obtained from the National Climate Data Center From June 1, 1997
through December 31, 1999. Hourly precipitation data were obtained from NCDC for the 2000
calendar year. Precipitation data were measured at the New Bern Regional Airport, WBAN
number 93719. Precipitation amounts, reported in inches, were converted to flows (m3/s) for
input to the NEEM.

3.5.2 Precipitation Temperature

The model requires that the temperature of all inflows, including precipitation, be specified. No
measurements were available for the temperature of the precipitation. It was therefore assumed
that the precipitation temperature was the same as the ambient air temperature at the time of

rainfall.

3.5.3 Atmospheric Deposition
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The Institute of Marine Science maintains a gauging station at New Bern. Weekly sam.ples are
collected, which are analyzed for rain concentration and deposition numbers for nitrate,
ammonia, and organics (via Total Kjeldahl Nitrogen). These are wet deposition numbers.
Ammonia and nitrate wet deposition concentrations were doubled to account for dry deposition,
as dry deposition is very hard to measure. All other constituents in the precipitation constituent
concentration inflow file were assumed zero.
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4. SPECIFICATION OF DOWNSTREAM BOUNDARY CONDITIONS

As previously stated, the model allows for inflow/outflow or head boundary conditions. There
are two types of head boundary conditions, external and internal. The external specification
requires separate files for vertical temperature profiles, vertical profiles for each constituent
concentration, and a file containing time-varying elevations. Internal head boundaries are
specified at the confluence of one branch with another. In this case the model internally
calculates temperature, constituent concentration, and water surface elevation. The external head
boundary condition is intended for estuarine simulations (Cole and Buchak 1995). External head
boundary conditions were used at the downstream boundary of the model region near Oriental.
Constituent concentrations were assumed to vary linearly in time between monitoring events. A
complete vertical profile of constituent concentrations was created through interpolation of near-
surface and near-bottom data. Ideally an interpolation function could be developed based upon
measured vertical profiles of either temperature or salinity.

4.1 Physical Water Quality Parameters
4.1.1 Downstream Elevation Head

As part of the ModMon monitoring effort, the UNC Institute of Marine Science maintains a
Coastal Leasing Micro Wave pressure sensor to measure water levels at navigational marker
‘1AC’ (Luettich et al, 2000). Pressure measurements are collected at 15-minute intervals. The
channel marker is located in the Neuse Estuary near the mouth of Adams Creek (34°57'24"
latitude and 76°40'54"” longitude). This location corresponds with segment number 55 of the
NEEM, approximately 6.5 kilometers upstream of the downstream boundary, segment number
61.

Although this water level gage was installed to provide a downstream elevation boundary
condition for the NEEM, it was not deployed until July 2, 1998. This was a predicament because
model runs begin on June 1, 1997. Thus arose the need to find supplemental data. As it turned
out the supplemental data would not only be needed for boundary conditions during the time
period preceding the deployment of the IMS pressure gage, but would also be used to
supplement missing data when the pressure sensor was removed for servicing.

Prior to August 3, 1999, the United States Geological Survey maintained a water level gage at
the Highway 17 Bridge in New Bern. Similarly to the IMS pressure sensor data, the USGS
collected measurements at 15-minute intervals. This data set was essentially complete with the
exception of a missing period of 33 days from March 27, 1998 to April 29, 1998. Since the
missing period was so long, the decision was made to append the missing USGS water level data
with sample depth data from the nearest water quality meter. Fortunately, the water quality meter
at New Bern (USGS station # 02092162) was still in operation during the time the water level
gage was serviced. An analysis was performed between water level and top and bottom sample
depth data collected at New Bern from April 29, 1998 to May 31, 1998 to determine if the
average difference between the values could be used to predict water elevations from sample
depths. The top sample depth of the water quality meter in New Bern provided the best results
(Figure 3).
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The difference between the stage data and top sample depth had a standard deviation of 0.2029
feet and a variance of 0.0412 feet over 3106 data points. These results seemed reasonable enough
to assume that the missing stage data could be appended with top sample depth data. Subtracting
the average difference between stage and sample depth during May 1998, 2.97 feet, from the top
sample depth, did this.

Despite the seemingly good fit between predicted stage, from water quality meter depths, and
observed stage, the transition between data sets was not smooth. When the predicted stage data
was placed in the observed record, a jump of 0.2312 meters was seen at the beginning of the
predicted series. A drop of 0.1428 meters was seen at the resume of the observed data. To
account for this discrepancy, the average of the jump and drop, 0.187 meters, was subtracted
from the predicted stage series.

Now, two water level data sets were in hand. The USGS data set from the Highway 17 Bridge in
New Bern spanned from January 1, 1997 to August 3, 1999 with data missing from January 9,
1997 to January 16, 1997 as well as the aforementioned data in 1998. The IMS water level data
set covered July 2, 1998 to December 31, 1999 with the following dates missing; October 2-18,
1998, December 7, 1998 to January 7, 1999, February 16, 1999 to March 2, 1999, May 10-11,
1999, June 21-24, 1999, August 11-12, 1999, and November 9-10, 1999. The two data sets were
modified so the average water level was zero. This was done by subtracting the average value of
each data set from each observation in the respective data set.

In order to use the Highway 17 water stage data as supplemental data for the downstream
elevation, a linear regression analysis was performed to determine what percentage of the water
stage at New Bern would be seen downstream. Intuitively, the fraction of the New Bern
elevations seen 40 kilometers downstream would be less than one due to the geometry of the
water body, (1.e. more volume downstream to attenuate a pressure wave). However, before the
regression analysis could be performed, a time shift had to be determined. By looking at the
timing of the peaks in both the USGS and IMS time series, it was determined that there was a
0.75-hour phase shift between in the data sets. This seemed reasonable, as the pressure wave
velocity would be on the order of 50 km/hr.

Once the USGS data set was modified to account for the 0.75-hour time shift, a linear regression
was performed to predict downstream elevations from USGS data at New Bern. In looking at
plots of downstream elevation versus Highway 17 elevations, it became clear that some data
points did not match well. The following days were deleted from the linear regression analysis as
they were considered outliers: August 26-28, 1998 and April 30 to May 9, 1999. During these
time periods, high winds caused water levels to drastically drop during August 1998 and
dramatically increase in April/May 1999. The linear regression was run with the modified data
set. Results of the linear regression indicate 0.8976 of the elevations measured at New Bern are
seen at Marker 1AC with 77.2 percent of the variation in water level at Marker 1 AC explained
by New Bemn elevations. The predicted downstream elevations matched well with observed
downstream elevations and had a correlation of 0.906 (Figure 4).

18



r ' § : Observed

Stage (m)

_0.5 : i i
5 10 15 20 25 30

Day

Figure 3. Predicted and observed water level stage at New Bern during May
1998 used to determine stage data from sample depth data.
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Figure 4. Predicted and observed water elevations at Marker 1 AC used
to establish the NEEM downstream elevation.
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The downstream elevation head file, edh_brl _979899.npt, was created using the pressure sensor
data from IMS collected at channel marker 1AC supplemented with USGS data from Highway
17 in New Bemn. The upstream data were modified by a factor of 0.8976 and a 0.75-hour time
shift. Top sample depth data at New Bern were used to append the missing USGS stage data
from March 27, 1998 to April 29, 1998. The sample depth data were not included in determining
the average value for the USGS data set, but the average value was applied to the sample depth
data. All missing IMS water elevations from marker 1AC between June 1, 1997 and August 3,
1999 were supplemented with USGS data. Days with missing data after August 3, 1999 were
deleted from the file as the NEEM will linear interpolate between values.

The Institute of Marine Sciences provided water level data for the year 2000. The data file was
received in a slightly different format as the pressure data had already been converted to
elevations. There were also no missing values in the file as any missing data from Marker 1AC
were supplemented from another pressure gage located at ModMon Station 95-South, upstream
of Cherry Point. Elevation data from 95-South were adapted to Marker 1AC elevations by IMS
staff. In creating the downstream elevation input file for the NEEM, the water level data were
modified so the average elevation during 2000 was zero.

4.1.2 Downstream Temperature

As part of the ModMon sampling program, the Institute of Marine Sciences monitors a station,
ModMon 160, located at Neuse River Channel Marker 7. ModMon 160 is the closest monitoring
station to the NEEM downstream boundary with data collected on a regular basis. It is located
approximately one mile upstream of the model downstream boundary. IMS collects bi-weekly
vertical profiles of physiochemical measurements. Measurements are made at half-meter
increments, from the water surface to the bottom of the estuary.

The downstream head boundary condition used by the NEEM has fixed temperatures for each
layer of the boundary segment. Since each layer in the model has a depth of 0.5 meters, the
vertical profiles measured by IMS correspond nicely to what is needed for model input. Bi-
weekly temperature profiles were used as-is in creating the temperature downstream head input
file. The other sampling entities, Weyerhaeuser and DWQ, also monitor this station but do not
collect data all the way to the channel bottom. Their data was not used to create the downstream
temperature file.

