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Introduction

We model lakes to visualize and quantify fluid flow,
mass transport, and thermal structure. Understanding
the evolving physical state (e.g., surface elevation,
density, temperature, velocity, turbidity) is necessary
for modeling fluxes of nutrients, pollutants, or biota
in time-varying fields of one, two, or three space
dimensions (1D, 2D, or 3D). Hydrodynamic model-
ing provides insight into spatial-temporal changes in
physical processes seen in field data. For example,
Figure 1 shows temperature profiles simultaneously
recorded at different stations around Lake Kinneret
(Israel). Extracts from model results (Figure 2) pro-
vides a context for interpreting these data as a coher-
ent tilting of the thermocline. A time series of the
thermocline can be animated, showing the principal
motion is a counter-clockwise rotation of the thermo-
cline. The complexities of the thermocline motion
can be further dissected by using spectral signal pro-
cessing techniques to separate wave components,
illustrating a basin-scale Kelvin wave, a first-mode
Poincaré wave, and a second-mode Poincaré wave.

It is said we build by ‘measuring with micrometer,
marking with chalk, then cutting with an axe’. How-
ever, hydrodynamic modeling inverts this process:
we take an axe to the real world for our governing
equations; we chalk a model grid on our lake, then
numerically solve to micrometer precision. Thus, the
governing equation approximations, grid selection,
and numerical method all affect how a model reflects
the physical world. Selecting an appropriate model
requires understanding how model construction may
affect the model solution.

As a broad definition, hydrodynamic modeling
is the art and science of applying conservation
equations for momentum, continuity, and transport
(Figure 3) to represent evolving velocity, density, and
scalar fields. The modeling science is founded upon
incompressible fluid Newtonian continuum mechan-
ics, which can be reduced to (1) any change in
momentum must be the result of applied forces, and
(2) the net flux into or out of a control volume must
balance the change in the control volume. The mod-
eling art is in selecting approximations, dimensional-
ity, and methods that fit the natural system and
provide adequate answers to the question asked.

Tables 1-4 list some of the 1D, 2D, and 3D lake
modeling work from the mid-1990s to the present in
the refereed literature. Unfortunately, much of the

details of model development have been relegated to
technical reports that are often either unavailable or
difficult to obtain. Similarly, modeling applications
conducted by or for government agencies often does
not reach refereed publication. However, technical
reports are generally detailed and valuable resources
for applying and analyzing results; the reader is
encouraged to seek out these publications before
applying any model.

Dimensionality and Capabilities

Lake and reservoir models range from simple repre-
sentation of thermocline evolution to multidimen-
sional modeling of transport and water quality.
Averaging (or integrating) the governing equations
across one or more spatial dimensions provides rep-
resentation of larger areas with less computational
power. Such reduced-dimension models require less
boundary condition data but more parameterization/
calibration data. The simplest lake models average
over horizontal planes (i.e., x and y directions) to
obtain a 1D-model of the vertical (z-axis) lake strati-
fication. Narrow reservoirs are modeled in 2D by
laterally-averaging across the reservoir, thereby repre-
senting both vertical stratification and horizontal gra-
dients from the headwaters to the dam. In shallow
lakes, 2D-models in the x-y plane are used to examine
depth-averaged circulation (without stratification).
These reduced-dimension approaches cannot directly
simulate variability in an averaged direction. How-
ever, such variability may be parameterized where
processes are sufficiently well understood; in con-
trast, where processes are not understood or cannot
be parameterized, the missing variability affects
calibration and model results. Modelers must be
careful not to simply parameterize or calibrate a
poorly understood process by arbitrarily altering
model coefficients.

