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I. INTRODUCTION 

Lake Chicot is an oxbow lake that was created more than 600 years ago by 

the meandering of the Mississippi River. It is located in Chicot County in 

southeastern Arkansas adjacent to the present Mississippi River (Fig. 1). As 

the largest natural lake in Arkansas, it earned an early reputation for its 

good fishing and recreational value. 

A flood in 1927 partially created a natural earth dam dividing the lake 

into a large lower lake and a considerably smaller upper lake (Fig. 2). This 

dam was completed by the State of Arkansas. Development of a levee system 

forced the enlargement of the lake's watershed to its present 350 square 

miles. 

Initially this alteration affected only the volume flow through the 

lake, drastically reducing the water residence time. Because the watershed 

was located in one of the most agriculturally productive regions in the 

world, the land, predominantly comprised of clay and fine silts, quickly 

became more intensively farmed. The use of agricultural chemicals increased, 

large amounts of sediment were produced, and the lake began to become 

severely impacted by this activity. 

In the early 1960's Congress enacted legislation authorizing the Corps 

of Engineers to begin planning a method of restoring the lake. Plans were 

made to construct three structures: a dam to prevent poor quality water from 

entering the lake, a combination gravity flow-pump facility to divert the 

poor quality water through the levee into the Mississippi River, and a dam on 

the outflow to regulate lake levels and regulate discharge. The structures 
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Fig. 1. Location of Lake Chicot, Arkansas, U.S.A. 
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were placed into operation during March 1985 and are operational according to 

a plan to improve the water quality in the lake. These structures and plans 

have resulted in a nearly complete restoration of the lake. 

The U. S. Corps of Engineers Vicksburg District as the lead agency con

sidered several alternative schemes to restore the recreational potential of 

the lake. The Agricultural Research Service, USDA, was subcontracted to do 

field investigations. A cooperative effort by the University of Minnesota, 

St. Anthony Falls Hydraulic Laboratory, USDA Sedimentation Laboratory in 

Oxford, Mississippi, and the U.S. Corps of Engineers in Vicksburg, 

Mississippi, led to the development of a mathematical model on a daily time 

scale for the simulation of (i) the water temperature which is the dominant 

factor that controls the hydromechanics of Lake Chicot, (ii) the suspended 

sediment concentration in the lake which is the primary cause of the observed 

objectionable lake turbidity, (iii) the trap efficiency of the reservoir, and 

(iv) primary productivity of the lake. The model was useful for the selection 

of lake management alternatives. 

The Lake Chicot model called RESQUAL II (Stefan, Cardoni, and Fu, 1982) 

is an extension of the "Minnesota Lake Temperature Model" developed by Stefan 

and Ford (1975) and based on a method using energy principles. The model 

originally validated for northern dimictic lakes is found to apply equally 

well to a monomictic lake such as Lake Chicot with minor modifications. For 

suspended sediment concentration, the one-dimensional, unsteady, convective

diffusive transport equation was formulated in finite differences by a fully 

implicit hybrid scheme. The scheme had no restrictions with regard to Pec1et 

number. The numerical scheme results were verified against exact analytical 

solutions for a special case. 
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The model was validated for the existing temperature and turbidity con-

ditions with limnological data collected in the lake beginning in July 1976. 

Water budget analysis showed the possibility of considerable seepage flow in 

and out of the lake. Seepage flow from the Mississippi River to Lake Chicot 

and vice versa was included in the model. Using the meteorological, 

hydrological, suspended sediment data and biological data collected during 

the water years 1976-79, the water temperature, the suspended sediment 

concentration, and the reservoir trap efficiency were predicted for several 

proposed management alternatives, primarily several lake levels and 

restrictions on inflow. 

The model formulation and its application will be described. 

II. LAKE CHICOT CHARACTERISTICS 

Lake Chicot consists of a lower lake and an upper lake and has 

approximately 900 km~ of watershed. The upper Lake Chicot has no principal 

inflow or outflow and is divided from xhe lower lake by an earthen dam. The 

lower lake, which will be herein referred to as Lake Chicot, is about 18 km 

in length with an average width of 0.8 km. Connerly Bayou drains into Lake 

Chicot and the outflow is through Ditch Bayou over an outflow weir. The lake 

morphometry and the sampling stations are shown in Fig. 2 (Stations 1, 2, and 

3 were in the watershed). The lake has as total volume of about 51~9x106 m3 

6 2 with a corresponding surface area of 13.6x10 m at 30.5 m (105 ft) elevation 

above MSL. Its average depth is 3.8 m. 

Water quality data, including temperature, conductivity, and total 

suspended solids were collected on a biweekly basis beginning in July 1976. 

Intensive hourly data also was taken for a 10-day period continuously during 

the summer of 1977. 
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The inflow of fine suspended sediment from Connerly Bayou into Lake 

Chicot, Arkansas (Figs. 3 and 4) caused a profound change in the appearance, 

the ecology, and the recreational use of the lake. To reduce the turbidity 

and to stabilize the lake level, the U. S. Army Corps of Engineers 

constructed a new lake outlet structure and a 6500 cfs pumping station to 

divert inflow from Connerly Bayou to the Mississippi River (Rothwell and 

Fletcher, 1979; Schiebe et al., 1981). 

The pre-construction water quality of the lake is documented in 

publications by the EPA (1977), Bacon (1978, 1980), Cooper and Bacon (1981), 

and Cardoni and Hanson (1981). The material and nutrient budgets of the lake 

were studied by Swain (1980). Swain also examined correlation between 

hydrologic and water quality parameters in the lake. Since July 1976, the U. 

S. Department of Agriculture's Sedimentation Laboratory at Oxford, 

Mississippi, and since January, 1980, the USDA Water Quality Laboratory in 

Durant, Oklahoma, monitored the lake's hydrological, chemical and biological 

regimes. These studies produced extensive baseline data as part of the 

preconstruction assessments, and were continued in order to document lake 

changes as a result of inflow diversion and stage management. 

To assist in the interpretation of the data and ultimately in the 

selection of lake operational management alternatives, a process-oriented, 

dynamic model simulating several water quality parameters including 

transparency of the lake on a daily time scale was developed. Stages of the 

model development were described at two symposia (Dhamotharan et a1., 1978, 

1981), in a thesis (Dhamotharan, 1979), a paper (Stefan, Schiebe, and 

Dhamotharan, 1982), and a final report (Stefan, Cardoni, and Fu, 1982). The 

model formulation and its application will be summarized herein. The model 
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Fig. 3. LANDSAT image of Lake Chicot ~est of the Mississippi River 
on April 14, 1979, Band 7. High turbidity (light color) 
in lo~er lake and less turbidity in upper lake (dark 
color). 
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Fig. 4. Aerial view of the dike separating the upper and lower 
basins of Lake Chicot. The lower and more turbid lake is 
on the right. 
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is of interest not only for the solution of the Lake Chicot problem but has 

potential application in the design and operation of shallow detention basins 

and shallow reservoirs intended for the entrapment of suspended sediments. 

To formulate an appropriate dynamic model which would describe the 

dependence of transparency (turbidity) of Lake Chicot on inflows as well as 

in-lake processes, some field measurements and observations had to be 

reviewed. The most important of these was perhaps the relationship between 

suspended solids (inorganics) and Secchi Depth as a measure of lake clarity 

(Fig. 5). Because of the very small size of the particles, it did not take a 

large amount of suspended solids to make the water very turbid. 

To predict lake clarity it was necessary to understand particle 

distribution, i.e. settling, resuspension, and turbulent mixing in the lake. 

The mixing dynamics of shallow reservoirs or lakes show a strong dependence 

on air/water interaction through the effects of surface heat exchange and 

wind. 

Temperature cycles in Lake Chicot are quite variable. The relatively 

shallow (mean depth = 3.8 m), elongated basin of Lake Chicot and the 

surrounding delta are important factors in determining the annual temperature 

behavior of the lake. Weak thermal stratification occurs and persists until 

strong winds prevail and mixing occurs. Lake Chicot experiences numerous 

overturn periods during the year because of the morphometry, surrounding 

terrain, and climate. Its geographical location is in the region where most 

lakes are classified as warm monomictic. Figure 6 illustrates the 

temperature dynamics by presenting the water temperature isotherms derived 

from hourly water temperature measurements during a ten-day period. The 

rapid variations in surface mixed layer depths are noteworthy, as are the 

9 



".--

....... 
0" 
E ......... 

en 
a 
.J 
0 
en 
0 
w 
a 
z 
w 
a.. 
(f) 

::> 
(f) 

500 

100 " 

50 

ZSD = 36&.625 {IN LAKE} 
o ss 

o 

o 

0 
0 0 0 

0 

0 
Z = 462 (LAB) 

SO SS.76 

0 
0 0 

DATA: 
o USDA (IN LAKE) 
® NASA (LABORATORY) 

0 

10~~~~-L--------~----L-~~~~~~~ 

5 10 20 100 
SECCHI "DEPTH (em) 

Fig. 5. Secchi depth versus suspended sediment concentration (88) 
in Lake Chicot. 

10 



Sept. 1977 

5 6 7 8 9 10 I 1 12 13 14 
0 

I I~"I I I I I . 
10 

2f IV) O'l I ru Ig} .. 
~ 

t::..':1 -29J ",'u ~i ~ .. E 4 3~ J ~ I ~ \) I I 
~ .c ..... 

0-
Q) 6 
0 

" 8~ 28 

Fig. 6. Measured hourly temperature structures at station 7 (Fig. 2) inLake Chicot (Isotherms in DC). 



intermittent stratification and complete mixing events. 

the data were obtained is shown in Fig. 2. 

Station 7 at which 

Examples of density in the lake are given in Fig. 7. Water temperature, 

suspended solids and dissolved solids were taken into consideration when the 

densities were computed. It is evident that water temperature controls the 

density stratification of the lake much more than do suspended or dissolved 

materials. In spring, the inflow carries a high suspended load, as shown by 

the turbidigraph in Fig. 8, but the incoming water from the shallow Connerly 

Bayou warms and cools faster than the lake water. When the bayou water is 

warmer than the lake water, the inflowing water can spread over the lake 

surface; when the bayou water is colder than the lake water, the inflow sinks 

as as turbidity current into the reservoir. One inflow condition can change 

to another rapidly, as the weather changes. As as result of these 

mechanisms, the lake has its highest and nearly uniform turbidity at the end 

of spring. After the onset of seasonal stratification in May, suspended 

concentrations decrease continuously. The relatively clear water entering 

the reservoir in the fall sinks to the bottom of the reservoir. In summary, 

the inflow can alternate seasonally as well as daily from overflow to 

interflow to underflow as described by Wunderlich and Elder (1973). 

To determine whether the model had to be one-, two- or three-dimensional 

measured isotherms were plotted in a longitudinal section through the 

lake. Examples are given in Figs. 9a and 9b for stratified and well-

mixed conditions, respectively. It was concluded that the stratification 

was uniform enough throughout the lake to justify the use of a one

dimensional model. 