4.2 Chemical Water Quality Parameters
4.2.1 Vertical Interpolation Procedure

The Institute of Marine Sciences collects bi-weekly surface and bottom grab samples at
ModMon 160, which are analyzed for various constituents including; orthophosphate, ammonia,
nitrate + nitrite, particulate organic carbon, chlorophyll-a, and algal species concentrations.
Physiochemical vertical profiles are also taken to measure salinity and dissolved oxygen
concentrations. Like the downstream temperature head, the downstream constituent head
boundary condition has fixed concentrations for each constituent, at every layer of the boundary
segment, for every time step.
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The bi-weekly salinity and dissolved oxygen vertical profiles, measured at half-meter
increments, were used as-is in creating the constituent downstream head input file. The
remaining constituents only had surface and bottom samples collected, so a method was
determined to estimate the vertical distribution of the constituents. For each constituent, a
vertical profile could be estimated by the constituent’s surface and bottom concentrations and the
vertical distribution of a conservative constituent, salinity, on that particular sample day.

A contribution matrix was created to determine the ratio surface salinity concentration and
bottom salinity concentration had on each salinity measurement in the vertical profile for each
sample day. The ratio of surface salinity could be found by the following equation:

(Salinil:)/LayerX - Salinityﬂottom)
(Salinitysurface — Salinitysotiom)

RatiOLnyerX =

The ratio of bottom salinity to the salinity concentration at each layer could then be determined
by subtracting the ratio of surface salinity from one. With the contribution matrix, the salinity
profile could be replicated using only surface and bottom salinity measurements:

SalinitquyerX = RatiOLayerX X Salii’ll.tySurfare + (l - RatiOLnyerX) kX SalinityBollam

Institute of Marine Science salinity data were used exclusively to create the contribution matrix
as Weyerhaeuser and DWQ do not take measurements to the channel bottom.

Half-meter increment vertical profiles, for constituents having only surface and bottom
measurements, were created on the assumption that these constituent profiles would match the
profile of a conservative element. A surface and bottom sample was required to create these
profiles, so consequently Institute of Marine Science data was used, as they are the only
sampling entity that takes a bottom grab sample. Vertical profiles for nutrients, organic matter,
and algal species concentrations were created this way. Salinity and dissolved oxygen
concentrations were sampled at the appropriate interval, half-meter, and could be used without
modification.

4.2.2 Nutrients

Some but not all of the constituents needed by the NEEM were measured as part of the Institute
of Marine Science sampling. These samples were taken from the top and the bottom of the water
column, and therefore used the vertical interpolation scheme as described above to produce a full
profile of values. The constituents that were measured directly were orthophosphate, ammonia,
and nitrate + nitrite. Estimation methods were used to create vertical profiles of the remaining
constituents. These methods are described in the following sections.

4.2.3 Dissolved Organic Matter
In light of the fact that total organic nitrogen data was only measured at the surface, organic

matter concentrations at the downstream boundary had to be estimated in a different way than
upstream inflows. Surface and bottom measurements of particulate organic carbon were
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available from the Institute of Marine Sciences, but after some investigating, it was determined
that there was no way to predict dissolved organic carbon. It was therefore decided that a
constant value would be used for the dissolved organic matter downstream boundary
concentration.

HydroQual had a similar problem in establishing a downstream concentration of dissolved

~ organic carbon in a previous model study of the Massachusetts and Cape Cod Bays. No DOC
data were available to establish a downstream boundary concentration. An estimated DOC
concentration of 1.5 mg/l was assumed constant throughout the model period (HydroQual and
Normandeau, 1995). Due to the similarity in water body characteristics, it was decided that a
constant downstream boundary concentration of 1.5 mg/l of DOC would be used to establish the
downstream organic matter concentration in the NEEM. Since organic matter is modeled, the
DOC concentrations were scaled up to dissolved organic matter concentrations by dividing by
the stoichiometric equivalent of carbon in the model, 0.45. The choices used to split DOM into
labile and refractory pools were also guided by a previous modeling effort in the Chesapeake
Bay. In this study, it was assumed organic matter was 50 percent labile and 50 percent refractory
(Cerco and Cole, 1993).

4.2.4 Particulate Organic Matter

Surface and bottom measurements of particulate organic carbon were available from the Institute
of Marine Sciences. This data could be scaled up to particulate organic matter by dividing by the
stoichiometric equivalent of carbon in the model. There was a concern, however, that POC
measurements also included detritus concentrations. Before the POC concentrations could be
scaled up, the algal portion of POC had to be removed.

The first step was to convert chlorophyll-a concentrations to carbon concentrations. A carbon-to-
chlorophyll ratio at the downstream boundary was established by least squares linear regression
of particulate organic carbon concentration versus chlorophyll-a concentration of samples
collected at ModMon 160. The slope of the regression line is the carbon to chlorophyll ratio, and
was determined to be 41.02 (Figure 5). With C:Chl-a known, particulate organic matter could be
estimated by the following equation:

POM =[POC —(Chl xC : Chlraio)]x(1/ C : OMaio)

The results were further split into the two types of non-living particulate organic matter using the
same assumptions as for dissolved organic matter, 50 percent labile and 50 percent refractory
(Cerco and Cole, 1993).

4.2.5 Algal Species Data

The same protocol used to create the upstream inflow concentrations of algal species was used to
create the downstream head concentrations of algal species. The five measured species were
combined based on similar characteristics between the species to create three groups: greens,
blue-greens, and diatoms. High Performance Liquid Chromatography data were used to
determine the ratio of contribution each species had on the overall chlorophyll-a concentration.
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The ratios were applied to measured chlorophyll-a concentrations at ModMon 160 to determine
the downstream head concentrations of each algal species group.

4.2.6 Other Constituents

The following constituents were held at constant concentrations during the simulation period.
Tracer was assumed to be zero. Dissolved silica was assumed to have a concentration of 0.5 mg/1
at the downstream boundary. Diatoms need dissolved silica for growth and the species is not
thought to be silica limited in this estuarine system. Biochemical oxygen demand was assumed
zero at the downstream boundary since organic matter concentrations were readily available for

input.
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Figure 5. Observed particulate organic carbon concentrations versus observed chlorophyll- -a
" concentrations at ModMon 160 from June 1, 1997 to December 31, 2000
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4.3. Meteorological Input Specification

Meteorological data needed for model input include; air temperature, dew point temperature,
wind speed, wind direction, and cloud cover. Meteorological data collected at the Cherry Point
Marine Corps Air Station, WBAN 13754, were obtained via the Institute of Marine Science. This
data included air temperature, dew point temperature, wind speed, and wind direction.
Temperature data were converted from Fahrenheit to Celsius and wind speed was converted
from miles per hour to meters per second. Wind direction was reported as direction wind was
blowing from in degrees from North and was modified to direction wind was blowing to, in
radians from North, for model input.

Sky conditions were not available from the Cherry Point station. Cloud cover data were obtained
from the National Climate Data Center. Sky conditions were measured at the New Bern Regional
Airport, WBAN number 93719. Cloud cover is specified in the NEEM as a number from zero to
ten, with zero indicating clear skies and ten indicating cloudy skies. Data obtained from NCDC
were modified to meet the model input criteria (Table 4).

Table 4. Key to METAR Sky Condition Observations and Corresponding NEEM Input
Specification

METAR Observation | NEEM Input
CLR (Clear) 0
FEW (Few) 2.5
SCT (Scattered) 5
BKN (Broken) 7.5
OVC (Overcast) 10
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5. CALIBRATION

Prior to the calibration phase of the work, several improvements were made to the model to
improve the model’s prediction capability or to improve the capability to display model output.
These improvements included:

e specification of spatially varying bottom roughness,

e creation of additional derived constituents for the hydrodynamic model (e.g. gradient
Richardson number),

e creation of an additional model output file tailored for use as input to a data post-
processing system

With these modifications, model calibration was performed in two phases. First hydrodynamic
and conservative transport model calibration was performed by comparing model predictions of
water elevation, water velocity, temperature, and salinity were compared to corresponding
observed data. Modifications to bottom roughnesses were then made to improve the model fit.
The niext phase of the calibration work concerned the water quality model. During water
calibration, it was decided that further modifications to the model were desirable. This
additional model development is described in the following sections. Once this development
work was completed, model predictions of nutrients, organic matter, dissolved oxygen, and
chlorophyll-a concentrations were compared to corresponding observed data. Trial and error
modifications were made to improve model fit to the observed data. While no formal numerical
optimization was performed, a judgment-based, multi-objective methodology was used during
calibration. . The starting parameter set for water quality kinetic coefficients were values used in
a modeling study of the Tar-Pamlico Estuary (HydroQual, Inc. 1995). The overall objective of
the calibration work was to minimize mean error and root mean square error between
observations and predictions. For chlorophyll-a predictions, and additional objective was to
produce a cumulative frequency distribution that matched to the extent possible the number of
exceedences of the water quality standard.

