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ABSTRACT 
 
The growth of the Las Vegas Metropolitan area may eventually lead to increased wastewater 
discharges into Boulder Basin of Lake Mead (Figure 1).  Boulder Basin has experienced several 
algal blooms over the last few years.  As a result, alternate discharge locations and strategies are 
being investigated.    Thus, studying the water quality in Boulder Basin becomes imminent in 
order to assist various agencies in making decisions on operations within Boulder Basin.   
 
Due to its extremely irregular shoreline and large surface area, Lake Mead cannot be simulated 
adequately by one or two-dimensional models.  Therefore, ELCOM (Estuary and Lake 
COmputer Model), an advanced three-dimensional hydrodynamic model coupled with 
CAEDYM (Computational Aquatic Ecosystem DYnamics Model) was chosen to simulate three-
dimensional transport and interactions of flow physics, biology, and chemistry in the reservoir. 
 
ELCOM was designed for practical numerical simulation of hydrodynamics and 
thermodynamics for inland and coastal waters.  The code links seamlessly with the CAEDYM 
model undergoing development at the University of Western Australia Centre for Water 
Research.  The combination of the two codes provides three-dimensional simulation capability 
for examination of detailed changes in water quality.  Figure 2 shows the three-dimensional 
ELCOM grid used for the Lake Mead simulation. 
 
This work involves the set-up and application of the models for Boulder Basin.  Comparisons 
between measurements and simulation results show that ELCOM can accurately simulate the 
temporal and spatial variations of physical (e.g., temperature and conductivity), biological (e.g., 
chlorophyll-a and total organic carbon), and chemical (e.g., nitrogen and phosphorus) 
parameters.  This study indicates that the hydrodynamic patterns of Boulder Basin are mainly 
driven by the Colorado River inflow, the Hoover Dam outflow, and meteorological parameters 
(especially episodes of high wind speed).  However, the water quality of Boulder Basin is also 
affected by the load of nutrients (mainly phosphorus) from the Las Vegas Wash, which carries 
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the treated wastewater effluents from municipal wastewater treatment plants, surface runoff, and 
groundwater discharges into the basin.  This presentation will show animations of the flow 
within the reservoir, as well as “movies” that depict tracer and contaminant concentrations and 
velocity vectors.  For example, Figure 3 shows the model predictions for water velocity vectors 
at the level of the Hoover Dam Upper Intake (about 150 ft below the water surface) at different 
times. 
 
 
KEYWORDS 
 
ELCOM (Estuary and Lake COmputer Model), CAEDYM (Computational Aquatic Ecosystem 
DYnamics Model), Computational Fluid Dynamics (CFD) model, effluent discharge, dilution, 
Total Maximum Daily Loads (TMDL) model, Boulder Basin of Lake Mead, water quality, 
alternate discharge locations. 
 
 
INTRODUCTION 
 
Lake Mead is a large reservoir that spans approximately 300 million acre-ft with a maximum 
depth of approximately 500 ft.  The Boulder Basin of Lake Mead comprises the downstream 
portions of the reservoir and covers approximately a quarter of the total reservoir volume (see 
aerial view of Boulder Basin in Figure 1).  Flows enter Boulder Basin from the Colorado River 
(via The Narrows) and from the Las Vegas Wash.  The Las Vegas Wash is the only drainage 
outlet from the Las Vegas Valley, an area of approximately 2,000 square miles. 
 
In 1956, the Las Vegas Valley wastewater plants began discharging effluent into the Las Vegas 
Wash, and through the Wash, to the Inner Las Vegas Bay of Boulder Basin.  By the early 1970’s, 
algal blooms began to occur on an annual basis in Las Vegas Bay.  By the mid 1970’s, the water 
quality within the Las Vegas Bay had deteriorated enough to cause the Nevada Division of 
Environmental Protection (NDEP) to establish and enforce water quality standards for the Las 
Vegas Wash and Lake Mead.  In 1981, the NDEP established a phosphorus limit of 1.0 mg/L for 
discharge into the Las Vegas Wash. Wastewater treatment facilities subsequently began tertiary 
treatment, including phosphorus removal in 1982.  In 1994, the NDEP again reduced the 
phosphorus limit to 0.35 mg/L and set waste load allocations between the wastewater treatment 
facilities for phosphorus and ammonia.  In 2002, the phosphorus limit was set at 0.20 mg/L. 
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The NDEP reached an agreement with the wastewater treatment facilities and implemented a 
Total Maximum Daily Load (TMDL) for phosphorus and ammonia.  The NDEP issued NPDES 
permits to the treatment facilities establishing TMDL limits of 334 lbs/day of phosphorus and 
994 lbs/day of ammonia.  The treatment facilities responded with an aggressive program 
designed to meet all regulatory requirements, which resulted in the Las Vegas Wash and the Las 
Vegas Bay being removed from Nevada’s listing of impaired waters.  However, the NDEP left 
the TMDL in place and in ensuing NPDES permits added other parameters to be removed from 
the effluent.  
 
The TMDL for Lake Mead for TP from the Las Vegas Wash is intended, in part, to limit algal 
blooms (i.e., chlorophyll).  The bulk of the TP in the Las Vegas Wash comes from the effluent of 
the three municipal wastewater treatment plants: the City of Las Vegas, the City of Henderson, 
and the Clark County Water Reclamation District.  Although there were violations of the 
chlorophyll standard because of severe algal blooms in 2001, those were the only violations and 
the water body is not currently impaired.  For example, dissolved oxygen (DO) concentrations 
may decrease to near zero in a small area along the thermocline near the inner Las Vegas Bay.  
However, this is not defined as impairment and DO concentrations in the remainder of the 
reservoir typically stay above 4 mg/L.  Fish response has not been studied. 
 
The inner Las Vegas Bay of Boulder Basin has experienced several significant algal blooms over 
the last few years that have been partially attributed to the discharge of treated effluent into the 

City of Las Vegas WWTP 

  

City of Henderson WWTP

Clark County WWTP 

Las Vegas Wash 

Hoover Dam 

The Narrows 

Boulder Basin 

Source:  USGS (Landsat 7) 

      Figure 1:  Aerial View of Lake Mead 
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lake.  This has raised concerns regarding the possibility of future effluent discharges exceeding 
the current water quality standards and TMDLs established for Lake Mead.  Of particular 
concern is the current TMDL for TP from the discharges of 334 lbs/day.   
 
