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Abstract: Enid Lake is one of the largest reservoirs located in Yazoo River Basin, the largest basin in
the state of Mississippi. The lake was impounded by Enid Dam on the Yocona River in Yalobusha
County and covers an area of 30 square kilometers. It provides significant natural and recreational
resources. The soils in this region are highly erodible, resulting in a large amount of fine-grained
cohesive sediment discharged into the lake. In this study, a 3D numerical model was developed to
simulate the free surface hydrodynamics and transportation of cohesive sediment with a median
diameter of 0.0025 to 0.003 mm in Enid Lake. Flow fields in the lake are generally induced by wind
and upstream river inflow, and the sediment is also introduced from the inflow during storm events.
The general processes of sediment flocculation and settling were considered in the model, and the
erosion rate and deposition rate of cohesive sediment were calculated. In this model, the sediment
simulation was coupled with flow simulation. In this research, remote sensing technology was
applied to estimate the sediment concentration at the lake surface and provide validation data for
numerical model simulation. The model results and remote sensing data help us to understand the
transport, deposition and resuspension processes of cohesive sediment in large reservoirs due to
wind-induced currents and upstream river flows.

Keywords: 3D numerical model; remote sensing; cohesive sediment transport; wind-induced flow;
Enid Lake

1. Introduction

The Yazoo River Basin is the largest basin in the state of Mississippi. Abundant
streams, reservoirs and lakes are located in this region, including four large flood control
reservoirs: Arkabutla Lake, Sardis Lake, Enid Lake and Grenada Lake. These lakes are
significant natural and recreational resources. The soil in this region is highly erodible,
resulting in a large amount of fine-grained cohesive sediment discharged into water bodies
and reducing the recreation values of these lakes. Understanding the dynamic processes of
cohesive sediment transport in these large lakes is important in managing the water quality
and in providing useful information for potential risk assessments.

Numerical modeling is an effective tool for studying the temporal and spatial distribu-
tions of cohesive sediment in a water body. Wu and Wang [1] developed a depth-integrated
2D model to calculate the cohesive sediment transport in an estuary by considering the
effect of salinity on the settling velocity. Liu [2] developed a laterally integrated 2D model
to study the effects of reservoir construction on tidal hydrodynamics and cohesive sediment
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distributions in a river estuary. Normant [3] developed a 3D layered model to simulate the
cohesive sediment transport in an estuary; in this model, the process of consolidation was
considered. Klassen [4] developed a 3D numerical model to simulate cohesive sediment
transport by considering the flocculation processes in turbulent flows.

Over the last several decades, remote sensing technology has been successfully applied
to estimate and map the concentration of suspended sediment (SS) at the water surface.
Different approaches and algorithms have been developed over time for estimating SS
concentrations using optical satellite data. The available techniques can be categorized
into four general groups: (1) simple regression (correlation between single band and in-
situ measurements; Williams and Grabau [5]); (2) spectral unmixing techniques; (3) band
ratio technique using two and more bands [6]; and (4) multiple regressions [7]. Pavelsky
and Smith [8] established the relationships between the in-situ SS concentration (SSC)
and remotely sensed visible/near-infrared reflectance. These relationships were applied
to map SSC in the Peace–Athabasca Delta based on satellite imagery. Hossain et al. [9]
developed a remote sensing-based index and determined the coefficients that can be used
in riverine/lake environment quantitative mapping of SSC. In this method, the Normalized
Difference Suspended Sediment Index (NDSSI) was calculated using the Landsat data and
was correlated to the near real-time in-situ measurements of SSC using a power equation.
Montanher et al. [10] applied a multiple regression model to estimate SSC in Amazonian
white water rivers using reflectance data derived from Landsat 5/TM.

