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Abstract: Poquoson River is a tidal coastal embayment located along the Western Shore of the
Chesapeake Bay about 4 km south of the York River mouth in the City of Poquoson and in York County,
Virginia. Its drainage area has diversified land uses, including high densities of residence, agricultural,
salt marsh land uses, as well as a National Wildlife Refuge. This embayment experiences elevated
bacterial concentration due to excess bacterial inputs from storm water runoff, nonpoint sources,
and wash off from marshes due to tide and wind-induced set-up and set-down. Bacteria can also
grow in the marsh and small tributaries. It is difficult to use a traditional watershed model to simulate
bacterial loading, especially in this low-lying marsh area with abundant wildlife, while runoff is
not solely driven by precipitation. An inverse approach is introduced to estimate loading from
unknown sources based on observations in the embayment. The estimated loadings were combined
with loadings estimated from different sources (human, wildlife, agriculture, pets, etc.) and input
to the watershed model. The watershed model simulated long-term flow and bacterial loading and
discharged to a three-dimensional transport model driven by tide, wind, and freshwater discharge.
The transport model efficiently simulates the transport and fate of the bacterial concentration in
the embayment and is capable of determining the loading reduction needed to improve the water
quality condition of the embayment. Combining inverse, watershed, and transport models is a
sound approach for simulating bacterial transport correctly in the coastal embayment with complex
unknown bacterial sources, which are not solely driven by precipitation.

Keywords: transport modeling; inverse modeling; bacterial loading estimation; traditional
watershed modeling

1. Introduction

Fecal pathogens of lakes, rivers, and estuaries are hazardous to public health through water
contact recreation, and ingestion of contaminated fish and shellfish. Bacterial levels are elevated in
many Virginia waters and hundreds of waterbodies are listed as contaminated bacterially. To provide
the basis for States to establish water quality-based pollution control, the development of fecal coliform
total maximum daily loads (TMDLs) has been mandated to establish the allowable loading for the
pollutant that a waterbody can receive without exceeding water quality standards.

Deterministic models have been widely used to simulate bacterial transport. These models are
linked to watershed models that provide bacterial loadings discharged to estuaries and lakes [1–4].
For a relatively small coastal embayment, the tidal prism model has often been used for simulating
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bacterial transport and fate [3,5,6]. The accuracy of the model simulation depends highly on the correct
estimation of daily bacterial loading from the watershed. The watershed models, such as HSPF [7],
SWAT [8,9], and LSPC [10], simulate nonpoint source freshwater flow and its associated nonpoint
source pollutants. The bacterial loading inputs to the watershed are estimated based on land-use
categories and bacterial source distribution including livestock, bio-solids application, wildlife, failing
of septic systems, and pets. The advantage of using a watershed model is that it can directly link
watershed bacterial sources to the bacterial concentration in the estuaries. It will be extremely useful
for understanding the contribution of each bacterial source and to design a management plan to control
bacterial loadings. One of the difficulties of using a watershed model is providing bacterial loading to
the watershed. These loadings are determined based on the estimation of annual mean results such
as wildlife density with consideration of seasonal variation. Because of large variations of watershed
land uses and land-use practices, the accurate estimation of bacterial loading is difficult. There are
several approaches that have been applied to improve the estimation of bacterial sources based on
inverse modeling [11–14]. However, these applications are for estimating an annual mean loading. It is
difficult to use them for estimating long-term seasonal and daily loadings. In this study, we propose
to use a combined watershed and inverse modeling approach to simulate bacterial loading in the
watershed. For those familiar with agricultural bacterial sources, such as bio-solid application and
livestock, the watershed model provides a good estimation of sources. For these sources with large
variations or unknown sources, such as wildlife and migration birds, the inverse model can be used to
estimate seasonal loading and can be used to adjust the bacterial loading for the watershed to improve
the watershed model simulations.

The Poquoson River watershed has diversified land uses, including high-density residential,
agricultural, and salt marsh land uses, as well as a National Wildlife Refuge. This embayment
experiences elevated bacterial concentration due to excess bacterial inputs from stormwater runoff,
nonpoint sources, and wash off from marsh areas due to tide and wind-induced set-up and set-down.
The bacteria can also grow in the marshes and small tributaries. It is difficult to use a traditional
watershed model to simulate bacterial loading, especially in this low-lying marsh area with abundant
wildlife, while runoff is not solely driven by precipitation. We combine inverse modeling, watershed
modeling (HSPC), and transport modeling (EFDC) to simulate the bacterial transport, which provides
a sound approach for simulating bacterial transport correctly in the coastal embayment with complex
unknown bacterial sources.