Due to these concerns and the high rates of development and population growth in the Las Vegas 
area, the three wastewater treatment plants that discharge to the Las Vegas Wash have joined 
together with other interested agencies to form the Clean Water Coalition (CWC).  A major goal 
of the CWC is to evaluate the impacts of the WWTP discharges into Lake Mead given future 
projected wastewater flows in order to implement a solution that will protect the water quality in 
the lake 30 years from now.  More specifically, several alternate wastewater discharge locations 
and strategies are being investigated to evaluate the impacts of TP loading on water quality 
within Boulder Basin and identify a solution to reduce algal levels in the future.   
 
To investigate the various strategies for reducing algal growth, Boulder Basin of Lake Mead was 
modeled by coupling the ELCOM and CAEDYM three-dimensional models.  The main purpose 
of this study is to evaluate the water quality impacts and algal growth in the inner Las Vegas Bay 
resulting from moving the treated effluent discharge to a new location.  In the interest of 
maximizing flexibility for the WWTP discharges, the ELCOM/CAEDYM model is being used to 
evaluate various possible operating scenarios and alternative locations to quantify what the 
impact will be of exceeding a TP loading of 334 lbs/day, what will happen to lake water quality 
(especially chlorophyll) if the WWTP discharges are relocated, and whether a new TMDL will 
be required if the WWTP discharge is relocated. 
 
Comparisons between measurements and simulation results show that ELCOM and CAEDYM 
can accurately simulate the temporal and spatial variations of physical (e.g., temperature and 
conductivity), biological (e.g., chlorophyll-a), and chemical (e.g., nitrogen and phosphorus) 
parameters.  This paper describes the two models that are used and their methodology, a 
description of how the models were calibrated, and general modeling results and findings. 
 
 
METHODOLOGY 
 
Approach  

 
The water quality simulation for Lake Mead consists of two steps:  a hydrodynamic simulation 
and a biochemical simulation.  A comprehensive modeling computer code, developed at the 
Centre for Water Research at the University of Western Australia (CWR), was chosen to perform 
these simulations.  This modeling approach couples a three-dimensional hydrodynamic model 
ELCOM with an aquatic, ecological model CAEDYM.  ELCOM is a stand-alone three-
dimensional hydrodynamic code, whereas CAEDYM is a water quality module that uses 
ELCOM as its hydrodynamic “driver”.  The outcome of the hydrodynamic simulation (ELCOM) 
is a detailed characterization of water movement and mixing in the lake, coupled with a 
description of the thermal stratification.  On the other hand, the biochemical simulation 
(CAEDYM) computes interactions between biological organisms and the chemistry of their 
nutrient cycle.  The coupled models provide a powerful tool to study the spatial and temporal 
relationships between physical, biological, and chemical variables in Lake Mead. 
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The application of the ELCOM-CAEDYM simulation was carried out in the following steps: 
 

• Set-up a three-dimensional computational domain that includes the Boulder Basin of  
Lake Mead. 

• Divide the computational domain into small rectangular cells (see Figure 2). 
• Specify the appropriate boundary and initial conditions. 
• Calculate flow velocity vectors, temperature, salinity, and concentrations of passive tracers 

in each cell at discrete time steps using ELCOM by solving equations of mass, energy, and 
momentum conservation for each cell. 

• Incorporate the results from ELCOM at each time step into CAEDYM to compute 
chemical and biological water quality parameters such as chlorophyll a, Dissolved Oxygen 
(DO), and pH. 

 

 
 
 
 
 

Figure 2:  Three-Dimensional Model Grid 
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General Description of ELCOM  
 

ELCOM is a three-dimensional numerical code designed for practical numerical simulation of 
the hydrodynamics and the thermodynamics of inland and coastal waters.  It solves the unsteady, 
viscous Reynolds-averaged Navier-Stokes equations for incompressible flow using the 
hydrostatic assumption for pressure.  ELCOM simulates the hydrodynamics and 
thermodynamics of a stratified system, including baroclinic effects, tidal forcing (if appropriate), 
wind stress, heat budget, inflows, outflows, transport of salt, heat, and passive scalars.   
 
The hydrodynamic algorithms in ELCOM are based upon the proven semi-Lagrangian method 
for advection of momentum with a conjugate-gradient solution for the free-surface height and a 
conservative ULTIMATE QUICKEST transport of scalars.  This approach is advantageous for 
geophysical-scale simulations since the time step can be allowed to exceed the Courant-
Friedrichs-Lewy (CFL) condition for velocity, without producing numerical instability or 
requiring a fully-implicit numerical discretization of the Navier-Stokes equations.  The highlights 
of the governing equations and numerical solution methodology are outlined below (Hodges and 
Dallimore, 2001). 
 
Governing Equations 
 
• Three-dimensional simulation of hydrodynamics (unsteady Reynolds-averaged Navier-

Stokes equations). 
• Advection and diffusion of momentum, salinity, temperature, tracers, and water quality 

variables. 
• Hydrostatic approximation for pressure. 
• Boussinesq approximation for density effects. 
• Surface thermodynamics module accounts for heat transfer across a free surface. 
• Wind stress applied at the free surface. 
• Dirichlet boundary conditions on the bottom and the sides. 
 
Numerical Method 
 
• Finite-difference solution on staggered-mesh Cartesian grid. 
• Implicit volume-conservative solution for free-surface position. 
• Semi-Lagrangian advection of momentum allows time steps with CFL > 1.0. 
• Conservative ULTIMATE QUICKEST advection of temperature, salinity, and tracers. 
• User-selectable advection methods for water quality scalars using upwind, QUICKEST, or 

semi-Lagrangian to allow trade-offs between accuracy and computational speed. 
• Solution mesh is uniform in the horizontal direction, but allows non-uniformity in the 

vertical direction. 
 
There are four areas of modeling in flow physics:  (l) turbulence and mixing, (2) heat budgets, 
(3) hydrodynamic boundary conditions, and (4) sediment transport.  These are discussed below. 
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Turbulence Modeling and Mixing  
 

ELCOM uses uniform fixed eddy viscosity as the turbulence closure scheme in the horizontal 
plane; i.e., a classic “eddy viscosity” turbulence closure.  The program user has the option to 
extend the eddy-viscosity approach to the vertical direction by setting different vertical eddy-
viscosity coefficients for each grid layer.  However, in a density-stratified system, this does not 
adequately account for turbulent vertical mixing that may be suppressed or enhanced by the 
stratification (depending on the stability of the density field and the magnitude of the shear 
stress).  To model the effect of density stratification on turbulent mixing, ELCOM uses a closure 
model based on the computation of a local Richardson number.  This model has the advantage of 
computing consistent mixing effects without regard to the size of the simulation time-step (i.e., 
the model produces mixing between cells that is a function of the physics and not the numerical 
step size). 
 