III. MODEL CONCEPT 

Model RESQUAL II simulates lake stage, surface mixed layer depth, water 

12 
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temperature (T), suspended solids (SS), phytoplankton (Chta), available 

dissolved orthophosphorus (Pa ), non-available particulate phosphorus (Pn), 

light attenuation coefficient (k) and Secchi depth (zSD) in a shallow 

stratified lake or reservoir. The primary objective is to simulate present 

and future transparency of the water. An earlier version of the model (RESQUAL I) 

simulated only T and SS and was developed by Dhamotharan (1979). 

The turbidity of Lake Chicot is the result of erosion and runoff from 

the watershed. It is for this reason that inflow diversion was considered by 

the Corps of Engineers as a means to reduce turbidity in Lake Chicot. To 

simulate the response of the lake to any reduction in sediment loading all 

significant in-lake processes had to be considered. These include 

stratification, turbulent diffusion, settling, resuspension, and growth 

kinetics in the case of phytoplankton (Fig. 10). The mathematical model 

description of these processes used the general flow charts shown in Fig. 11a 

for the earlier RESQUAL I model and in Fig. lIb for the later RESQUAL II. 

Additional elements in RESQUAL II are the groundwater model, and the nutrient 

and phytoplankton subroutines. To account for the temperature and density 

stratification, a multilayer model (Fig. 12) had to be formulated. To 

account for inflow and outflow, layers were chosen to be of variable 

thicknesses. 

A one-dimensional unsteady water temperature stratification and mixing 

model (MLTM) developed at the University of Minnesota (Ford and Stefan, 1980; 

Stefan et al., 1975) for a daily timescale was used as a starting point for 

the RESQUAL model development. Additions and changes were made in the MLTM 

model to account for inflow, outflow, and the effects of suspended sediment 

on the heat transfer processes. Subsequently, an unsteady, mass-transport 
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submodel for suspended sediment was formulated. Results from the 

temperature stratification dynamics model were used as input to the suspended 

sediment model. Results from the suspended sediment distribution simulation 

were necessary in turn to specify attenuation and reflection of radiation in 

the heat transfer relationships in the dynamic temperature model. 

Subsequently, submode1s for a density current inflow, for light attenuation, 

for phytoplankton, for phosphorus, and for Sec chi depth were added. 

The RESQUAL II model gives the water quality changes as a function of 

depth and on a day by day basis in response to real weather, also specified 

on a day by day basis. It is therefore possible to use the model 

(a) to simulate past conditions by hindcasting with measured 

weather conditions, 

(b) to simulate conditions that would have existed had e.g. 

inflow diversion been implemented, and 

(c) to forecast conditions on a realtime basis for different 

diversion strategies. 

IV. ADVECTIVE FLOW MODEL AND CONSERVATION OF VOLUME AND MASS 

A. Inflow/Outflow Mechanics in Stratified Reservoir 

The lake or reservoir is considered to be composed of horizontal layers 

of variable thickness, and density (Fig. 12). Each layer has a mean 

horizontal area and volume determined from the reservoir's morphometry. 

The density of each layer of water in the reservoir is determined by its 

temperature, suspended sediment content, and dissolved solids content. The 

inflowing water will seek a layer with a density equal to its own. It will 

augment the volume of that layer and consequently all the layers above it 

will be displaced upward. As a layer rises, its horizontal area becomes 

22 



larger and its thickness consequently diminishes. 

Outflow is simulated by withdrawing water from the layers in front of 

the outlet, in the case of Lake Chicot, a weir. 

Numerical computations can be kept simple by considering the reservoir 

as a stack of discrete volumes to which additions or subtractions are made in 

each timestep. 

As the inflow moves into the reservoir and towards its isopycnic layer, 

it entrains water from each layer through which it passes (Fig. 13). The 

amount of entrainment is a complex function of the flow rate, the density 

gradients, and other factors (Pedersen, 1980). If the inflow is into the 

surface mixed layer, entrainment can be ignored. Entrainment from deeper 

layers is specified in a density current subroutine. The characteristics of 

the density current, i.e. its temperature, suspended and dissolved solids 

content, are changed by dilution as the current passes from one layer to the 

next until it reaches its isopycnic layer. The temperature, suspendeq and 

dissolved solids contents of the isopycnic layer are recalculated, including 

the thermal energy and the mass of suspended and dissolved solids added by 

the density current. 

B. Water Budget 

The water budget for the reservoir includes surface inflow, outflpw 

precipitation, evaporation, and seepage to and from the surface layer. 

Evaporative losses are derived directly from the evaporative heat transfer 

term in the heat budget equation. Groundwater seepage into or out of the 

lake and mostly from or to the nearby Mississippi River is in a subroutine. 

Water balance equations for each layer and between timesteps j and j+1, 

typically one day apart, are 

V(i,j+1) = V(i,j) - [Qe(i) + ~(i) + Qs(i)]~t (1) 
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where V = volume of layer, Q = flow entrained by density current from layer 
e 

i, ~ = withdrawal rate, Qs = seepage rate, and ~t = timestep. For the 

surface layer (i=1) the relationship is expanded to include Q (1) = ev 

evaporative water loss rate and Q (1) = volumetric rate of water added by p 

precipitation. 

V(1,j+1) = V(1,j) - [Q (1) + 0 (1) + Q (1) + Q (1) - Q (1)]~t . e ~ s ev p 

For the isopycnic layer, the mass balance equations are: 

(2) 

V(ip,j+l) = V(ip,j) - [~(ip) + Qs(ip) + Qc]~t (3) 

where Q = density current flow rate when it meets layer ip. c 

For the layers below.the isopycnic layer (ip < i < N) 

V(i,j+l) = V(i,j) -[~(i) + Qs(i)]~t 

In Lake Chicot seepage flow and withdrawal affect only the first layer. 

c. Layer Thickness 

(5) 

Layer thicknesses are determined starting with the lowermost layer. A 

volume-versus-elevation curve derived from the reservoir morphology is 

used. The thickness of each layer is 

~z(i) = V(i)/A(i) (6) 

where A(i) is the horizontal area taken at the center of the layer i. 

A(i) is a function of the elevation of the center of the layer above the 
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reservoir bottom and therefore dependent on 6z(i). For this reason an 

iteration scheme described in more detail by Dhamotharan (1979) is used to 

derive the best estimates of Az(i). To safeguard against the accumulation 

of round-off errors, the sum of all layer thicknesses Az(i) is computed at 

the end of each timestep and compared to the total reservoir depth derived 

from a hydrologic water budget equation. To equalize the two values a 

correction factor is applied uniformly to all 6z(i)'s in each timestep. 

Initial layer thicknesses are specified by the model user. After the 

initial timestep, layer thicknesses will keep changing. To avoid the 

development of anomalies, maximum and minimum layer thicknesses are spe-

cified. Selection of a maximum layer thickness is guided by total reservoir 

depth and affordable computation time. A value of 75 cm, 1/10 of the total 

reservoir depth was chosen. Layers exceeding the specified maximum value 

are divided into two or more layers (Subroutine SPLIT). Minimum layer 

thickness chosen was 15 cm, related to maximum possible withdrawal and to 

total reservoir depth. Depletion of more than one layer must not occur in 

anyone timestep. If the thickness of anyone layer falls below minimum 

value, it is added to the layer below it (Subroutine MERGE). Layers are 

renumbered and the pertinent morphometric values assigned as layers are 

generated or eliminated. 

D. Outflow from Stratified Reservoir 

Outflow from Lake Chicot is through Ditch Bayou. A damaged rubble 

mound dam was replaced by a concrete weir in 1979. The following rating 

curves were used to calculate the volumetric outflow rate: 

~ - 17.12 (S - 101.42)2.42 

~ = 146.67 (S - 101.42)1.72 
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where ~ = withdrawal flow rate in Ditch Bayou (cfs) and S = lake stage 

(ft). 

The total depth from which the withdrawal flow is taking place has to be 

calculated. The withdrawal from each individual layer within the withdrawal 

layer is apportioned according to individual layer thickness. 

~(i) =.~ * AZ~i) (7) 
w 

where Az(i) - thickness of an individual layer. 

E. Inflow Density Current 

If the density of the inflowing water is higher than that of the first 

layer, the inflow plunges and continues as a density current (Fig. 13). The 

submodel of the inflow density current follows the analysis by Akiyama and 

Stefan (1981). 

In the analysis, it is assumed that inflow rate (q ) inflow density 
o 

(p ), layer thicknesses (z), ambient density (p ) and channel slope (S) are o a 

known, and that internal backwater effects in the case of flow over a mild 

slope channel are absent. 

The analysis considers first the plunging region (plunging depth), then 

the dilution of the density current (underflow) as it progresses from layer 

to layer. Details of this analysis can be found in reports by Stefan, 

Cardoni, and Fu (1982) and Akiyama and Stefan (1987). 

1. Plunging Region 

Following the detailed analysis of Akiyama and Stefan (1987), the 

plunging depth is evaluated as a function of channel slope (S), inflow rate 

per unit width of inflow channed (qin), total friction factor (f t ) including 

bed friction and interfacial friction and buoyancy (£in). Water depth at the 

plunge point hp and initial dilution at the plunge point Yin are found. 
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2. Underflow Region 

In the underflow region beyond the plunging region the dilution of the 

flow by entrainment is calculated from the continuity equation (13). 

The entrainment ratio Yi for the underflow is evaluated separately 

layer by layer (Akiyama and Stefan, 1981). 

F. Groundwater Inflow and Outflow 

(8) 

The volume of groundwater going into or out of a lake must be eval

uated on a case by case basis and incorporated in the model appropriately. 

The groundwater contribution to the Lake Chicot water budget is found to be 

dependent on the interaction between the lake and the Mississippi River 

stages. The groundwater is added or taken out at the surface mixed layer 

because studies by Winter (1978) have shown that seepage connections between 

a lake and an aquifer are usually most effective near the surface where 

contact areas and permeabi1ities are the largest. 

The groundwater flow rate for Lake Chicot is calculated from a 

regression equation (Swain, 1980). It combines expressions for 2-D flow in 

an unconfined aquifer and flow in a confined aquifer. Groundwater flow out 

of the lake is taken from the surface mixed layer. The volume of the mixed 

layer is adjusted in each timestep accordingly. Groundwater flow into the 

lake is routed to the isopycnic layer in the lake without dilution. 

Groundwater temperature is set equal to the annual average air temperature. 

Groundwater contains no sediments or nutrients in the simulation. 

G. Precipitation 

Water additions by precipitation are calculated and added to the surface 
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layer. 

H. Dilution of Water Quality Constituents Associated with Advective 

Transport 

Associated with the advective transfer of water into and out of an 

individual layer is the transfer of heat, and suspended and dissolved 

materials. Water temperatures T and concentration C of individual layers 

are affected only if the advective flow is into the layer. For the isopyc-

nic layer, T and C are therefore recalculated from the conservation 

equations: 

T(ip,j+l) = 
T(ip,j) V(ip) + Tc(i) Qc(i) ~t 

V(ip) + Qc(i) ~t 

C(ip,j) V(ip) + Cc(i) Qc(i)~t 
C(ip,j+l) a V(ip) + Q (i) ~t 

c 

where V = volume of a layer, Q = density current flow rate, ~t = time c 

step of computation = 1 day, where the concentrations (C) are those of 

suspended solids (SS), chlorophyll-a (Chia), available (dissolved ortho) 

phosphorus (Pa ), ~r non-available phosphorus (Pn). Subscript c refers to 

the inflow ~ensity current as it arrives at layer (i). 