Increasing model dimensionality and complexity
reduces the time-scale over which a lake can be
modeled. Typically, 1D-models can be applied for
decades; 2D-models over multiple years to decades;
3D-models over days/weeks/months (but have been
applied for longer in a few cases). This inverse rela-
tionship between dimensionality and time is not sim-
ply a function of computational power, but is inherent
in the effects of stratification, mixing parameteriza-
tions, and model data requirements. For 1D-models,
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Figure 1 Temperature profiles collected in Lake Kinneret in
1997 (data of J. Imberger, Centre for Water Research, University
of Western Australia).

vertical mixing is readily parameterized or calibrated
to maintain sharp thermal stratification. However in
2D- and 3D-models, vertical mixing is caused by both
the turbulence model and numerical diffusion of mass
(a model transport error). Numerical diffusion always
leads to weakening the thermocline, which affects
modeled circulation and mixing that further weakens
the thermal structure in a positive feedback cycle.
Thus, longer-term 2D- and 3D-models require careful
setup and analysis or results may be dominated by
model error that accumulates as excessive mixing
across the thermocline, resulting in poor prediction of
residence time, mixing paths, and lake turnover.

For 1D-models (Table 1), we distinguish between
turbulent mixing models derived from energy prin-
cipals (e.g., DYRESM) or averaging transport equa-
tions (e.g., k-epsilon models) and pure calibration
models that simply fit coefficients to nonphysical
model equations (e.g., neural networks). Between
these extremes are vertical advection/diffusion mod-
els (e.g., MINLAKE), which represent hydrodynam-
ics by an advection/diffusion equation that requires
site-based calibration. To the extent that more mech-
anistic models have all physical processes represented
and correctly parameterized without site-specific cali-
bration, they can be reasonably used for long-term
predictions and readily transferred from lake to lake.
Models relying solely on parameter fitting are ques-
tionable outside the calibration range, but are often
easier to apply when sufficient calibration data is
available. Although mechanistic models are arguably
preferred, we rarely have sufficient data for a com-
pletely calibration-free mechanistic model; thus, in
practical application such models are generally cali-
brated to some extent.

Laterally-averaged 2D-models (Table 2) are the
workhorse of reservoir hydrodynamic/water quality
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Figure 2 Modeled depth of temperature isosurface in the
thermocline. Results from 3D-model at same time as field data
collected in Figure 1.

modeling. For a narrow reservoir, the lateral-averaging
paradigm is successful in capturing the bulk thermal/
hydrodynamic processes, which are dominated by the
large pelagic volume. However, where water quality
processes are dependent on concentrations in shallow
littoral regions, such models must be used carefully
and with some skepticism. For example, a littoral
algae bloom may depend on high nutrient concentra-
tions that result from reduced circulation in the shal-
lows. To correctly represent the bloom, a 2D water
quality model must distort the biophysical relation-
ships between growth rate and concentration. Fur-
thermore, any scalar (e.g., toxic spill) represented
simply by a concentration will automatically be dif-
fused all the way across the reservoir, whether or not
there is sufficient physical transport. Thus, a laterally
averaged model will represent a toxic spill that mixes
as a function of the reservoir width rather than physi-
cal processes.

Although 3D-models (Table 3) provide good repre-
sentations of lake physics, they are notoriously com-
plicated to set up and run. Although their operation is
becoming easier with more established models, the
progression to ‘black box’ modeling (i.e., where the
user is not intimately familiar with the model itself)
remains problematic. The interaction of the lake
physics with the numerical method, governing equa-
tion approximations, time step, grid size, and initial/
boundary condition data provides a wide scope for
model inaccuracies. The effectiveness of a 3D-model



Hydrodynamics and Mixing | Hydrodynamical Modeling 615

Momentum:
au; S au; 1 9P am g o : R
ST VRSN R SR B A A T R
ot = ox, —— Po 0X; Po X =1 9
[—— Gravity

Unsteady - - force  Non-hydrostatic o0 qurface

velocity Nonlinearity pressure gradient . ‘barotropic’ Stratification or‘ba_roclinic’ Viscous force

pressure gradient pressure gradient

Continuity:
8U1 8U2 + 8U3 _
X4 0Xo 0Xg

Free surface evolution

n n
a_n+ _9 Uqdxs 4 J.uzdxszo
ot X4 B 0Xp B

u;  Velocity

n Free surface elevation

B Bottom elevation

g Gravitational acceleration
v Kinematic viscosity

P.n  Non-hydrostatic pressure

po Reference density

X; Cartesian space (i=1, 2 are horizontal; i=3 is vertical)

Ap Difference between local density and reference density

Figure 3 General 3D incompressible flow equations (with the Boussinesq approximation) that are the basis for most
hydrodynamic models. Hydrodynamics in lake modeling also requires transport equations for temperature, salinity (if important), and

an equation of state for density.

presently depends on the user’s understanding of the
model capabilities and limitations. It is doubtful that
we will see scientifically dependable black box mod-
els for at least another decade or so. Development of
such models depends on development of expert sys-
tems that can replace a modeler’s insight and experi-
ence in diagnosing different error forms.

