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Abstract: The quality of freshwater input from tributaries of the Western Mississippi Sound (WMSS)
impacts the quality of coastal water. Hydrological and hydrodynamic models can be coupled to
assess the impact of freshwater inflow from coastal watersheds. This study aims to compare the
performance of a hydrodynamic model and a hydrological–hydrodynamic coupled model in detecting
the effect of freshwater inflow from the coastal watersheds of the state of Mississippi into the WMSS.
A hydrological model, the Soil and Water Assessment Tool (SWAT), and a hydrodynamic model,
the visual Environmental Fluid Dynamics Code (vEFDC), were coupled to evaluate the difference
between the hydrodynamical modelling approach, which employs an area-weighted approach to
define flow and nutrient concentrations, and the more recent coupling model approach, which uses a
hydrological model to determine the flow and nutrient load of the model. Furthermore, a nutrient load
sensitivity analysis of the effect of freshwater inflow on water quality in the WMSS was conducted
in addition to assessing the repercussions of tropical depressions. Hydrological assessments of the
major tributaries watersheds of Saint Louis Bay (SLB) at the WMSS were performed using the SWAT
model. After calibration/validation of the SWAT model, the streamflow output from the SWAT was
incorporated into the vEFDC model. Finally, hydrodynamic simulation of the SWAT-vEFDC model
was conducted, and water quality output was compared at different SLB locations. The salinity,
dissolved oxygen, total nitrogen (TN), and total phosphorus (TP) were assessed by comparing the
vEFDC and SWAT-vEFDC outputs. The results indicated that hydrological input from the SWAT alters
the flow and nutrient concentration results as compared to an area-weighted approach. In addition,
a major impact on the concentration of TN and TP occurred at the location where the freshwater
flows into SLB. This impact diminishes further away from the point of freshwater inflow. Moreover,
a 25% nutrient load variation did not demonstrate a difference in water quality at the WMSS besides
TN and TP in a post-tropical depression scenario. Therefore, the SWAT-vEFDC coupled approach
provided insights into evaluation of the area-weighted method, and of hydrological model output to
the hydrodynamical model, the effect of freshwater inflow into coastal waters, and nutrient sensitivity
analysis, which are important for integrated coastal ecosystems management.

Keywords: coupling models; SWAT; vEFDC; water quality assessment; nutrient sensitivity; extreme
weather

1. Introduction

The unique environment present in aquatic ecosystems sustains diverse biodiver-
sity and provides environmental benefits by preventing floods and serving as natural
filters. Water quality assessment is essential for the sustainable management of aquatic
ecosystems [1–3]. A comprehensive understanding of the source, transport, and fate of
water contaminants is necessary to develop site-specific management strategies. Numerical
modelling techniques offer time- and cost-effective measures to investigate hydrological
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dynamics under different scales and circumstances [4–9]. Approaches that integrate water-
shed and receiving water models have gained popularity due to their effective application
in understanding water quality hydrodynamics [10–14]. Watershed models simulate hy-
drology using geomorphologic, land use, and meteorological data and can assess water
quality [15]. Receiving water models are implemented in waterbodies, such as large rivers,
reservoirs, wetlands, and estuaries, which receive water from the upstream watershed to
simulate the hydrodynamics and water quality interactions within the waterbody. Bathy-
metric, meteorological, hydrological, and water quality data are required for modelling
hydrodynamics and water quality in receiving waters [16,17]. Boundary conditions, such as
inflow, outflow, tides, winds, water levels, and water quality, define the physical conditions
at the boundary and are vital for achieving accurate model outputs [16,17]. Thus, watershed
models can provide simulated flow and water quality data for upstream tributaries that
lack continuously recorded data.

This study focused on the hydrodynamic and water quality assessment of the Western
Mississippi Sound (WMSS), Gulf of Mexico. The WMSS water is designated for shellfish
harvesting and recreational activities [18] and thus, water quality is a vital issue. The major
sources of freshwater input into the WMSS are the Pearl River, the Jourdan River, the Wolf
River, the Bonnet Carré Spillway, and several other smaller streams and bayous including
Johnson Bayou, Bayou Portage, Four Dollar Bayou, and Rotten Bayou. In the past, the
hydrodynamic model of the WMSS was developed and linked with the hydrodynamic
model for the Lower Pearl River (LPR) using the visual Environmental Fluid Dynamic
Code (vEFDC) [19,20] tool. In the linked model, the output of the LPR model was input into
the WMSS grid, henceforth called the WMSS-LPR_vEFDC model, which represented the
riverine flow, estuarine circulation and simulated flow, surface water elevation, temperature,
and salinity [19]. The author suggested that the linked WMSS-LPR_vEFDC model was able
to be integrated with the water quality and habitat suitability model to study the impact
of hydrological variability. Later, the WMSS water quality model, henceforth called the
vEFDC model, was developed by Bazgirkhoob et al. [21] to simulate dissolved oxygen
at different vertical strata and with the changing seasons. Here, the WMSS-LPR_vEFDC
model developed by Armandei et al. [19] was used in conjunction with the water quality
model CE-QUAL-ICM to build the vEFDC model. This hydrodynamic water quality
model was verified and validated for nitrogen, phosphorus, and chlorophyll-a [21]. Since
measured water quality data from the Wolf River and the Jourdan River were unavailable,
simulated water quality concentration data from the LPR model were used as inputs for
these smaller rivers. It is likely that differences in geomorphology and land use in the
smaller rivers compared to the Pearl River lead to differences in water quality flowing
out of these rivers. Therefore, to address the research gap in previous studies, where an
area-weighted approach was used to determine the flow and nutrient concentration of the
Wolf River watershed and the Jourdan River watershed from the proximately located Pear
River watershed model, this study aims to incorporate SWAT model flow and nutrient data
from the Wolf River and the Jourdan River into the vEFDC model to evaluate the water
quality at various locations within WMSS. For this purpose, the coupled hydrological and
hydrodynamic models in the present study are henceforth called the SWAT-vEFDC model.
The major objective of this study is to compare the output of the vEFDC model developed
with an area-weighted approach and the SWAT_vEFDC coupled model to see the variation
in the simulated flow and water quality parameters. Moreover, this study assesses the
impact of freshwater flows from the coastal watersheds of Mississippi into the WMSS by
coupling the SWAT and vEFDC models. This study focuses on coupling two watershed
models of the Wolf River and the Jourdan River with the vEFDC model to make a composite
river–bay–estuary modelling system for assessing the effect of freshwater introduction
on the water quality at various locations in SLB and the WMSS. This study builds upon
a previous water quality assessment where the dissolved oxygen level was analyzed
throughout the WMSS considering the calculated freshwater inflow and water quality
concentration from the Wolf River and the Jourdan River on the basis of the weighted
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average method obtained from the Pear River model [21]. The findings of this study
indicated that a satisfactory trend and correlation between the area-weighted method flow
and hydrologically simulated flow was observed. Varying concentrations of total nitrogen
(TN) and total phosphorus (TP) were observed at the freshwater inflow area, but were later
minimized while moving further towards the WMSS.