Inter-layer density current flow and the temperature and con-

(9) 

(10) 

centrations of suspended and dissolved solids are calculated successively 

for each layer by considering the dilution due to entrainment at each step 

down; they are also used to compute water densities both in the lake and in 

the density current. 
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(11) 

C (12) 

where Ti = temperature of density current after passing layer i; Qi = 

volume of density current before reaching layer i; and Qei = entrainment 

volume from layer i; and Ci = concentration of suspended solids, dissolved 

solids, and available and nonavai1ab1e phosphorus, and chlorophyll-a. 

Surface layer dilution by advection requires an expanded equation 

T(1,j+1) 
T(1,j)V(1) + [Q T + 0 T + Qi Ti' ] = ss -pp n n 

V(1) + (Q + Q + Qi' )At s p n 
(13) 

for water temperature and a similar one for concentrations. Only if the 

inflows are positive does a dilution effect occur. Outflow does not change 

a layer's temperature or concentration. 

V. WATER TEMPERATURE STRATIFICATION AND SURFACE 
ENERGY TRANSFER MODEL 

A. Concept 

Because of the predominant influence of water temperature on the mid-

summer density stratification and vertical mixing in Lake Chi cot the dyna-

mic, one-dimensional temperature prediction model developed by Stefan and 

Ford (1975) and Ford and Stefan (1980) was used as a starting point. The 

model uses a system of energy equations including wind energy input in 
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addition to various forms of heat energy. It is a particularly suitable 

model for a shallow lake such as Lake Chicot since it can simulate vertical 

mixing dynamics using weather input at a timescale of a day or even 

shorter. Mixing is determined by a stability criterion that compares the 

total kinetic energy available for mixing with the incremental potential 

energy of the temperature profile. Thus, mixing is intermittent and occurs 

only when sufficient wind energy is available. The typical result of the 

simulation is a daily water temperature profile. The integral energy 

method emphasizes the net results of wi~d mixing and heat exchange between 

the lake and the atmosphere. Meteorological and morphometric data are the 

only required input data. 

The suspended particles causing the objectionable turbidity in Lake 

Chi cot are tiny flat clay particles about 1 micron average size. They 

increase the reflectivity and re-emergence from the water body of incoming 

radiation at the water surface and also the attenuation of radiation 

penetrating the water column. For use in the temperature model, the depen

dence of albedo and diffuse radiation attenuation coefficient on suspended 

sediment concentration had to be established. 

The model considers the following: 

• radiation heat transfer at the water surface and absorption in the 

water column. 

• heat losses from the water surface by backradiation, evaporation 

and convection; and the surface mixed layer depth formed by natural 

convection. 

• the surface mixed layer depth produced by wind mixing and natural 

convection during cooling. 
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• the heat transfer below the surface mixed layer by turbulent 

diffusion 

B. Heat Transfer Equation 

The one-dimensional transient diffusion equation for heat in a water 

column is 

aT a (K aT) + ( s ) at = az z az pcV (14) 

where T = water temperature, t = time, K = vertical exchange coefficient, z 

z = depth, S = solar radiation absorbed at depth z, pc = specific heat per 

unit volume, and V = volume of layer. Energy absorbed in the topmost layer 

is 

S(l) = (1-r)B H + H - R - H - H s an --br e c 

where H = solar radiation received; B = near surface absorption s 

coefficient, after Dake and Harleman (1969) = 0.4; r = reflectivity; 

(15) 

Han = net atmospheric radiation; ~r = backradiation; He - evaporative heat 

flux; and Hc = convective heat flux. 

The remaining radiation (1-a) (1-r) Hsn is attenuated exponentially 

with depth. The amount S absorbed at depth z is therefore 

S(i) = k(1-B)(1-r)H e-kz 
s 

where k = attenuation coefficient (m-1). 

In the surface mixed layer water temperatures are first calculated 

layer by layer 

S 
T(j,i) - T(j-1,i) + p cpV(i) 
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Then the mixed layer depth due to natural convection is determined 

from 

Nm 
EL = L [T(j-1,i) - T(j,N )]V(i) p c 
-~ i=l m p 

where Nm = number of layers forming the surface mixed layer, '\ • total 

surface heat loss = Hev + ~r + Hc~ The values of Han' Hev' ~r and 

Hc are calculated from empirical relationships. 

C. Air/Water Energy Exchange 

1. Solar Radiation 

(18) 

Solar radiation H s is a measured total daily quantity. Values were 

from the Stoneville weather station. Both the reflectivity r and the 

attenuation coefficient ~ are functions of radiation wave length, angle of 

incidence of suspended sediment content, and color of the water. The 

dependence on suspended sediment concentation was determined by field and 

laboratory measurements and is shown in Figs. 14 and 15. Wave length was 

dependent only on natural radiation and assumed independent of season. Angle 

of incidence variations with season were expressed as a function of seasonal 

radiation intensity_ The following relationships were developed to fit Lake 

Chicot data by Dhamotharan (1979), Stefan et ale (1982a). Only measurements 

of incident and upwelling radiation from the water surface were available; 

therefore, reflectance and albedo had to be assumed as equivalent. 

-5 r - 0.087 - 6.76*10 RAD + 0.11[1 - exp(-0.01 SS)] (19) 

where r = reflectance = Hr/Hsi ' Hr = reflected solar radiation, RAD = 

total daily incident solar radiation in cal cm-2 day-1 , and SS ~ suspended 
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sediment concentration in mg/t. The first two terms are for clear water, 

and the third term is from Lake Chicot data (Stefan et al., 1982a) and 

accounts for sediment effects. Reflectance had to be adjusted for seasonal 

variation of the angle of incidence. This is done by the second term which 

was first introduced by Dingman (see Dhamotharan, 1979). Fig. 14 shows the 

field data from Lake Chicot, and fitted equations for two levels of 

radiation. 

Attenuation of radiation was calculated using the attenuation coef

ficient 

k = 1.97 + 0.043 SS + 0.025 Chta (20) 

where 55 = suspended sediment concentration, (mg/t) and Chta = 

chlorophyll-a concentration (~g/t). The above equation was actually 

derived for photosynthetically active light from Lake Chicot data by Stefan 

et ale (1982a), but can also be applied to the entire solar spectrum since 

much of the longwave components have been taken out in the surface layer. 

2. Atmospheric radiation 

Net atmospheric (longwave) radiation was expressed in the usual way as 

the f~urth power of the absolute air temperature. 

3. Back Radiation 

Back radiation is the atmospheric long wave radiation emitted by the 

water surface. Emissivity of water = 0.97. 
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4. Evaporative transfer 

Evaporative heat transfer (He) from the water surface was expressed by 

the relation 

where e = vapor pressure of the air at height z, e = saturated vapor az sw 

pressure at water surface temperature, Wftn = a wind function using wind z 

(21) 

velocity at height z, L = latent heat of vaporization for water (ElM), and 

3 p = density of water (MIL ). 

5. Convective Heat Transfer 

The convective heat transfer (H ) from an air-water interface, when c 

evaluated according to Bowen (1926) may be expressed as 

where T is air temperature at a height z above the water surface, az 

P is in mb and Wftn is the same as that for evaporative heat transfer. a z 

(22) 

A number of empirical wind function formulas (Wftn) have been develz 

oped for various conditions. A formula used by many investigators, e.g. 

Marciano and Harbeck (1954), for natural water bodies is 

(Wftn) = a + b W z z (23) 

where Wz = wind velocity at elevation z above the water surface and a,b = 

empirical constants 

The above heat transfer scheme ignores seasonal heat storage in the 

lake bed. 
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D. Wind Mixing 

The deepening of the surface mixed layer by wind shear was considered 

by a stability criterion as described by Stefan and Ford (1975) and Ford 

and Stefan (1980a). 

V(m) Apg(z - z ) m g 
= (J (24) 

where Pa = air density, U. = wind shear velocity, V(m) = volume of the' sur-

face mixed layer, Ap = p(m) - p(m+l) , z = depth of the surface mixed 
m 

layer, and Zg = center of gravity of the surface mixed layer. 

z = 

m 
I z(i) A(i) Az(i) 

i=l 
g m 

I A(i) Az(i) 
i=l 

The surface mixed layer depth is attained where (J < 1. 

The effect of wind on vertical diffusivities in the surfaced mixed 

(25) 

layer and below the surface mixed layer was described by an equation of the 

form 

where K = vertical diffusivity (m2 /day), a,b = coefficients, and W -z 

wind velocity (mph). This empirical equation was proposed by Filatov et 

al. (1981). For shallow Lake Ladoga, coefficient b varied from 1.2 to 

1.4. The average value b = 1.3 was chosen for Lake Chicota 

(26) 

Coefficient a was estimated by using the seasonal mean values K = z 
2 2 400 m /day for the mixed layer and K • 1 m /day for all layers below, as z 
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previously applied by Dhamotharan (1979). For an average annual wind ve10-

city W = 7.73 mph, a = 28 for the mixed layer and a = 0.1 for the hypo1im-

nion. Thus, 

K = 28 W1. 3 
z 

K - 0.1 W1•3 
z 

VI. SUSPENDED SEDIMENT MODEL 

in mixed layer 

below mixed layer 

In stratified lakes and reservoirs of moderate size, including Lake 

Chicot, advection in the horizontal direction is rapid, relative to ver-

tical mixing. This had been verified in Lake Chicot by measurements of 

(27) 

(28) 

longitudinal temperature gradients (Dhamotharan, 1979), and hence only ver-

tical gradients in suspended sediment concentration C were simulated .•. 

Biweekly suspended sediment measurements in the lake also showed that one-

dimensionality was an acceptable assumption for Lake Chicot. A re1ation-

ship among suspended sediment concentration profiles, vertical mixing 

intensity, rate of deposition, and time is 

A a(c) + a (WAC) _ WC aA 
at az az 

- ac (AK !.£) = 0 
az z az 

(29) 

where C = suspended sediment concentration, W = fall velocity of suspended 

sediment in quiescent water, A = surface area of x-section, and K = z 

vertical turbulent diffusivity. The first term in this equation represents 

the change in sediment content with time, the second term is the rate of 

transfer by settling from one layer to another, the third term is the rate 

of deposition on the lake bed, and the fourth term is the vertical 

turbulent mixing rate. The particle fall velocity was determined after 

39 



Gibbs et al (1971). For Lake Chicot a mean particle size was determined as 

r ~ 1 ~ by Schiebe (1980) and confirmed by model calibration. The 
s 

sediment transport equation accounts for deposition on the shelf. The 

equation is solved over the entire depth. Solution of the equation requires 

two boundary conditions which are: 

(i) no suspended sediment transfer at the water surface, i.e. 

K ac - wc = 0 
z rz at z = 0 (30) 

(ii) no resuspension at the bottom, i.e. 

K ac 0 
z az = at z = h (31) 

Condition (i) is usually well satisfied while condition (ii) requires field 

verification. In Lake Chicot no resuspension was observed after storms. A 

uniform concentration distribution C = C is specified as the initial o 

condition at t = 0 (Oct. 1, 1976, after the fall overturn). 