Boundary and Initial Conditions

A hydrodynamic model is a numerical solution of an
initial-and-boundary-value problem of partial differ-
ential or integral-differential equations. The model
solution is never better than the initial and bound-
ary conditions used for model forcing. Lake boundary
conditions include spatially-varying wind field, ther-
mal and mass exchange with the atmosphere, river
inflows/outflow, groundwater exchanges, local catch-
ment runoff, and precipitation. Boundary conditions

may be poorly known, so understanding the model
sensitivity to possible perturbations boundary condi-
tions is necessary for setting the bounds of model
believability.

Initial conditions are a snapshot of the system at
time ¢ =0 (the model start time). Problems arise from
our inability to obtain the full data set necessary to
initialize a model (a problem that increases with
model dimensionality). These problems can be some-
what reduced by providing sufficient model ‘spin-up’
time so that the boundary forcing dilutes the initial
condition error. However, spin-up is only successful
when (1) the initial conditions are a reasonable
approximation of =0 and (2) the boundary forcing
dominates the initial conditions by the end of spin-up.
For example, in 3D-models the velocity initial con-
dition is usually zero and the spin-up time is
approximated by the ‘spin-down’ time from typical
circulation velocities (i.e., the time over which inertia
can be expected to keep water moving). However,
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Table 1 Examples of 1D hydrodynamic lake models

Model Name/source Notes Details Applications

AQUASIM tu 15, 31 15, 31, 32

DLM Dynamic Lake Model tu 23 7,23, 24,27,33

DYRESM Dynamic Reservoir Simulation Model tu 14, 21 1,5,6, 14,16, 17, 18, 22, 26, 35, 36
MINLAKE Minnesota Lake Model adv/dif 9, 20, 25 8,9,10, 11,12, 13,19, 34

Other adv/diff 4, 30, 37 2,3,4,30,37

Other tu 28 28, 29

tu: turbulent transport model; adv/diff: calibrated advection/diffusion transport model.
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. Balistrieri LS, Tempel RN, Stillings LL, and Shevenell LA (2006) Modeling spatial and temporal variations in temperature and salinity during stratification

and overturn in Dexter Pit Lake, Tuscarora, Nevada, USA. Applied Geochemistry 21(7): 1184-1203.

. Bell VA, George DG, Moore RJ, and Parker J (2006) Using a 1-D mixing model to simulate the vertical flux of heat and oxygen in a lake subject to

episodic mixing. Ecological Modelling 190(1-2): 41-54.

. Bonnet MP and Poulin M (2004) DyLEM-1D: A 1D physical and biochemical model for planktonic succession, nutrients and dissolved oxygen cycling

application to a hyper-eutrophic reservoir. Ecological Modelling 180(2-3): 317-344.

. Bonnet MP, Poulin M, and Devaux J (2000) Numerical modeling of thermal stratification in a lake reservoir. Methodology and case study. Aquatic

Sciences 62(2): 105-124.

. Bruce LC, Hamilton D, Imberger J, Gal G, Gophen M, Zohary T, and Hambright KD (2006) A numerical simulation of the role of zooplankton in C, N and

P Cycling in Lake Kinneret, Israel. Ecological Modelling 193(3-4): 412-436.

. Campos H, Hamilton DP, Villalobos L, Imberger J, and Javam A (2001) A modelling assessment of potential for eutrophication of Lake Rinihue, Chile.

Archiv Fur Hydrobiologie 151(1): 101-125.
Coats R, Perez-Losada J, Schladow G, Richards R, and Goldman C (2006) The warming of Lake Tahoe. Climatic Change 76(1-2): 121-148.