2. Study Area

The Poquoson River watershed is located along the Western Shore of the Chesapeake Bay about
4 km south of the York River mouth (Figure 1). The Poquoson River drains northeast to the main
stem of the Bay. The tide range of the embayment is about 0.71 m and mean water depth is about
2 m. A total of 12 segments of the Poquoson River are listed on the 2006 Virginia 305(b)/303(d) Water
Quality Assessment Integrated Report [15] as impaired waterbodies due to violations of the State’s
water quality standards for fecal coliform and enterococcus.

The Poquoson River watershed has diversified land uses, including high densities of residential,
agricultural, and salt marshes, as well as a National Wildlife Refuge. The land-use characterization
for the entire Poquoson River watershed was based on land cover 2006 data from the NOAA Coastal
Change Analysis Program (C-CAP) (http://www.csc.noaa.gov/digitalcoast/data/ccapregional/).
Dominant land uses in the watershed were found to be forest (32%), wetlands (31%), and urban and
open space (30%), which account for 93% of the total area in the watershed. For the adjacent Back
Creek, the dominant land uses are wetland (48%), forest (19%), and urban (16%). A large portion of
the watershed is either tidal wetlands or marshes. The surface water runs off from the watershed
and discharges to the embayment through stormwater and point sources. The Virginia Division of
Health, Department of Shellfish Sanitation (VDH-DSS) is a state agency that has occupied 64 fecal
coliform measurement stations (Figure 2) in the Poquoson River during the period 1990–2012. Routine
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measurements are conducted monthly. Figure 3 shows the annual mean fecal coliform concentration
from 1990 to 2012. It can be seen that fecal coliform concentrations varied from year to year. High
concentrations often occurred in wet hydrological years of 1998, 1999, and 2004, but not always
following the precipitation variation. Monthly bacterial distribution is also shown in Figure 3 for the
years 1990–2012.
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Figure 3. Mean and standard deviation of monthly bacteria distribution (upper panel) and annual
mean concentration of fecal bacteria (lower panel) (1990–2012).

Mean daily high concentrations occur in spring (March to May) and fall (August to November).
Large variations occur in March, August, and September. The bacteria can also grow in the marsh and
small tributaries and be washed off due to tide and wind-induced set-up and set-down. A distribution
of average fecal bacterial concentration is shown in Figure 3. It shows that high concentrations
are located in the upstream of the tributaries and concentrations decrease gradually toward the
downstream due to tidal flushing and decay.

3. Modeling Approach

3.1. Watershed Model

There are many watershed models that have been used for simulating watershed processes,
which include the Hydrologic Simulation Program in FORTRAN (HSPF) [7] and the Soil and Water
Assessment Tool (SWART) [8,9]. The watershed model LSPC and hydrodynamics models are used for
this study. The LSPC model is a stand-alone, personal computer-based watershed modeling program
developed in Microsoft C++ [10]. It includes selected HSPF algorithms for simulating hydrology, sediment,
and general water quality on land, as well as a simplified stream transport model [7,10,16,17]. Like other
watershed models, LSPC is a precipitation-driven model and requires necessary meteorological
data as model input. The watershed is segmented into 56 hydrologically connected subwatersheds
(Figure 1). The land-use input to the model for characterization for the entire Poquoson River watershed
was based on land cover 2006 data from the NOAA Coastal Change Analysis Program (C-CAP)
(http://www.csc.noaa.gov/digitalcoast/data/ccapregional/). The classification matches part of the
National Land Cover Database (NLCD) with more detailed land use for wetlands. The uniqueness
of this land use is that it has more detailed land use for wetlands. For modeling purposes, the land
uses are grouped by urban pervious and impervious, forest, cropland, wetland, and open space.
The pervious and impervious forms of urban land use are obtained from high and median intensity
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residential land uses. The model input to drive the model simulation of runoff is hourly precipitation.
The nonpoint source simulation uses a traditional buildup and wash-off approach. Pollutants from
various sources (livestock, wildlife, septic systems, bio-solids application, stormwater, etc.) accumulate
on the land surface and are subject to runoff during rain events. Different land uses are associated
with various anthropogenic and natural processes that determine the potential pollutant load [3].
The human impact is estimated based on failure of septic systems, human population and pets,
and point sources. The wildlife population is estimated based on statistical values of the wildlife
density for different habitats in this region as shown in Table 1. The pollutants that are contributed by
interflow and groundwater are also modeled in LSPC for each land use category. Pollutant loadings
from surface runoff, interflow, and groundwater outflow are combined to form the final loading output
from LSPC.