Equation 29 describes a balance between advective transport by 

settling and diffusive transport by vertical mixing. In a stratified 

reservoir, vertical exchange coefficients are strongly dependent on depth 

and wind on the surface. Daily variations in Kz were computed from Eqs. 27 

and 28. 

The model also computes a suspended sediment budget and determines the 

amount of sediment deposited in the reservoir. The apparent trap effi-

ciency is defined as 
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ATE = 
r Sediment Inflow - r Sediment Outflow 

r Sediment Inflow 

The trap efficiency ATE is meaningful only when computed over long time 

(32) 

periods. It does not take into account the change in storage of suspended 

sediment in the lake. 

The RTE real trap efficiency is the apparent trap efficiency ATE minus 

the change in storage in the lake~. It is calculated from 

RTE = ATE _ Change in Storage 
r Sediment Inflow 

Change in storage is the amount of suspended sediment in the lake at the 

beginning of the time interval minus the amount at the end. 

VII. PHYTOPLANKTON MODEL 

A. Concepts 

(33) 

Lake Chicot is divided into an upper and lower basin. The lower basin 

receives turbid inflow from Connerly Bayou, while the upper basin receives 

primarily local overland runoff. As a result, the two basins represent 

distinctly different systems in terms of suspended solids concentration and 

primary productivity. The lower basin is highly turbid due to ino~ganic 

suspended solids, and biological productivity in this basin in substan-

tially lower than in the upper basin (Cooper and Bacon, 1981). The upper 

basin is high in primary productivity, and much of the turbidity there is 

due to organic material. Observed seasonal variations in chlorophyll-a and 

suspended solids (Cooper and Bacon, 1981) are shown in Fig. 16 and indicate 

that primary productivity in the lower basin is limited by the amount of 
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available light, while in the upper basin both available light and nutrients 

most likely limit productivity. In the lower and upper basins Sec chi depths 

rarely are greater than 0.50 and 0.70 meters, respectively. 

Surges in phytoplankton populations occur whenever inorganic sediment 

concentrations and turbidity have diminished (Fig. 16). If flow diversion 

effectively reduces inorganic sediment concentrations and turbidity in the 

future, phytoplankton· will grow more substantially. It is for this reason 

that phytoplankton was modelled. 

Phytoplankton concentrations can be described by a suspended sediment 

equation except that fall velocities are smaller than for clay and terms 

for biological growth and loss kinetics have to be added. Growth 

of "nuisance algae in Lake Chicot is predominantly controlled by the light 

available for photosynthesis. Losses of phytoplankton are due to settling 

and respiration. Grazing by zooplankton was not included separately because 

the observed phytoplankton species (Bacon, 1978; Cooper and Bacon 1981; and 

EPA, 1977) are not desirable food sources. 

A relationship between productivity rate, light intensity, and 

temperature was developed from available field measurements by Cardoni and 

Stefan (1982a). Nutrient limitation was not considered in this first 
, 

analysis. A light limited situation occurred frequently in lower Lake Chicot 

(EPA, 1977). An extension of this analysis, including a nutrient limitation 

(phosphorus), was also given by Cardoni et ale (1982b). 

B. Basic Equation 

The goal was to predict the concentration of phytoplankton that will be 

present in the future. The parameter used to indicate algal abundance is 

chlorophyll-a concentration [Cbta]. The model is for use on a daily time 
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scale. The most important input parameters to the chlorophyll-a model are 

above water surface light intensity, suspended solids concentration, and 

water temperature, each on a daily time basis. The basic dynamic equation 

is 

where 

a [ChR.a] 

at 

1 a (AW [ChR.a]) c 
+ A az 

Wc [ChR.a] aA 1 a 
A az - A az (A Kz 

a [ChR.a] 

az 

+ K2T[ChR.a] - P'[ChR.a] = 0 

) 

3 [ChR.a) = chlorophyll-a concentration, mg/m ; A = area at center of 

(34) 

2 layer, m ; W = ChR.a fall velocity in quiescent water, m/day; K = vertical c z 
3 turbulent diffusivity, m /day; K2 = respiration/mortality loss coefficient, 

day-l °C; T = water temperature, °C; and P' = productivity rate, day-I. 

Equation 34 is of the same form as Eq. 29 for the concentration of suspended 

solids but includes two additional source and sink terms. Also, 

the fall velocity Wc is different for algal particulates than for the 

suspended sediment particulates (mostly clay). 

c. Primary Productivity 

Productivity of Lake Chicot was measured by Bacon (1978), using the 

carbon-14 uptake method, and reported in part by the USDA (1977-1980). 

Bacon's data was converted to a specific growth rate by dividing measured 

rates of carbon-14 uptake by the concentration of chlorophyll-a present in 

the lake (Schiebe, 1980) thus obtaining productivity in units of mg 

-1 carbon (mg ChR.a hr) • Unfortunately carbon uptake and chlorophyll-a were 

never measured in the same water samples. 
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A relationship between productivity rate, light intensity, and tem-

perature was developed by Cardoni and Stefan (1982a) from all available 

field measurements. 

All light intensity data used in the productivity rate analysis were 

from the National Weather Service Station in Stoneville, Mississippi, and 

attenuated with depth in the lake using relationships developed by Stefan 

et a1. (1982a). 

All available productivity data are listed by Cardoni and Stefan 

(1982a). The data display the expected characteristic relationship between 

productivity and light: (1) An approximately linear increase in growth rate 

with light intensity at low values of light, and (2) plateau of maximum 

growth rate at the light intensity. Photoinhibition, i.e. the decrease of 

growth rate of excessive light exposure of plant, was not observed. This is 

not unexpected, since light intensity in Lake Chicot is usually quite low due 

to rapid attenuation with depth. 

The shape of the pel) curve can be described by a variety of mathema-

tical and mostly empirical formulations. Some include the effect of pho-

toinhibition. Comparisons of some of the equations to sets of measured 

data have given inconclusive results (Field and Effler, 1982; Jassby and 

Platt, 1976). All empirical equations for the pel) curve require the use 

of coefficients, usually Pmax and the initial slope of the curve. 

A Michaelis-Menten type equation was selected. 

P • Pmax 
(_1_) 

Kl +l 
(35) 

where P - productivity rate at light intensity, P = minimum productivity max 

at optimum light intensity, 1 z light intensity, and ~ - half saturation 
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coefficient. This equation is simple and is sufficient to describe the basic 

shape of the P(I) curves calculated from Lake Chicot field measurements. 

In the P(I) growth rate expression (35) an optimum growth rate Pmax is 

needed. Light intensity is considered to be the limiting factor in primary 

productivity; the maximum growth rate is found at optimum light conditions. 

The maximum growth rate also varies with temperature. An expression relating 

growth rate to temperature is derived from the Arrhenius equation. Date and 

fitted equations are given in Fig. 17. 

The parameter ~ was estimated directly from the productivity ver

sus light intensity curves. ~ was taken as the light intensity at one

half the maximum productivity rate measured. No relationship between KI 

and temperature was found from the Lake Chicot data. A constant value ~ 

100 PEm-2 sec-1 was the best estimate. Jorgensen (1978) quotes Gargas 

2 -2 (1975) as using ~ = 400 Kca1/m -day, which is equivalent to 45 pE m 

-1 
sec using the conversion of Combs (1977). 

The relationships retained for simulation of light and temperature 

controlled primary productivity rates in Lake Chicot were: 

I 
P = (1.2 + 0.187T) 100+1 

I 
P = (52.9 - 1.43T) 100+1 

pI = 24P/1fJ 

where 
-1 -1 

p = primary productivity rate (mg C mg Ch!a hr ), pI = primary 

(36) 

(37) 

(38) 

-1 -2 -1 productivity rate (day), I = light intensity (pE m S ), and T = water 

temperature (OC). 
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D. Underwater Light Penetration Model 

To apply the pel) relationships to the prediction of daily photo-

synthesis in a stratified lake it is necessary to describe the variation of 

underwater irradiance as a function of depth and time over the course of a 

day. A model for underwater irradiance in Lake Chicot was developed by 

Stefan et ale (1982a). The input to the model is terrestrial (above water) 

total daily solar radiation measurements as available, e.g. from the Stone-

ville, Mississippi, weather station. Using empirical equations for albedo 

(Eq. 19) and attenuation (Eq. 20), and a conversion from energy units to 

quantum units, a composite relationship is derived for photosynthetically 

active radiation (PAR) under water. 

Radiation available with depth is calculated as 

-k(z)z 
let) = Is(l - a1bedo)e 

The variation of irradiance over the length of the daylight is 

described by a cosine function: 

() 1T (!!.) I t - Is -2 cos 
td 

where I(t) = PAR intensity at time t (pE/m2-sec). Total daily solar 

radiation measurements are converted to average PAR values by 

I .. 27.25 H 
s td s 

where I - average photosynthetically active radiation over daylight s 

(39) 

(40) 

(41) 

-2 -1 
period, above surface (pE m sec ); Hs .. measured total daily radiation 

-2 -1 above water surface (cal em day); and t = time of day starting with t=O 

at solar noon (hours). The length of daylight td (hrs), at latitude 35°N 
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(u. S. Naval Obs., 1977) is 

[ 2tr ] td 12.16 + 2.36 cos 365 (172-D) (42) 

where D = number of days of year (Jan. l:D=l). For the numerical 

computation, the daylight period is divided into eight subperiods. 

Productivity is calculated for each period and averaged over a day. This 

procedure is repeated for each layer (depth z). The details of the 

computation are given by Cardoni and Stefan (1982a). 

E. Loss Rate And Settling Rate 

Loss rate represents the decrease in phytoplankton mass due to normal 

endogenous respiration and other factors causing plytoplankton mortality 

(e.g. zooplankton grazing, herbicides, etc.). Loss rate is taken to be a 

combination of all processes that cause a decrease in phytoplankton mass, 

except settling. Zooplankton grazing has not been considered independently 

since there is not sufficient data to make this distinction. 

The relationship proposed by O'Connor et al. (1973) is for endogenous 

respiration rate. Since endogenous respiration represents a significant 

portion of the total loss rate, a temperature dependence of the form used 

by O'Connor is used in the model: 

(43) 

The coefficient K2 was determined by calibration with Lake Chicot Chta 

-1 -1 measurements to be on the order of .005 °c day • 

No direct measurements of phytoplankton settling velocities from Lake 
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Chicot were available. Due to the highly variable nature of this parameter 

and the difficulty associated with measuring it accurately, the model was 

calibrated by varying the settling rate within the range of values reported 

in the literature. By comparison of measured in-lake chlorophyll-a 

concentrations with those predicted by the simulation model, a settling rate 

-1 on the order of .04 m day was determined. 

VIII. NUTRIENT MODEL 

Phytoplankton growth in Lake Chi cot was most often controlled by 

available light. Nutrient concentrations in the lake are generally high and 

primary productivity was not significantly inhibited by lack of nutrients. 

The Lake Chicot restoration project was designed to reduce the amount of 

water and suspended sediment entering the lake. The input of nutrients was 

therefore also significantly reduced. A nutrient limitation in the growth 

model is desirable for future conditions when lower nutrient levels may 

restrict phytoplankton growth. 

Phosphorus and nitrogen are the most likely limiting nutrients. Both 

were considered, but only phosphorus was represented in the model. 