The National Center for Computational Hydroscience and Engineering (NCCHE)
of the University of Mississippi has developed a three-dimensional hydrodynamic and
non-cohesive sediment transport model, CCHE3D. This model has been verified against
analytical solutions and validated using experimental data and field measurements [11–13].
In this study, a numerical model was developed based on CCHE3D for simulating cohesive
sediment transport in large lakes. The general processes including flocculation, settling,
deposition and erosion were considered in the model. The developed model was applied
to simulate the flow hydrodynamics and cohesive sediment transport in Enid Lake. The
simulated SSC was validated using the remote sensing data. This research presents an
effective way of studying 3D flow circulations and SS distributions in a large lake based
on a numerical model, remote sensing data, and field measurements. Field measurements
provide useful datasets to calibrate parameters used in the numerical model and remote
sensing technology. Remote sensing technology is a useful tool for estimating/mapping
SSC at the water surface of a large lake, which can be used for model validation. Numerical
modeling is an effective tool for analyzing 3D flow circulations and SS distributions, which
provide useful information that expands our understanding from the water surface to the
water column.

2. Model Development

In this study, the CCHE3D model developed by NCCHE was applied to simulate the
flow hydrodynamics and cohesive sediment transport in large lakes.

2.1. Governing Equations for Flow Hydrodynamics

The governing equations of continuity and momentum of the three-dimensional
unsteady hydrodynamic model can be written as follows:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂(uiuj)

∂xj
= −1

ρ

∂p
∂xi

+
1
ρ

∂τij

∂xj
+ fi (2)

where ui (i = 1, 2, 3) are the components of Reynolds-averaged flow velocities (u, v, w) in
a Cartesian coordinate system (x, y, z); t is the time; ρ is the water density; p is the mean
pressure; fi are the components of external forces, such as gravity and Coriolis force; and τij
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are the stresses, including both viscous and turbulent effects, which can be determined
using Boussinesq’s eddy viscosity assumption:

τij = ρ(ν + νt)

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
ρkδij (3)

where ν and νt are the kinematic viscosity and turbulent viscosity, respectively; k is the
turbulent kinetic energy, and δij is the Kronecker delta.

The horizontal turbulent viscosity is computed using the Smagorinsky scheme:

νth = α∆x∆y

[(
∂u
∂x

)2
+

1
2

(
∂v
∂x

+
∂u
∂y

)2
+

(
∂v
∂y

)2
]1/2

(4)

where νth is the horizontal turbulent viscosity; ∆x and ∆y are the grid sizes in the x and y
directions; and α is a parameter in the range of 0.01 to 0.5. In this study, α = 0.1.

For wind-driven flow, the vertical turbulent viscosity is mainly determined by the
wind stress and it can be calculated using an empirical formula [14,15]:

νtv = νtv,maxηz(−3.24η2
z + 2.78ηz + 0.62) (5)

where νtv,max is the maximum vertical turbulent viscosity, which can be obtained based
on surface shear velocity [14]; ηz is the non-dimensional elevation (ηz = z/H, H is the
water depth).

The free surface elevation (zs) is computed using the following equation:

∂zs

∂t
+ us

∂zs

∂x
+ vs

∂zs

∂y
− ws f = 0 (6)

where us, vs and wsf are the surface velocities in x, y and z directions; zs is the water
surface elevation.

Wind stress is one of the most important driving forces for lake water movement. The
wind shear stresses (τwx and τwy) at the free surface are expressed by:

τwx = ρaCdUwind

√
U2

wind + V2
wind (7)

τwy = ρaCdVwind

√
U2

wind + V2
wind (8)

where ρa is the air density; Uwind and Vwind are the wind velocity components at 10 m
elevation in the x and y directions, respectively. In this study, Cd was set to 1.0 × 10−3,
and this value is applicable for simulating the wind-driven flow in the lakes in the Missis-
sippi Delta [16].