2. Materials and Methods
2.1. Study Area

The location of the study area is shown in Figure 1a–c, illustrating the WMSS, the
Jourdan River watershed (JRW), the Wolf River watershed (WRW), and their respective
locations in the state of Mississippi, USA. The WMSS is a semi-enclosed estuary in the
northern Gulf of Mexico which has a total surface area of 2255 km2 [21]. It is bounded to
the east by the Mississippi and Louisiana coastlines, including the city of Gulfport; to the
south by Ship Island, Cat Island, and the Biloxi Marsh; and to the west by Lake Borgne.
The Jourdan River and the Wolf River are the major sources of freshwater input, draining
into the SLB of the WMSS. Forestry land use dominates the JRW, whose estimated area
is 538 km2. The land use in JRW consists of 37.9% evergreen forest, 26.6% rangeland,
18.26% pasture, and 17.3% forested wetlands. Likewise, WRW is also a forest-dominated
watershed. The WRW area is estimated to be 801 km2, of which 7.7% is pasture, 20.8%
is forested wetland areas, 24.9% is range-brush areas, and 46.6% is evergreen forests [22].
The WMSS is designated for shellfish harvesting and recreational activities [18], which aid
Mississippi’s economy.
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Figure 1. (a) Wider view of the Western Mississippi Sound showing the vEFDC grid in yellow, the
SWAT-delineated upstream Jourdan River watershed in green, and the Wolf River watershed in violet.
(b) Image showing water quality assessment cell in the Western Mississippi grid at locations A, B, C,
D, and E. (c) Map of the study area showing the Wolf River watershed, the Jourdan River watershed,
and the Western Mississippi Sound grid in the state of Mississippi.

2.2. Description of SWAT and EFDC Models and Their Coupling Process

The SWAT [23] is a comprehensive hydrological model which is used to simulate and
predict the impact of land management practices and climate change on water quantity and
water quality [24]. It is a watershed scale model used in different topographies to simulate
a wide range of environmental processes including surface runoff, groundwater flow,
erosion, nutrient transport, and crop yield [22,24–27]. The basic input data required to set
up, calibrate, and validate the SWAT model are elevation, land use, land cover, soil, climate,
management practices, and continuous timestep stream flow data. The SWAT model has
been widely used in recent studies for watershed management, climate change assessment,
nutrient management, integrated water resource management, and ecosystem services
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such as carbon sequestration, with basic data and detailed objective-specific data [27–30].
This mathematical model divides the watershed into networks of subbasins that are further
divided into unique hydrologic response units (HRUs) based on land use, soil type, and
slope class [15]. The model simulates water balance and nutrient movement throughout
the watershed.

In this study, the SWAT model setup was carried out by collecting site-specific el-
evation, land use, soil, climate, and streamflow data as listed in Table 1. Two separate
models were set up for the JRW and the WRW. The JRW was divided into 13 subbasins
with 233 HRUs and the WRW was divided into 15 subbasins with 489 HRUs. Both models
were calibrated and validated according to the parameters listed in Bhattarai et al. [22]
using the autocalibration tool SWAT Calibration and Uncertainty Program with Sequential
Uncertainty Fitting version 2 (SWAT-CUP SUFI-2) [31]. The JRW was calibrated on a daily
timestep from 10 March 2002 to 31 December 2003 and validated from 1 January 2004 to
30 September 2004, utilizing all the observed data available from the single gauge station
USGS 02481660 at the JRW. In addition, the WRW was calibrated from January 1997 to
December 2003 and validated from January 2004 to December 2010 on a monthly timestep,
using the data collected from the USGS 02481510 gauge station. After adjusting the different
parameters of both models, acceptable statistical values for comparing the observed and
simulated flows were attained. The flowchart in Figure 2 illustrates the process of the
SWAT model setup, calibration, and validation. Finally, the simulated streamflow from the
calibrated/validated SWAT model was incorporated into the vEFDC model to study the
impact of freshwater inflow into the coastal water.