. Fang X and Stefan H G (1996) Long-term lake water temperature and ice cover simulations/measurements. Cold Regions Science and Technology

24(3): 289-304.

. Fang X and Stefan HG (1997) Development and validation of the water quality model MINLAKE96 with winter data, Project Report No. 390,

33 pp. Minneapolis, MN: St. Anthony Falls Laboratory, University of Minnesota.

Fang X and Stefan HG (1998) Temperature variability in lake sediments. Water Resources Research 34(4): 717-729.

Fang X and Stefan HG (1999) Projections of climate change effects on water temperature characteristics of small lakes in the contiguous US. Climatic
Change 42(2): 377-412.

Fang X, Stefan HG, and Alam SR (1999) Simulation and validation of fish thermal DO habitat in north-central US lakes under different climate scenarios.
Ecological Modelling 118(2-3): 167-191.

Fang X, Stefan HG, Eaton JG, McCormick JH, and Alam SR (2004) Simulation of thermal/dissolved oxygen habitat for fishes in lakes under different
climate scenarios — Part 1. Cool-water fish in the contiguous US. Ecological Modelling 172(1)

Gal GJ, Imberger T Zohary, Antenucci J, Anis A, and Rosenberg T (2003) Simulating the Thermal Dynamics of Lake Kinneret. Ecological Modelling 162
(1-2): 69-86.

Goudsmit GH, Burchard H, Peeters F, and Wuest A (2002) Application of k-epsilon turbulence models to enclosed basins: The role of internal seiches.
Journal of Geophysical Research-Oceans 107(C12): 13.

Hamblin PF, Stevens CL, and Lawrence GA (1999) Simulation of vertical transport in mining pit lake. Journal of Hydraulic Engineering-ASCE 125(10):
1029-1038.

Hamilton DP, Hocking GC, and Patterson JC (1997) Criteria for selection of spatial dimension in the application of one- and two-dimensional water
quality models. Mathematics and Computers in Simulation 43(3-6): 387-393.

Han BP, Armengol J, Garcia JC, Comerma M, Roura M, Dolz J, and Straskraba M (2000) The thermal structure of Sau Reservoir (NE: Spain):
A simulation approach. Ecological Modelling 125(2-3): 109-122.

Herb WR and Stefan HG (2005) Dynamics of vertical mixing in a shallow lake with submersed macrophytes. Water Resources Research 41(2): 14.
Hondzo M and Stefan HG (1993) Lake water temperature simulation model. Journal of Hydraulic Engineering-ASCE 119(11): 1251-1273.

. Imberger J and Patterson JC (1981) A dynamic reservoir simulation model: DYRESM 5. In Fischer HB (ed.) Transport Models for Inland and Coastal

Waters, pp. 310-361. New York: Academic Press.

Kusakabe M, Tanyileke GZ, McCord SA, and Schladow SG (2000) Recent pH and CO, profiles at Lakes Nyos and Monoun, Cameroon: Implications for
the degassing strategy and its numerical simulation. Journal of Volcanology and Geothermal Research 97(1-4): 241-260.

McCord SA and SG Schladow (1998) Numerical Simulations of Degassing Scenarios for CO,-Rich Lake Nyos, Cameroon. Journal of Geophysical
Research-Solid Earth 103(B6): 12355-12364.

McCord SA, Schladow SG, and Miller TG (2000) Modeling Artificial Aeration Kinetics in Ice-Covered Lakes. Journal of Environmental Engineering-
ASCE 126(1): 21-31.

Riley MJ and Stefan HG (1988) MINLAKE — A dynamic lake water-quality simulation-model. Ecological Modelling 43(3-4): 155-182.

Romero JR, Antenucci JP, and Imberger J (2004) One- and three-dimensional biogeochemical simulations of two differing reservoirs. Ecological
Modelling 174(1-2): 143-160.

Rueda FJ, Fleenor WE, and de Vicente | (2007) Pathways of river nutrients towards the euphotic zone in a deep-reservoir of small size: Uncertainty
analysis. Ecological Modelling 202(3-4): 345-361.