Phosphorus was chosen because it is more often the only limiting nutrient for 

algal growth in fresh waters. EPA (1977) suggested that phosphorus may be 

more significant in controlling growth in Lake Chicot. Baker (1982) reviewed 

more recent Lake Chicot nutrient data and came to the conclusion that 

nitrogen may also be an important nutrient controlling phytoplankton growth. 

The framework and general approach to the modeling of phosphorus and 

nitrogen cycles and interactions with phytoplankton growth in Lake Chicot 

were given by Ca~doni, Hanson and Stefan (1982) and Baker (1982), 

respectively. The cycles of both elements are quite complex and their 
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dynamic modeling requires substantial numbers of rate coefficients and field 

and laboratory data presently not available. It is also for this reason that 

only a phosphorus model of a.relatively simple form was incorporated into 

RESQUAL II (see Stefan, Cardoni, and Fu, 1982). The underlying phosphorus 

flow chart is shown in Fig. 18. 

IX. SECCHI DEPTH MODEL 

Secchi depth is a comprehensive measurement of water transparency. 

Lay people can easily relate to the meaning of Secchi depth. 

Secchi depths in upper and lower Lake Chicot were analyzed and related 

to attenuation coefficients in an extensive study by Stefan et a1. (1982a, 

1982c). Secchi depths in the lower lake were related to total suspended 

solids (Fig. 5), and Secchi depths in the upper lake were related toOh1a 

(Fig. 19). Equations 44 and 45 describe the data in Figs. 5 and 19, 

respectively. 

3.67 
zSD = -( S-S-) -:. 6~2:-="5 

1.37 
zSD - 258 Ch1a • 

(Lower Lake) 

(Upper Lake) 

zSD is the Secchi depth in meters, (SS) is the suspended solids con- ' 

centration in ppm and (Ch1a) is the ch10rophyl1-a concentration in ppb. 

Development of a predictive model of Secchi depth required incor-

poration of the cumulative effects of inorganic suspended solids and phy-

toplankton on transparency. Two alternative methods for predicting 

cumulative Secchi depth in Lake Chicot were developed. One method 

involved linear relationships between the inverse of Secchi depth 
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and suspended solids and chlorophyll-a concentrations. The eff~cts of 

suspended solids and Chia were isolated by considering the lower and 

upper basins of Lake Chicot during periods when inorganic suspended solids 

(88) and phytoplankton, respectively, dominated turbidity. Figure 19 shows 

the measured relationships between 1/z8D and Chiao The data from the upper 

lake were obtained when suspended solids concentrations were less than 

approximately 45 mg/1. The equations of best fit to the measured sets were 

1/Z8D = 2.16 + 0.0265(88) (46) 

l/ZSD = 1.66 + 0.0083 (Chia) (47) 

where SS is in ppm and Chia is in ppb. The coefficient for the effect of 

Ch1a, 0.0083, was lower than presented by Brezonik (1978) (- .03) and Shapiro 

(1982)(.0146). Brezonik's data is from 55 Florida lakes, and Shapiro's data 

is from Minnesota lakes. 

The second approach to formulating a Secchi depth model used a 

combination of the logarithmic and the linear relationships for Secchi depth 

presented. Combining Eqs. 45 and 46, gave a composite relationship for 

Secchi depth 

1 --- ( ) .258 
C~~37 + 0.0265(SS) (48) 

To prevent the Secchi depth from going to infinity at zero Chia and SS 

concentrations, a minimum Chia concentration of 3 ppb was imposed. This sets 

the maximum possible Secchi depth at 1.03 meters, which is slightly deeper 

than the maximum Secchi depth measurement from the available Lake Chicot 

data. Equation 48 is graphically presented in Fig. 20. 
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x. COMPUTER PROGRAM RESQUAL II 

A. Organization 

The submode1s identified in Fig. lIb and described in the preceding 

sections were incorporated in computer program RESQUAL II. A detailed 

description of the program was prepared by Fu (1982). 

There is a total of 53 subroutines in RESQUAL II. A complete alphabe

tical listing and brief description of each routine was assembled by Fu 

(1982). 

Subroutines to facilitate input, computing options, and output are: 

START = Control input and computing options and PRNOUT Control output. 

The main program calls the submode1s in sequence. By not solving all 

equations simultaneously, the program is simplified and the computing time 

is considerably reduced. 

The uncoupling of the submodels requires that input data into one sub

model be taken from the output of the other submodels in the previous 

timestep. This is appropriate for three reasons. 

First, the model is operated with a timestep (1 day) over which changes 

in the computed parameters are small. The error introduced in using e.g. 

suspended sediment concentration from the previous day instead of the 

current day affects results to a lesser degree (as was verified by adding 

additional iteration steps to the program) than the uncertainties in esti

mating model input parameters, e.g. settling velocity of particles and 

entrainment coefficient of density inflow, surface heat exchange coef

ficients, albedo, etc. 

Second, the coupling between the main submodels in RESQUAL is actually 

very weak. Most of the inflow into Lake Chi cot occurs during the two 
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months just prior to the summer stratification period. Outflow is always 

from the surface mixed layer. Suspended sediment concentration affects 

mainly the radiation balance of the mixed layer and suspended sediment con

centration in the mixed layer changes only slowly. Dissolved solids con

centrations do not control density stratification to any appreciable 

degree. 

Third, the input variables which drive the model most strongly are 

runoff and weather related. The latter are highly variable in time and have 

to be obtained from measuring stations remote from the lake. Because of 

that variability, lake temperatures and mixing "tend" towards constantly 

changing equilibrium or ultimate temperatures. Therefore, prediction 

errors are not cumulative. 

B. Numerical Solutions 

The partial differential equations (advection/diffusion equations) for 

T, SS, Chta, Pa and Pn are solved by an implicit methods. 

1. Water Temperature 

In the formation of a finite difference scheme, stability and accuracy 

are of main concern. For the water temperature, a fully implicit central 

difference scheme was selected. The scheme was formulated for variable 

layer thickness ~z(i). The resulting finite difference equations can be 

found in Stefan, Cardoni and Fu (1982). The linear algebraic equations 

were solved by a tri-diagonal matrix algorithm. The boundary conditions 

applied are: 

(i) no heat flux to and from the sediment or T(j+l,N) = T(j+1,N+l), 

where N+l refers to a dummy layer below the bottom layer of the 
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reservoir. 

(ii) No diffusive heat flux between the surface mixed layer and the 

hypolimnion 

~ail 0 L ~ m+1/2 = 
(49) 

where m = number of last layer in surface mixed layer. 

The numerical solution of the diffusion equation for heat necessary to 

predict water temprature stratification is accomplished as part of 

subroutine HEBUG. 

2. Suspended Sediment 

The subroutine which solves the suspended sediment equation is RESSETL. 

An implicit, hybrid finite difference scheme was developed to solve the 

suspended sediment equation. That scheme was described in detail by 

Dhamotharan et al. (1981). It is stable for various combinations of ver-

tical turbulent diffusivities and particle fall velocities. 

3. Ch1orophy11-a 

CHLORO is a modified version of the subroutine RESSETL contained in 

the RESQUAL model. This subroutine solves Eq. 34 for all layers of the lake 

by using an implicit finite difference scheme. The numerical method used to 

solve this equation is described by Dhamotharan et al. (1981). The 

modification of RESSETL is required to account for the additional source and 

sink terms that are contained in the chlorophy11-a model. 

C. Computational Options 

One need not use all available submodels each time. Three options are 
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available to select submodels by setting the elements of the integer array 

MODEL(I) to either 1 or O. (Zero means a submodel will not be used; one 

means it will be used.) For example, if all elements of MODEL(I) are set to 

zero, only the water temperature, suspended solids, and dissolved solids 

submodels will be selected. If MODEL(1) is set to one and all others zero, 

the light-limited chlorphyll-a submodel will be selected in addition to the 

water temperature, suspended solids and dissolved solids submodels. 

D. Hodel Input 

MODEL RESQUAL II requires four types of input data: 

- initial conditions 

- morphometric lake and channel data 

- inflow data 

- weather data 

The details of these requirements are given in the instruction manual pre

pared by Fu (1982). Some of the main points shall be given briefly. 

Initial Conditions 

The initial conditions which need to be specified include: 

(a) the initial number N of layer in the lake typically 20 

(b) T(i,1) 

(c) SS(i,1) 

(d) Cb1a(i,l) 

(e) Pa(i,l); Pn(i,l) 

where the number of layers varies, 1 < i < N. An initial lake stage is 

also required. 
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Lake Morphology 

Lake morphology was described by an equation developed by Dhamotharan 

(1979) (SElIi! Fig. 21): 

m 
V (-hh) 

Vref = ref 
(50) 

where V = lake volume, h = depth, Vref = reference volume at href = 

reference depth, m = 2.18 for Lower Lake Chicot, and m = 1.57 for Upper Lake 

Chicot. A morphometric map of Lake Chicot was given in Fig. 2 and some key 

bathymetric data are summarized in Table 1. 

From the above the following equations were developed for Volume V in 

2 and projected horizontal area A in (m ) 

m-l A = m c (3.28h) 

where c = 0.305 m/ft, and h = depth in ft 

Inflow 

Inflow rates to Lake Chicot is specified by a relationship of the 

form (Swain, 1980): 

QC = 0.85 QMO. 99 

QM = 140.93 (SM - 105.63)1.72 

(51) 

(52) 

(53) 

where QC = discharge into Lake Chicot from Conner1y Bayou, QM - discharge 

from Macon Lake, and ~ = stage at Macon Lake in ft above MSL. 

Water quality in the inflow (Conner1y Bayou) is also specified by 

60 



5.0 

o = LOWER LAKE 
~=UPPER, LAKE 

1.0 

0.10 

V (h )' m 
v,.ef = href. 

0.01 
.04 0.1 1.0 5.0 

Fig. 21. Plot of morphometric equations·for upper and lower 
Lake Chicota . 

61 



TABLE 1. BATHYMETRIC CHARACTERISTICS OF LAKE CHICOT 

Lower Lake Upper Lake 

Reference Pool Level 30.48 m above MSL 30.48 m above MSL 
(100 ft) (100 ft) 

Maximum Effective* 8.29 m 4.52 m 
Depth (h f) re (27.2 ft) (15.5 ft) 

Mean Depth 3.8 m 3.0 m 
(dref) (12.5 ft) (9.9 ft) 

Surface Area 6 2 13.63 x 10 m 6 2 3.53 x 10 m 
(3369 ac.) (873 ac.) 

Volume 6 3 51.85 x 10 m 10.65 x 106 m3 

(Vref ) (42036 ac. ft) (8636 ac. ft) 

*Effective refers to the deepest bed level 22.19 m. 
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correlation functions given by Swain (1980). For inorganic suspended 

sediment: 

SSC = 6.55 Q.58 
CMD 

where QCMD = inflow from Conner1y Bayou in acre ft per day. For 

ch10rophy11-a (Cardoni et a1., 1982a and 1982b): 

where CHLAC is in ppb and SSC in ppm. 