Model calibration produced a reliable set of model parameters that are consistent with literature
values and fit the seasonal and spatial patterns of the observed data. The calibration results
presented here are a result of hundreds of hydrodynamic and water quality model runs and
countless hours of computational time. All endogenous variables are considered spatially and
temporally constant in the NEEM, with the exception of sediment oxygen demand. Exogenous
parameters such as light extinction and vertical dispersion vary in time and space as well.

5.1 Hydrodynamic Calibration Procedure

Model calibration work was conducted using the 1997-1999 data set. Calibration of the Neuse
Estuary Eutrophication model took place in three steps. The first step was water elevation
calibration. This process involved comparing predicted elevations to observed elevations
provided by the USGS. The data were compared by plotting a time history of model output to a
corresponding time history of observed values.
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The second step of the process was to calibrate the hydrodynamic model parameters by
comparing model predictions and observations of water velocity, temperature, and salinity.
Hydrodynamic model calculations are affected by longitudinal and vertical eddy viscosity
(dispersion of momentum), longitudinal and vertical eddy diffusivity (dispersion of heat and
constituents), and Chezy coefficients (bottom friction). Initially, maximum vertical eddy
viscosity and Chezy coefficients were the two parameters varied in the hydrodynamic
calibration. Model runs were made with maximum vertical eddy viscosities ranging from 10 to
3x10” m%/s. Manning’s n values, which were used to compute Chezy coefficients, were varied
from 0.015 to 0.03. During model calibration it was found that the model as written did not allow
for calibration of parameters in the turbulence model. It was found that these parameters needed
to be varied to produce higher vertical eddy viscosities in order to achieve acceptable fits to
observed salinities. Model predicted salinities compared well to the observed data using higher
maximum vertical eddy viscosities, but a problem arose. The larger the maximum vertical eddy
viscosity, the slower the model ran, because of a numerical stability constraint related to the
model’s explicit numerical scheme for velocity calculation. It was also discovered that the
vertical eddy viscosity was reaching the specified maximum value much more frequently than
expected. It was decided therefore to rewrite the code so the maximum vertical eddy viscosity
could be increased to a point that would prevent the specified maximum value from limiting
momentum dispersion. The numerical scheme was also rewritten to have an implicit method for
velocity calculation, which removed the numerical stability constraint on the execution time step.
This model development produced a model that predicted salinities well and ran in a reasonable
amount of time.

Varying the wind-sheltering and horizontal eddy viscosity parameters was done to perform
additional hydrodynamic calibration. In adjunction to salinity, a new constituent was created to
evaluate how well the model was capturing stratification and de-stratification. Taking the
difference between observed surface and bottom salinities provided information on how mixed
or stratified the system was. This was designated the stratification constituent. Observed salinity
and stratification were compared to model predicted salinity and stratification occurring at the
same time and location. Descriptive statistics were calculated for nine model runs in which the
wind sheltering and eddy viscosity parameters were varied (Table 5). Run number b_009 seemed
to provide the best fit to both salinity and stratification (Table 5). However, because this model
run used an eddy viscosity of 150 m?/s, it was soon discovered that the large value used for
horizontal dispersion was having a negative impact on model fit to observed water quality
constituents, particularly chlorophyll-a. The reasoning for a relatively large eddy viscosity
providing the best fit to salinity and stratification can be attributed to the fact that model
predicted salinities in the upper estuary are generally too fresh. A possible cause of this may be
that the freshwater inflows have a much greater impact on hydrodynamics in the NEEM than
what is actually occurring in the Neuse. The high values for eddy viscosity in the model allowed
downstream salinities to disperse much farther upstream in the estuary. However, in doing this
predicted algal blooms were being dispersed over an area larger than what was seen in the
observed data. It was decided that the maximum value used for eddy viscosity could be 50 m?/s
without having an adverse effect on the other constituents. Run number b_001 used an eddy
viscosity of 50 m?/s with adequate statistics for salinity and stratification (Table 5). A wind-
sheltering coefficient of 0.8 was used in this run.
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Table 5. Descriptive Statistics for Hydrodynamic Calibration Runs

Run Const I\gd/lli I\;)E RIZI/ISE Rl\oi’SE Mg‘j‘lE MO'/A(: E R? # pts.
b 001 Salin. | -1.10 -0.17 224 0.36 1.49 0.24 0.89 14658
b 002 Salin. | -1.04 -0.16 2.20 0.35 1.45 0.23 0.89 14658
b 003 Salin. | -0.82 -0.13 2.29 0.36 1.51 0.24 0.86 14658
b 004 Salin. | -0.83 -0.13 2.29 0.36 1.52 0.24 0.86 14658
b 005 Salin. | -0.41 -0.06 2.34 037 1.51 0.24 0.84 14658
b 006 Salin. | -0.44 -0.07 2.16 0.34 1.42 0.23 0.87 14658
b_007 Salin. | -0.72 -0.11 2.15 0.34 1.44 0.23 0.88 14658
b 008 Salin. | -0.98 -0.15 2.26 0.36 1.52 0.24 0.88 14658
b 009 Salin. | -0.92 -0.15 222 0.35 1.49 0.24 0.88 14658
b 001 Strat. 0.17 0.09 227 1.23 1.37 0.75 0.40 14414
b 002 Strat. 0.13 0.07 2.25 1.22 1.36 0.74 0.40 14414
b 003 Strat. 0.57 0.31 2.59 141 1.64 0.89 0.35 14414
b 004 Strat. 0.93 0.50 3.16 1.72 1.99 1.08 0.23 14414
b 005 Strat. 1.14 0.62 3.38 1.83 2.11 1.15 0.20 14414
b 006 Strat. 0.26 0.14 2.37 1.29 1.48 0.80 0.36 14414
b 007 Strat. 0.14 0.08 2.32 1.26 1.43 0.78 0.37 14414
b 008 Strat. 0.04 0.02 2.30 1.25 1.40 0.76 0.38 14414
b 009 Strat. | -0.01 -0.01 2.29 1.25 1.39 0.76 0.38 14414

5.2 Water Quality Model Calibration Procedure
5.2.1 Wastewater Treatment Plant Loading

Information concerning the loading of various nutrient and carbon inputs to the Neuse estuarine
system has been discussed in previous sections. The various agencies involved in providing
water quality data for this project were able to supply a detailed breakdown of nutrients required
for model input including NH4, NO, + NOs, and PO4. Additional nutrient data, including NO;,
for wastewater treatment plants discharging into the Neuse Estuary were provided as a result of
direct contact with persons in charge at these facilities. Loading of organic carbon and nutrients
were estimated from measurements made by the division of water quality and annual ratios of
PON/TON. The water quality model requires additional information concerning the various
forms of organic matter, defined here as the sum of carbon, nitrogen, and phosphorous. The
options used to split the organic carbon, nitrogen, and phosphorous loads into labile and
refractory components were directed by research done by Weyerhaeuser Corporation (Lebo
2000). In addition to NH4, NOs, and POy data, biochemical oxygen demand concentrations were
available for the three-wastewater treatment plants. BOD inflow concentrations were used for
WWTP instead of organic matter inflow concentrations in order to minimize potential errors
resulting from conversion of the BOD loading to organic matter loading.
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5.2.2 Algal Species Boundary Concentration Specification

CE-QUAL-W?2 was initially wired to read in phytoplankton boundary concentrations as algal
carbon. Since the algal species were measured as chlorophyll-a, converting the chlorophyll
concentrations to algal carbon proved to be a tedious task. During water quality calibration of
chlorophyll-a, it was discovered that the carbon-to-chlorophyll ratio (C:Chl) had a considerable
impact on the magnitude of predicted phytoplankton blooms. C:Chl was a parameter adjusted
repeatedly in trying to match cumulative frequency of predicted and observed chlorophyll-a
concentrations, particularly the higher concentrations. Technically, every time the C:Chl ratio
was changed in a NEEM control file, the algal carbon boundary concentrations needed to be
recomputed in order to reflect the corresponding C:Chl ratio of the model run.

It was decided to modify the model code so that species concentrations would be established as
chlorophyll-a in the upstream inflow and downstream boundary files. As these values were read
into the model, a calculation was performed internally to convert the species concentrations as
chlorophyll to algal carbon using the C:Chl ratio specified in the control file. Changing the
model code in this way proved to be a more prudent way of establishing algal species boundary
conditions and any question of how the phytoplankton concentrations at the model boundaries
were generated could more easily be explained.

5.2.3 Specification of Light Extinction Coefficients

Water clarity, along with many other parameters, is important to primary productivity. In areas
with the same nutrient availability, algal growth is most often greater in zones of high light
penetration than in light limiting zones. The light extinction coefficient, therefore, plays an
important role in model predictions of algal growth and concentration. Light extinction is caused
by several factors. Suspended solids loading to the water body as a result of sediment re-
suspension and riverine transport, as well as particulate organic matter loading, contribute to
light extinction particularly after a storm event when surface runoff is high. Background water
extinction from dissolved substances in the water body can also be a significant source of light
limitation. Finally, higher extinction coefficients seen in areas of high algal biomass indicate the
effects of algal self-shading.