Heat Budget 

 
The heat balance at the water surface is divided into short-wave (penetrative) radiation and a heat 
budget for surface heat transfer effects.  The surface heat budget requires user input of the net 
loss or gain through conduction, convection, and long wave radiation in the first grid layer 
beneath the free surface.  The short wave range is modeled using a user-prescribed input of solar 
radiation coupled with an exponential decay with depth.  This decay is considered to be a 
function of a bulk extinction coefficient (a Beer’s law formulation for radiation absorption).  
This coefficient is the sum of individual coefficients for dissolved organics, phytoplankton 
biomass concentration, suspended solids, and the water itself.  The extinction coefficients can 
either be computed in the water quality module (CAEDYM) or provided as separate user inputs. 
 
Hydrodynamic Boundary Conditions 
 
The hydrodynamic solution methodology requires that boundary conditions of the velocity must 
be specified at each boundary.  There are six types of boundary conditions in ELCOM:  (1) free 
surface, (2) open edge, (3) inflow-outflow, (4) no-slip, (5) free-slip, and (6) a Chezy-Manning 
boundary stress model.  For the free surface, the stress due to wind and waves is required.  The 
user can either input the wind/wave stress directly or use a model that relates the surface stress to 
the local wind speed and direction via a bulk aerodynamic drag coefficient.  Open boundaries 
(e.g. tidal inflow boundaries for estuaries) require the user to supply the tidal signature to drive 
the surface elevation.  Transport across open boundaries is modeled by enforcing a Dirichlet 
condition on the free-surface and allows the inflow to be computed from the barotropic gradient 
at the boundary.  Inflow-outflow boundary conditions (e.g. river inflows) are Dirichlet conditions 
that specify the flow either at a particular boundary location or inside the domain.  Allowing an 
inflow-outflow boundary condition to be specified for an interior position (i.e. a source or sink) 
allows the model to be used for sewage outfalls or water intakes, which may not be located on a 
land boundary.  Land boundaries can be considered zero velocity (no-slip), zero-flux (free-slip), 
or be assigned a computed stress (using a Chezy-Manning model). 
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Sediment Transport 
 
While sediment transport is fundamentally an issue of flow physics, the algorithms for the 
sediment transport are more conveniently grouped with the water quality algorithms in 
CAEDYM.  Settling of suspended particulate matter is computed using Stokes law to obtain 
settling velocities for the top and bottom of each affected grid cell.  This allows the net settling 
flux in each cell to be computed.  A two-layer sediment model has been developed that computes 
re-suspension, deposition, flocculation, and consolidation of sediment based on (1) the shear 
stress at the water/sediment interface, (2) the type of sediment (cohesive/non-cohesive), and (3) 
the thickness of the sediment layer. 
 
General Description of CAEDYM  
 
Background  
 
The representation of biogeochemical processes in ecological models has historically been 
treated in a simple manner.  In fact, the pioneering work on modeling marine ecosystems (Riley 
et al, 1949; Steel, 1962) is still used as a template for many of the models that are currently used 
(Hamilton and Schladow, 1997).  The level of sophistication and process representation included 
in CAEDYM is believed to be of a level hitherto unseen in any previous aquatic ecosystem 
model.  This enables many different components of the system to be examined, as well as 
providing a better representation of the dynamic response of the ecology to major perturbations 
to the system (e.g. the response to various management strategies).  Using CAEDYM to aid in 
management decisions and system understanding requires (1) a high level of process 
representation, (2) process interactions and species differentiation of several state variables, and 
(3) applicability over a spectrum of spatial and temporal scales.  The spectrum of scales relates to 
the need for water quality managers to assess the effects of temporary events, such as anoxia at 
specific locations, to understand long-term changes that may occur over seasons or years.  There 
is considerable flexibility in the time step used for the ecological component.  Long time steps 
(relative to the hydrodynamic advective scale) may be used to reduce the frequency of links to 
ELCOM when long-term (i.e. seasonal or annual) simulations are run. 

 
CAEDYM is an outgrowth of previous University of Western Australia CWR water quality 
modules in the DYnamic REServoir Model - Water Quality (DYRESM-WQ) code.  CAEDYM 
is designed as a set of sub-routine modules that can be directly coupled with one, two, or three-
dimensional hydrodynamic “drivers” such as ELCOM, catchment surface hydrological models, 
or groundwater models.  Additionally, it can be used in an uncoupled capacity with specification 
of velocity, temperature, and salinity distributions provided as input files rather than as part of a 
coupled computation.  The user can specify the level of complexity in biogeochemical process 
representation, so that both simple and complex interactions can be studied.  Direct coupling to a 
hydrodynamic driver such as ELCOM allows CAEDYM to operate on the same spatial and 
temporal scales as the hydrodynamic simulation.  This permits feedback from CAEDYM into 
ELCOM for water quality effects such as changes in light attenuation or effects of macro-algae 
accumulation on bottom currents (Hipsey, et al, 2003). 
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In the following, a description of the biological, nutrient, metals, and DO models of CAEDYM 
are discussed. 
 
Biological Model  
 
The biological model used in CAEDYM includes up to seven phytoplankton groups, five 
zooplankton groups, six fish groups, four macroalgae groups, three invertebrate groups, and 
models for seagrass and jellyfish.  There is flexibility for the user in choosing which species to 
include in a simulation.   

 
Phytoplankton biomass is represented in terms of chlorophyll a.  The rate of change of 
chlorophyll a (or phytoplankton biomass) can be thought of as consisting of source terms for 
growth (limited by environmental conditions) and sink terms for mortality, respiration, and 
zooplankton consumption.  Phytoplankton growth is dependent on both environmental factors 
and internal nutrient storage.  CAEDYM calculates a phytoplankton growth rate by multiplying a 
maximum potential growth rate by limiting factors.  The first limiting factor accounts for growth 
dependence on water temperature, while the second considers the minimum of limitations due to 
the presence of sunlight and internal nutrient storage.  Uptake of nutrients by phytoplankton is 
regulated by maximum storage levels; i.e., the rate of nutrient replenishment decreases as 
maximum storage levels are approached.  When calculating the internal stores, the sink terms 
applied to phytoplankton biomass also apply to their internal nutrient concentrations.  The 
overall rate of change equations for internal nutrients is similar to that for phytoplankton 
biomass, where the growth source term is replaced by a nutrient uptake term.  Each 
phytoplankton group has its own set of coefficients to define its characteristics associated with 
the maximum growth rate, limiting factors, and internal nutrient storage.  Vertical migration is 
simulated for motile and non-motile phytoplankton groups.  
 