Available dissolved orthophosphorus P was set constant at 100 ppb. ac 

The range of this parameter was 50 < P < 150 ppb. ac 

An equation for non-available (absorbed) phosphorus inflow was also 

developed (Stefan et a1., 1982c) 

The data from which two of the above relationships were derived had 

considerable scatter and are shown in Figs. 22 and 23 • 

. Weather 

(54) 

(55) 

Required weather data comprise daily total solar radiation, daily mean 

air temperature, dew point temperature, mean wind velocity, daily 

precipitation, and daily cloud cover. 

The weather station nearest Lake Chicot is Midsouth Agricultu~al 

Weather Service Center, NOAA, P. O. Box 117, Stoneville, MS 38776. Air 

temperature (TA) and total daily solar radiation (RAn) from that station were 

used in the model. Wind velocity (WIND) and dew point temperature (TD) were 

the arithmetic means of daily measurements at Memphis, Tenn., Jackson, Miss., 

and Shreveport, La. The three stations showed a good correlation and Lake 

Chi cot is located at about the center of a triangle formed by these three 
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stations. Daily precipitation data were from measurements at Stoneville, 

Mississippi. Additional information on weather stations and data was given 

by Dhamotharan (1979). 

E. MODEL OUTPUT 

Model output is either in the form of tables or graphs as described by 

Fu (1982). 

XI. MODEL CALIBRATION 

RESQUAL II contains submodels which simulate water temperature, 

suspended solids, dissolved solids, chlorophyll-a, phosphorus, and Secchi 

depth. Coefficients in each of these submodels had to be assigned 

numerical values. Some of these are physical constants, others were known 

from previous investigations or would be derived from Lake Chicot data with 

good reliability. For some coefficients, only order of magnitude estimates 

or ranges of numerical values were known. More precise values of these 

coefficients applicable only to Lake Chicot were established by model 

calibration, i.e. comparison of simulated and observed results. 

The calibration was made with data collected during water year 1977 

(Oct. 1, 1976 - Sept. 30, 1977). The data were collected by the USDA/ARS 

mostly at biweekly intervals. Calibrations were made in the major sub-

models successively and in the order in which they are listed in Table 2. 

The mass flow and temperature stratification models were calibrated 

first. The two parameters which were the least well established and had 

to be calibrated were vertical turbulent exchange coefficient 

tial dilution at the plunge point Yin' 

K z 
and ini-

The temperature model was at first calibrated for mean annual values 

66 



TABLE 2. Coefficients of Submodels 

Range of Value 
Submodol SY1llbo1 Coefficient Tested Value Used 

1. Temperature a Wind dependent vertical 28.0 28.0 
II diffusion coeff. 

b exponent in the wind dependent 1.3 1.3 
vertical diffusion coeff. 

ah wind dependent vertical 0.1 0.1 
diffuaion coeff. 

mh:ed layer 

Yin Plunging entrainment 1.8 - 5.0 
coefficient ( 

2. Suspended Sediment FRAC - fraction of inflow 0.3 - 0.65 0.35 before 
.uapended .ediment (Before Har. 10) lIarch 10 and 
depoaited inatantly 0.8 - 1.0 1.0 after Har 10 
at Lake inlet (after Har. 10) 

Particle diameter (DS) 0.8p - 4.0p LOp 

3. Cb1orophyll-_ Wc Fall velocity (FVCRLA) 0.03 m/day - 1.0 m/day 0.04 ./day 

+ Carbon chlorphyll 25 - 60 30 
ratio (YCCllLA) 

1:1 Half aaturation coeff. 75 1S/ .. 2-aec to 100 IS/ .. 2 -aec 100 1S/ .. 2-.ac 
for light (IISC) 

Thre.hold concentration ppb - 5 ppb 3 ppb 
value of chlorophyll-a 

~ Respiration/los. coeff. 0.003 - 0.006/·C-day 0.005 ·C day 

4. Di .. olved ortho- I: Half .aturation coeff. 0.01 ppm - 0.02 ppm 0.015 ppm 
phosphorus p 

for avaLlable phosphoru. 
(Avail. Phosph.) (HSCPA) 

r .. Release fraction of phoaphorll. 0.6 - 0.8 0.8 
(RFII) in the mixed layer 

r h Pho.phoru. reles.e fracUon 1.0 1.0 
of phosphoru. In the hypolimnion 
RFH) 

K Botto.. rel •••• r rate (lUl) 0 0 

Y Chlorophyll to phosphorus 300 - 700 600 (ppb/ppm) ca ratio (YCA) 

:~~i1 Equi1i brill. cone. of 0.08 ppll - 0.10 PPII, 0.08 ppm 
available phosphorus (PAEQ) 

5. ConverUble Phosphorus 11 Fraction of conv.rtible 0.2 - .25 0.2 
(Non-avail. phosph.) pho.phoru. in particulate (FNFIIAC) 

t'lIlU 
Equilibrium concentraUon of 0.08 - 0.10 ppm .08 ppll 
available (dll1olved or tho phD •• ) 

I:rr Reau.pen.lon rate of non- 0 o a 55/.2 day 
,available (lIOatl,. particulate) 
phosphorus 
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of K = 400 m2 /day in the surface mixed layer and K = 1 m2/day in the z z 

hypolimnion, respectively. (See Dhamotharan, 1979). Then, coefficients 

am = 28 for the mixed layer, ~ = 0.1 for the hypolimnion, and b - 1.3 in 

Eq. 26 were determined by using a mean annual wind in these equations. 

In the suspended sediment model a particle size on the order of 1 p as 

determined by sediment analysis had to be used. The complete size distri-

bution of particles was never obtained. Calibration confirmed that 1 p 

gave loss rates by settling in agreement with measurements. Recent 

analysis using state-of-the-art methodology gave, however, a smaller mean 

particle size. 

The chlorophyll submodel required several coefficients. Literature 

and Lake Chicot field values of these coefficients were given by Stefan, 

Cardoni, and Fu (1982). The range of values tested in the model and the 

calibrated value are given in Table 2. The phosphorus model also had several 

coefficients to be calibrated. Ranges and values are also shown in Table 2. 

Simulated results and calibration data are shown in Figs. 24 through 29. 

RESQUAL II was calibrated by comparing the computed values with 

available measurements. The root mean square calibration error (e) for each 

water quality parameter was computed in the plotting program RESPLT and 

printed on the output plot. The root mean square calibration error e is 

defined as 

(56) 

where Cic''';' computed water quality parameter on the ith day, Cim - measured 

water quality parameter on the same day, and n = number of measurements. 
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Calibration coefficients were changed until the value of £ could not be 

further reduced. 

More systematic schemes to calibrate RESQUAL II such as the least

squares optimization adopted by Norton (1974) in calibrating the RMA-12 

model were not used because of the large computing cost which would have 

been involved. 

XII. MODEL VERIFICATION 

Water quality data sets measured during the water years 1977/78 and 

1978/79 were used for model verification. A comparison between predictions 

and data was shown by Stefan, Cardoni, and Fu (1982). The root mean square 

errors between predictions and measurements are reproduced in Table 3. The 

degree of agreement between predictions and measurements made possible the 

conclusion that the model was sufficiently verified for application to the 

exploration of some management alternatives for Lake Chicot. 

Contributing to the error are the inaccuracies in inflow rates and the 

weak correlation between inflow water quality and inflow rate (see e.g. Figs. 

22 and 23) which had to be used in the simulation. The greatest limitation 

in the model formulation itself is believed to be in the phosphorus model, 

but this is not crucial since light rather than phosphorus was the limiting 

factor most of the time. 

XIII. MODEL APPLICATION 

A. Simulation of 1976/77 Conditions with BESQUAL I 

Model RESQUAL I, the earlier version of RESQUAL II, was applied to 

Lake Chicot for the water year 1977. Inflow and outflow of lower Lake 

Chicot were quite small relative to the lake volume in that year. The bulk 
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TABLE 3. ROOT MEAN SQUARE ERRORS 

Parameter Year 

1976-77 1977-78 1978-79 

Temperature (OC) 1.7 1.2 1.2 

Susp. Solids (ppm) 42 94 123 

Chlorophyll-a (ppb) 11.7 13.9 15.4 

Available phosphorus (ppb) 24 28 31 

Total phosphorus (ppb) 147 204 199 

Secchi depth (m) .17 .10 .13 
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hydraulic residence time for the simulation period was 0.3 years. 

Simulated and measured surface water temperatures are shown in Fig. 

30. The differences between measurements and prediction had a standard 

deviation of 0.34°C. Strong fluctuations in surface water temperatures are 

shown between April and September coincident with the period of summer 

stratification. These fluctuations are related to variations in the depth 

of the surface mixed layer. When wind velocities are small, the mixed 

layer becomes temporarily shallow and water temperatures become high. 

Water temperatures as a function of depth have been plotted in Fig. 

31. These simulated results show the summer stratification and surface 

mixing clearly. The dates of the onset of the summer stratification and of 

fall overturn were predicted within the observed periods. 

The predicted and measured suspended sediment concentration at the 

water surface in Lake Chicot is shown in Fig. 32(a) and that at Sm depth is 

shown in Fig. 32(b). The average suspended sediment concentration over the 

. whole depth, both measured and predicted, is shown in Fig. 32(c). The 

predicted and measured suspended sediment concentration vertical profiles 

for few dates are shown in Fig •. 33. The trap efficiency of the reservoir, 

on a cumulative monthly basis, both measured and predicted, is shown in 

Fig. 34. Comparison of measured and predicted values of temperature, 

suspended sediment concentration, and trap efficiency indicate good 

agreement. In the suspended sediment model the sediment inflow and outflow 

are treated as source and sink, respectively, in the mixed layer. Previous 

studies of the Lake Chicot seasonal density structure indicate that this is 

fairly realistic for most of the year (Dhamotharan et al., 1978). 

Suspended sediment loading of the lake occurs primarily in the spring, 

77 



40 

35 

30 

25 -u 
~ 20 
e 
::1 -e 15 ...., Q) 

00 a. 
E 
~ 10 

5 

0 

-5 
Oct. Nov. 

1976 

Fig. 30. 

o Measurements 

Predictions 

Dec. Jon. Feb. Mar. Apr. May June July 
1977 

Aug. Sept. 

Measured and predicted surface water (mixed layer) temperatures in Lake Chicot. 



o 

2 

3 
E -= 4 
Co 
Q) 

o 

-E 

.r:. .... 
Co 
Q) 
Q. 

5 

6 

7 

8 

2 

3 

4 

5 

6 

7 

8 

1976 1977 

Oct. Nov. Dec. Jan. Feb.' Mar. Apr. May June July Aug. Sept. 
" I , , I I I I I , I I I I 

- .:. U ~~ ~ t~ 26 2~ - 28 

- ~ 22 
-

CD 

- CD (\J 
(\J N 

CD 0 N 

CDQ ::r - N 

- N N 

\ 
CD 

a> 0;:1" 0 CD 
- - -

- II " 'io 

- \ \ 

OCD(\J a> CD v 0 va> NV a> N v a> 
N-- - - - N (\J N 

1976 1977 

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept 

CD 
N 

V a> 
CD 

a> 0;:1" 0 - -

II 
OCD N CD V a> N CD 2 ~ re a> (\J- (\J 

Fig. 31. Seasonal temperature structures (Isotherms in °C). Predicted (top) 
and measured water temperature averages at Stations 6, 7, and 8 
(bottom). 

79 



E 500 Concentrations At Surface 
0·-0 Measurements 
- Predictions 

0. 
0. 