Calculations performed by CE-QUAL-W2 used these aforementioned factors to determine light
extinction coefficients in the Neuse Estuary. During water quality calibration of chlorophyll-a,
model predicted light extinction was compared to light extinction measurements made by the
Institute of Marine Science. It was discovered that the model inadequately predicted light
extinction, as there was little to no variability in the predictions. It was suggested that light
extinction might be negatively correlated with salinity, as dirty fresh water flowing into the
system would produce higher light extinctions than clear, salty water pushed into the system
from Pamlico Sound. This proved to be the case when light extinction coefficients and
corresponding average salinity in the water column were compared for all ModMon stations
from June 1, 1997 to December 31, 2000 (Figure 6). Since the NEEM predicts salinity
reasonably well, having R-squared values of 88 percent and mean error of about one part-per-
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thousand, it was decided to rewrite model code to predict light extinction as a function of model
predicted salinity. The equation used to calculate light extinction was determined by least-
squares linear regression (Figure 6).

5.2.4 Water Quality Kinetic Parameter Specification

Water quality calibration was conducted after hydrodynamic calibration. Water quality kinetic
coefficients were set initially to values used in an eutrophication modeling effort in North
Carolina’s Tar-Pamlico Estuary (HydroQual, Inc. 1995). These values were considered to be an
appropriate starting point for calibration because of the proximity of the Tar-Pamlico, and
because of the similarity in the two model formulations. Kinetic parameters were then adjusted
in order to produce an acceptable fit to observed data. The criteria used in selecting kinetic
parameters were to maximize R-squared values and minimize mean errors. Adjustments were
made to all of the parameters that quantify phytoplankton growth, including temperature and
light optima, nutrient half-saturation constants, sinking speeds, and mortality and respiration
rates. Many other rates of water column or sediment organic matter degradation or
transformation were adjusted during the calibration in order to optimize the model’s fit to the
observed water quality data.

5.3 1998-1999 Hydrodynamic Calibration Results

The 1997-1999 data set was used for two purposes: 1) to set model parameters through
calibration to observed data, and 2) to predict the impact on water quality of various reductions
in nutrient loading of nitrogen species. The 2000 data set was used for verification of parameters
calibrated to 1997-1999 conditions. Results of the simulations of 1997-1999 hydrodynamic and
water quality conditions are presented in the following sections.

Model predictions will be presented graphically for each ModMon monitoring station.
Descriptive statistics will be presented for every ModMon station as well as spatially aggregated
use support areas of the estuary. The areas are referred to as River, Upper, Middle, Bend and
Lower (Figure 7). Model predictions were grouped in these areas because the observed data
within them show comparable behavior, and because they generally correspond to where the
Division of Water Quality assesses use support.

5.3.1 Water Level

Hourly observed water level data were available from the USGS at a station on the Highway 17
Bridge in New Bern. Vertical salinity and temperature profiles were collected from 10 to 16
stations (Figure 2) on a weekly basis as part of the MODMON monitoring program. The
MODMON program also included continuous monitoring of water velocities from a moored
acoustic Doppler current profiler near Cherry Point.

Overall, the model calibrated well to the observed water elevation data set. However, focusing
on a shorter period allowed for assessment of the model’s ability to simulate higher frequency
variations in water surface elevations. During July 1998 measured water surface elevations at
New Bemn consisted of peaks that occur roughly once per day, with longer time scale variations
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of several days also visible (Figure 8). Differences between predictions and observations were
usually less than 10 cm. Statistical measures of model fit for July 1998 (MAE = 0.0461 m,
RMSE = 0.0596 m) are similar to those for the full simulation period.

The entire range of frequencies in water surface elevation variation can be examined by
performing a spectral decomposition of the elevation time record. The resulting power spectrum
for model predictions and observations can then be compared to assess the model’s prediction
ability over various time scales. The power spectrum of observed water surface elevations
indicates the importance of diurnal and semi-diurnal variations, as peaks in the observed water
level power spectrum occur near frequencies of one and two per day (Figure 9).

5.3.2 Salinity

During calibration, comparisons of near-surface and near-bottom salinity were performed using
observed data collected by the MODMON monitoring program. Vertical profiles of salinity at 10
- 17 stations were collected on a weekly basis (see Figure 2 for station locations). Here, time
history comparisons for all stations in the estuary are shown. In general the model tracked well
the seasonal variation in salinity. The surface waters in the upper estuary were generally fresher
than the surface waters in the lower estuary. The degree of stratification, however, was quite
variable. At a number of times throughout the model simulation, the difference between top and
bottom salinities decreased markedly. Each of these features of the observed salinity
distributions was also found in the model predictions (Figures 10 — 20).

Statistical measures of calibration were similar in the upper section, near New Bern, and bend
section, near Cherry Point, with mean errors (MAE) between predictions and observations of
0.37 and 1.81 g/1, respectively. These errors represent approximately 20 to 30 percent of the
mean salinity values at these two locations. For the entire estuary, based on a comparison to
13,564 observed salinities, the model predicted 88.0% of the observed variation in salinity. The
mean absolute error between predictions and observations was 1.04 g/1, which was 17% of the
mean observed salinity during the time period (Table 6).
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Figure 6. Light extinction versus salinity in the Neuse River Estuary from mid-1997
through 2000. Results of least-squares linear regression were used to calculate light
extinction from model predicted salinity.
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Figure 7. North Carolina Division of Water Quality use support areas and ModMon
stations. ModMon stations are not represented for River and Lower sections.
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Figure 8. Model predicted and observed water level in the Neuse River Estuary at
New Bern, NC during July 1998.
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Calibration performance could be assessed qualitatively by the ability of the model to simulate
episodes of relatively strong stratification. Through most of July 1998 there was little difference
in salinities measured by monitors moored near the surface and bottom of the water column
(Figure 21, middle panel), but sustained winds from the southwest near mid-July lead to
increases in stratification by enhancing the estuarine circulation. The predicted salinities show a
similar evolution, although stratification develops sooner (Figure 21, bottom panel). Wind
reversal near the end of the month lead to a breakdown in the salinity stratification (Figure 21,
middle panel) by producing upstream directed surface currents that oppose the estuarine
circulation. This connection between wind direction and surface currents can be seen in both the
observed and predicted surface currents (Figure 22, middle and bottom panel). Winds from the
southwest were associated with downstream surface currents, whereas winds from the northeast
produced generally upstream surface currents (Figure 22). More information on predicted and
observed dissolved oxygen concentrations at Cherry Point can be found in the following section.

Table 6. Descriptive statistics for model predicted salinity performance from June 1, 1997 to
December 31, 1999.

Section | Station #obs o/l ME % g/l RMSE o R’
0 864 0.37 559% 1.68 2556% | 18.9%
River 10 759 0.46 185% 1.45 586% 43.6%
20 778 0.04 5% 1.10 133% 73.1%
Upper 30 624 -0.85 -36% 2.12 89% 69.7%
50 848 -1.28 -36% 2.39 67% 75.0%
Middle 60 785 -1.30 -27% 2.24 47% 83.1%
70 797 -1.18 -23% 220 43% 83.5%
Bend 100 900 -1.81 -26% 2.66 38% 84.5%
120 026 -1.35 -17% 2.50 32% 81.8%
Lower 140 1027 -1.53 -16% 2.60 28% 82.3%
160 1216 -1.16 -10% 1.75 16% 93.1%
River 2577 0.32 90% 1.46 413% 40.5%
Upper 1602 -1.01 -34% 221 75% 73.0%
Middle 2613 -1.34 -25% 232 43% 82.9%
Bend 2858 -1.59 -21% 2.57 35% 83.2%
Lower 3146 -1.35 -13% 2.23 21% 87.7%
Total 13564 -1.04 -17% 221 37% 88.0%
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Figure 9. Relative amplitudes (m) of water surface elevation fluctuation based on model

predictions and observations in the Neuse River Estuary near New Bern, NC during January
through April 1999.
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Figure 10. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station O during 1998 and 1999.
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Figure 11. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station 10 during 1998 and 1999.
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Figure 12. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station 20 during 1998 and 1999.

35



— Predicted Surface
O Observed Surface
Predicted Bottom
Observed Bottom

Salinity (ppth)

Mar1 Jun1 Sept Deci Mart Juni Sepi Decit
1998 1999

Figure 13. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU) for
near-surface and near-bottom mid-channel waters in the Neuse River Estuary at ModMon
station 30 during 1998 and 1999.
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Figure 14. Model predicted (solid lines) and observed (symbols) salinities
(g/! or PSU) for near-surface and near-bottom mid-channel waters in the
Neuse River Estuary at ModMon station 50 during 1998 and 1999.
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Figure 15. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU) for
near-surface and near-bottom mid-channel waters in the Neuse River Estuary at ModMon

station 60 during 1998 and 1999.