Table 1. Typical Wildlife Densities and Wildlife Habitat.

Wildlife Type Population Density Habitat Requirements

Deer 0.094 animals/acre Entire watershed, except open water and urban development
Raccoon 0.078 animals/acre Forest and Wetland within 600 feet of streams and ponds
Raccoon 0.016 animals/acre Upland Forest
Muskrat 50/mile Streams and Rivers
Nutria 18.5/mile Streams and Rivers

Duck/birds 1.53 animals/acre * Entire Watershed

* 0.77 animals/acre is applied to Plum Tree Island National Wildlife Refuge and 25% of this density is applied
to the rest of the Poquoson River watershed based on tidal prism model.

3.2. Three-Dimensional Transport Model

The Environmental Fluid Dynamics Code (EFDC) model is selected to simulate hydrodynamics.
EFDC is a general purpose modeling package for simulating 1D, 2D, and 3D flow and transport in
surface water systems including: rivers, lakes, estuaries, reservoirs, wetlands, and oceanic coastal
regions. It was originally developed at the Virginia Institute of Marine Science for estuarine and coastal
applications and is considered public domain software [18,19]. The EFDC model has been integrated
into the EPA’s TMDL Modeling Toolbox for supporting TMDL development (http://www.epa.gov/
athens/wwqtsc/html/hydrodynamic_models.html). The model grid includes 1593 water cells that
cover many tributaries and small embayments (Figure 4). Three layers were used in the vertical for
this shallow system, which can simulate stratification in this shallow estuary adequately. The model
was forced by hourly tide and salinity at the mouth. The inputs are based on a large Chesapeake
Bay model simulation [20]. The surface wind is obtained at Gloucester Point. Temperature is not
simulated. A constant decay of 1.0 per day was used for the bacterial loss in the stream [13,21–23].
Numerical model calibration of fecal coliform was conducted for the period of 2008–2012. Daily flow
and loading from watershed model simulation is discharged to the 3D model to the grid cells adjacent
to the watershed or small creeks of the adjacent watershed. For a watershed that connects to more than
one 3D model grid cell, the flow and loading are evenly distributed to the 3D model grids. Because the
flow from Harwood Mills Reservoir mainly overflows from the spillway and bacterial concentration
inside the reservoir meets the water quality standard, it has a minor influence on the downstream.
Therefore, the loading from the watershed of Harwood Mills Reservoir was estimated based on the
observation flow and mean bacterial concentration of measurements instead of using output from the
watershed model. The 3D model is calibrated for surface elevation and salinity. As there are no NOAA
tide observations, the model is calibrated to the predicted tide. A constant roughness height of 0.3 cm
is used for the model. The timestep for the model simulation is 30 s.

http://www.epa.gov/athens/wwqtsc/html/hydrodynamic_models.html
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3.3. Inverse Tidal Prism Model

In order to estimate unknown bacterial sources, we used the tidal prism model approach to
estimate loading based on observation. Using monthly observations data, the seasonal variation of
unknown sources can be estimated. The tidal prism model has been used for the coastal embayment [5,6].
In the model, the governing mass-balance equation expressed in the change of mass in a model segment
over one tidal cycle, ∆m, is:

∆m = [mass in] − [mass out] + [sources] + [kinetics] (1)

where [mass in] and [mass out] account for the mass transport due to the water movement (referred to
as “physical transport processes”), [sources] includes point and nonpoint source inputs over one tidal
cycle, and [kinetics] represents the biogeochemical kinetic processes (referred to as “kinetic processes”),
which may cause an increase or a decrease of a particular substance within a segment of the water
body. Without any loss of generality, three-connection segments including a side tributary segment
can be illustrated as shown in Figure 5. The mass balance can be written as:

d
(
Vi,jCi,j

)
dt

= Q(i+1,j),(i,j)Ci+1,j − Q(i,j),(i+1,j)Ci,j + Q(i−1,j),(i,j)Ci−1,j − Q(i,j),(i−1,j)Ci,j+