2.2. Governing Equations for Cohesive Sediment Transport

The governing equation for cohesive sediment transport is based on the three-dimensional
mass transport equation:

∂S
∂t

+
∂(uS)

∂x
+

∂(vS)
∂y

+
∂(w − ws)S

∂z
=

∂

∂x
(Dx

∂S
∂x

) +
∂

∂y
(Dy

∂S
∂y

) +
∂

∂z
(Dz

∂S
∂z

) (9)

where S is the concentration of cohesive sediment; Dx, Dy and Dz are the mixing coefficients
in the x, y and z directions, and they can be obtained based on turbulent viscosities. ws
is the settling velocity (m/s), which can be calculated using the formula proposed by
Burban et al. [17] and Gailani et al. [5]:

ws = mdn
f (10)
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where the parameter m = 1.915 × 10−7(SFs)
−0.85, Fs is the fluid shear stress (N/m2)

and S is the concentration of cohesive sediment (kg/m3); the parameter n = −[0.8 +
0.5 log(100SFs − 7.5 × 10−6)]; df is the diameter of flocs (cm), which can be calculated using
the following formula [5,18]:

d f =

(
10−10

SFs

)0.5

(11)

Equations (10) and (11) can be used to estimate the settling velocities of flocs and their
diameters in freshwater bodies. However, some limitations were observed: if the values
of sediment concentration S or fluid shear stress Fs are very small, the two equations are
not applicable.

For the boundary condition at free surfaces, the vertical sediment flux is assumed to
be zero and the following formula is used:

wsS + Dz
∂S
∂z

= 0 (12)

At the bottom, the following condition is used:

wsS + Dz
∂S
∂z

= Db − Eb (13)

where Db and Eb are the deposition rate and erosion rate at the bottom (kg/m2/s), and can
be calculated by [19–21]:

Db =

{
0 τb ≥ τcd

wsS
(

1 − τb
τcd

)
τb < τcd

(14)

Eb =

{
0 τb ≤ τce

Ec

(
τb
τce

− 1
)

τb > τce
(15)

where τb is the bed shear stress (N/m2); τcd and τce are the critical shear stress for depo-
sition and erosion (N/m2); Ec is the erodibility coefficient, which ranged from 0.00001 to
0.0004 kg/m2/s [22].

3. Remote Sensing Technology for Estimation of SS Concentration

Hossain et al. [9] developed a remote sensing-based Normalized Difference Suspended
Sediment Index (NDSSI) using the Landsat data. A power equation was obtained based on
on-site measurements and NDSSI to estimate SSC in the waterbody. NDSSI was calculated
using Landsat TM imagery for different seasons to map the relative variation of SS. In Enid
Lake, due to the limitation of cloud coverage and coarse temporal resolution (16 days),
it was not possible to use the Landsat data to calculate NDSSI and estimate SSC. Moderate
Resolution Imaging Spectroradiometer (MODIS) imagery was available during the study
period and was used for quantitative estimation of SSC. A linear regression equation could
be obtained based on on-site measurements of SSC and MODIS visible/near-infrared
reflectance (VNIR), and applied to map the SSC in Enid Lake.

4. Application to Enid Lake
4.1. Study Site

Enid Lake is a large reservoir located in Yazoo River Basin, Mississippi (Figure 1).
It is a US Army Corp of Engineers (USACE) flood control structure built in 1952. It was
impounded by Enid Dam on the Yocona River in Yalobusha County and covers an area of
30 square km. Figure 1 shows that the mean water depth of the lake is around 4 m. During
the dry season (Oct. to Jan.), the mean depth could drop to 3 m and the covered area may
reduce by 15 to 20%. The soil in this region is highly erodible, and the erosion rate has
been recognized as one of the highest in the nation [23]. This lake has significant natural
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and recreational resources; however, it is impaired by mercury, and a fish consumption
advisory was issued by the Mississippi Department of Environmental Quality (MDEQ) in
1995, which may not be sufficiently protective [24]. In order to reduce the mercury level
in the lake, mercury TMDL has been established in the lake watershed [25]. It has been
observed that the interactions between the sediment and mercury greatly affect the mercury
distributions in the lake [26]. In this paper, the transport process of the cohesive sediment
in Enid Lake was studied based on field measurements, numerical modeling, and remote
sensing techniques.
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Figure 1. Study Area.