Sallmty Observed Vs, Predlcted ModMon 70

f , ‘1% — Predicted Surface
: O Observed Surface
Predicted Bottom
Observed Bottom

Salinity (ppth)

20 i i i i i i i i
Mar1 Juni Sept! Deci Mar1 Juni Sep1 Dect
1998 1999

Figure 16. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at

ModMon station 70 during 1998 and 1999.
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Figure 17. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU) for near-
surface and near-bottom mid-channel waters in the Neuse River Estuary at ModMon station 100
during 1998 and 1999.
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Figure 18. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU) for near-
surface and near-bottom mid-channel waters in the Neuse River Estuary at ModMon station 120
during 1998 and 1999.
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Figure 19. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU) for near-
surface and near-bottom mid-channel waters in the Neuse River Estuary at ModMon station 140

during 1998 and 1999.
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Figure 20. Model predicted (solid lines) and observed (symbols) salinities
(g/1 or PSU) for near-surface and near-bottom mid-channel waters in the
Neuse River Estuary at ModMon station 160 during 1998 and 1999.
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Figure 21. Wind speeds (top panel, mi/hr), observed top and bottom salinities
(middle panel, g/l), and predicted top and bottom salinities (bottom panel, g/1) in the
mid-channel waters of the Neuse River Estuary near Cherry Point, NC during July
1998 (Julian day 546 = July 1, 1998).
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Figure 22. Wind speeds (top panel, mi/hr), observed near-surface currents (middle
panel, cm/s), and model predicted mid-surface currents (bottom panel, m/s) in the mid-
channel surface waters of the Neuse River Estuary near Cherry Point, NC during July,
1998 (Julian day 546 = July 1, 1998).
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5.4 1998-1999 Water Quality Calibration Results

The calibrated model was utilized to perform simulations of water quality conditions from June
1, 1997 until December 31, 1998 for a base case as described here. Not surprisingly, both the
model predictions and the observed data showed significant temporal, longitudinal, and vertical
variations in nutrient, dissolved oxygen, and chlorophyll-a concentrations. While the temporal
variability in model predictions was important, there were some typical spatial patterns for some
key constituents.

5.4.1 Orthophosphate

Throughout the estuary, model predicted orthophosphate concentrations generally followed the
same trends seen in the observed data. Both predicted and observed orthophosphate
concentrations showed temporal patterns of higher concentrations seen in late summer and early
fall (Figures 23-33). Descriptive statistics show that model predictions are optimum at stations
located at the model boundaries and the model performs best in the river section of the estuary
with decreasing performance seen in stations progressing downstream (Table 7).

Table 7. Descriptive statistics for model predicted orthophosphate performance from June 1,
1997 to December 31, 1999.

Section | Station #obs mg/l ME % mg/lRMSE 9 R?
0 163 0.00 2% 0.0124 26% 74.2%

River 10 162 0.01 10% 0.0165 31% 62.3%
20 163 0.00 4% 0.0251 46% 25.9%

Upper 30 166 0.00 4% 0.0306 62% 17.8%
50 165 0.00 10% 0.0352 84% 10.1%

. 60 126 0.01 31% 0.0366 98% 8.3%
Middle 70 160 0.01 24% 0.0358 95% 8.1%
Bend 100 118 0.02 49% 0.0346 105% 9.4%
120 149 0.02 56% 0.0325 106% 15.3%

Lower 140 130 0.01 48% 0.0558 184% 4.2%
160 125 0.01 37% 0.0182 70% 52.1%

River 489 0.00 5% 0.0189 37% 50.4%
Upper 331 0.00 6% 0.0330 72% 14.0%
Middle 286 0.01 27% 0.0362 96% 8.2%
Bend 267 0.02 53% 0.0334 106% 12.5%
Lower 255 0.01 43% 0.0419 148% 9.9%
Total 1628 0.01 19% 0.0319 78% 19.0%
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Figure 23. Model predicted (line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 0 during 1998-1999.
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Figure 24. Model predicted (line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 10 during 1998-1999.
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Figure 25. Model predicted (solid line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 20 during 1998-1999.

0.25

Predicted ModMon 30

Orthophosphate Observed vs.

T

T

T T

Mar 1

Jun i
1998

Sepi Dect Mari Juni

Sep1 Dec

1999

— Predicted Surface
O Observed Surface

Figure 26. Model predicted (solid line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 30 during 1998 -1999.
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Figure 27. Model predicted (solid line) and observed (symbols) orthophosphate (mg/l) for
near-surface waters in the Neuse River Estuary at ModMon station 50 during 1998-1999.
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Figure 28. Model predicted (solid line) and observed (symbols) orthophosphate
(mg/1) for near-surface waters in the Neuse River Estuary at ModMon station 60

during

1998-1999.
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Figure 29. Model predicted (solid line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 70 during 1998-1999.
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Figure 30. Model predicted (solid line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 100 during 1998-1999.
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Figure 31. Model predicted (solid line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 120 during 1998-1999.
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Figure 32. Model predicted (solid line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 140 during 1998-1999.
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Figure 33. Model predicted (solid line) and observed (symbols) orthophosphate (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 160 during 1998-1999.
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5.4.2 Ammonia

Observations of ammonia concentrations in the Neuse River Estuary point to an evident spatial
trend in which concentrations are exceedingly more dynamic in the river and upper use support
areas. Model results duplicate these trends as predictions vary to a great extent in river and upper
areas, while predicted concentrations in the middle, bend and lower use areas tend to be more
stable (figures 34-44). Also, similar to phosphorous, the general tendency is for decreasing
ammonia concentrations with increasing downstream distance. No distinct temporal pattern in
either predictions or observations is noticeable in the riverine section of the estuary (Figures 34-
36). However, stations progressively downstream show a tendency for higher concentrations
when a pulse of nutrient loading occurs at a time of high surface runoff (Figures 37-44).

Model predictions captured the general trend in ammonia concentrations throughout the estuary,
but under predicted ammonia concentrations from fall 1998 to spring 1999 in the upper estuary
(Figures 36-38). R-squared values for ammonia performance were not as good as what was
obtained with orthophosphate but mean errors were reasonable, with the model under predicting
ammonia by 13 percent (Table 8). Model predictions more closely matched observations in
stations downstream, with greatest performance seen at the downstream boundary (Table 8).

Stations progressively downstream show a tendency for higher concentrations when a pulse of
nutrient loading occurs at a time of high surface runoff. This point was identified at the time of
Hurricanes Floyd and Irene during the fall of 1999. Elevated ammonia concentrations were
observed throughout the estuary during September and October 1999 when Hurricanes Floyd and
Irene produced nearly two feet of rain in Eastern North Carolina (Figures 34-44). Model
predictions captured this event as seen by a spike in ammonia concentrations during this episode.
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Table 8. Descriptive statistics for model predicted ammonia performance from June 1, 1997 to
December 31, 1999.

Sect'ion Station #obs m/l ME o mg/}RMSE o R?
0 191 0.01 15% 0.0673 119% 4.9%

River 10 174 -0.01 -9% 0.0690 81% 1.6%
20 182 -0.02 -21% 0.0767 85% 0.1%

Upper 30 166 -0.02 -22% 0.0727 91% 1.4%
50 197 0.00 -9% 0.0637 118% 12.4%
Middle 60 130 0.00 -9% 0.0594 132% 2.6%
70 166 - 0.00 -4% 0.0492 134% 6.6%

Bend 100 131 0.00 -13% 0.0399 113% 4.4%
120 196 -0.02 -33% 0.1010 | 221% 12.6%
Lower 140 144 0.01 19% 0.0420 138% 23.7%
160 171 -0.01 -21% 0.0695 144% 26.5%

River 578 -0.01 -7% 0.0700 91% 2.9%
Upper 398 -0.01 -15% 0.0667 102% 8.6%
Middle 343 -0.01 -16% 0.0663 153% 8.4%
Bend 327 -0.01 -26% 0.0822 197% 9.6%
Lower 315 0.00 -7% 0.0586 146% 24.7%
Total 1975 -0.01 -13% 0.0697 122% 11.4%
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Figure 34. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for near-
surface waters in the Neuse River Estuary at ModMon station 0 during 1998-1999.
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Figure 35. Model predicted (solid line) and observed (symbols) ammonia (mg/l) for near-
surface waters in the Neuse River Estuary at ModMon station 10 during 1998-1999.
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Figure 36. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for near-
surface waters in the Neuse River Estuary at ModMon station 20 during 1998-1999.
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Figure 37. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for near-
surface waters in the Neuse River Estuary at ModMon station 30 during 1998-1999.
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Figure 38. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 50 during 1998-1999.

52



Ammonia Observed vs. Predicted ModMon 60
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Figure 39. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for near-
surface waters in the Neuse River Estuary at ModMon station 60 during 1998-1999.
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Figure 40. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 70 during 1998-

1999.
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Figure 41. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for near-
surface waters in the Neuse River Estuary at ModMon station 100 during 1998-1999.
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Figure 42. Model predicted (solid line) and observed (symbols) ammonia (mg/l) for
near-surface waters in the Neuse River Estuary at ModMon station 120 during 1998-

1999.
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Figure 43. Model predicted (solid line) and observed (symbols) ammonia (mg/1) for
near-surface waters in the Neuse River Estuary at ModMon station 140 during 1998-
1999.
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Figure 44. Model predicted (solid line) and observed (symbols) ammonia (mg/l) for near-
surface waters in the Neuse River Estuary at ModMon station 160 during 1998-1999.
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5.4.3 Nitrite + Nitrate.