. Sahlberg J (2003) Physical modelling of the Akkajaure reservoir. Hydrology and Earth System Sciences 7(3): 268-282.

Sahlberg J and L Rahm (2005) Light limitation of primary production in high latitude reservoirs. Hydrology and Earth System Sciences 9(6): 707-720.
Salencon MJ (1997) Study of the thermal dynamics of two dammed lakes (Pareloup and Rochebut, France), using the EOLE model. Ecological
Modelling 104(1): 15-38.
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. Schmid M, Lorke A, Wuest A, Halbwachs M, and Tanyileke G (2003) Development and sensitivity analysis of a model for assessing stratification and

safety of Lake Nyos during artificial degassing. Ocean Dynamics 53(3): 288-301.
32. Schmid M, Halbwachs M, and Wuest A (2006) Simulation of CO, concentrations, temperature, and stratification in Lake Nyos for different degassing

scenarios. Geochemistry Geophysics Geosystems 7: 14.

33. Sherman B, Todd CR, Koehn JD, and Ryan T (2007) Modelling the impact and potential mitigation of cold water pollution on Murray cod populations
downstream of Hume Dam, Australia. River Research and Applications 23(4): 377-389.
34. Stefan HG, Fang X, and Hondzo M (1998) Simulated climate change effects on year-round water temperatures in temperate zone lakes. Climatic

Change 40(3-4): 547-576.

35. Straskraba M and Hocking G (2002) The effect of theoretical retention time on the hydrodynamics of deep river valley reservoirs. International Review of

Hydrobiology 87(1): 61-83.

36. Wallace BB and Hamilton DP (2000) Simulation of water-bloom formation in the cyanobacterium Microcystis aeruginosa. Journal of Plankton Research

22(6): 1127-1138.

37. Wiese BU, Palancar MC, Aragon JM, Sanchez F, and Gil R (2006) Modeling the Entrepenas Reservoir. Water Environment Research 78(8): 781-791.

a lake model with temperature initial condition that
does not reflect the initial real-world stratification
cannot recover through spin-up.

Calibration

Ideally, hydrodynamic models should not require
calibration; i.e., with sufficient data for boundary
conditions, initial conditions and turbulence coeffi-
cients, a model should adequately represent the phys-
ics of the real system. Unfortunately, our data and
parameterizations are often inadequate. Calibration
may be either through adjusting turbulence coeffi-
cients (e.g., the various ‘¢’ values in a k-epsilon
model) or by adjusting boundary conditions. Mode-
lers often jump straight into adjusting a turbulence
model rather than examining the sensitivity of the
model to inaccuracies in the boundary conditions.
For example, wind-driven lakes may have unknown
spatial gradients of the wind, or the wind sensor may
be biased (e.g., in the wind shadow of a building). If
the applied wind data under-predicts the actual wind
forcing, then calibrating the turbulence model could
lead to the ‘right’ answer for the wrong reason! There
should be evidence that the calibrated process is the
data mismatch problem (not just the solution). Fur-
thermore, naive calibration of turbulence coefficients
can lead to unphysical values (e.g., an efficiency
greater than unity should be a warning sign that
something has been missed).

Hydrostatic Approximation

Horizontal length scales are larger than vertical scales
in lakes and reservoirs, so the hydrostatic approxima-
tion is generally employed. This approximation
neglects vertical acceleration (du3/0t) and non-
hydrostatic pressure gradients (OP,,/0x;). Note that
vertical transport may be reasonably represented in a

hydrostatic model, even while vertical acceleration is
neglected. Vertical transport has multiple causes: con-
tinuity applied to divergence/convergence in the hori-
zontal plane, turbulent mixing, and vertical inertial
effects; only the latter is hydrostatically neglected.

Although large-scale free surface motions and the
resulting circulations are well-represented by a hydro-
static model, internal seiches are more problematic.
Tilting of a pycnocline (e.g., a thermocline) may be
relatively steep and ensuing basin-scale waves may
evolve in a nonhydrostatic manner. However in a
hydrostatic model, the numerical dispersion errors
may mimic nonhydrostatic behavior. Thus, physically
correct wave dispersion may be serendipitously
achieved when numerical dispersion is similar to
physical dispersion. Such results must be used with
caution as they are highly grid-dependent and the
serendipitous confluence of errors may disappear
when the model grid is refined. When model results
show greater disagreement with the physical world as
the model grid is made finer, this type of error may be
a suspect.