Table 1. Basic data and their corresponding sources for the SWAT model setup.

S. No. Data Source

1 Elevation Data:
Digital Elevation Model (DEM) (30 m × 30 m) (2020)

United States Geological Survey (USGS)
(https://apps.nationalmap.gov/viewer/) (accessed on 4 October 2022)

2 Land-use and Land-cover Data:
Cropland Data Layer (CDL) (2010)

United States Department of Agriculture-National
Agricultural Statistics Service (USDA-NASS)
(https://nassgeodata.gmu.edu/CropScape/) (accessed on 4 October 2022)

3 Soil Data:
USSURGO (2020)

United States Soil Survey Geographic Database
(US-SSURGO)
SWAT-USSURGO (https://swat.tamu.edu/data/) (accessed on
4 October 2022)

4

Weather Data:
NOAA (1995–2010)
Precipitation,
Maximum Temperature,
Minimum Temperature

National Oceanic and Atmospheric Administration
(NOAA)
SWAT—Climate Data (https://swat.tamu.edu/data/) (accessed on 4 October
2022)

5

Discharge Data:
-USGS 02481660 (2002–2005)
(Jourdan River Nr Bay St Louis)
-USGS 02481510 (1997–2010)
(Wolf River Nr Landon)

United States Geological Survey (USGS)
(https://waterdata.usgs.gov/ms/nwis/) (accessed on 5 October 2022)

The EFDC [16,17] is a state-of-the-art hydrodynamical modelling tool used to predict
water quality and anthropogenic impacts on rivers, estuaries, lakes and reservoirs, wetlands,
and coastal areas. The EFDC can use a three-dimensional hydrodynamic module to simulate
the movement and mixing of water and contaminants in the water column and assess
the sediment and nutrient transport and fate [16,17]. The EFDC is a numerical modelling
tool that can simulate a wide variety of physical and biological phenomena, such as
temperature, salinity gradient, dissolved oxygen (DO) level, nutrient load, growth, and
decay of phytoplankton. The vEFDC [20] is a graphical user interface of the EFDC tool
which offers a convenient way to create meshes, set up and run EFDC simulations, and
visualize and analyze outputs. This is a multifunctional tool that can be coupled with
watershed models to provide a more comprehensive analysis of the water body [19,21].

https://apps.nationalmap.gov/viewer/
https://nassgeodata.gmu.edu/CropScape/
https://swat.tamu.edu/data/
https://swat.tamu.edu/data/
https://waterdata.usgs.gov/ms/nwis/


Water 2024, 16, 3012 5 of 18

Water 2024, 16, x FOR PEER REVIEW 5 of 19 
 

 

-USGS 02481510 (1997–2010) 

(Wolf River Nr Landon) 

 

Figure 2. Flowchart of the SWAT model setup. (DEM: Digital Elevation Model, CDL: Cropland Data 

Layer, HRU: Hydrologic Response Units, SWAT-CUP Sufi-2: SWAT Calibration and Uncertainty 

Programs with Sequential Uncertainty Fi�ing version 2). 

The EFDC [16,17] is a state-of-the-art hydrodynamical modelling tool used to predict 

water quality and anthropogenic impacts on rivers, estuaries, lakes and reservoirs, wet-

lands, and coastal areas. The EFDC can use a three-dimensional hydrodynamic module 

to simulate the movement and mixing of water and contaminants in the water column and 

assess the sediment and nutrient transport and fate [16,17]. The EFDC is a numerical mod-

elling tool that can simulate a wide variety of physical and biological phenomena, such as 

temperature, salinity gradient, dissolved oxygen (DO) level, nutrient load, growth, and 

decay of phytoplankton. The vEFDC [20] is a graphical user interface of the EFDC tool 

which offers a convenient way to create meshes, set up and run EFDC simulations, and 

visualize and analyze outputs. This is a multifunctional tool that can be coupled with wa-

tershed models to provide a more comprehensive analysis of the water body [19,21]. 

Using the vEFDC tool, an integrated 3D hydrodynamic model of the WMSS and the 

LPR was developed and calibrated by Armandei et al. [19], but it was not used for the 

simulation of water quality. Later, Bazgirkhoob et al. [21] assessed DO level, seasonality, 

and vertical stratification by integrating the vEFDC model and a water quality model 

named CE-QUAL-ICM. In the present study, the calibrated/validated flow from the SWAT 

model simulation of the JRW and the WRW are incorporated into the qser.inp file of the 

vEFDC model to couple the vEFDC model and the SWAT model to assess the impact of 

freshwater inflow on the concentration of DO, salinity, TN, and TP at different locations 

in the SLB and the WMSS. Figure 3 illustrates the flowchart of the SWAT-vEFDC coupling 

process: 

Figure 2. Flowchart of the SWAT model setup. (DEM: Digital Elevation Model, CDL: Cropland Data
Layer, HRU: Hydrologic Response Units, SWAT-CUP Sufi-2: SWAT Calibration and Uncertainty
Programs with Sequential Uncertainty Fitting version 2).