Relatively high nitrite + nitrate concentrations were predicted to be in the fresh surface waters of
the upper estuary (Figure 45-48). Surface water concentrations of nitrite + nitrate were much
higher and less variable in the upper use area of the estuary (Figures 48-49) than in the bend use
area (Figure 53). In the bend and lower part of the estuary, nitrite+nitrate concentrations were
much lower and varied more seasonally, with the lowest concentrations occurring during the
Spring and Summer months (Figures 53-55). There was a general trend of decreasing
nitrite+nitrate concentrations from the upstream to downstream sampling locations.

The model predictions of nitrite + nitrate concentrations generally agreed well the observations,
although the surface concentrations at stations downstream of ModMon 30 during the high flow
period of 1998 were generally under predicted (Figure 49). Overall the model followed both the
seasonal and spatial variations seen in the observed data, with the upstream concentrations
generally being higher, with less seasonal variation. Statistically, the model performed quite
well overall in predicting nitrite + nitrate, having a R-squared value of 79 percent and a mean
error of ~0.03 (Table 9).

Table 9. Descriptive statistics for model predicted nitrite + nitrate performance from June 1,
1997 to December 31, 1999.

Section | Station #obs me/l ME o me /IRMSE o R?
0 187 0.04 6% 0.1794 28% 65.8%
River 10 168 -0.02 -3% 0.1880 32% 48.5%
) 20 174 -0.10 -18% 0.2013 36% 53.1%
Upper 30 162 -0.08 -22% 0.1812 48% 59.1%
50 186 -0.04 -14% 0.1457 55% 68.1%
Middle 60 113 -0.02 -12% 0.0947 55% 79.7%
70 151 -0.03 -19% 0.0953 61% 78.1%
Bend 100 107 -0.01 -13% 0.0901 80% 66.8%
120 169 -0.02 -20% 0.0901 96% 57.5%
L ower 140 117 -0.01 -12% 0.0742 122% 44.7%
160 146 0.01 13% 0.0605 134% 52.9%
River 560 -0.02 -3% 0.1856 31% 57.2%
Upper 383 -0.06 -19% 0.1615 51% 64.8%
Middle 311 -0.03 -16% 0.0943 60% 78.1%
Bend 276 -0.02 -17% 0.0901 89% 61.7%
Lower 263 0.00 0% 0.0669 128% 48.1%
Total 1807 -0.03 -9% 0.1405 46% 79.3%
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Figure 45. Model predicted (solid line) and observed (symbols) nitrite-+nitrate concentrations
(mg/1) for near-surface waters in the Neuse River Estuary at ModMon station 0 during 1998 and

1999.
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Figure 46. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/1) for near-surface waters in the Neuse River Estuary at ModMon station
10 during 1998 and 1999.
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Figure 47. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/1) for near-surface waters in the Neuse River Estuary at ModMon station
20 during 1998 and 1999. ‘
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Figure 48. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/1) for near-surface waters in the Neuse River Estuary at ModMon station
30 during 1998 and 1999.
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Figure 49. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/l) for near-surface waters in the Neuse River Estuary at ModMon
station 50 during 1998 and 1999.
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Figure 50. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/1) for near-surface waters in the Neuse River Estuary at ModMon station
60 during 1998 and 1999.
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Figure 51. Model predicted (solid line) and observed (symbols) nitrite+nitrate concentrations
(mg/1) for near-surface waters in the Neuse River Estuary at ModMon station 70 during 1998
and 1999.
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Figure 52. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/1) for near-surface waters in the Neuse River Estuary at ModMon station
100 during 1998 and 1999.
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Figure 53. Model predicted (solid line) and observed (symbols) nitrite+nitrate concentrations
(mg/1) for near-surface waters in the Neuse River Estuary at ModMon station 120 during 1998
and 1999.
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Figure 54. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/1) for near-surface waters in the Neuse River Estuary at ModMon station
140 during 1998 and 1999.
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Figure 55. Model predicted (solid line) and observed (symbols) nitrite+nitrate
concentrations (mg/l) for near-surface waters in the Neuse River Estuary at ModMon

station 160 during 1998 and 1999.
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5.4.4 Dissolved Oxygen.

Predicted minimum dissolved oxygen concentrations always occurred in the bottom waters
during the summer. The observed data showcd this temporal trend, but also revealed low
dissolved oxygen concentrations in the spring of 1999 throughout the middle use support area
that the NEEM did not capture (Figures 60, 61, and 62). In addition, observed data show bottom
water hypoxia to occur at stations located downstream of New Bern during the summer of 1999,
with a long-term hypoxic event seen at Cherry Point (Figure 64). The NEEM predictions of
hypoxic conditions agree with observations during this time, but the model over-predicts bottom
water hypoxia at ModMon 140 (Figure 63).

Looking at mean errors, the NEEM generally over predicted dissolved oxygen in the upper use
support area and under predicted concentrations in the bend and lower areas (Table 10). NEEM
R-squared values were above 50 percent for each station and use support area. Overall, the
NEEM explains 61 percent of the variability in dissolved oxygen concentrations measured in the

estuary.

Table 10. Descriptive statistics for model predicted dissolved oxygen performance from June 1,
1997 to December 31, 1999.

Section | Swtion | #obs | ME, mg/lRMSE w | E
0 898 | 0.1 | 03% | 12350 | 18.0% | 719%
River | 10 | 792 | 021 | 32% | 1.1796 | 17.9% | 71.9%
20 | 805 | 102 | 164% | 1.5425 | 248% | 74.4%
tmper |20 699 | 136 | 210% | 20471 | 348% | S63%
50 871 | 106 | 15.6% | 2.1324 | 31.4% | 58.8%
i |60 820 | 047 | 63% | 2.0967 | 282% | 52.8%
70 884 | 041 | 55% | 21243 | 283% | 50.2%
oy |10 | 920 | 014 | 1o% | 17716 | 23.0% | 627%
120 | 1054 | 020 | -2.7% | 18130 | 24.2% | 65.3%
|0 [ios1 | 066 | sa% | 1sti0 | 231% | 65.6%
160 | 1270 | -0.02 | -03% | 08187 | 11.0% | 90.0%
River 2684 | 036 | 5.6% | 13792 | 21.0% | 66.3%
Upper 1667 | 110 | 163% | 22349 | 332% | 53.7%
Middle 2774 | 025 | 33% | 21064 | 28.0% | 524%
Bend 2928 | 004 | -0.5% | 17547 | 23.1% | 653%
Lower 3269 | 036 | -4.8% | 13980 | 183% | 75.5%
" Total 12127 | 012 | 1.6% | 17629 | 24.1% | 60.9%
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Figure 56. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/1)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 0

during 1998 and 1999.
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Figure 57. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 10

during 1998 and 1999.
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Dissolved Oxygen Observed vs. Predicted ModMon 20

14 T ; . T .
[ ~ . —— Predicted Surface

101 o O Observed Surface
R Predicted Bottom
'?E,no \ Observed Bottom
(93]
g 6
& 4
=}

2 L. —

0 i i ; ;

Mar1 Junt Sep1 Deci Mar1 Junil Sep1 Dect
1998 1999

Figure 58. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 20
during 1998 and 1999.
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Figure 59. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 30
during 1998 and 1999.
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Dissolved Oxygen Observed vs. Predicted ModMon 50
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Figure 60. Model predicted (solid line) and observed (symbols) dissolved oxygen
(mg/]) for near-surface and near-bottom waters in the Neuse River Estuary at ModMon
station 50 during 1998 and 1999.
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Figure 61. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 60
during 1998 and 1999.
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Figure 62. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 70

during 1998 and 1999.
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Figure 63. Model predicted (solid line) and observed (symbols) dissolved oxygen
(mg/]) for near-surface and near-bottom waters in the Neuse River Estuary at ModMon

station 100 during 1998 and 1999.
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Dissolved Oxygen Observed vs. Predicted ModMon 120
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Figure 64. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station
120 during 1998 and 1999.
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Figure 65. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 140
during 1998 and 1999.
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Dissolved Oxygen Observed vs. Predicted ModMon 160
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Figure 66. Model predicted (solid line) and observed (symbols) dissolved oxygen (mg/l)
for near-surface and near-bottom waters in the Neuse River Estuary at ModMon station 160
during 1998 and 1999.
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5.4.5 Chlorophyll-a.

Both model predictions and observations show seasonal and temporal variability at stations
located in the upper estuary, where observed concentrations cover a broad range from near zero
to 60 micrograms per liter (mg/1) (Figures 67-71). Downstream stations and use areas show much
less temporal variability in observed concentrations as no apparent seasonal trend can be
established (Figures 72-77). The highest predicted chlorophyll-a concentrations were
characteristically in the surface waters of the upper use support area, ModMon stations 30 and 50
(Figures 70 and 71).