Applying nonhydrostatic models for large-scale
natural systems requires significantly more computa-
tional time, model complexity, and modeling exper-
tise than for similar hydrostatic models. An extremely
fine model grid and time step is necessary resolve
vertical accelerations and nonhydrostatic pressure
gradients. Nonhydrostatic lake and ocean models
are actively under development, but their widespread
application is not imminent.

Model Grid
Overview

Hydrodynamic modeling requires discretizing physi-
cal space on a model grid. The size and characteristics
of the grid determine the scales of what a model can
and cannot represent. In the horizontal plane, there
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Table 2 Examples of 2D hydrodynamic lake models

Model Name/Source Notes Details Applications
CE-QUAL-W2 U.S. Army Corps of Engineers fd, la, Ca 1,2,3,7,8,9,10, 17,
19, 20, 21, 24

RMA2 Research Management fe, da, cu 14, 23

Associates
HYDROSIM Hydrodynamic Simulation fe, da, cu 11 18

Model
others la 5, 26 5,12,13, 26
others da 4,16, 22 4,6, 16, 22

Numerical Method: fd =finite difference; fe = finite element
Horizontal Grid: Ca = Cartesian grid; cu = curvilinear grid
2D form: da = depth-averaged; la = laterally-averaged
Sources
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. Adams WR, Thackston EL, and Speece RE (1997) Modeling CSO impacts from Nashville using EPA’s demonstration approach. Journal of Environ-

mental Engineering-ASCE 123(2): 126-133.

. Bartholow J, Hanna RB, Saito L, Lieberman D, and Horn M (2001) Simulated limnological effects of the Shasta Lake temperature control device.

Environmental Management 27(4): 609-626.

. Boegman L, Loewen MR, Hamblin PF, and Culver DA (2001) Application of a two-dimensional hydrodynamic reservoir model to Lake Erie. Canadian

Journal of Fisheries and Aquatic Sciences 58(5): 858-869.

. Borthwick AGL, Leon SC, and Jozsa J (2001) Adaptive quadtree model of shallow-flow hydrodynamics. Journal of Hydraulic Research 39(4): 413-424.
. Botte V and Kay A (2000) A numerical study of plankton population dynamics in a deep lake during the passage of the Spring thermal bar. Journal of

Marine Systems 26(3-4): 367-386.

. Boudreau P, Leclerc M, and Fortin GR (1994) Modelisation Hydrodynamique du lac Saint-Pierre, fleuve Saint-Laurent: I'influence de la vegetation

aquatique. Canadian Journal of Civil Engineering 21(3): 471-489.

. Gelda RK and Effler SW (2007) Modeling turbidity in a water supply reservoir: Advancements and issues. Journal of Environmental Engineering-ASCE

133(2): 139-148.

. Gelda RK and Effler SW (2007) Testing and application of a two-dimensional hydrothermal model for a water supply reservoir: implications of

sedimentation. Journal of Environmental Engineering and Science 6(1): 73-84.

. Gu RR and Chung SW (2003) A two-dimensional model for simulating the transport and fate of toxic chemicals in a stratified reservoir. Journal of

Environmental Quality 32(2): 620-632.
Gunduz O, Soyupak S, and Yurteri C (1998) Development of water quality management strategies for the proposed Isikli reservoir. Water Science and
Technology 37(2): 369-376.

. Heniche M, Secretan Y, Boudreau P, and Leclerc M (2000) A two-dimensional finite element drying-wetting shallow water model for rivers and

estuaries. Advances in Water Resources 23(4): 359-372.

Holland PR, Kay A, and Botte V (2001) A numerical study of the dynamics of the riverine thermal bar in a deep lake. Environmental Fluid Mechanics
1: 311-332.

Holland PR, Kay A, and Botte V (2003) Numerical modelling of the thermal bar and its ecological consequences in a river-dominated lake. Journal of
Marine Systems 43(1-2): 61-81.