Q(i,j+1),(i,j)Ci,j+1 − Q(i,j),(i,j+1)Ci,j − kijVCi,j + Li,j

(2)

where Ci,j is the bacterial concentration at segment (i,j), Q(i,j),(m,n) is the flux from segment (i,j) to
segment (m,n), Vi,j is the volume, Ri,j is the freshwater upstream of segment of segment (i,j) that
includes discharge to segment (i,j), and ki,j is the decay rate. Q(i,j),(m,n) can be computed based on the
tidal prism method. For example, the flood flux Q(i,j),(i−1,j) is the tidal prism upstream of the segment
(I − 1,j), which equals (1 − α)Ti-1,j. Where Ti-1,j is the tidal prism upstream of the segment (including)
of (I − 1,j), that is the volume between high tide and low tide in a tidal cycle. α is the return ratio.
Since water brought into the basin on flood tide mixes with the water inside, a portion of the pollutant
mass in the basin is flushed out on the following ebb tide. A portion of clean water will flood into the
estuary during the next flood tide. The returning ratio ranges from 0 to 1, and is used to represent
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the fraction of water volume that leaves the basin at falling tide and returns at the following rising
tide [5,6]. If α exceeds zero, this indicates that a portion equal to (1 − α) of the flood water is clean
water from downstream. The ebb tide volume Q(i−1,j),(i,j) = Q(i,j),(i−1,j) + Ri−1,j is the inflow during the
flood phase of tide plus the revised discharge. For Poquoson, the value α = 0.45 was applied [6].J. Mar. Sci. Eng. 2016, 4, 69 7 of 13 
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Figure 5. A diagram of tidal model segments.

If we assume that the transport reaches steady state during the measurement period and also
assume that all the concentration Ci,j and a decay constant are known, the loading Li,j can conveniently
be computed from this set of algebraic equations based on Equation (2). The decay rate ranges from 0.7
to 3.0 per day in saltwater [21,22]. A constant decay rate of 1.0/day is used as a conservative approach.
The return ratio can be estimated based on the salinity. An average value of 0.4 was applied, which is
suitable for Virginia estuaries based on previous study [6]. The segmentation of the tidal prism model
is shown in Figure 6. There are 51 segments for the estuary.
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4. Model Results and Discussion

4.1. Watershed Model

The hourly precipitation at Gloucester Point is used to drive the model. The calibration process
involved adjustment of the model parameters used to represent the hydrologic processes until
acceptable agreement between simulated flows and field measurements was achieved. Since there is no
USGS gage or any other continuous flow data available in the Poquoson River watershed, a reference
watershed was used for calibration. The USGS Gage 01670000 in Beaverdam Swamp near Ark, VA,
located approximately 20 miles north of the Poquoson River watershed, is used to calibrate the model
parameters for hydrology simulation. This is the only gauge station in this region. The observation
period was from 1980 to 1989. The land uses of forest and wetland and soil types are similar to those of
the Poquoson River watershed, but it has less urban land. The USGS flow is used mainly for calibration
of non-urban land. The US-EPA conducted a watershed simulation for the tidal water region. The EPA
model results are also used for the model calibration as the LSPC and the EPA models are similar
watershed models. Figure 7 shows the time series comparison of daily stream flow for years 1985 and
1987 for the watershed of Beaverdam Swamp using USGS data and a selected urban subwatershed
in the Poquoson River watershed using EPA data. It can be seen that model results match the EPA
model results very well as the precipitation data used for this watershed are similar. Based on this
comparison, it can be seen that the LSPC model has reasonably reproduced the observations. The key
model parameters for the hydrological simulation are listed in Table 2.
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Figure 7. Time Series Comparison of the Daily Stream Flow between Model Simulation and Observed
Data from USGS Stream Gage 01670000 in 1985 and 1987 (panels (a,b) show unit acreage flow,
panels (c,d) show comparisons to USGS gage).
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Table 2. Key parameters used for hydrological simulation.

Name Units Possible Range * Calibrated Value Note

LZSN in 2.0–15 6.93 lower zone nominal soil moisture storage

INFILT in/h 0.001–0.50 0.036–0.09 index to the infiltration capacity of the soil

KVARY 1/in 0.85–0.999 1 variable groundwater recession

AGWRC 0.0–0.5 0.97 base groundwater recession

BASETP 0.0–0.2 0.02 fraction of remaining potential e–t that can be
satisfied from base flow

INFTW 1.0–10.0 8 interflow inflow parameter

IRC 1/day 0.3–0.85 0.6 nterflow recession parameter

NON-INTERCEPT in 0.01–0.40 0.058–0.165 interception storage capacity

MON-UZSB in 0.05–2.0 0.35–0.90 upper zone nominal storage

MON-LZETP 0.1–0.9 0.10–0.60 lower zone evapotranspiration parameter

* http://pubs.usgs.gov/sir/2005/5099/.