During periods of high flows, algae can be flushed out of the system. An extreme flushing event
is easily recognizable during the time of Hurricanes Floyd and Irene during 1999. The hurricanes
caused a complete washout of algae from the system. During this time, both model predictions
and observations show chlorophyll-a concentrations plummet to near zero throughout the estuary
(Figures 67-77). Following this event, monitoring data show algae to recover rather quickly,
within a few months of the storms. Modeled chlorophyll-a concentrations do not respond like the
observations would suggest, as post-hurricane phytoplankton are not predicted to recover from
this flushing event (Figures 70-76).

Model performance for the upper use area was uppermost with respect to R-squared and root-
mean-squared-error statistics as compared to other DWQ use support areas (Table 11).
Modeling objectives were to minimize mean errors and maximize R-squared values for each
constituent modeled in this project. Per Table 11, overall mean error was zero and the NEEM
explains 45 percent of the variability in chlorophyll-a concentrations throughout the estuary.

Log 10 mean error and root-mean-squared-error for the bend and lower use support areas are less
than the other use areas while R-squared values are marginal (Table 11). The lack of variability
in the observed data also contributes to a low R-squared statistic, as there is not much variability

to capture with model predictions.

Chlorophyll-a calibration efforts also included comparisons of model predicted and observed
cumulative frequency distribution (CDF) plots. Two objectives were pursued in evaluating the
CDF’s: To select parameters that would 1) provide median model predictions that correspond to
“median observed concentrations and 2) equal the frequency of chlorophyll concentrations above

40 mg/l seen in the observed data.

While the mean predicted chlorophyll was equal to the mean observed chlorophyll values (Table
11), the median observed chlorophyll was slightly higher, by approximately 1 mg/l, than the
median predicted chlorophyll value (Figure 78). The relatively infrequent chlorophyll values
above 40 mg/l were closely matched by model predictions (Figure 78). The shapes of the two
chlorophyll frequency distributions were slightly different as the model generally over predicted
the frequency of concentrations below 10 mg/l and under predicted the occurrence of
concentrations above 10 mg/l. Another interesting detail assessed by the CDF plots is the model’s
apparent inability to predict the bloom conditions seen in the observed data. The upper tail of the
observed CDF reaches 80 mg/l while the predicted CDF only reaches 50 mg/l. This is indicative
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of the problem the model developers had in matching the observed blooms while maintaining the
capability to accurately predict the mean chlorophyll concentration. In spite of these
inefficiencies in model performance the stated objectives were realized as both the median value
and frequency above 40 mg/l agree well between predictions and observations.

Table 11. Descriptive statistics for model predicted chlorophyll-a performance from June 1,
1997 to December 31, 1999. Statistics are based on log base 10 transformed data.

) . ME RMSE 5
Section | Station #obs mg/l o g/l 9% R

0 163 -0.21 - 0.5487 —_— 37.0%
River 10 161 0.03 —— 0.6299 —- 23.0%
20 164 0.12 - 0.6508 - 30.0%
30 166 0.05 - 0.5285 - 60.3%

Upper
50 168 0.02 - 0.5589 - 51.2%
0 2 0.04 - 0.62 - .19
Middle 6 13 0 86 28.1%
70 167 -0.01 — 0.6017 - 28.6%
100 132 0.02 - 0.5841 - 18.4%

Bend
120 166 -0.05 0.5238 - 13.7%
140 145 0.00 - 0.5503 - 0.2%

Lower
160 140 -0.02 - 0.4419 - 3.7%
River 489 -0.01 - 0.6116 - 29.0%
Upper 334 0.03 - 0.5440 - 56.1%
Middle 301 0.02 --- 0.6124 - 28.4%
Bend 300 -0.02 —— 0.5496 — 16.3%
Lower 287 -0.01 - 0.4988 ——- 1.3%
Total 1714 0.00 - 0.5699 - 44.9%
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Chlorophyll-a Observed vs. Predicted ModMon 0
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Figure 67. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (pg/l) for near-surface waters in the Neuse River Estuary at ModMon

station 0 during 1998 and 1999.
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Figure 68. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (pg/1)) for near-surface waters in the Neuse River Estuary at ModMon

station 10 during 1998 and 1999.
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Chlorophyll-a Observed vs. Predicted
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Figure 69. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (pg/l) for near-surface waters in the Neuse River Estuary at ModMon

station 20 during 1998 and 1999.
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Figure 70. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (ug/l)) for near-surface waters in the Neuse River Estuary at ModMon

station 30 during 1998 and 1999.
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Chlorophyll-a Observed vs. Predicted ModMon 50
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Figure 71. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (pg/l) for near-surface waters in the Neuse River Estuary at ModMon station
50 during 1998 and 1999.
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Figure 72. Model predicted (solid line) and observed (symbols) chlorophyll-a concentrations
(ug/) for near-surface waters in the Neuse River Estuary at ModMon station 60 during 1998
and 1999.
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Figure 73. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (pg/l) for near-surface waters in the Neuse River Estuary at ModMon station

70 during 1998 and 1999.

) Chiorophyll-a Ohserved vs. Predicted ModMon 100
0 Observed Surface

10'
<
2
it
= 107 Lo X o b

Al , ................ e , l 1 _______________ I‘ ____________ ] ______

Mar1 Jun1 Sep1 Deci Mart Junt Sepi Deci
1998 1999

Figure 74. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (pg/l) for near-surface waters in the Neuse River Estuary at ModMon

station 100 during 1998 and 1999.
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Figure 75. Model predicted (solid line) and observed (symbols) chlorophyll-a

concentrations (pg/l) for near-s
120 during 1998 and 1999.

urface waters in the Neuse River Estuary at ModMon station
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Figure 76. Model predicted (solid line) and observed (symbols) chlorophyli-a
concentrations (pg/1) for near-surface waters in the Neuse River Estuary at ModMon

station 140 during 1998 and 1999.
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Chlorophyll-a Chserved vs. Predicted ModMon 160
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Figure 77. Model predicted (solid line) and observed (symbols) chlorophyll-a
concentrations (ug/1) for near-surface waters in the Neuse River Estuary at ModMon

station 160 during 1998 and 1999.
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Figure 78. Model predicted and observed cumulative frequency distributions for near-
surface and near-bottom chlorophyll-a concentrations in the Neuse River Estuary from

mid-1997 through December 1999.
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6. VERIFICATION

A standard practice in modeling studies is to perform a verification exercise once the model is
calibrated. Typically, running the calibrated model using an independent data set from which the
model was calibrated, and using the parameters that were determined in calibration to the first
data set carry out verification. The model is considered ‘verified’ or ‘validated’ if model
predictions for the second time period match adequately well with the independent data set.
Preferably, the independent data set would be amply different from the calibration data set in
order to provide a good test of the model’s predictive capacity. Fortunately for the developer of
the NEEM, an independent data set was available that met the criteria. Looking at inflows and
nitrogen loading to the estuary, 1998 can be characterized as having heavy freshwater and
nutrient loading during the spring followed by a dry sumimer and fall (Figure 79). Nineteen-
ninety-nine was a year with typical spring loadings, but unprecedented freshwater and nutrient
inputs that occurred in the fall as a result of Hurricanes Dennis, Floyd, and Irene (Figure 79). The
year 2000 is closest to typical conditions with slightly above average loading in the spring and
fall (Figure 79). Model verification was performed using the 2000 Neuse River Estuary
monitoring data as the independent data set.

The model was run to predict salinity, orthophosphate, ammonia, nitrite+nitrate, dissolved
oxygen, and chlorophyll-a concentrations for the period from January 1, 2000 to December 31,
2000. Overall, when comparing descriptive statistics, year 2000 model predictions were similar
to year 1997 through 1999 predictions (Table 12). The model’s salinity prediction capabilities
were actually better in the validation year as mean error was reduced from being 1 g/l too fresh
to 0.325 g/1 too fresh (Table 12). However, dissolved oxygen performance was not quite as good
as 1997 to 1999 statistics show the model over-predicting dissolved oxygen by 0.12 mg/l where
predictions for 2000 show that the model under-predicts dissolved oxygen by 0.85 mg/1 (Table
12). Nutrient and chlorophyll-a performance were virtually the same between the calibration data
set and the validation data set.

Table 12. Comparison of descriptive statistics for model performance using calibration and
verification data sets.

Mean Error Mean Error % R-squared
Constituent 97-99 2000 97-99 2000 97-99 2000
Salinity -1.04 -0.33 -17% -5% 0.880 0.852
Orthophosphate 0.01 0.005 19% 14% 0.190 0.199
Ammonia -0.01 0.007 -13% 14% 0.114 0.183
Nitrite+Nitrate -0.03 -0.04 -9% -14% 0.793 0.777
Dissolved Oxygen 0.12 -0.85 1.6% -11% 0.609 0.740
Log(Chlorophyll-a) 0.0 -0.06 o - 0.449 0.460

Results of hydrodynamic and water quality verification will be presented with enhanced detail
using descriptive statistics and time series plots at each ModMon monitoring station. Salinity
will be used to show how well the hydrodynamic model performed during validation.
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Chlorophyll-a will be the focus of the water quality verification results as the end point of most
interest of the modeling effort is indeed chlorophyll-a predictions.