Using the vEFDC tool, an integrated 3D hydrodynamic model of the WMSS and the
LPR was developed and calibrated by Armandei et al. [19], but it was not used for the
simulation of water quality. Later, Bazgirkhoob et al. [21] assessed DO level, seasonality, and
vertical stratification by integrating the vEFDC model and a water quality model named
CE-QUAL-ICM. In the present study, the calibrated/validated flow from the SWAT model
simulation of the JRW and the WRW are incorporated into the qser.inp file of the vEFDC
model to couple the vEFDC model and the SWAT model to assess the impact of freshwater
inflow on the concentration of DO, salinity, TN, and TP at different locations in the SLB and
the WMSS. Figure 3 illustrates the flowchart of the SWAT-vEFDC coupling process:
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2.3. Water Quality Parameters

Salinity is the amount of dissolved salt in water. Salinity levels vary widely between
freshwater, where it measures less than 1000 ppm, and coastal water, where it can exceed
35,000 ppm [32]. Climatic factors and anthropogenic activities can greatly alter salinity [33].
In the EFDC, salinity serves as a hydrodynamic parameter that affects the buoyancy and
mixing of water. It can also be used as a conservative tracer that verifies the transport
process of the model and assists in the analysis of mass conservation. Salinity is essential for
estuarine aquatic life. Additionally, salinity affects the chemical processes [34] influencing
the transportation and fate of contaminants in aquatic systems.

Dissolved oxygen (DO) is a critical parameter of aquatic ecosystems, referring to the
amount of oxygen dissolved in the water that is available for the survival of aquatic life
and for various biogeochemical functions. The amount of dissolved oxygen in a water
body affects the way nutrients move through the aquatic ecosystem [35]. It is a major
component of water quality models, such as the EFDC, and it is important to monitor
and manage DO levels when managing water quality. Nitrogen and phosphorus are
critical nutrients [36] in aquatic ecosystems as their availability can limit the growth and
production of primary producers. Thus, monitoring TN and TP levels is essential for
water quality management [37]. In this assessment, the spatial analysis of the TN and TP
parameters in filtered (Filt) and unfiltered (Unfilt) states was also observed. Total nitrogen
(TN) refers to the sum of organic nitrogen, ammonia (NH4), nitrate (NO3), and nitrite (NO2).
In the vEFDC, TN is simulated as five state variables: three in organic forms (refractory
particulate, liable particulate, and dissolved) and two in inorganic forms (ammonium
and nitrate) [16,17]. In the model, the nitrate state variable represents the total of nitrate
and nitrite.

TN = Dissolved inorganic nitrogen (DIN) + Dissolved organic nitrogen (DON) + Particulate organic nitrogen (PON)

i.e.,

TN = [Nitrate + Nitrite + Ammonia] + [Dissolved organic nitrogen] + [Refractory particulate organic

nitrogen (RPON) + Labile particulate organic nitrogen (LPON)]

Therefore,

TN Filt = Dissolved inorganic nitrogen (DIN) + Dissolved organic nitrogen (DON)

TN Unfilt = Dissolved inorganic nitrogen (DIN) + Dissolved organic nitrogen (DON) + Particulate organic

nitrogen (PON)

Total phosphorus (TP) refers to the sum of dissolved and particulate phosphorus. In
vEFDC, TP is simulated as four state variables: three in organic forms (refractory particulate,
liable particulate, and dissolved) and one in an inorganic form (dissolved and particulate
phosphate) [16,17].

TP = Dissolved inorganic phosphorus (DIP) + Dissolved organic phosphorus (DOP) + Particulate organic

phosphorus (POP)

i.e.,

TP = [Total orthophosphate (PO4)] + [Dissolved organic phosphorus (DOP)] + [Refractory particulate

organic phosphorus (RPOP) + Labile particulate organic phosphorus (LPOP)]

Therefore,

TP Filt = Dissolved inorganic phosphorus (DIP) + Dissolved organic phosphorus (DOP)
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TP Unfilt = Dissolved inorganic phosphorus (DIP) + Dissolved organic phosphorus (DOP) +

Particulate organic phosphorus (POP)

3. Results
3.1. Flow Assessment: Calibration and Validation

The statistical measures used to calibrate/validate flow and assess the accuracy of the
SWAT model included the coefficient of determination (R2), the Nash–Sutcliffe efficiency
(NSE), percentage bias (PBAIS), and the Kling–Gupta efficiency (KGE). The KGE was
defined as the objective function in the SWAT-CUP. In the JRW, the R2 varied from 0.59
to 0.72, the NSE varied from 0.42 to 0.71, the PBAIS varied from 36.7 to 4.7, and the KGE
varied from 0.55 to 0.68, for daily flow. Since the KGE was defined as the objective function,
it indicated intermediate performance of the JRW model during calibration and validation,
which was in the acceptable range. In the WRW, the R2 varied from 0.82 to 0.75, the NSE
varied from 0.81 to 0.73, the PBAIS varied from −4.9 to −3, and the KGE varied from 0.80 to
0.70, for monthly flow. These results also indicated an acceptable performance of the SWAT
model during calibration and validation [22,25,38]. For the calibration and validation of the
vEFDC model, measured DO data were compared across the simulated data and achieved
good statistics in terms of root mean square error, bias and R2 at 11 different locations
throughout the WMSS grid [21].

