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ABSTRACT 
 
This paper presents the application of a two-dimensional numerical 
model for simulating the flow field and water quality distribution in 
Beasley Lake, an oxbow lake in the Mississippi Delta. In this lake, 
wind shear is the major driving force for flow hydrodynamics. The 
flow fields were simulated using CCHE hydrodynamic model, and the 
CCHE_WQ model was applied to simulate the concentrations of 
nutrients and chlorophyll in Beasley Lake. The simulated results were 
generally in good agreement with field measurements. The model was 
also applied to conduct analyses of the sensitivity of chlorophyll 
concentration to the suspended sediment concentration in the lake. It 
was found that the lake primary productivity is greatly limited by 
suspended sediment concentration.  
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INTRODUCTION 
 
The Mississippi Delta is one of the most intensively farmed agricultural 
areas of the United States. The quality of surface water resources in this 
area are particularly vulnerable due to excessive sediment, nutrients, 
and pesticides transported from upland agricultural fields. Beasley Lake 
watershed (BLW) located in Sunflower County of Mississippi Delta, 
was selected as one of the Conservation Effect Assessment Project 
(CEAP) benchmark watersheds to assess environmental benefits 
derived from implementing USDA conservation programs. In this lake, 
weekly or biweekly samples of suspended sediment, nutrients, 
chlorophyll, bacteria, and other selected water quality variables were 
collected and analyzed by the USDA-ARS National Sedimentation 
Laboratory (NSL). Field measurements show that the concentrations of 
nitrate and ammonia in the lakes were very low, while the 
concentration of phosphorus was relatively high. Suspended sediment 
concentrations were also relatively high during the winter and spring, 
exceeded the published levels known to adversely impact fish growth 
and health (Rebich and Knight, 2001). 
 
Numerical modeling is an effective and efficient approach for studying 
water quality constituents in surface water bodies. A water quality 
model, CCHE_WQ, has been developed by National Center for 
Computation Hydroscience and Engineering, and applied for predicting 
the distributions of nutrients, phytoplankton, dissolved oxygen, etc., in 
natural lakes. The model considers processes in the water column, the 

bed sediment layer, and their exchange processes. In this model, the 
effects of sediment on the water quality processes were also taken into 
account (Chao et al. 2010).  
 
In Beasley Lake, wind shear is the major driving force for flow 
hydrodynamics. The CCHE hydrodynamic model (Jia et al. 2013) was 
applied to simulate the flow fields in Beasley Lake, and CCHE_WQ 
model was applied to simulate the concentrations of nutrients and 
chlorophyll in the lake. The simulated results were compared with field 
measurements. The model was also applied to conduct analyses of the 
sensitivity of chlorophyll concentration to the suspended sediment 
concentration in the lake.   
 
MODEL DESCRIPTIONS 
 
Numerical modeling is an effective tool to study the flow fields and 
water quality constituents in surface water bodies. A two-dimensional 
water quality model was developed based on CCHE2D hydrodynamic 
model (Jia et al. 2013), and applied to predict the distributions of 
nutrients, phytoplankton, dissolved oxygen, CBOD, etc., in natural 
lakes affected by surrounding watershed. Several biochemical 
processes were selected for modeling: the phytoplankton kinetics, 
nitrogen cycle, phosphorus cycle, DO balance and pathogen processes. 
The conceptual framework for the eutrophication kinetics in the water 
column was mainly based on the WASP6 model (Wool et al. 2001). 
 
Eight state variables were involved in the interacting systems: ammonia 
nitrogen (NH3), nitrate nitrogen (NO3), phosphate (PO4), 
phytoplankton (PHYTO), carbonaceous biochemical oxygen demand 
(CBOD), dissolved oxygen (DO), organic nitrogen (ON), and organic 
phosphorus (OP). Three major sediment-associated water quality 
processes were simulated, including the effect of sediment on light 
penetration, the adsorption-desorption of nutrients by sediment and the 
release of nutrients from bed sediment (Chao et al. 2010).   
 
Governing Equations 
 
The free surface elevation of the flow is calculated by the continuity 
equation: 
 

0h uh vh
t x y

∂ ∂ ∂
+ + =

∂ ∂ ∂
                (1) 

 



 

The momentum equations for the depth-integrated two-dimensional 
model in the Cartesian coordinate system are: 
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where u and v are the depth-integrated velocity components in x and y 
directions, respectively; t is the time; g is the gravitational acceleration; 
η is the water surface elevation; ρ is the density of water; h is the local 
water depth; fCor is the Coriolis parameter; τxx, τxy, τyx and τyy are depth 
integrated Reynolds stresses; τsx, τsy and τbx, τby are surface and bed 
shear stresses in x and y directions, respectively. 
 