The modeling of zooplankton, fish, macroalgae, and other biological species are similar to that of 
phytoplankton, but with different source and sink terms to represent different biological and 
chemical processes involved in different biological species.  For example, a weighted grazing 
function is included for zooplankton feeding on phytoplankton and fish feeding on zooplankton. 
The grazed biomass is related to both food availability and preference of the consumer for its 
food supply.  Fish are considered to be able to migrate throughout the model domain according 
to a migration function based on their mortality.  The benthic processes include a self-shading 
component and beach wrack function for macroalgae, sediment bioturbation, and nutrient 
cycling by polychaetes and effects of seagrass on sediment oxygen.   

 
Nutrients, Metals, and Oxygen Dynamics 
 
The transport and chemical cycling of nutrients is an important part of simulating the interaction 
of biological organisms in an ecosystem.  CAEDYM includes models of the following variables: 
 
• Nutrients:  soluble reactive phosphorus (SRP), Total Phosphorus (TP), TN, NH4, NO3, 

and silica 
• DO and biochemical oxygen demand 
• Metals (dissolved and particulate forms of Fe and Mn) 
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• Suspended sediment (the particulate and colloidal fractions) 
• pH 
 
The processes involved in the model of DO include:  (1) exchange to and from the air/water 
interface (Wanninkhof, 1992), (2) utilization of oxygen at the sediment/water interface  
(i.e. the SOD), (3) photosynthetic oxygen production and respiratory oxygen consumption by 
phytoplankton, macroalgae, and seagrasses/macrophytes, (4) utilization of oxygen due to the 
action of bacteria on organic matter (i.e. the water column biochemical oxygen demand)  
(5) utilization of oxygen in the process of nitrification, (6) utilization of DO due to 
photosynthesis and respiration in jellyfish, and (7) utilization of DO due to respiration of higher 
organisms (zooplankton and fish).  Each above term can be considered as a source or sink term. 
DO in the water column is then determined by the summation of the above terms at discrete time 
steps. 

 
As evident from the above discussion, the DO, phytoplankton, and nutrient models are closely 
inter-dependent.  With the exception of silica, nutrient kinetics are considered in both the water 
column and internally in the phytoplankton.  Therefore, a source for internal nutrient storage is a 
sink to the water column and vice-versa.  For example, similar to that for phytoplankton biomass, 
where the growth source term is replaced by a nutrient uptake term.  Each phytoplankton group 
has its own set of coefficients to define its characteristics associated with the maximum growth 
rate, limiting factors, and internal nutrient storage.  Vertical migration is simulated for motile and 
non-motile phytoplankton groups. 
 
Depending on the DO level of the reservoir, either nitrification or denitrification can be a source 
(or sink) for NO3.  When the reservoir is well oxygenated, nitrification is the dominant process.  
However, when the oxygen concentration becomes too low, CAEDYM switches the model so 
that denitrification becomes the dominant process.  Upon the death of phytoplankton, any excess 
storage of internal nutrients (luxury storage), can be a source of SRP and NH4 in the water 
column.  The remaining internal stores contribute to organic components in the sediment.  After 
consumption of phytoplankton, zooplankton wastes contain nutrients that contribute to NH4 and 
SRP presence in the water column.  Of these waste nutrients, approximately half are placed in 
the water column, while the remaining half are lost to organic components in the sediment.  In 
summary, SRP in the water column has sources through phytoplankton respiration, temperature-
dependent phytoplankton mortality, zooplankton grazing, breakdown of organic phosphorus, 
sediment release, and a sink from phytoplankton uptake.  Similar considerations apply to NH4 
and NO3, with the addition of a factor for the preferential uptake of NH4 or NO3, and a 
nitrification/denitrification term.   

 
The models for metals such as iron, manganese and aluminum are similar and simulate the 
processes that include oxidation, reduction, release from the sediments as well as settling and re-
suspension of metals. 

 
Two size classes of inorganic suspended solids are modeled in CAEDYM.  The simulation of 
setting, re-suspension, and coagulation of suspended solids are included in the model. 
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pH is modeled in CAEDYM as a parameter that is related to the change of DO due to 
photosynthesis, respiration, and utilization of BOD.   

 
In essence, CAEDYM represents the kind of interactive processes that occur amongst the 
ecological and chemical components in the aquatic ecosystem.  As a broad generalization, one 
component of the system cannot be manipulated or changed within the model without affecting 
the other components of the system.  Similarly in nature, changing an integral component in the 
aquatic system may have wide-ranging and follow-on effects on many of the other system 
components.   CAEDYM is designed to have the complexity and flexibility to be able to handle 
the continuum of responses that will be elicited as the components of a system are manipulated.  
Thus, the model represents a valuable tool to examine responses under changed conditions, for 
example, when new approaches to managing an ecosystem are adopted.  
 
 
MODEL CALIBRATION 
 
Before the model was applied to the analysis of the alternate discharge areas for Lake Mead, 
model calibration and validation were required.  Model calibration was conducted in two phases:  
an ELCOM calibration followed by a CAEDYM calibration.  The ELCOM calibration focused 
on physical parameters such as temperature, conductivity, perchlorate, and fecal coliform.  It is 
noted here that the ELCOM calibration was fairly straight forward as there are very few 
adjustments that the model needs.  On the other hand, the CAEDYM calibration considered 
chemical and biological parameters such as chlorophyll, nutrients, DO, and pH.  Due to the 
complexity of the chemical and biological processes, the CAEDYM calibration was significantly 
more involved, as it required the selection of many parameters in the equations that describe the 
chemical and biological processes. 
 
The model calibration process consisted of the following steps: 

 
1. Setting up a three-dimensional computational grid over which the flow equations were 

solved. 
2. Setting up initial conditions for all of the modeled variables at the beginning of the 

computation. 
3. Setting up boundary conditions for all of the modeled variables at various boundaries (i.e. 

inflow boundary conditions, outflow boundary conditions, and water-surface boundary 
conditions). 

4. Running the model and producing model output files. 
5. Analyzing the model output files. 
6. Assessing the model accuracy by comparing model outputs with collected field data. 
7. Adjusting some model input parameters, coefficients, and boundary conditions based on 

these comparisons. 
8. Repeat steps 6 and 7 until calibration is complete. 
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The model calibration was complete when the agreement between the model results and the field 
data was considered adequate.  The final model calibration was formalized and approved at the 
Lake Mead SCOP Modeling Committee meeting in June 2003.  In the following, the details of 
the model calibration process are discussed. 
 