4.2. Field Measured Data

In this study, field measurements were conducted on 12 March 2013 and the water
surface elevation, SSC and the median diameter of sediment particles in the lake were
obtained. The water depth of the lake is relatively shallow (Figure 1), and the thermal
stratification effect was not considered. The measured data was used to evaluate the
sediment levels in the lake and to validate the results obtained using remote sensing
technology and numerical modeling.

The upstream Yocona river flow discharge and water surface elevation at the lake
outlet were obtained from USGS and US Army Corp of Engineers. Figure 2 shows the
flow discharge and water surface elevation during a spring storm event that occurred in
March 2013.
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Figure 2. Flow conditions at the boundary (10 March 2013–18 March 2013).

Wind is one of the most important driving forces for lake circulation. Figure 3 shows
the wind speeds and directions near the lake during the study period (10 March 2013–
18 March 2013) produced by the NOAA National Centers for Environmental Information.
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4.3. Remote Sensing-Based Suspended Sediment Concentration Estimation

Several studies had success in estimating total suspended sediment (TSS) using simple
linear regression techniques involving the MODIS visible and near-infrared (VNIR) bands
and in situ measurements [6]. A similar approach was used in this study to estimate
TSS in Enid Lake. The correlation coefficient of the regression equation was obtained
using near-real time in situ measurements of TSS and the reflectance values of the red (R)
and near infra-red (NIR) bands of the MODIS (Band 1 and Band 2) imagery acquired on
12 March 2013. The measured datasets include 18 in situ samples.

Figures 4 and 5 show the correlation between the MODIS Reflectance of Red and NIR
Bands (Band 1 and Band 2) and the TSS for 12 March 2013.

The obtained regression equation (Equation (16)) with a higher coefficient of determi-
nation (R2), as shown in Figure 4, was applied to the water pixels of the MODIS imagery to
estimate the SSC in the lake at a 250 m spatial resolution. These 250 m spatial resolution
estimations were then used to interpolate to a 1 m spatial resolution for the estimation of
SSC in the lake water.

SSCMODIS = 14.643ρBand1(Red) − 148.52 (16)

where SSCMODIS is the MODIS-observed suspended sediment concentration and ρBand1(Red)
is the surface reflectance recorded in the red spectral band (Band 1) of the MODIS sensor.
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4.4. Numerical Model Simulation

Based on the initial bed elevation data obtained from the Enid Lake Fishing and
Boating Map, the computational domain was discretized into a structured finite element
mesh using the CCHE Mesh Generator. In the horizontal plane, two meshes with node
numbers of 353 × 171 and 705 × 341 were employed to test the sensitivity of the mesh grid
size on the numerical results. In the vertical direction, as this is a shallow lake, the domain
was divided into eight layers based on the local water depth using a uniformly distributed
function. For the case of wind-induced flow circulation in a big and shallow lake (mean
water depth is less than 5 m), 8 to 10 vertical layers should be appropriate for model
simulation [15]. The CCHE3D model was applied to simulate the wind-induced flow
circulations using two meshes with 353 × 171 × 8 nodes and 705 × 341 × 8 nodes. The
simulation results showed that the flow patterns obtained using two meshes were identical
and that the maximum difference of the flow velocity was less than 1%. Therefore, the mesh
with 353 × 171 × 8 nodes was used for the model simulation in this study.

4.4.1. Model Calibrations

In CCHE3D, several parameters, such as the parameter α in the Smagorinsky scheme
(Equation (4)), drag coefficient Cd (Equations (7) and (8)) and bed roughness height need
to be calibrated. A period from 17–25 November 2013, was selected for the model cal-
ibration run. In this period, wind was the main driving force for lake flow circulation.
On 19 November, the USDA National Sedimentation Laboratory (NSL) measured flow
velocities in the lake using an Acoustic Doppler Current Profiler (ADCP). The measured
data was used for model comparison. After obtaining the measured wind data produced
by NOAA, CCHE3D was used to simulate the wind-induced flow circulation in Enid
Lake. The above-mentioned parameters were adjusted repeatedly to obtain a reasonable
reproduction of the flow velocities measured by NSL. In this study, α = 0.1, Cd = 0.001 and
bed roughness height = 0.02 m. The simulated flow velocities in the x and y directions at
Station A (shown in Figure 1) were compared with the field-measured data (Figure 6). The
flow velocities produced by the numerical model were generally in good agreement with
field measurements.