(p/S>)) peor] yusLnn) JTUESI0U]

1997 1998 1999 2000

Figure 79. Loading of freshwater and inorganic nitrogen to the Neuse River Estuary at
Street’s Ferry, NC from June 1, 1997 to December 31, 2000.
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6.1 Year 2000 Hydrodynamic Verification Results

A year 2000 simulation was run using the same hydrodynamic parameters determined in
calibration. Statistics and time series plots of model predictions and observations were analyzed
1o assess the predictive capacity of the model when applied to an independent data set from
which the model was calibrated. While the year 2000 was quite different hydrologically from
1998 and 1999, model results prediction capability was similar.

Bottom water salinities during January and February did not exceed 5 g/l throughout the river
and upper areas with low saline water seen in the middle estuary as far downstream as ModMon
70 (Figure 86). Conversely, bottom water salinities exceeded 10 g/l into the upper estuary region
near ModMon 50 during the same time period in 1998 and 1999. The model captured the
observed summer stratification, greater than 10 g/l at times, seen at stations located in the bend
and lower use areas (Figures 87-90). Model performance in the riverine section of the estuary
was not as proficient as the intrusion of the salt wedge is over-predicted (Figures 80-82). The
model captured the general trend in stratification and destratification observed in the spring and
late fall and was able to predict the magnitude of the salt wedge intrusion albeit missing the
extreme observations (Figures 83 and 84).

Descriptive statistics show increasing model performance in salinity predictions from upstream
to downstream stations similar to what was seen during calibration (Table 13). R-squared values
ranged from 0.67 in the upper use area to 0.90 at the downstream boundary (Table 13). The trend
in mean errors was for the model to over-predict salinity in the river section but under-predict
salinity in stations downstream of New Bern (Table 13). Overall, verification mean errors were
better than errors seen during calibration as, on average, the model was 0.32 g/l too fresh during
2000 compared to 1 g/l too fresh during the calibration period.
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Table 13. Descriptive statistics for model predicted salinity performance from January 1, 2000
to December 31, 2000.

) ) ME RMSE ;
Section | Station #obs gl o ol o R

0 443 | 0440 | 864% | 1.446 | 2781% | 7.3%

River 10 230 | 0533 | 620% | 1.460 | 1700% | 12.0%

20 341 | 1.108 | 213% | 2.601 | 501% | 14.8%

U 30 268 | 0267 | 12% | 2.266 | 103% | 55.7%
er

PP 50 360 | 0202 | 5% | 2213 | 9% | 72.3%

i 60 266 | 0225 | 5% | 2.057 | 43% | 75.5%
€

: 70 328 | 0247 | 4% | 2.077 | 37% | 77.0%

g |10 376 | 0924 | -12% | 2.056 | 27% | 83.3%

en 120 438 | -0364 | 4% | 2062 | 24% | 79.1%

. 140 230 | 0846 | 8% | 2280 | 23% | 77.9%
OWwWer

160 503 | -0.792 | 7% | 1559 | 13% | 90.1%

River 1087 | 0.741 | 357% | 1.081 | 956% | 11.8%

Upper 679 | 0020 | 0.6% | 2226 | 73% | 67.2%

Middle 1024 | 0484 | 8% | 2171 | 37% | 76.9%

Bend 1200 | 0730 | 9% | 2292 | 28% | 77.1%

Lower 1296 | -0.830 | 8% | 2029 | 19% | 82.9%

Total 5502 | -0.326 | -5% | 2.135 | 34% | 852%
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Salinity Observed vs. Predicted ModMon 0
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Figure 80. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station 0 during 2000.
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Figure 81. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU) for
near-surface and near-bottom mid-channel waters in the Neuse River Estuary at ModMon

station 10 during 2000.
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Figure 82. Model predicted (solid lines) and observed (symbols) salinities (g/1 or
PSU) for near-surface and near-bottom mid-channel waters in the Neuse River Estuary
at ModMon station 20 during 2000.
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Figure 83. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station 30 during 2000.
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Salinity Observed vs. Predicted ModMon 50
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Figure 84. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at

ModMon station 50 during 1998 and 1999.
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Figure 85. Model predicted (solid lines) and observed (symbols) salinities (g/1 or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station 60 during 2000.
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Salinity Observed vs. Predicted ModMon 70
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Figure 86. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at

ModMon station 70 during 2000.
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Figure 87. Model predicted (solid lines) and observed (symbols) salinities (g/l or
PSU) for near-surface and near-bottom mid-channel waters in the Neuse River Estuary

at ModMon station 100 during 2000.
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Salinity Observed vs. Predicted ModMon 120
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Figure 88. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU) for
near-surface and near-bottom mid-channel waters in the Neuse River Estuary at ModMon
station 120 during 2000.
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Figure 89. Model predicted (solid lines) and observed (symbols) salinities (g/I or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station 140 during 2000.
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Salinity Observed vs. Predicted ModMon 160
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Figure 90. Model predicted (solid lines) and observed (symbols) salinities (g/l or PSU)
for near-surface and near-bottom mid-channel waters in the Neuse River Estuary at
ModMon station 160 during 2000.
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6.2 Year 2000 Water Quality Verification Results

A 2000 water quality model run was made using kinetic parameters settled upon during
calibration. Statistics and time series plots of predicted and observed chlorophyll-a at ModMon
stations in the Neuse Estuary were evaluated to determine if acceptable model performance was
achieved with application of calibration parameters to an independent data set. Results were
similar to those observed in calibration.

Chlorophyll-a measured in the upper use area during 2000 show a pattern of variability with
blooms occurring throughout the year (Figures 94 and 95). The highest concentrations are
observed in the spring and fall of 2000 as opposed to the summer as seen in 1998 and 1999
(Figures 94 and 95). Measurements in the middle use area show a pattern of uniformity that was
only observed in downstream stations during 1998 and 1999 (Figures 96 and 97).

Statistically, there is not much disagreement with model performance using the calibration data
set and model performance using the verification data set. The model performed best, with
respect to R-squared values, in the river and upper use support areas in both calibration and
verification exercises (Table 14). The overall R-squared value for verification was 46%, which
was the level of performance seen in calibration. Error statistics, however, were not as good as
what was achieved in calibration. On the whole, the model under-predicted log(chlorophyll-a) by

0.06 mg/l (Table 14).

Table 14. Descriptive statistics for model predicted chlorophyll-a performance from January 1,
2000 to December 31, 2000. Statistics are based on log base 10 transformed data

ME RMSE

. . 2

Section | Station #obs mg/l % mg/l % R
0 63 -0.386 --- 1.026 --- 38.2%
River 10 35 -0.278 --- 0.944 --- 30.3%
20 63 0.508 o 1.440 - 13.3%
30 63 -0.004 --- 1.126 --- 30.4%

Upper .
50 63 -0.264 --- 1.075 --- 28.8%
60 50 -0.180 --- 1. --n 10.69
Middle 086 0.6%
70 63 -0.035 --- 1.034 -—- 6.0%
: 100 50 0.046 --- 0.864 --- 7.8%
Bend
120 63 -0.021 - 0.856 --- 2.6%
140 59 0.023 --- 0.854 --- 2.5%
Lower

160 61 -0.194 --- 0.746 --- 30.3%
River 161 -0.013 --- 1.190 --- 24.0%
Upper 126 -0.134 --- 1.101 - 30.3%
Middle 113 -0.099 --- 1.057 --- 8.0%
Bend 113 0.009 --- 0.860 --- 4.7%
Lower 120 -0.088 --- 0.801 --- 14.9%
Total 633 -0.063 - 1.027 --- 46.0%
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Chlorophyli-a Observed vs. Predicted ModMon 0
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Figure 91. Model predicted (solid line) and observed (symbols) chlorophyll-a (ng/1) for
near-surface waters in the Neuse River Estuary at ModMon station 0 during 2000.
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Figure 92. Model predicted (solid line) and observed (symbols) chlorophyll-a (ug/1) for
near-surface waters in the Neuse River Estuary at ModMon station 10 during 2000.
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Figure 93. Model predicted (solid line) and observed (symbols) chlorophyll-a (ng/l) for
near-surface waters in the Neuse River Estuary at ModMon station 20 during 2000.
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Figure 94. Model predicted (solid line) and observed (symbols) chlorophyll-a (ug/l) for
near-surface waters in the Neuse River Estuary at ModMon station 30 during 2000.
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Chlorophyll-a Observed vs. Predicted ModMon 50

102 e e o e EEITEER -
e ey W ey | —— Predicted Surface
L T : ST Obssrved Surface
10'
100 -
y.“j BN :
107 : ’ ' "
Mar 1 Jun i Sep 1 Dec 1

2000
Figure 95. Model predicted (solid line) and observed (symbols) chlorophyll-a (ug/l) for
near-surface waters in the Neuse River Estuary at ModMon station 50 during 2000.
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Figure 96. Model predicted (solid line) and observed (symbols) chlorophyll-a (ug/1) for
near-surface waters in the Neuse River Estuary at ModMon station 60 during 2000.
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