The graphs in Figure 4 show the comparison of the flow data used in the vEFDC
model obtained using area-weighted measurement and the SWAT-vEFDC model simulated
using a hydrological modelling tool for the Wolf River and the Jourdan River. Time series
analysis of these two flow trends showed higher peaks in the area-weighted flow series.
Statistical metrices demonstrated R2 = 0.66 and NSE = 0.61 for the Wolf River flow; and
R2 = 0.80 and NSE = 0.66 for the Jourdan River. These results signify high goodness of fit
for the two datasets.
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3.2. Water Quality Assessment

The SWAT and vEFDC models were coupled and run from 1 January 2009 to 31
December 2010, skipping the first six months as a warmup period. The temporal variation
in the concentration of DO, salinity, TN, and TP as simulated by the vEFDC model and
the SWAT-vEFDC coupled model were compared at different locations, as presented in
Figure 5a–e. Five locations, namely A, B, C, D, and E, as shown in Figure 1b, were selected
to compare the vEFDC and SWAT-vEFDC simulation outputs. Location A (cell I = 62, J = 37,
K = 4) is the Jourdan River inlet, location B (cell I = 68, J = 38, K = 4) is the Wolf River inlet,
location C (cell I = 66, J = 31, K = 4) is where SLB opens up to the WMSS (approx. radial
distance 7 km away from location A and 6 km away from location B), location D (cell I = 65,
J = 25, K = 4) is in between the outlet of Saint Louis Bay and Merrill Shell (approx. radial
distance 11 km away from location A and 12 km away from location B) and location E (cell
I = 66, J = 16, K = 4) lies near Merrill Shell on the WMSS (approx. radial distance 16 km
away from location A and 15 km away from location B). The statistical results obtained by
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comparing the results of the vEFDC and SWAT-vEFDC models are presented in Table 2.
The influence of the SWAT-vEFDC model outflow was observed for salinity, dissolved
oxygen, and nutrients in the Jourdan inlet (A), the Wolf inlet (B) and the SLB outlet (C)
while, in contrast, there was minimal distinction between the models’ outputs at location D
and location E.
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Figure 5. Temporal variation of salinity, dissolved oxygen, filtered total nitrogen, filtered total
phosphorus, unfiltered total nitrogen, and unfiltered total phosphorus at the inlet of the Jourdan
River at (a) location A, (b) location B, (c) location C, (d) location D and (e) location E. In (d,e), the
vEFDC graph and the SWAT-vEFDC graph are overlapped.
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Table 2. Summary of the statistical comparison between the vEFDC and SWAT-vEFDC models.

Location
Salt DO TN Filt TP Filt TN Unfilt TP Unfilt

R2 NSE R2 NSE R2 NSE R2 NSE R2 NSE R2 NSE

A 0.83 0.83 0.92 0.88 0.84 0.32 0.82 0.23 0.76 −0.3 0.75 −0.3
B 0.76 0.39 0.76 0.57 0.75 − 0.35 0.71 −0.6 0.54 −2.4 0.50 −2.3
C 0.98 0.97 1 1 0.97 0.9 0.97 0.93 0.94 0.9 0.89 0.76
D 0.99 0.99 1 1 1 1 0.99 0.99 1 1 1 1
E 0.99 0.99 0.99 0.98 0.98 0.98 1 1 1 1 1 1

Increased differences were observed in the water quality parameters, especially TN
Filt, TP Filt, TN Unfilt, and TP Unfilt, along the transects where freshwater flows into SLB,
as shown in Figure 6. The graphs in Figure 6 compare the average daily concentration from
1 July 2009 to 31 December 2010 of the vEFDC and SWAT-vEFDC models plotted together.
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Figure 6. Average daily concentration of (a) salinity, (b) dissolved oxygen, (c) filtered total nitrogen,
(d) filtered total phosphorus, (e) unfiltered total nitrogen, and (f) unfiltered total phosphorus from
1 July 2009 to 31 December 2010 simulated by the vEFDC and SWAT-vEFDC models at locations A, B,
C, D, and E.

The box plot in Figure 7a–f shows the distribution of the concentration of DO, salinity,
TN Filt, TP Filt, TN Unfilt and TP Unfilt at different locations. These plots are discussed
individually in the following sections.

Salinity: Statistically comparing the performance of both models in terms of salinity,
R2 = 0.83 and NSE = 0.83 for location A. The average salinity concentration was 0.25 ppt
in the vEFDC model and 0.23 ppt in the SWAT-vEFDC model. Similarly, for location B,
R2 = 0.76 and NSE = 0.39. Here, the concentration of salinity changed from 1.23 ppt to
1.88 ppt between the vEFDC and SWAT-vEFDC models. At location C, where R2 = 0.98
and NSE = 0.97, the average daily simulated salinity concentration increased from 9.83 ppt
in the vEFDC model to 10.27 ppt in the SWAT- vEFDC model. At location D, the results
obtained were 0.99 for both R2 and NSE. Here, the daily average salinity concentration
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changed from 16.19 ppt to 16.26 ppt. Further down, at location E, the average daily salinity
was 18.24 ppt in both the models, resulting in a 0.99 R2 and 0.99 NSE. Both models showed
lower salinity near the river outlets and higher salinity further away from the river outlets
and toward the models’ southern boundary. The concentration of salinity was the highest
at location E. This shows that differences in the estimation of salinity concentration resulted
from the two models.
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vEFDC and SWAT-vEFDC models at locations A, B, C, D, and E across the Western Mississippi Sound.