The measured median diameter of the sediment particles was around 0.0025 to
0.003 mm, well within the cohesive sediment size. The settling velocities estimated using
Equations (10) and (11) were in the order of 10−4 to 10−5 m/s. The critical shear stresses
for deposition (τcd) and for erosion (τce) in Equations (14) and (15) varied widely and
needed to be calibrated. Since there was no sufficient measured sediment data in Enid Lake,
the values of τcd and τce were obtained based on our previous studies on a nearby lake
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(Deep Hollow Lake) with similar sediment size classes [16]. In this study, τcd = 0.01 N/m2

and τce = 0.02 N/m2.

Geosciences 2022, 12, x FOR PEER REVIEW 8 of 14 
 

 

function. For the case of wind-induced flow circulation in a big and shallow lake (mean 
water depth is less than 5 m), 8 to 10 vertical layers should be appropriate for model sim-
ulation [15]. The CCHE3D model was applied to simulate the wind-induced flow circula-
tions using two meshes with 353 × 171 × 8 nodes and 705 × 341 × 8 nodes. The simulation 
results showed that the flow patterns obtained using two meshes were identical and that 
the maximum difference of the flow velocity was less than 1%. Therefore, the mesh with 
353 × 171 × 8 nodes was used for the model simulation in this study. 

4.4.1. Model Calibrations 
In CCHE3D, several parameters, such as the parameter α in the Smagorinsky scheme 

(Equation (4)), drag coefficient Cd (Equations (7) and (8)) and bed roughness height need 
to be calibrated. A period from 17–25 November 2013, was selected for the model calibra-
tion run. In this period, wind was the main driving force for lake flow circulation. On 19 
November, the USDA National Sedimentation Laboratory (NSL) measured flow velocities 
in the lake using an Acoustic Doppler Current Profiler (ADCP). The measured data was 
used for model comparison. After obtaining the measured wind data produced by NOAA, 
CCHE3D was used to simulate the wind-induced flow circulation in Enid Lake. The 
above-mentioned parameters were adjusted repeatedly to obtain a reasonable reproduc-
tion of the flow velocities measured by NSL. In this study, α = 0.1, Cd = 0.001 and bed 
roughness height = 0.02 m. The simulated flow velocities in the x and y directions at Sta-
tion A (shown in Figure 1) were compared with the field-measured data (Figure 6). The 
flow velocities produced by the numerical model were generally in good agreement with 
field measurements. 

 
Figure 6. Observed and simulated velocity at Station A (11:25 a.m., 19 November 2003). 

The measured median diameter of the sediment particles was around 0.0025 to 0.003 
mm, well within the cohesive sediment size. The settling velocities estimated using Equa-
tions (10) and (11) were in the order of 10−4 to 10−5 m/s. The critical shear stresses for dep-
osition ( cdτ ) and for erosion ( ceτ ) in Equations (14) and (15) varied widely and needed to 
be calibrated. Since there was no sufficient measured sediment data in Enid Lake, the val-
ues of cdτ  and ceτ  were obtained based on our previous studies on a nearby lake (Deep 
Hollow Lake) with similar sediment size classes [16]. In this study, cdτ =0.01 N/m2 and 

ceτ = 0.02 N/m2. 
  

Figure 6. Observed and simulated velocity at Station A (11:25 a.m., 19 November 2003).

4.4.2. Model Applications

A simulation period from 10–18 March 2013 was selected for the model application to
Enid Lake. In this period, the wind and upstream river discharge were the main driving
forces for lake flow circulation. After setting up the inlet boundary conditions (flow and
SS discharges) and outlet boundary conditions (water level), as well as the wind fields,
the developed model could be applied to simulate the flow and cohesive sediment transport
in the lake. In the model simulation, the parameters were the same as the calibrated values.