Jennings AA (2003) Modeling sedimentation and scour in small urban lakes. Environmental Modelling & Software 18(3): 281-291.

. Kim Y and Kim B (2006) Application of a 2-dimensional water quality model (CE-QUAL-W?2) to the turbidity interflow in a deep reservoir (Lake Soyang,

Korea). Lake and Reservoir Management 22(3): 213-222.

Kramer T and Jozsa J (2007) Solution-adaptivity in modelling complex shallow flows. Computers & Fluids 36(3): 562-577.

Kuo JT, Lung WS, Yang CP, Liu WC, Yang MD, and Tang TS (2006) Eutrophication modelling of reservoirs in Taiwan. Environmental Modelling &
Software 21(6): 829-844.

Martin C, Frenette JJ, and Morin J (2005) Changes in the spectral and chemical properties of a water mass passing through extensive macrophyte beds
in a large fluvial lake (Lake Saint-Pierre, Quebec, Canada). Aquatic Sciences 67(2): 196-209.

Martin JL (1988) Application of two-dimensional water-quality model. Journal of Environmental Engineering-ASCE 114(2): 317-336.

Nestler JM, Goodwin RA, Cole TM, Degan D, and Dennerline D (2002) Simulating movement patterns of blueback herring in a stratified southern
impoundment. Transactions of the American Fisheries Society 131(1): 55-69.

. Saito L, Johnson BM, Bartholow J, and Hanna RB (2001) Assessing ecosystem effects of reservoir operations using food web-energy transfer and

water quality models. Ecosystems 4(2): 105-125.

Sanmiguel-Rojas E, Ortega-Casanova J, del Pino C, and Fernandez-Feria R (2005) A Cartesian grid finite-difference method for 2D incompressible
viscous flows in irregular geometries. Journal of Computational Physics 204(1): 302-318.

Shrestha PL (1996) An integrated model suite for sediment and pollutant transport in shallow lakes. Advances in Engineering Software 27(3): 201-212.
Sullivan AB, Jager HI, and Myers R (2003) Modeling white sturgeon movement in a reservoir: The effect of water quality and sturgeon density.
Ecological Modelling 167(1-2): 97-114.

Wu RS, Liu WC, and Hsieh WH (2004) Eutrophication modeling in Shihmen Reservoir, Taiwan. Journal of Environmental Science and Health
Part A-Toxic/Hazardous Substances & Environmental Engineering 39(6): 1455-1477.

Young DL, Lin QH, and Murugesan K (2005) Two-dimensional simulation of a thermally stratified reservoir with high sediment-laden inflow. Journal of
Hydraulic Research 43(4): 351-365.
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Table 3 Examples of 3D hydrodynamic lake models

Model Name Notes Details Applications

CH3D Curvlinear Hydrodynamics in 3-Dimensions cfd, cu, zI/ 10, 34 16
sg, ms

EFDC Environmental Fluid Dynamics Code cfd, cu, zl, 9,12,13, 14,15
ms

ELCOM Estuary and Lake Computer Model cfd, Ca, zl,si 11 2,7,8,11,17,18,19, 20, 21, 23,

25, 26, 27, 28
GLLVHT Generalized Longitudinal Lateral Vertical Hydrodynamic fd, cu, we, si 24, 36
and Transport Model
POM; Princeton Ocean Model; Estuary and Coastal Ocean cfd, cu, sg/ 1 1,3, 4,5, 383, 35,37
ECOM Model zl, ms/si
RMA10 Research Management Associates 10 fe, un, zl 6, 29
SI3D Semi-Implicit 3D cfd, cu, zl, si 31 30, 31, 32

Numerical Method: cfd - conservative finite difference; fd - finite difference; fe - finite element.
Horizontal Grid: Ca — Cartesian grid; cu — curvilinear grid; un — unstructured grid.
Time-stepping: ms — mode-splitting; si — semi-implicit.

Vertical Grid: zl — z-level vertical grid; sg — sigma grid.
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Ahsan A and Blumberg AF (1999) Three-dimensional hydrothermal model of Onondaga Lake, New York. Journal of Hydraulic Engineering-ASCE 125(9):
912-923.