Dissolved oxygen: Evaluating the performance of both models with respect to DO,
R2 = 0.92 and NSE = 0.88 were obtained for location A, with an average DO level increasing
from 8.01 mg/L to 8.12 mg/L. At location B, the average daily DO was R2 = 0.76 and
NSE = 0.57, with the DO level changing from 7.62 mg/L to 7.81 mg/L. At location C,
the average daily DO was R2 = 1.00 and NSE = 1.00, with the DO level decreasing from
7.24 mg/L to 7.22 mg/L. At location D, R2 and NSE were both 1.00, with the DO level
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changing from 5.85 mg/L to 5.84 mg/L. At location E, the average daily DO was R2 = 0.99
and NSE = 0.98, with the DO level increasing from 3.95 mg/L to 4.12 mg/L. The trends of
simulated DO from both the models show that DO was highest at location A and location B,
which are freshwater inlets. DO at location C was 7.24 mg/L and 7.22 mg/L as simulated
by the vEFDC model and the SWAT-EFDC models, respectively. The DO decreased as it
moved along the Western Mississippi sound near Merrill Shell, and was observed to be
lowest at location E. These results demonstrate that the SWAT-vEFDC model estimated an
increased difference in DO compared to that estimated by the vEFDC model.

TN Filt: Assessing vEFDC and SWAT-vEFDC model performance at estimating TN
Filt, R2 = 0.84 and NSE = 0.32 results were obtained for location A, with the average TN Filt
level increasing from 0.28 mg/L to 0.36 mg/L. At location B, the average daily TN Filt was
R2 = 0.75 and NSE = −0.35, with the TN Filt level changing from 0.29 mg/L to 0.39 mg/L.
At location C, the average daily TN Filt was R2 = 0.97 and NSE = 0.90, with the TN Filt
level changing from 0.29 mg/L to 0.31 mg/L. At location D, R2 and NSE were both 1.00,
with the TN Filt level remaining unchanged at 0.38 mg/L. At location E, R2 and NSE were
both 0.98, with the TN Filt level remaining constant at 0.53 mg/L. The trends of simulated
TN Filt show that TN Filt was low at location A and location B, which are freshwater inlets.
TN Filt level at location C was 0.29 mg/L and 0.31 mg/L as simulated by the vEFDC model
and the SWAT-vEFDC integrated models, respectively. The TN Filt level increased nearer
to Merrill Shell and was observed to be highest at location E. These results demonstrated
that there were increases difference between the concentrations of TN Filt estimated by the
vEFDC model alone and by the SWAT-vEFDC model.

TP Filt: Similarly, comparing the TP Filt obtained from the vEFDC model and the
SWAT-vEFDC model, R2 = 0.82 and NSE = 0.23 results were obtained at location A, with
the average TP Filt level increasing from 0.04 mg/L to 0 mg/L. At location B, R2 = 0.71 and
NSE = −0.56, with the TP Filt level changing from 0.04 mg/L to 0.06 mg/L. At location C,
R2 = 0.97 and NSE = 0.93, with the TP Filt level changing from 0.04 mg/L to 0.05 mg/L. At
Location d, R2 and NSE were both 0.999, with the TP Filt level remaining unchanged at
0.06 mg/L. At location E, R2 and NSE were both 1, with the TP Filt level being constant at
0.09 mg/L. The trends of simulated TP Filt level showed that TP Filt was low at location
A, location B, and location C. TP Filt level at location C was 0.04 mg/L and 0.05 mg/L as
simulated by the vEFDC model and the SWAT-vEFDC models, respectively. The TP Filt
level increased nearer to Merrill Shell and was observed to be highest at location E. Again,
these results demonstrated that there were increased differences between the estimation of
TP Filt from the vEFDC model and the SWAT-vEFDC model.

TN Unfilt: Likewise, comparing the performance of TN Unfilt between the vEFDC
model and the SWAT-vEFDC model, R2 = 0.76 and NSE = −0.25 results were obtained at
location A, with the average TN Unfilt level increasing from 0.41 mg/L to 0.49 mg/L. At
location B, R2 = 0.54 and NSE = −2.37, with the TN Unfilt level changing from 0.45 mg/L
to 0.60 mg/L. At location C, R2 = 0.94 and NSE = 0.89, with the TN Unfilt level increasing
from 0.53 mg/L to 0.56 mg/L. At location D, R2 and NSE were both 1.00, with the TN Unfilt
level remaining constant at 0.68 mg/L. Similarly, at location E, the average daily R2 and
NSE were both 1.00, with the TN Unfilt remaining unchanged at 0.77 mg/L. The trends of
simulated TN Unfilt show that TN Unfilt was lower at locations A, B, and C as compared
to locations D and E. The TN Unfilt level at location C was 0.53 mg/L and 0.56 mg/L as
simulated by the vEFDC model and the SWAT-vEFDC models, respectively. The TN Unfilt
level increased as it moved along the Western Mississippi Sound near Merrill Shell, and
was observed to be highest at location E. These results demonstrate considerable difference
between the estimation of TN Unfilt from the vEFDC model and the SWAT-vEFDC model.

TP Unfilt: Evaluating model performance for TP Unfilt between the vEFDC model and
the SWAT-vEFDC model, R2 = 0.75 and NSE = −0.26 results were obtained at location A,
with the average TP Unfilt level increasing from 0.06 mg/L to 0.07 mg/L. At location B,
R2 = 0.50 and NSE = −2.26, with the TP Unfilt level increasing from 0.07 mg/L to 0.09 mg/L.
At location C, R2 = 0.89 and NSE = 0.76, with the TP Unfilt level remaining constant at
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0.08 mg/L. At location D, R2 and NSE were both 1.00, with the TP Unfilt level remaining
constant at 0.11 mg/L. Likewise, at location E, R2 and NSE were both 1.00, with the TP
Unfilt level remaining constant at 0.12 mg/L. The trends of simulated TP Unfilt show that
TP Unfilt was lowest at locations A, B, and C. The TP Unfilt level at location C remained
constant at 0.008 mg/L as simulated by both the vEFDC model and the SWAT-vEFDC
coupled model. The TP Unfilt level increased as it moved along the Western Mississippi
Sound near Merrill Shell, and was observed to be highest at location E. These results
demonstrate that levels of TP Unfilt varied between the vEFDC and SWAT-vEFDC models.