Figures 7 and 8 shows the flow velocities at the water surface and near the bed
(12 March 2013), which was induced by the upstream river discharge as well as the wind
forces. The vertical velocity profiles in deeper and shallower areas were also plotted for
comparison. In general, the velocities in shallower regions were stronger than those in
deeper regions (Section 5 gives a detailed discussion).
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Figure 7. Simulated flow patterns at the water surface of Enid Lake.
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Figure 8. Simulated flow patterns near the bottom of Enid Lake.

Figure 9 shows the comparison of concentrations of cohesive sediment at the surface
of the lake obtained by numerical modeling and remote sensing technology (on 12 March
2013). The simulated results were generally in agreement with the data obtained with the
remote sensing technology. Both the remote sensing data and numerical results showed the
maximum SS concentration in the lake as being about 0.17 kg/m3. The SSC was higher near
the river mouth and along shoreline areas, while it was much lower in the deeper water
near the dam. Figure 9 shows that the numerical model underestimated the SSC along
the northwest shoreline (near N2) and lake central area (near C2) compared to the remote
sensing data. The possible reasons causing these differences are discussed in Section 5.
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The SSC at several check points from the central area (C1, C2, C3, C4), north shoreline
(N1, N2) and south shoreline (S1, S2) were extracted from the remote sensing data and
model results for comparison. Figure 10 shows that the simulated SSC agreed with the
remote sensing data, with a reasonable coefficient determination (R2) value of 0.77.
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Figure 11 shows the simulated concentrations of cohesive sediment near the bottom of
the lake. The sediment concentration in the lake is generally affected by the flow velocity,
turbulent diffusion and settling velocity. Since the size of the cohesive sediment is very fine
(0.0025~0.003 mm), the gradient of the vertical concentration of sediment is small. Figure 11
shows that the SSC in the central areas of the lake were slightly higher near the bottom
than those at the water surface. In the shallow area, the SS was well mixed and the SSCs
near the bottom and water surface were very close.
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In general, the mean SSC in the lake was very low (~0.005 kg/m3). During the storm
event, a large amount of sediment discharged into the lake from the upstream Yocona River.
Figure 12 shows the time series of SSC at the water surface at check points C1 (upstream),
C3 (mid-reach) and C4 (downstream; Figure 9). For the simulation, the sediment plume
passed the check point C1 on 12 March. Around one and half days later, it reached the
C3 point. On 15 March, the plume reached the area near the dam. In general, the SSC in the
upstream of the lake (near C1) was much higher than that in the downstream.
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5. Discussion
5.1. Three-Dimensional Flow Patterns in the Lake

The CCHE3D model was applied to simulate the flow hydrodynamics in Enid Lake
during a spring storm event. Flow patterns in the lake are generally induced by wind force
and upstream river flow discharge. Figures 7 and 8 show flow patterns (12 March 2013)
which indicate that the river discharges affect the flow fields near the river mouth (east
parts) of the lake, and that the wind stress dominates the flow circulations of the entire lake.
During this period, the major wind directions were coming from the northwest (Figure 3).
In the shallow areas (near the north and south shorelines), flow patterns generally followed
the wind directions, and the velocity magnitudes were also stronger than those in deeper
regions. The velocity profile in shallow water (Figure 7) showed that the velocities at the
water surface and near the bottom had the same directions, and that the bottom velocity
was relatively smaller. While in the deeper regions, the flow patterns were very complex
and the water velocities at the surface and bottom could turn towards different directions.
The velocity profile near the dam showed that the flow circulations at the surface followed
the wind direction, blowing from the northwest, while they turned to the inverse direction
near the bottom (Figure 7). The velocity profile near the middle reach of the lake showed
that the flow on the surface moved to the southwest, while it turned to the northwest at
the bottom.