-- 400 c o c 
8 300 
-ci 
~ 200 
ci. 
<II 
~ 100 

0 

600 

- 500 E 
0. 
0. 

--: 400 
c 
0 

8 300 
-ci 
Q) 

200 (f) 

ci. 
<II 

100 :J 
(f) 

0 

600 

-E 500 
0. 
0. -c 400 
0 c 
0 

300 u 
-t:i 
Q) 

200 (/) 

ci. 
<II 

100 :J 
(/) 

0 

• .0.. 

Oct. Nov. Dec. Jan. Feb. Mar. 

Concentration At 5m Depth 

• .0.. 

Oct. Nov. Dec. Jan. Feb. Mar. 

Concentration Averaged 
Over Depth 

Oct. Nov. Dec. Jan. Feb. 

Apr. 

Apr. 

:Q '. . 
b.. 

'Q. •• . 

May Jun. Jul. Aug. 

(}.{) Measurement 
- Predictions 

May Jun. Jul. Aug. 

O-.Q Predictjons 
- Measurements 

Sep. 

Sep. 

Aug. Sep. 

Fig. 32. Suspended sediment concentration in Lake Chicot. 

80 



Suspended Sediment Concentration (ppm) 

30 

40 100 120 140 160 

rJ 
330 350 C{-- .... -

P 'P 
, , , 

d .... 
# 

r;.1:> S1 
:f:a:J . 
.. Q 

6." 
11.3.76 ~ ""'0. 

12.1.76 l;> 
.... 
'0 

12.29.76 '\, 6.15.77 
5.5.77 

- Prediction 
0- -0 Measurements 

Fig. 33. Typical suspended sediment concentration profiles in 
Lake Chicot. 

- Predictions 
0---0 Measurements 

O~~~~~~~~~~~~~~~~~~~~~~~~~ 

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. 

Fig. 34. Cumulative trap efficiency of Lake Chicot. 

81 



when the lake is not yet stratified. The differences shown for that period 

in Fig. 32 reflect inaccurate loading information which had to be based on 

inflow concentrations measured at weekly intervals. After the onset of 

stratification (April) the agreement between measurements and predictions is 

good, indicating that internal mixing and settling mechanisms are well 

represented in the model. Additional simulation results with RESQUAL I 

were given by Dhamotharan, Stefan, and Schiebe (1978) and by Dhamotharan 

(1979). 

B. Post-Construction Prediction with BESQUAL I 

Construction of a new outlet weir with increased crest level in-lieu 

of the defective one, and/or reduction of inflow so as to decrease suspended 

sediment load to the lake were the alternatives contemplated for the 

restoration of the recreational potential of the lake. 

Some hypothetical values of weir crest levels and limits on water inflow 

were selected for study~ It was assumed that the weather conditions were the 

same as those of 1976-77; watershed characteristics and concentrations of the 

suspended sediments in the inflow remained the same. The outflow over the 

weir was predicted each day by the standard weir equation 

Q = W * L * Hm 
OUT c (57) 

where QOUT = outflow in cfs, L - weir length = 200 ft (assumed), We = weir 

coefficient = 3.95, H = head of flow over the weir in ft and m = 1.5. Lake 

stage was predicted every day by means of the water budget analysis. 

Results were obtained for weir crest levels of 106 ft, 108 ftt and 110 

ft above MSL, and water inflow was limited to a maximum of 50 cfs, 100 cfs, 
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and 250 cfs, (i.e.) the inflow hydrograph peaks were cut off at these values. 

For the weir crest level at 110 ft above MSL, and for the three flow 

rate limits, the predicted suspended sediment concentration at the surface 

of the reservoir is shown in Fig. 35. In the same figure, the existing 

conditions are also shown for comparative purposes •. Very similar results 

were found for the weir crest level at 108 ft above MSL and 106 ft above 

MSL. In all three cases the highest predicted post construction sediment 

concentration occurred during April. The highest April value was 95 ppm for 

weir crest level, 106 ft above MSL and at 250 cfs inflow limit, and 24 ppm 

for lake stage of 110 ft and 50 cfs inflow limit, respectively. The pre

construction maximum was 500 ppm. This predicted decrease in suspended 

sediment concentration after April was very encouraging. 

Since the weather conditions remained the same in all situations, the 

predicted temperature structure remained practically the same as that under 

the existing conditions. The difference, if any, due to change in lake 

volumes was usually less than 1°C. 

A sediment mass budget analysis was simulated for the nine post

construction conditions, existing conditions, and with the actually 

measured data. The results are given in Table 4. The table shows the 

annual sediment inflow mass, the annual sediment outflow mass, and the 

sediment mass deposited in the reservoir during the year. 

The annual trap efficiency of the reservoir for the various post

construction predictions is given in Table 5. Trap efficiency for existing 

conditions was 68 per cent, both measured and simulated. 

It may be pointed out here that the post-construction predictions were 

based on the existing measured inflow sediment concentration. Even if the 
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TABLE 4. ANNUAL SEDIMENT BUDGET FOR LAKE CHI COT (WATER YEAR 1977) 

Inflow Limits Annual Sediment Mass in Metric Tons 
cfs 

Inflow Outflow Dejlosi tion Suspension 

250 26700 4100 20100 2500 

100 14300 1400 12500 400 

50 7800 500 8400 -1100 

Existing 
Conditions 103300 
(Simulation) 

32000 62900 8400 

Actual 
Measurements 103300 31200 

TABLE 5. PREDICTED ANNUAL TRAP EFFICIENCY OF LAKE 

'," 
CHICOT IN PERCENTAGE (WATER YEAR 1977) 

Crest Inflow Limit (cfs) 
Level 

(ft MSL) 250 100 50 

110 86 91 93 

108 86 90 93 

106 85 90 93 
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watershed characteristics had not changed, any impoundment of inflow water 

for the purposes of monitoring the inflow might alter the suspended sediment 

concentration in the inflow due to either or both of (i) settling of sedi-

ments in the impoundment, and (ii) pick up of sediment by clear water 

downstream of the impoundment before reaching the lake. 

Simulation of existing conditions in Lake Chicot showed that about 

62,930 metric tons of sediments were deposited in the reservoir during the 

water year 1976-77. Assuming the specific weight of the incoming coarse clay 

-3 particles to be about 80 lb ft , a lake volume equivalent to 40 ac. ft was 

lost to sediment accumulation during the year. This is about 0.07% of the 

total lake volume at 105 ft MSL. 

C. Post-Construction Prediction with KESQUAL II 

Simulations with reduced inflow rates into Lake Chicot were also made 

with the expanded model RESQUAL II. In anticipation of the operation of the 

new pumping station at Macon Lake, inflow rates were truncated at 0.005 cfs, 

5 cfs, 50 cfs, 100 cfs,. 250 cfs, and 500 cfso Flows above these values would 

be diverted to the Mississippi River. The predicted water quality under the 

weather conditions encountered in 1978/79 are shown in Figs. 36 through 39. 

1978/79 was the wettest of the three years. It had the largest water runoff 

into the lake and the highest suspended sediment input. Both of these 

produced the highest turbidity (lowest Secchi depth) in the lake from Dec. 

1978 to Sept. 1978. The effect of inflow diversion on lake stage is obvious. 

The suspended sediment concentration, and hence turbidity of the lake, is 

very much a factor of inflow. As lessened turbidity of the lake permits an 

increase in light penetration, phytoplankton growth increases are evident in 

the simulation results. 

An estimate of the clarity of the lake under the various diversions is 

given in terms of predicted Secchi depths in Fig. 39. 
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Management alternatives were also simulated under different hydrologic 

and weather conditions. The objective was to find an optimum operating rule 

that would (a) maximize outflow at Ditch Bayou for downstream water use, 

(b) minimize lake turbidity (mainly suspended sediment concentration) for 

recreational purposes, and (c) maintain a desirable lake stage (in this case 

a lake stage between 102 and 106 ft above MSL) during the recreational season 

(April 1 to September 30). 

It was found that by completely diverting inflow into Lake Chicot when 

the lake stage is higher than 106 ft above MSL, and by withdrawing 75 cfs 

of outflow through the sluice gates from April 1 - September 30, under 

natural hydrologic conditions, or 25 cfs year around under extreme dry 

summer conditions, the in-lake water quality and the lake stage could be 

maintained at satisfactory levels. 

How this conclusion was reached shall be explained in more detail. 

Operating rules were specified as follows: 

Operating Rule No.1: If the lake stage is higher than 106 ft, 

inflow (Qin) will be completely diverted provided it is within 

the capacity of the pumping station. 

Operating Rule No.2: No more than 175 cfs of inflow is allowed 

into the lake at any time. This inflow corresponds to a lake stage 

at Macon Lake of 106.92 ft above MSL (before construction). 

Operating Rule No.3: If in-lake and inflow suspended sediment 

concentration are higher than 25 ppm, inflow is completely diverted. 

If in-lake or inflow suspended sediment concentration is less than 

25 ppm, inflow is allowed into Lake Chicot. 

The hydrologic and weather conditions considered were: 
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Natural weather: no modification of weather data. 

Very dry summer: zero precipitation on lake year-round. From 

April 1 to September 30, inflow is a base flow of 7.4 cfs. 

Storm: A storm occurs from September 1 to September 3, and 

produces 2 in/day of runoff. The input hydrograph is as follows: 

Date Inflow (cfs) 

9/1 3143 

9/2 13351 

9n 17049 

9/4 15159 

.9/5 5485 

9/6 1787 

9/7 541 

The three operating rules were tested using weather data for the water 

year 1977 (October 1976 to September 1977). Cases which gave promising 

results were selected and tested for long-term effects under continuous 

implementation of each operating rule. Weather data for the water years 

1977, 1978, 1979, 1980, and 1981 were used for simulation of long-term 

effects. 

Fifteen cases representing different combinations and operating rules 

and weather were simulated. All cases are listed in detail in Stefan and Fu 

(1983). 

To present the results for Water Year 1977 in a readily understandable 

form, selected cases were summarized under two objectives. The first 

objective is to maximize outflow, the second is to minimize turbidity (i.e. 

minimize suspended sediment and maximize Secchi depth). In all cases, lake 
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stage must not fall below 102 above MSL. Only results which satisfy these 

criteria are summarized below. 

Objective 1: maximize outflow (cfs) from April 1 to September 30. 

TABLE 6. Minimum Outflows through Ditch Bayou (cfs) 

Hydrologic Conditions Inflow Operating Rules 

1 1+2 1+3 

Natural 85 75 50 

Dry summer 25 25 25 

Storm Not needed 

Objective 2: minimize in-lake turbidity 

TABLE 7. Lake Chicot Water Quality Parameters 

Water 
Hydrologic Quality Inflow Operating Rules 
Conditions parameter 

1 1+2 1+3 

Natural SD 31-54 39-51 36-52 

SS 5-36 5-11 5-13 

Chla 26-202 28-93 31-137 

Dry summer SD 24-45 44-53 36-45 

SS 8-109 2-29 3-48 

Chla 6-92 15-64 17-103 

After storm SD 2-51 

SS 7-1925 Not needed 

Chla < 3 
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where SD = Secchi depth (cm) range from 4/1 to 9/30, SS = suspended solids 

(ppm) range from 4/1 to 9/30, Ch1a = chlorophyll-a (ppb) range from 4/1 to 

9/30. 