In the water column, each one of the water quality constituents can be 
expressed by the following mass transport equation:  
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in which Ci is the concentration of the ith water quality constituent; 
Dx,and Dy are the diffusion coefficients in x, and y directions, 
respectively; ΣSi is the effective source term, which includes the kinetic 
transformation rate, external loads and sinks for ith water quality 
constituent.  
 
The water quality model was decoupled with CCHE2D hydrodynamic 
model (Jia et al 2013). The CCHE2D model is based on the finite 
element method. A second-order upwinding scheme was adopted to 
eliminate oscillations due to advection. The velocity correction method 
was applied to solve the pressure and enforce mass conservation. The 
system of algebraic equations was solved using the Strongly Implicit 
Procedure (SIP). Based on the flow fields computed by CCHE2D, the 
concentration distribution of water quality constituents can be obtained 
by solving mass transport equations (4) numerically. 
 
Sediment-Associated Water Quality Processes 
 
The effect of sediment on the growth of phytoplankton 
Phytoplankton plays a central role in the carbon and nutrient cycles that 
comprise the model ecosystem. Total chlorophyll is used as a simple 
measurement of phytoplankton biomass. The effective source term for 
phytoplankton is determined by the growth rate, death rate, and settling 
rate of phytoplankton. The growth rate is calculated by   
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in which Pmx is the maximum growth rate; and fN, fI and fT are the 
limitations due to nutrient availability, light intensity, and temperature, 
respectively. The nutrient limitation factor fN is obtained based on 
Michaelis-Menten equation and Liebig’s Law of the minimum. The 
temperature limitation factor fT is calculated by the formula proposed 
by Cerco and Cole (1995). The light limitation factor fI is obtained by 
integrating the Steele equation over depth and time:  
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in which fd is the fractional daylight; H is the water depth; I0 is the daily 
light intensity at the water surface (ly/day); Im is the saturation light 
intensity of phytoplankton (ly/day). Ke is the total light attenuation 
coefficient, and it is determined by the effects of water, chlorophyll and 
suspended sediment(SS), and can be expressed by (Stefan et al. 1983, 
Wool et al. 2001): 
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where K0 is the light attenuation by pure water (m-1);  Cchl is the 
concentration of chlorophyll; s is the concentration of suspended 
sediment (SS); γ is a coefficient. The parameter γ can be obtained based 
on field measurements. 
 
Processes of adsorption-desorption of nutrients by SS 
 
Adsorption and desorption are important processes between dissolved 
nutrients and SS in the water column. In water quality processes, the 
reaction rates for adsorption-desorption are much faster than that for 
the biological kinetics, an equilibrium assumption can be made (Wool 
et al. 2001). Many experimental results show the Langmuir equilibrium 
isotherm is a better representation of the relations between the dis-
solved and particulate nutrient concentrations (Bubba et al. 2003, Chao 
et al 2010).   
 
Release of Dissolved Nutrients from Bed Sediment 
 
Bed release is an important source of inorganic and organic 
nutrients in the water column. In many models, the release rate 
of nutrients from bed sediment is determined based on the 
concentration gradient across the water-sediment interface. In 
fact, the bed release rate is also affected by pH, temperature and 
dissolved oxygen concentration (Romero 2003, Chao et al. 2010).   
 
MODEL APPLICATION TO BEASLEY LAKE 
 
Study Site 
 
The Mississippi River Alluvial Plain is one of the most intensively 
farmed agricultural areas of the United States. The quality of surface 
water resources in this area are particularly vulnerable due to excessive 
sediment, nutrients, and pesticides transported from upland agricultural 
fields. Beasley Lake watershed (BLW) (Fig.1) located in Sunflower 
County, Mississippi, was originally one of the three watersheds studied 
in the Mississippi Delta Management Systems Evaluation Area project 
(MDMSEA), which sought to develop and assess alternative innovative 
farming systems for improved water quality and ecology in the 
Mississippi Delta (Locke, 2004). In 2004, BLW was selected as one of 
the Conservation Effect Assessment Project (CEAP) benchmark 
watersheds to assess environmental benefits derived from 
implementing USDA conservation programs.  
 