5.2. SS Concentration Distributions in the Lake

The sediment in Enid Lake primarily comes from the upstream Yocona River. During
storm events, a large amount of SS discharges into the lake. The median diameter of
sediment particles in the lake is very fine (around 0.0025 to 0.003 mm), and SSC in the
lake is generally affected by the processes of advection, turbulence diffusion, sediment
deposition and resuspension. Figures 9 and 12 show that the SS plume moved westward
and quickly occupied the upstream of the lake and gradually propagated to the mid-
reach and downstream. Due to the process of deposition, the SSC in the mid-reach and
downstream were much lower than that in the upstream. Figure 9 shows that the SSC near
the north and south shorelines had reached certain levels before the SS plume arrived. This
was due to the effects of wind-driven flow. Figure 7 shows that the wind-induced flow
velocities in those shallow shoreline areas were relatively strong, and that the wind-induced
bed shear stresses were greater than the critical shear stress for erosion, causing the SS
resuspension (Equation (15)).

Figures 9 and 11 show that the SSCs at the water surface and near the bottom had
similar distributions, with a slightly higher concentration near the bottom. This result was
also observed by others [27]: with the decrease of sediment size, the sediment is distributed
more uniformly in the vertical direction due to the turbulence diffusion.
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In this study, a linear regression equation (Equation (16)) obtained from the measured
SSC and satellite image reflectance was applied to map the SSC in Enid Lake. The remote
sensing technology provided a useful tool for validating the numerical model results for SS
simulation. On the other hand, the missing data in the satellite image for SS estimation (such
as the grey areas in Figure 9) could also be obtained using the numerical model. In addition,
numerical modeling not only provides the surface SSC, but also the SS distributions in the
water column.

A numerical model has been developed based on CCHE3D to simulate the process
of cohesive sediment transport in Enid Lake. Compared with remote sensing imagery,
the SSC at the northwest shoreline and central area of the lake were underestimated by
the numerical model. This might be caused by the limitations of numerical modeling in
simulating bed shear stress due to the wind, which significantly affects the SS resuspension
(Equation (15)). The bed shear due to the wind is determined by both wind-induced currents
and waves. In this model, the wind-induced current was simulated; however, the effect
of wind-induced waves on the sediment resuspension was not taken into account, which
may cause underestimation of SSC in shallow areas of the lake. In addition, the processes
of bank erosion and landslides were not considered in this model simulation, which may
also affect the model results. In general, the wind speeds and directions near the water
surface of a large lake, such as Enid Lake, may vary spatially. The wind data provided by
one station might not be sufficient for simulating the wind driving force for the entire lake.

6. Conclusions

A 3D numerical model has been developed to predict the dynamic flow fields and the
temporal and spatial concentrations of cohesive sediment over an entire lake. Based on the
upstream river flow discharge, sediment concentration, outlet water surface elevation and
wind conditions, the flow fields—including velocity, water level, eddy viscosity, and the
concentration of cohesive sediment in the lake—could be solved. In the model, the general
processes of cohesive sediment transport, including flocculation, settling, deposition and
erosion, were considered. The developed model was calibrated using the field-measured
data, and then it was applied to simulate a spring storm event in Enid Lake. The simulated
cohesive sediment concentration (median diameter 0.0025 to 0.003 mm) was generally
in agreement with satellite imagery. Model results and satellite imagery show that the
concentration of sediment was higher near the river mouth and shallow shoreline area than
that in the deeper water areas near the dam.

Remote sensing technology has been successfully used to estimate and map the
distributions of SS at the entire lake surface following a storm event. It also provides
useful information for numerical model validation. The results from this study are directly
applicable to other large lake systems in Mississippi and elsewhere.

Remote sensing and numerical modeling are both useful tools for the estimation
and mapping of sediment concentrations in large lakes. This research demonstrates their
advantages for sediment studies in large waterbodies by integrating the numerical model
and remote sensing data; remote sensing can provide initial condition and validation
data for numerical modeling; numerical modeling can simulate the spatial and temporal
distributions of sediment concentration for the entire waterbody, which may provide useful
information for estimating missing remote sensing data and mapping SS distributions
under the water surface.
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