3.3. Sensitivity Analysis

The impact of changing riverine inflow nutrient concentrations on water quality within
the WMSS was studied during an extreme weather event. Various water quality parameters
from the Jourdan River and the Wolf River inflows were adjusted. A 25% increase and
25% decrease in RPOP, LPOP, DOP, PO4, RPON, LPON, DON, NH4, and NO2 + NO3 were
made one at a time in the model to perform the nutrient sensitivity analysis [39]. From 10
to 18 August 2010, a tropical depression named Five 2010 (https://oceanservice.noaa.gov/
news/historical-hurricanes/) (accessed on 3 August 2023) passed through the watershed
area. Therefore, 5 August, 15 August, and 25 August were selected as the representative
dates on which to observe the changes in nutrition distribution throughout the grid in
order to account for 25% increase, baseline, and 25% decrease scenarios. In Figure 8a–e, the
changes in water quality concentration during the tropical depression are shown for DO,
TN Filt, TP Filt, TN Unfilt, and TP Unfilt at selected locations in the WMSS.

The impact of nutrient concentration changes on DO levels throughout the selected
locations in the WMSS during the tropical depression is shown in Figure 8a. Before the
tropical depression, in the scenario with a 25% nutrient load increase, the DO level was high
closer to the freshwater inflow area, the adjacent SLB area, and the area towards the end of
the WMSS grid. The DO level was observed reducing with the occurrence of the tropical
depression. After the tropical depression was over, the number of grids with lower DO
levels increased in the midsection of the WMSS. Nutrient variation shows notable change
in the 25% increment scenario before the tropical depression, whereas notable variation in
DO level in the inflow from the JRW and the WRW was not observed in the nutrient load
reduction scenario throughout the WMSS grid. All the images in Figure 8a show that the
DO level was higher at the boundary and lower in the inside section of the WMSS grid.

Figure 8b shows TN Filt sensitivity analysis due to the nutrient load variation during
the tropical depression throughout the WMSS. Notable effects of the nutrient load variation
were not observed near the inflow zone and throughout the WMSS grid. The major impact
due to the tropical depression was detected as represented by a higher concentration of TN
Filt in Figure 8b, and its impact was observed prevailing through 25 August.

Similarly, in Figure 8c, the impact of nutrient load variation from a freshwater inflow
in TP Filt concentration during the tropical depression throughout the WMSS is presented.
Notable effects of nutrient load variation were not seen near the inflow zone and throughout
the WMSS; a rather more notable impact was observed because of the extreme weather.
Higher concentrations of TP Filt were observed before and after the tropical depression,
and a decrease in the concentration of TP Filt was observed during the tropical depression.
The reason for this could be a tropical depression-induced flash flood draining a larger
volume of freshwater into the WMSS.

Figure 8d represents the TN Unfilt sensitivity analysis due to the nutrient load variation
in the freshwater during Five throughout the WMSS. Before the tropical depression, fresh-
water inflow did not show notable variations in TN Unfilt concentration near the inflow
zone. However, during the tropical depression, more influence from the coastal water was
observed in the WMSS reaching SLB. The TN Unfilt concentration at the WRW inflow zone
was observed more in the baseline and 25% increase nutrient load scenarios, surpassing the
25% reduced nutrient load scenario. An aftereffect of Five was observed in the post-tropical
depression scenario, where TN Unfilt concentration was higher in all nutrient load scenarios.

https://oceanservice.noaa.gov/news/historical-hurricanes/
https://oceanservice.noaa.gov/news/historical-hurricanes/
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Figure 8. (a) Sensitivity analysis of nutrient load variation in DO level throughout the WMSS grid.
(b) Sensitivity analysis of nutrient load variation in total nitrogen filtered concentration throughout
the WMSS grid. (c) Sensitivity analysis of nutrient load variation in total phosphorus filtered
concentration throughout the WMSS grid. (d) Sensitivity analysis of nutrient load variation in total
nitrogen unfiltered concentration throughout the WMSS grid. (e) Sensitivity analysis of nutrient load
variation in total phosphorus unfiltered concentration throughout the WMSS grid.

Similarly, Figure 8e shows the sensitivity analysis of nutrient load variation on TP
Unfilt concentration during the tropical depression, throughout the WMSS grid. An
extended impact on TP Unfilt concentration was seen reaching SLB in all scenarios. The
image shows that during and after the occurrence of Five, the concentration of TP Unfilt
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increased at the WRW inflow zone as compared to that before the tropical depression in all
nutrient load scenarios.