4.2. Tidal Prism Model

Because a large portion of the watershed is tidal wetlands and marshes, both migratory birds
and local residence birds are dominant. The watershed model is set up based on the estimated annual
bird population and seasonal variation. However, accurate population and seasonal variations are
unknown. The bacteria can also grow in the wetland and marsh areas. To better simulate the loading,
the inverse tidal prism model is applied. The estuary was segmented into 51 tidal segments including
tributaries. Monthly observation data are averaged for each segment if more than one observation
station were found to be located inside the segment. The linear interpolation of bacteria concentration
was obtained for the segment without observations. The decay constant used for the tidal prism model
is 1.0 per day. Figure 8 shows a comparison of the model simulation of the inverse tidal prism model
and the watershed model for four segments in the tidal marsh area. It can be seen that the watershed
model under-predicted the loading by one to two orders of magnitude. The average difference of
the watershed model prediction of loading and that of the tidal prism model is shown in Figure 9.
Large differences often occurred in the marsh and wetland areas. For some urban land uses, the large
differences are due to estimations of stormwater. For example, although we can estimate the pet
population, it is difficult to estimate the distribution of pet wastes. With the use of loading estimated
by the watershed model, we are able to correct the watershed loading input seasonally. We only use a
multi-year seasonal average value to correct the watershed loading. Because wildlife is the dominant
source, we compute the ratio of the TP model and watershed model and use the ratio to correct the
wildlife for forest, wetland, and marsh land-use areas. For urban land use, the correction ratio is also
applied to pets. With the use of corrected loading for the watershed, the watershed model was used
to simulate the daily flow and bacterial loading. The computed loading for each watershed is fed to
the 3D model.

http://pubs.usgs.gov/sir/2005/5099/
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4.3. Simulation of Bacterial Transport

The 3D model simulation is conducted from 2008 to 2012. Model results at four selected stations
(one in each major region) are shown in Figures 10 and 11, respectively, for the bacterial concentration
at stations located at the upstream of Poquoson River, the tributary of Chisman Creek, the tidal marsh
area, and the middle of the Poquoson River. It can be seen that the model simulated the observed data
quite well. As bacterial concentrations in the River are highly driven by events, i.e., SSOs and boating
activities, as well as the direct access of wildlife, some discrepancies can be expected. In particular,
the model can miss some observations of high concentration, as the causes of these events are unknown.
Overall, model simulations are satisfactory.

It can be seen that the model simulates well for bacterial variation in the estuary. Because many
random events are unknown, the model calibration focuses on matching the general seasonal variation
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rather than matching individual events. Another method of comparison of the model results and
observations is to view the accumulative fecal coliform concentrations at all observation stations to
ensure that the 90th percentile concentration is correctly modeled. Figure 12 shows the comparison of
the cumulative distributions of modeled and observed concentrations. It can be seen that the model
matches observations very well. These results suggest that there is good agreement between observed
data and simulated data during the calibration period, indicating that the model has the ability to
simulate bacteria in the Poquoson River and can be applied in the development of the TMDL. Bacteria
variations over an eight-year period are consistent.
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5. Conclusions

An approach using a combined watershed model, inverse tidal prism model, and 3D estuary
transport model to simulate bacterial concentration in the Poquoson is presented. We introduce the
inverse tidal prism model to estimate seasonal bacterial loading. Because the tidal prism model
is very efficient in terms of computation, it is feasible to estimate loading, although the spatial
resolution is not high enough. The estimated loadings are used to correct the loading input to the
watershed model, which is based on the statistical estimation of bacterial loadings for difference
bacterial sources, including human, wildlife, agriculture, pets, etc. The watershed model simulates
long-term flow and bacterial loading and discharged to a three-dimensional transport model driven by
tide, wind, and freshwater discharge. The transport model efficiently simulates the transport and fate
of the bacterial concentration in the embayment and is capable of determining the loading reduction
needed to improve the water quality condition of the embayment. With the use of inverse modeling,
the bacterial loading simulated by the watershed model can be adequately adjusted, which improves
both the loading simulation and the 3D model simulation of bacterial transport.
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