Model Grids  
 
Over the course of the study, coarse, medium, and fine horizontal grids were used in various 
simulations.  In general, a fine grid provides more accurate simulation results, but at the expense 
of significantly longer computer run times.  The coarse grid features a constant horizontal grid 
size of 1300 m and was primarily used for the initial ELCOM calibration and the multi-year 
ELCOM simulations.  This grid was chosen primarily for the associated short computational run 
time.  The medium grid features a constant horizontal grid size of 600 m (as shown in Figure 3).  
It was mainly used for the CAEDYM calibration and for most of the comparison of “alternate 
discharge area” simulations for both ELCOM and CAEDYM.  The medium grid was the primary 
grid used in this study.  It is believed that the medium grid provided the best compromise 
between run time and accuracy. 
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The fine grid features a constant horizontal grid size of 300 m and provides more accurate 
results, but at the expense of a small time step and an extremely long computation time.  This 
renders the fine grid impractical for “production” runs.  Consequently, the 300 m grid has only 
been used sparingly in preliminary and special simulations and for the grid-size effect test.  Note 
that all grids are rotated 47 degrees with respect to a north-south line.  This aligns the main flow 
paths in the reservoir with the axes of the grid, thus improving accuracy and reducing numerical 
instability.     
 
ELCOM allows the use of variable grid size in the vertical direction.  The vertical grid size 
distribution was chosen such that most grid points are clustered in the top 30-40 m of the domain 
in the vicinity of the water surface and the thermocline.  Below that, the grid size was increased 
uniformly towards the bottom of the reservoir.  Such grid size variation provides higher 
resolution near the surface and in the vicinity of the thermocline, thus allowing an accurate 
representation of the sharp changes in density (and other variables) across the thermocline, while 
saving on computational time.  For the 1300 m coarse grid, 60 vertical grid points were used.  
The grid thickness was kept constant at 1 m for the top 30 layers.  Below that, the grid was 
gradually stretched using a stretch ratio of 1.09.  A stretch ratio is defined as the size of the grid 
cell divided by the size of its neighboring grid cell.  For example, a stretch ratio of 1.09 means 
that a cell’s dimensions are stretched by a factor of 1.09 compared to its neighboring cell.  For 
the 600 m medium grid and the 300 m fine grid, 44 vertical layers were used.  A thickness of 2 m 
for the top 20 layers was used.  Below that, they were increased in size using a stretch ratio of 
1.07.   
 
ELCOM Calibration Results  
 
Since ELCOM computes the hydrodynamics and thermodynamics of the lake and is the “driver” 
of the water quality module (CAEDYM), the success of the ELCOM calibration directly 
determines the success of the CAEDYM calibration.  The performance of ELCOM was 
evaluated by comparing the simulation results with the data collected.  

 
In general, ELCOM usually requires minor calibration adjustments since the variations of most 
of the parameters in ELCOM are well defined by the equations of mass, energy, or momentum 
conservation that contain few adjustable coefficients.  In Lake Mead, data measured at The 
Narrows (the upstream end of Boulder Basin) are sparse and are influenced by the reverse flow 
that may develop from Boulder Basin into Virgin Basin.  Therefore, boundary (or inflow) 
conditions at The Narrows served as the primary adjustable parameter in the ELCOM 
calibration.      
 
There is a large amount of data that is routinely collected in the reservoir by several agencies.  
The data include periodic (typically bi-weekly) profiles of temperature, conductivity, DO, pH, 
and other constituents at various stations within the basin.  Also, grab samples of nutrients 
(various species of nitrogen and phosphorus), perchlorate, chloride, bromide, sulfate, and fecal 
coliform are also gathered at several locations on a regular basis.  The calibration effort consisted 
of comparing model results to all the measured field data.  In the following, only a small sample 
of the comparisons is given. 
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Figure 4:  Temperature Profiles for 2000–2003 (CR346.4) 

Data vs. Simulation for 2000-2003 at Station CR346.4
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Figure 5: Data vs. Simulation for 2000-2003 at Station LVB2.7 
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The time series of measured and simulated water temperatures at a station in the middle of the 
basin (denoted as Station CR346.4 as shown in Figure 3) are shown in Figure 4.  The upper plot 
is a plot of the surface waters.  The lower plot includes simulation results from the bottom cell in 
the simulation at a grid location corresponding to CR346.4 and measured data from the deepest 
profile depth at the station (generally 125 m -150 m deep depending upon the water surface 
elevation).  Overall, this time series shows very good agreement between the data and the 
simulation.  The surface water temperatures exhibit a minimum of 11oC in January/February and 
a maximum of near 30oC in August.  The model captures the temperature variation reasonably 
well over the four year period.  Also note that the four year trends of surface temperature are 
fairly repeatable (Figure 4). 
 
The Las Vegas Wash is the major source of perchlorate in Lake Mead.  In principle, the 
distribution of perchlorate is similar to that of conductivity.  That is, high concentrations are 
observed in the epilimnion when the lake is stratified and uniform concentrations through the 
depth are observed when the lake mixes in the winter.  The comparisons of measured and 
simulated perchlorate concentrations are shown in Figure 5.  At Station LVB2.7 (please refer to 
Figure 3), the simulation results show good agreement with data.  Other water quality 
constituents such as conductivity, bromide, chloride, sulfate, and fecal coliform were also 
successfully calibrated. 
 