4. Discussion

In this study, the concept of coupling hydrological and hydrodynamical models for a
better understanding of hydrodynamical processes in the WMSS has been demonstrated.
Graphical comparisons of flow simulated by the SWAT model and that obtained through
the weighted-area model showed similar trends, where the weighted-area flow showed
higher peaks and the statistical metrices demonstrated goodness of fit. In addition, the
introduction of freshwater simulated by the coupled model showed a substantial change in
the water quality parameters. A pronounced impact on TN and TP was observed at the
point where freshwater from the Wolf River and the Jourdan River flows into the bay. This
effect decreased towards the end of bay and further diminished as the water moved away
from the bay. The weakening effect was due to the increasing mixture of freshwater in the
coastal water. Ultimately, the impact of the freshwater was greatly reduced by the time
it reached the Western Mississippi Sound. Nutrient sensitivity analysis during extreme
weather conditions demonstrated that a 25% variation in the nutrient load of freshwater
inflow had lower influence in the water quality of the WMSS in comparison to the influence
of wind and storm surges during a tropical depression.

The results of this study are consistent with previous studies which assessed wa-
ter quality by coupling the hydrodynamics model with the hydrological model. Hwang
et al. [10] evaluated different water quality improvement scenarios in an estuarine reser-
voir, with a levee in middle, which was affected by point and non-point source pollution
from the upstream basin and thus concluded that SWAT-EFDC coupling could improve
water quality results. Wu et al. [13] stated that the combination of the SWAT and EFDC
models addressed the limitations in measured data of upstream watersheds, and it was
feasible to identify the association between sources of pollution and water quality response.
Kim et al. [12] developed a watershed–estuary linkage model with the HSPF-EFDC-WASP
tool to access the impact of the drainage gate operation on water quality in the Ganwol
Reservoir, Korea. The study reported that the outcome of the simulations for different
water quality parameters across various locations of the reservoir was different and a pro-
nounced effect was observed at the location near to the drainage gate operation, the inlet
point [12], similar to the findings of our study. Additionally, Shin et al. [40] demonstrated
the influence of wind during hurricane events in the variation of water quality parameters
at Lake Okeechobee, corresponding to the outcomes of our analysis.

This study assessed the water quality at five different locations of SLB and observed
variations in the effects of freshwater inflow. This study also highlights the diminishing
effect of freshwater inflow when the nutrient parameters were observed further along
the coastal water body. The study attempted to fill the gap in previous hydrodynamical
modelling assessments of the Western Mississippi Sound by using hydrologically simu-
lated flow data instead of using area-weighted flow data from an adjacent watershed in
the hydrodynamical model. The results of this model-coupling approach are consistent
with previous studies at different sites around the globe, which were able to discuss the
relationship between the spatial variation of water quality parameters within coastal waters.

5. Conclusions

This study focused on the coupling of two watershed-scale SWAT models developed
for the Wolf River and the Jourdan River with the vEFDC model of the estuary and bay
linking the Western Mississippi Sound to make an integrated river–bay–estuary model.
The calibrated/validated streamflow and nutrients data from the hydrological and water
quality SWAT model were provided as an input to the calibrated/validated hydrodynamic
vEFDC model to understand the execution performance of the hydrodynamic model with
area-weighted flow and hydrologically simulated flow. The trend of area-weighted flow
and hydrological-model simulated flow was studied. Additionally, the impact of freshwater
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inflow on the water of Saint Louis Bay and the Western Mississippi Sound was also assessed
along with the impact of nutrient load variation and extreme weather. Evaluation of salinity,
dissolved oxygen, total nitrogen, and total phosphorus at various locations in Saint Louis
Bay and the Western Mississippi Sound was conducted with the results obtained from
the vEFDC and SWAT-vEFDC model simulations. After comparing the concentrations of
water quality parameters obtained from the vEFDC and SWAT-vEFDC models, this study
revealed that the freshwater inflow had a substantial impact on the levels of TN and TP in
the bay, which gradually decreased as the water diluted when moving further along into
the Western Mississippi Sound. Nutrient sensitivity analysis during the tropical depression
demonstrated that a 25% variation in the nutrient load inflow contributed less than the
influence of wind and storm surges in changing the water quality. In conclusion, coupling
hydrological models with hydrodynamical models can be useful in assessing the impact
of freshwater inflows into estuarine systems. The SWAT-vEFDC coupled approach thus
provided insight into the variations in the calculated and simulated flow and water quality
parameters. This study also provides insights into approaches to assessing the impact
of freshwater inflows into coastal waters, understanding the model coupling method
to couple a watershed model and a receiving water model can develop an integrated
river–bay–estuary modelling system which can aid in integrated coastal management.

In conclusion, this study provides an insight into water quality management and
aquatic ecosystem response during hurricanes. The results can be helpful in the prediction
of nutrient surges in ecosystems due to runoff during extreme weather. Sediment and
nutrient loading can be minimized from the coastal watershed into estuaries, wetlands,
and bays by scientific result-driven policies. Moreover, habitat restoration efforts can be
optimized which in turn will aid the economy of the state of Mississippi. The interaction
between storm surges, watershed runoff, and sediment–nutrient transport and extreme
weather conditions helps support coastal planning and emergence preparedness, and
enhances understanding of ecosystem resiliency and extreme event impacts on coastal
areas. This dynamic modelling approach will eventually aid in integrated coastal zone
management, formulating long-term adaptation strategies to mitigate extreme weather.
This study improves our understanding of applying models to the Wolf and Jourdan Rivers,
which are two major tributaries feeding the Saint Louis Bay. However, future application of
such models to other small bayous, such as Johnson, Portage, Four Dollar, and Rotten, may
help to provide additional information on the hydrodynamics of the Saint Louis Bay. In
addition, the availability and use of longer-time observed data for validating the model’s
performance might further improve model calibration and validation processes including
sensitivity analysis of the model’s parameters.
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