To access the long term effects, the seven most promising cases were 

selected for further study using weather data of water years 1978, 1979, 1980 

and 1981. Results are given by Stefan and Fu (1983). 

The best cases under natural hydrologic conditions (1976-81) are 

summarized as follows: 

TABLE 8. Best Operation 

Operating Outflow (efs) 
Case Rule Apr-Sept 

A 1 75 

B 1+3 50 

C 1+2 75 

Maximum 
Inflow (ef s) 

Limited 
by stage 

Limited 
by stage 

175 

D 1+2 75 (1976-79) 
} 

E 1+2 20 (1980-81 175 

94 

Lake Stage (ft) 
Apr-Sept. 

103-108 

103-109 

97-106 

105-106 

Water Quality 
Apr-Sept. 

SD: 17-63 em 

SS: 5-169 ppm 

ChR.a: 3-140 ppb 

SD: 13-55 em 

SS: 2-222 ppm 

ChR.a: 25-259 ppb 

SD: 32-56 em 

SS: 2-11 ppm 

ChR.a: 25-259 ppb 

SD: 32-57 em 

SS: 1-11 ppm 

ChR.a: 25-259 ppb 



According to these results, utilizing operating rule Nos. 1 and 2 

simultaneously and under normal conditions, had the most promise of 

minimizing in-lake turbidity. In this case, however, the lake stage may fall 

below 102 feet above MSL. Since a lake stage higher than 102 ft was 

desirable for recreational purposes, alternate choices were considered 

(Stefan and Fu, 1983). 

The simulation of several water inflow and outflow control alternatives 

for Lake Chicot under normal and dry weather conditions for up to five years 

led to the following general guidelines: 

(a) Diversion of inflow from Lake Chicot can improve lake 

quality significantly if properly operated. 

(b) Operating rule No.1, which requires inflow into Lake Chicot 

to be completely diverted if the lake stage is higher than 106 ft 

above MSL, tends to produce considerably improved water quality in 

Lake Chicot bas~d on a continuous 5-year numerical simulation. 

(c) Summer outflow rates of 75 cfs coupled with maximum inflow 

rates of 175 cfs, will not guarantee lake stages between 102 and 

106 in all years, but in many years. An operating policy using 

reductions in outflow rates as a function of lake stage should be 

made when lake stage falls below 106. 

(d) Imposing the above limitations on inflow and outflow 

appears to result in stable lake levels and lowest water turbidity 

when compared to other options tested. 

(e) Outflow rates of 75 cfs or more appear to draw lake 

stages considerably below 102 ft on occasion. 

(f) Admitting water to the lake regardless of stage appears 
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to increase turbidity. 

(g) Admitting water at rates considerably higher than 175 cfs 

appears to have a detrimental effect on water quality. 

(h) Effects of very major storm events appear to remain 

detectable for periods as long as nine months. 

(i) Further refinements of the desirable inflow and outflow 

rates may be possible; but those apparent refinements will depend 

on annual weather cycles. Values for five years (October 1976 to 

September 1981) were used to obtain these guidelines. 

Using the completed model, further climate scenarios were 

s~udied by Price et ale (1984) to establish ·a final operating plan. 
'. I 

The structures were dedicated in March 1985 and the plan was put 

into operation. 
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XIV. POST-CONSTRUCTION EXPERIENCE/RECENT DEVELOPMENTS 

In March 1985, the U.S. Army Corps of, Engineers placed three structures 

into operation: a new dam equipped with gates on Ditch Bayou to regulate 

the lake level and discharge, an upstream dam and gate which prevents poor 

quality water from entering the lake, and a combination pump-gravity flow 

facility which diverts poor quality water to the adjacent Mississippi River. 

Operation of these facilities changed the water quality in the lower lake 

(Station 7) after March 1985 significantly. The upper lake remained unaffected 

since its inflow cannot be controlled by these m~asures. The improvement 

in water quality in the lower lake is documented in Table 9 and in Fig. 40. 

In the table, water quality data is presented in two time-frames, Sept. 82 

Mar 85 (before changes) and Apr. 85 - Sept. 87 (after changes). In Fig. 

40, where the suspended sediment and chlorophyll cycling is detailed during 

the years of the study, the suspended sediment is almost completely suppressed 

after spring 1985 while the chlorophyll cycle has readjusted itself in response 

to light and other factors. The upper lake was not affected by the inflow 

control and hence water quality was not appreciably changed (Table 10). 

Because of its much improved water quality, Lower Lake Chicot is again attracting 

visitors who use the lake for sport-fishing, sight-seeing, and swimming. 

The discharge from the lake is used, in part, for irrigation (50 to 90 cfs 

in 1987). The new discharge structure has facilitated control of the discharge 

rate and irrigation water use. OVerall, the entire project and the predictions 

made have been considered as successful. 

XV. CONCLUSIONS 

The elements and an application of the dynamic, unsteady, spatially 

one-dimensional numerical model RESQUAL II for the prediction of suspended 

sediment concentration, water temperature, and dissolved solids in a shallow 
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CO 
CO 

TABLE 9. Secchi depth and depth-Averaged Water Quality In Lower Lake Chicot. 
(Station 7) Before and After Restoration 

Jan Feb Mar A2r Mal Jun Jul AuS Se2 Oct 

Transparency em) 

Sep 1982 - Mar 1985 .17 .08 .11 .10 .08 .10 .12 .32 .45 .38 

Apr 1985 - Sep 1987 .53 .78 .80 .51 .75 .70 .50 .56 .51 .46 

Suspended Sediment (mg/L) 

Sep 1982 - Mar 1985 143~6 283.2 325.3 330.3 324.3 267.3 138.3 39.6 27.8 67.7 

Apr 1985 - Sep 1987 10.0 85.5 23.0 117.9 66.1 37.3 18.6 14.8 18.1 31.3 

Dissolved Oxygen (mg!L) 

Sep 1982 - Mar 1985 7.7 5.7 8.3 8.7 8.2 7.6 6.7 7.8 9.3 9.3 

Apr 1985 - Sep 1987 11.3 11.5 11.9 9.1 9.0 8.5 8.3 9.3 7.5 8.4 

Chlorophyll Concentration (Vg!L) 

Sep 1982 - Mar 1985 1.8 4.2. 1.8 2.8 1.7 20.3 16.3 13.4 39.0 24.8 

Apr 1985 - Sep 1987 27.7 26.3 16.8 14.3 15.1 11.0 35.7 47.6 53.5 56.5 

Tota1-N Concentration (mg!L) 

Sep 1982 - Mar 1985 0.8 1.2 1.3 1.5 1.2 1.2 1.2 0.9 0.8 0.8 

Apr 1985 - Sep 1987 0.7 0.4 0.5 0.7 0.7 0.7 1.0 1.3 1.3 1.0 

Tota1-P Concentration (mg!!) 

Sep 1982 - Mar 1985 .246 .219 .354 .342 .593 .389 .202 .106 .097 .149 

Apr 1985 - Sep 1987 .044 .035 .035 .193 .128 .105 .096 .140 .335 .138 

Nov Dec 

.31 .15 

.57 .51 

44.0 208.7 

19.3 38.8 

8.6 8.7 

8.8 10.5 

56. 1.6 

35.2 18.3 

0.6 1.1 

1.0 0.7 

.118 .314 

.072 .069 
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TABLE 10. Secchi Depth and Depth-Averaged Water Quality in Upper Lake Chicot 
(Station 4) Before and After Restoration 

Jan Feb Mar AEr Mal Jun Jul Au~ SeE Oct 

Transparency (m) 

Sep 1982 - Mar 1985 .20 .40 .21 .36 .33 .52 .43 .39 .45 .33 

Apr 1985 - Sep 1987 .60 .40 .28 .38 .55 .58 .31 .29 .27 .30 

Suspended Sediment (mg!1) 

Sep 1982 - Mar ~985 34.7 92.2 112.3 41.7 49.8 12.3 17.0 13.0 20.2 48.0 

Apr 1985 - Sep 1987 26.0 30.0 56.0 31.4 51.9 25.5 20.7 17.0 30.5 24.3 

Dissolved OXygen (mg!!) 

S~p 1982 - Mar 1985 11.7 11.6 10.2 10.3 9.6 8.0 8.7 7.2 5.2 9.2 

Apr 1985 - Sep 1987 11.2 10.2 11.4 9.5 10.1 11.5 12.0 8.7 8.8 7.7 

Chlorophyll Concentration (pg!1) 

Sep 1982 - Mar 1985 25.3 45.4 46.2 41.2 36.7 44.0 69.0 82.4 95.8 110.5 

Apr 1985 - Sep 1987 47.5 0.2 0.8 19.2 32.2 25.5 91.0 100.4 120.0 142.0 

Total-N Concentration (mg!!) 

Sep 1982 - Mar 1985 1.3 1.4 1.4 1.3 1.7 1.8 1.6 1.8 1.6 1.6 

Apr 1985 - Sep 1987 1.0 0.6 0.8 0.9 1.0 1.6 2.4 2.6 2.9 2.4 

Tota1-P Concentration (mg!!) 

Sep 1982 - Mar 1985 .125 .105 .157 .095 .146 .109 .104 .125 .151 .165 

Apr 1985 - Sep 1987 .074 .191 .108 .087 .088 .111 .146 .223 .266 .183 

Nov Dec 

.47 .35 

.48 .48 

56.2 71.3 

51.2 114.2 

9.9 11.3 

7.9 10.6 

72.0 41.6 

82.3 48.7 

1.4 1.2 

2.0 1.4 

.133 .128 

.148 .166 



turbid lake/reservoir have been presented. The model is dynamic because 

it considers the energy exchange at the air/water interface as the forcing 

mechanism for lake stratification and mixing~ it considers inflow, outflow, 

and suspended and dissolved material loading by the inflow. 

The model has several major submodels, including one for prediction 

of surface heat transfer and temperature stratification, one for suspended 

sediment diffusion and settling, one for inflow and outflow in the presence 

of density stratification, and one for phytoplankton growth and transport. 

The submodels are uncoupled, resulting in major savings of computation time. 

Turbidity caused by clay particles in a shallow lake increases both 

surface albedo and diffuse radiation attenuation. Relationships for attenuation 

and albedo based on data from Lake Chicot, Arkansas, were incorporated in 

the model. Reflelctivity and attenuation affect water temperatures and strength 

of the temperature stratification. The model was applied to Lake Chicot, 

Arkansas, which had a severe turbidity problem beginning around 1920 and 

ending in 1985. 

The density stratification structure of the lake was found to be dominated 

by water temperature~ suspended and dissolved solids increased water densities 

only by small amounts. For this reason, inflowing water, although highly 

turbid, could spread on the lake surface. Contrary to expectation, sinking 

turbidity currents would not form when turbidity is the highest but when 

inflow water temperature was lowest. Predictions and measurements of water 

temperatures and of suspended sediment concentrations for one year were compared 

and found to be in good agreement. The model was used to investigate various 

lake improvement options (Stefan and Fu, 1983), and the implementation has 

resulted in major reductions in lake turbidity such that it is again used 

extensively for fishing and recreation. 
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