In this study, CCHE hydrodynamic and water quality models were 
applied to simulate the flow fields and water quality distributions in 
Beasley Lake. The BLW has a total drainage area of approximately 
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9.15 km2, and the receiving oxbow lake (0.25 to 0.30 km2) was formed 
from a cutoff meander of the Big Sunflower River. The average water 
depth of the lake is about 2m. The watershed topography is very flat, 
with a maximum 5 m difference in elevation from the top of the 
watershed boundary to the lake surface. Therefore, the watershed 
drainage is largely dependent on man-made ditches and a large riparian 
area. The watershed is a relatively closed system except during extreme 
wet periods (usually in spring or fall) when the lake overflows into the 
Sunflower River. The Sunflower River levee defines the northern part 
of the watershed boundary, and a large forested area (1.25 km2) is 
located on the eastern side of the lake. 
 
Weekly or biweekly samples of suspended sediment, nutrients, 
chlorophyll, DO and other selected water quality variables were 
collected at Stations B1, B2 and B3. The measured water quality data at 
those stations were used for model calibration and validation. Three of 
the major inflows of the lake were located at the Stations BC3, BC5 
and SRP3 and monitored for water quality and quantity by the ARS 
National Sedimentation Laboratory (NSL). The inlet boundaries of 
water quality constituents were calculated based on those field 
measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Study Site: Beasley Lake in the Mississippi Delta 
 
Measured Results 
 
The measured suspended sediment concentration, light intensity, water 
temperature, etc., were used as inputs data for the water quality model. 
Fig. 2 shows the measured daily light intensity near the lake.  
 
Simulation Results 
 
Flow simulation 
 
In Beasley Lake, wind shear is the major driving force for flow 
fields. CCHE2D hydrodynamic model was applied to simulate 
the wind-driven flow. Fig. 3 shows the flow patterns of the lake 
induced by wind. In this shallow closed oxbow lake, the wind-
driven circulation will normally promote the complete mixing 
processes. 
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Fig. 2 Measured daily light intensity 
 

 
 
Fig. 3 Wind-driven circulation in Beasley Lake 
 
Water quality simulation 
 
CCHE_WQ model was applied to simulate the water quality distributions 
in the lake. Fig. 4 shows the simulated concentration of chlorophyll of the 
lake. The simulated results were generally in good agreement with field 
measurements provided by NSL. In the summer, the chlorophyll 
concentration is relatively higher due to the higher temperature; However, 
the chlorophyll concentration is relatively lower in the winter due to the 
lower temperature as well as higher SS concentration.  
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Fig. 4 Concentration of chlorophyll in the lake 
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SENSITIVITY STUDY 
 
Field data show that major water quality problems in the Mississippi 
Delta lakes were caused by excessive sediment loads carried by runoff 
from surrounding cultivated lands. To show the sensitivity of chlorophyll 
concentration to SS, a series of hypothetical lake SS concentrations were 
input to the model, while the flow conditions and nutrient loadings at 
inlet boundaries were kept the same. The current conditions of SS, 
nutrients, and chlorophyll were set as base conditions (100% SS by 100% 
chlorophyll). It was assumed the SS levels were varied from 10% to 
500% of the base condition, and the model was applied to simulate the 
responses of chlorophyll concentrations in the lake. The simulation 
results (Fig. 5) show when lake SS is reduced by 50%, the simulated 
mean chlorophyll concentration may increase about 40%. When lake SS 
is doubled, the chlorophyll concentration may reduce to 37% of the base 
condition.   
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Fig. 5 Sensitivity of chlorophyll concentration to SS concentration 
 
CONCLUSIONS 
 
CCHE2D hydrodynamic model and water quality model have been 
successfully applied to simulate the flow fields and water quality 
distributions in Beasley Lake. Three major sediment-associated water 
quality processes were considered in the water quality model, including 
the effect of SS on the light attenuation coefficient, the processes of 
adsorption-desorption of nutrient by sediment, and the release of 
nutrient from bed sediment. The trends and magnitudes of chlorophyll 
concentrations obtained from the numerical model generally agreed 
with field observations. The model was also applied to conduct the 
sensitivity study of chlorophyll concentration to the suspended 
sediment concentration. The concentration of chlorophyll is inversely 
related to the sediment concentration. 
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