CAEDYM Calibration Results  
 
As discussed previously, the CAEDYM calibration was significantly more involved than the 
ELCOM calibration.  This is a direct result of the intricate biochemical processes and the 
associated large number of coefficients associated with the model inputs.  These coefficients 
needed various adjustments before the model was capable of reproducing the biochemical 
features of the lake.  Furthermore, the calibration of algal growth is coupled to the calibration of 
the various nutrients.  Since the water quality data are relatively sparse and less accurate than the 
temperature and conductivity data, the CAEDYM simulation results were not expected to show 
the same level of agreement as the ELCOM calibrations discussed above.  The calibration 
process focused on identifying and reproducing the following key characteristics: 
 
• Algal bloom in the spring. 
• Nutrient dynamics that are consistent with the characteristics of phosphorus-limiting  

algae growth. 
• Abundance of nitrogen in the lake and the relatively-insignificant impacts of algal bloom 

on nitrogen concentrations. 
• Over-saturation of oxygen at the surface and oxygen deficit at the depth. 
• High pH in the epilimnion during algal growth periods. 
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Data vs. Simulation for 2000-2003 at Station CR346.4
(Averaged over the top 5 meters)
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       Figure 6: Chlorophyll Profiles for 2000-2003 (CR346.4) 
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 Figure 7:  Calibration- Chlorophyll Growing Season Averages 
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From 2000 through 2003, both field data and model results show that concentrations of 
chlorophyll near the surface follow a general pattern; algae start to grow in early spring, achieve 
a maximum around June, then start to decay in the fall, and drop drastically in the winter  
(see Figure 6).  From the measured field data, it is also clear that the algal bloom in 2001 is more 
significant than those in 2000, 2002, or 2003.  As shown in Figure 6, good agreement of 
measured versus simulated data for chlorophyll were obtained. 
 
Furthermore, the left plot of Figure 7 shows the measured and simulated growing season 
(April 1 – September 30) average concentrations as a function of distance from LVW.  It is 
apparent that the simulation matches the data very well, with the differences close to LVW being 
attributed to the relatively low spatial resolution in this region of high gradients.  Also apparent 
on this plot are the large error bars associated with the measured data.  These error bars are one 
standard deviation of the data sampled in the growing season, and the large magnitude indicates 
the extreme variability of the measurements.  Finally, the right plot on Figure 7 plots the 
modeled versus measured growing season averages at different station locations.  As before, the 
data error bars are one standard deviation, while the model error bars have been estimated as 35 
percent by independent analysis (Gary Lorden, 2004).  The model shows excellent agreement 
with the measured data, with all the points falling close to the 45 degree line, which is easily 
contained by the extent of the error bars. 
 
In addition to direct comparison of the data, an independent evaluation of the model results was 
conducted by Dr. Gary Lorden of the California Institute of Technology, Mathematics 
Department, and Lordenstats.  The Root Mean Square (RMS) method was used for this statistical 
analysis to evaluate the measured versus simulated growing season average chlorophyll 
concentrations at multiple locations in Boulder Basin.  The RMS percentages at the measurement 
stations ranged from 28.9% to 38.6%.  Based upon these results, Dr. Lorden concluded that a 
reasonable value to use to estimate future errors in using the model to predict growing season 
averages for chlorophyll in Lake Mead is 35% (Lorden, 2004).  It should be noted that the RMS 
estimate of 35% reflects the errors in the model predictions when it is applied to typical years 
(2001 is considered atypical and not included).   These “error bars” do not account for changes in 
external inputs to the model such as phosphorous input from The Narrows and the operation of 
Hoover Dam.  A similar error analysis for conservative constituents such as salinity, perchlorate, 
bromide, chloride, etc. shows that appropriate RMS error values for these substances are about 
13%. 
 
Other biochemical constituents including TP, nitrate (NO3), DO, and pH were also successfully 
calibrated.   
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Calibration Conclusions 
 
There are various physical, chemical, and biological processes in Lake Mead.  Overall, there is 
good agreement between model results and measured field data.  The discrepancies tend to be 
attributed to the following: 
 
• difficulties in data sampling 
• errors in chemical analysis 
• limited input data to the model, both spatially and temporally (such as at The Narrows) 
• limited model resolution 

 
Calibration of the ELCOM and CAEDYM models was an iterative process where changes to the 
model were implemented over a period of a few months.  In fact, some field data were 
specifically collected for the calibration process (phosphorus data upstream of The Narrows).  
While calibration could be an open-ended process, the SCOP modeling committee decided in 
June 2003 that the model adequately represents the field conditions and that it captures most lake 
phenomena.   
 
 
RESULTS 

 
Despite the differences in the discharge locations, discharge elevations, effluent TP loading, and 
lake water surface elevations among the numerous alternatives simulated, there were several 
biological, chemical, and hydrodynamic patterns that were observed to be consistent among the 
simulations.  These patterns are discussed in the following subsections.  
 
Flow Patterns 

 
In general, water movement in Boulder Basin is predominantly driven by the inflow from the 
Colorado River via The Narrows.  The predominant flow of water is from The Narrows towards 
Hoover Dam.  Furthermore, flow from the Las Vegas Wash generally flows towards the Hoover 
Dam outlets. 

 
While the predominant flow directions are determined by the inflow (Colorado River, discharge 
location, etc.) and outflows (Hoover Dam, SNWA intakes, etc.), because of the strong effect of 
wind stress, the instantaneous flow patterns do not necessarily reflect this simplified vision.  The 
flow in a density stratified lake consists of currents in different directions at different elevations 
(Fischer, et al, 1979).  Furthermore, flow in the epilimnion is also significantly affected by 
meteorological conditions such as the wind.  For example, at 6:00 pm (18:00 hours) on 
July 4, 2001, the wind direction was northerly, resulting in the model predicting a surface flow 
also moving towards the north (Figure 8).  As the wind changed to a southerly direction four 
hours later (22:00 hours), the surface flow also reversed to flow in the new, predominant wind 
direction (Figure 8). 
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Figure 8:  Wind Vectors and Surface Velocity Vectors 
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As the wind blows across the water surface in a consistent direction, wind driven currents will 
cause the surface water to pile up at the downwind (lee) end of the lake.  This accumulated mass 
of water is pulled downwards by gravity until it encounters more dense deeper water.  It then 
flows back in a direction opposite to that of the prevailing wind or surface flow at a deeper level.  
At the thermocline, the flow reverses its direction again and forms a shear layer in the 
metalimnion. 

 
The hypolimnion is protected from these wind-induced currents and other external forces by the 
density barrier of the thermocline.  Therefore, flow velocities in the hypolimnion are relatively 
small compared to the epilimnion and water movement is predominantly driven by the Colorado 
River flow through The Narrows and the flow through Hoover Dam.  In general, water in the 
hypolimnion flows towards the Hoover Dam outlets slowly and, unlike the surface flow, seldom 
reverses direction.  However, the hypolimnetic flow in the vicinity of the dam is greatly 
impacted by the dam operations whereby flows are increased at times of maximum electrical 
demand.   
 
Mixing in the Epilimnion 

 
Complete vertical mixing of Lake Mead only occurs when the lake is de-stratified in the winter 
(around February).  For most of the remainder of the year, strong vertical mixing is limited to the 
epilimnion, where wind and convection currents generate turbulence and cause the water to mix 
vertically within the epilimnion. 

 
The wind exerts a drag force on the surface of Lake Mead and drives surface currents in the 
general direction of the wind.  There are also currents that exist in the opposite direction at small 
depths below the surface.  These opposing currents at varying depths impose shear stress upon 
each other, generating turbulence that results in vertical mixing.  The amount of turbulence 
produced by the shear stress is directly related to the strength of the wind.  The stronger the wind 
is, the more turbulence it can generate, and thus, the more vertical mixing it can provide.  It is 
also noted that mixing in the epilimnion is affected by the solar heating and evaporative cooling 
with its associated density instability. 

 
Figure 9 shows how a strong wind event can effectively mix the water vertically within the 
epilimnion.  This time series of wind speed in Boulder Basin indicates that a strong wind event 
occurred at 4 pm (16:00 hours) on June 8, 2002, and that the wind speed exceeded 12 m/s 
(Figure 9).  Before the occurrence of this wind event, conductivity profiles at station LVB3.5 
show a distinctive “tongue” or subsurface intrusion that is caused by the insertion of the high-
conductivity Las Vegas Wash inflow at a depth of about 50 ft.  Immediately after the strong wind 
event, the conductivity profile at noon (12:00 hours) on June 9, 2002, clearly shows that the top 
40 ft of water are almost completely mixed, but there is still a small “tongue” located at a depth 
of 60 ft.  Twenty-four hours later (12:00 hours on June 10, 2002), this small “tongue” structure is 
no longer present, indicating that the epilimnion is fully mixed.  After the wind becomes calm 
again for a few days, the subsurface intrusion re-appears (24:00 hours on June 12, 2002) and 
remains until the next strong wind event mixes it.  Further examination of the simulation results 
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on June 8, 2002, shows that the strong wind event clearly causes vertical mixing in the 
epilimnion, which is evidenced by the increase in conductivity at the surface and the reduced 
maximum conductivity.   

 
 
 
 
 
 
Horizontal mixing in the epilimnion is affected by the direction of the wind.  If the surface 
currents generally flow north and west (towards the inner bay), the effluent plume in the Las 
Vegas Wash remains virtually contained within the Las Vegas Bay and concentrations in the rest 
of Boulder Basin remain relatively low.  If the surface currents generally flow south and east 
(towards the dam), the plume from the Las Vegas Wash can quickly spread out horizontally in 
the open water and, consequently, concentrations in the open water rise.  The modeling results 
generally depict an oscillation in the surface flows that are related to the shifting winds. 
 
Internal Seiches 

 
Internal seiches are the result of large scale horizontal water movements due to wind.  As the 
wind blows across the lake surface in a consistent direction, water piles up at the lee side of the 
lake and induces a tilting of the thermocline.  As the wind slackens and the wind stress is 
removed, the tilted thermocline flows back towards equilibrium.  Momentum will cause 
equilibrium to be overshot, resulting in the oscillation of the thermocline in the lake.  These 
motions are referred to as internal seiches and can be detected by the rhythmical rise and fall of 

 
 
          

            (Results are from 600 m grid ELCOM/CAEDYM alternative runs) 
(300 MGD at Las Vegas Wash) 

900 1000 1100 1200

0

50

100

150

200

250

D
ep

th
(f

t)

06/06/02, 12h

Conducivity (us/cm)
900 1000 1100 1200

0

50

100

150

200

250

D
ep

th
(f

t)

06/07/02, 12h

Conductivity (us/cm)
900 1000 1100 1200

0

50

100

150

200

250

D
ep

th
(f

t)

06/09/02, 12h

Conductivity (us/cm)
900 1000 1100 1200

0

50

100

150

200

250

D
ep

th
(f

t)

06/10/02, 12h

Conductivity (us/cm)
900 1000 1100 1200

0

50

100

150

200

250

D
ep

th
(f

t)

06/12/02, 24h

Conductivity (us/cm)

Wind Speed at 10 m above the Lake

0

5

10

15

20

6/5/02 0:00 6/6/02 0:00 6/7/02 0:00 6/8/02 0:00 6/9/02 0:00 6/10/02 0:00 6/11/02 0:00 6/12/02 0:00 6/13/02 0:00
Date

W
in

d 
Sp

ee
d 

(m
/s)

6/5/02, 0hr 6/6/02, 0hr 6/8/02, 0hr 6/9/02, 0hr 6/10/02, 0hr 6/11/02, 0hr 6/12/02, 0hr 6/13/02, 0hr6/7/02, 0hr

Wind Speed at 10 m Above the Water Surface 

900 1000 1100 1200

0

50

100

150

200

250

D
ep

th
(f

t)

06/08/02, 12h

Conductivity (us/cm)
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the thermocline (Fischer, et al, 1979).  The importance of internal seiches is that they may 
produce significant deepwater movement in the lake and can transport heat and dissolved 
substances large distances, both vertically and horizontally. 

 
Figure 10 shows successive positions of the 13.5oC isotherm on a cross section from the Las 
Vegas Wash to Hoover Dam.  At 0:00 hours on June 19, 2002, the right end of the isotherm 
reaches its highest elevation of 1060 ft.  By 12:00 hours on June 19, 2002, the right end of the 
isotherm moves to its lowest elevation of 1010 ft.  The isotherm then bounces back to the highest 
elevation again at 0:00 hours on June 20, 2002.  The occurrence of internal seiches in Lake Mead 
is further evidenced by the rhythmical rise and fall of the thermocline shown by a time series of 
temperature at elevation 1024 ft at station CR346.4, between June 1, 2002, and June 8, 2002.  
During this time period, there was a strong wind blowing consistently towards the north between 
June 1, 2002 and June 3, 2002.  After that, the wind becomes relatively calm.   
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Figure 10:  Successive Positions of 13.5oC of the Isotherm on a Cross Section 

3964

WEFTEC®.06

Copyright     2006 Water Environment Foundation. All Rights Reserved©



 

Difference Between Discharge in the Epilimnion and Hypolimnion 
 

Discharges into the epilimnion and discharges into the hypolimnion have both been evaluated in 
this study.  General observations on the differences between these two alternatives can be 
summarized as follows: 

 
• In the summer, the lake is stratified and there is little exchange between the epilimnion 

and the hypolimnion.  Therefore, when effluent is discharged into the epilimnion, the 
wind quickly mixes the effluent with the ambient water of the epilimnion both vertically 
and horizontally.  Conversely, when effluent is discharged into the hypolimnion it 
experiences less mixing with the ambient water.  Instead, it forms an intrusion layer (or 
“tongue”) and flows directly towards the Hoover Dam (Figure 11). 

 
 
 
 
 

 
     Figure 11:  Conductivity in the Summer on a Cross Section 
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• In the winter, the lake is de-stratified and fully mixed.  Hence, there is little difference 

between the fate of a discharge into the epilimnion and a discharge into the hypolimnion 
because the effluent sinks towards the bottom during the unstratified period (Figure 12).  
Furthermore, the effluent is mixed throughout the reservoir fairly rapidly during the 
unstratified condition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Algal Growth 

 
General limnology studies show that algal growth is a function of many variables, and this is 
reflected in the modeling equations, but the main factors are water temperature, nutrient 
concentrations, and solar radiation.  A deficit of any one of these three major elements can 
strongly inhibit algae production in the lake.  Thus, in the simulation, algae production is always 
high during the spring and summer when solar radiation is strong, the water is warm, and growth 
is normally limited only by the amount of available nutrients.  In the fall, the decay rate of algae 
exceeds the growth rate and chlorophyll concentrations generally show a downward trend.  
During the fall, nutrients are relatively abundant while cooler water temperatures and decreased 
solar radiation limit the rate of algal growth in the lake.   In the winter, algal production 
continues to decline due to low water temperature and diminished solar radiation. 
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Figure 12:  Conductivity in Winter on a Cross Section 
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Although seasonal variations in algal growth may be attributed to water temperature, availability 
of nutrients, or the strength of solar radiation, diurnal variations in algal growth are determined 
predominantly by solar radiation.  Diurnal cycles of chlorophyll concentrations in the lake 
correlate well with diurnal cycles of solar radiation; thus, predicted chlorophyll concentrations 
are generally highest at midday and lowest at night.  

 
Since algae grow near the surface of the lake, their distribution can be easily affected by wind-
induced mixing.  Chlorophyll concentrations are generally highest near the effluent discharge, 
but can disperse quickly into the open water of Boulder Basin depending upon the wind 
direction.  In some shallow regions close to the discharge location, the surrounding topography 
may prevent wind-induced mixing from completely dispersing the effluent.  The result is that the 
nutrients and algae are trapped in these regions.  Hence, algal production and chlorophyll 
concentrations may increase significantly before the wind changes to a direction that allows the 
nutrients and algae to be dispersed into the open water.  For example, there are a few high 
concentration regions in Callville Bay and Boulder Harbor for the discharge alternatives at 
Callville Bay and Boulder Islands (Figure 13).  In other words, algal production is generally 
predicted to be highest in enclosed coves and bays. 
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   Figure 13: Chlorophyll at Surface of Boulder Basin 
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Effect of Reducing TP Loading and Changing Discharge Locations 
 
TP is the limiting nutrient in Lake Mead.  Therefore, reducing TP loading into the lake is 
expected to lead to lower chlorophyll concentrations.  Figure 14 shows summer and growing 
season chlorophyll averages for varying TP loadings (the effluent is discharged at the Las Vegas 
Wash).  This figure indicates that chlorophyll concentrations in the inner bay can be greatly 
reduced by lowering TP loading from the effluent.  In the open water, chlorophyll concentrations 
also decrease as TP loading is reduced, but not as significantly as in the inner bay.  Overall, 
chlorophyll concentrations in the lake are proportional to the effluent TP loading, although the 
variations in chlorophyll concentrations corresponding to the variations of the effluent TP 
loading can vary from location to location. 

 
   
 
 
 
Figure 15 shows growing season chlorophyll averages at various points in the reservoir for 
several discharge locations and various TP loadings.  The discharge locations are depicted in 
Figure 3, the plan view of the basin.  The existing discharge location is from the Las Vegas 
Wash.  Other discharge locations that were considered are in various parts of the reservoir and 
included both surface and bottom effluent diffusers.  The results show that moving the discharge 
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away from the Las Vegas Wash results in a reduction in overall chlorophyll levels in the lake.  
Also, cumulative results show that reduced TP loadings lead to nearly proportionally lower 
chlorophyll concentrations for all discharge locations.   
 

 
 
 
 
 
 
CONCLUSIONS 
 
A comprehensive modeling study using a three-dimensional water quality model has been 
discussed.  The work consisted of successfully calibrating the ELCOM and CAEDYM models in 
the Boulder Basin of Lake Mead.  The ELCOM component of the model was validated against 
the available lake thermal and conductivity data.  After the ELCOM model calibration was 
complete, the CAEDYM water quality model was calibrated.  The calibration reflected the main 
features observed in a large amount of field data that has been collected over a period of several 
years.  Good agreement was obtained in both spatial and temporal trends.  The models were 
capable of replicating the stratification, mixing, and algae growth in the reservoir. 
 
After the model was calibrated, it was applied to the investigation of various alternatives for 
improving the water quality in the lake.  Alternatives evaluated included discharging the WWTP 
effluent into the Las Vegas Wash as is currently being done at TP loadings ranging from 275 to 
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334 lbs/day.  Numerous alternatives were also evaluated for discharging the WWTP effluent via 
a diffuser to the bottom of the reservoir or into the epilimnion at numerous locations within 
Boulder Basin at a TP loading ranging from 125 to 1,000 lbs/day.  The following general 
conclusions resulted from the modeling: 
 
• The model can be effectively used to evaluate water quality and the effectiveness of 

nutrient TMDLs  in Boulder Basin of Lake Mead. 
• Algae concentrations in Boulder Basin increase approximately in proportion to the 

effluent TP loading.    For example, a doubling of the effluent TP loading results in an 
approximate doubling of algae concentrations. 

• Algal growth is mostly impacted by the mass loading of phosphorus and not the 
concentration of phosphorus in the inflows. 

• The TP limit on the discharge is dependent on the vertical and horizontal location of the 
effluent diffuser.  A deeper discharge generally results in lower algal values in the lake 
due to sequestering some nutrients below the photic zone. 

• An effective strategy to decouple the effluent discharge from the water intakes is vertical 
separation.  The model showed that selective water withdrawal can provide a powerful 
means for maximizing the water quality in the water intakes. 

• The model showed that a compromise can be reached that provides a balance between 
competing uses of the reservoir. 

 
The model proved successful in helping resolve both scientific and operational issues associated 
with the reservoir.  The model continues to be developed as a long term tool for managing water 
quality in the reservoir and a fundamental conclusion of the study is that three-dimensional 
aquatic ecosystem dynamic models can provide a very powerful tool for the accurate analysis of 
water body nutrient level TMDL’s. 
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