. Appt J, Imberger J, and Kobus H (2004) Basin-scale motion in stratified upper Lake Constance. Limnology and Oceanography 49(4): 919-933.
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are three grid systems: Cartesian, curvilinear, and
unstructured. For models including a vertical dimen-
sion, the vertical grid may be terrain-following (sigma
coordinate), Cartesian (z-level) or isopycnal (Lagrang-
ian). Unstructured grids can also be used in the vertical
plane, but have not been widely adopted.

Grid Size and Convergence

The local grid size controls the ‘resolution’ of local
processes; e.g., a single grid cell has only a single
velocity on a simple Cartesian finite-difference grid.
Thus, the grid mesh is a top-level control on the
resolvable physics and transport. For example, if
only two grid cells are used across a narrow channel
the transport may be theoretically either unidirec-
tional or bidirectional; however, two grid cells cannot
represent a deep center channel flow with return
flows along both shallow banks. A useful exercise is
to consider how many grid cells are necessary to
represent 1.5 periods of a sine wave: although three
cells is clearly the minimum, the resulting discrete
pattern will not be particularly sinusoidal. Arguably,
10-15 grid cells should be the minimum resolution
for most important flow features. An effective model
grid resolves the key physical features at practical
computational cost. Grid design should be an itera-
tive process wherein model results at different grid
scales are compared to gain insight into model perfor-
mance. A model grid is ‘converged” when further grid
refinement does not significantly change model
results. Unfortunately, obtaining a converged grid is

not always practical; indeed, most large-scale models
suffer from insufficient grid resolution. Such models
may still have validity, but grid-scale effects may
dominate physical processes.

Horizontal Grid Systems

Cartesian grids are obtained with a square or rectan-
gular mesh (Figure 4(a)). The mesh structure allows
simple model coding since a grid cell’s neighbors are
easily determined. For multidimensional models, sim-
ple Cartesian grids cannot be applied with fine reso-
lution in some regions and coarse resolution in others.
These deficiencies can be addressed with ‘plaid’
structured meshes (i.e., nonuniform Cartesian grid
spacing), domain decomposition or nested grid (e.g.,
quadtree) techniques. To use an efficient rectangular
mesh on a sinuous reservoir, the topography may be
straightened along the channel centerline before
applying the Cartesian mesh.

Curvilinear grids in the horizontal plane are
structured meshes (similar to a Cartesian grid) that
smoothly distort the quadrilateral elements through-
out horizontal space (Figure 4(b)). The distortion
between physical (x,y) space and curvilinear (&,n)
space requires transformation of the governing equa-
tions. Curvilinear meshes allow fine grid resolution in
one area and coarse resolution in another, as long as
the mesh changes smoothly between regions. The
smoothness and orthogonality of the mesh (as seen
in physical space) will affect the model solution. Rea-
sonable rule-of-thumb criteria are (1) adjacent grid
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Table 4 Model applications

Lake

1D 2D

3D

Akkajaure Reservoir (Sweden)
Lake Alpnach (Switzerland)
Lake Baldegg (Switzerland)
Lake Balaton (Hungary)

Lake Baikal (Russia)
Bassenthwaite Lake (UK)
Lake Belau (Germany)

Lake Beznar (Spain)

Brenda Pit Lake (Canada)
Brownlee Reservoir (USA)
Lake Burragorang (Australia)
Cheatham Lake (USA)

Clear Lake (USA)

Lake Constance (Germany/Switzerland)
Cummings Lake (Canada)
Dexter Pit Lake (USA)

East Dollar Lake (Canada)
Entrepenas Reservoir (Spain)
Lake Erie (Canada/USA)

Flint Creek Lake (USA)

Great Slave Lake (Canada)
Hartwell Lake (USA)

Hume Reservoir (Australia)
Isikli Reservoir (Turkey)
Kamploops Lake (Canada)
Lake Kinneret (Israel)

Lake Ladoga (Russia)

Lake Maracaibo (Venezuela)
Lake Michigan (Canada/USA)
Lake Monoun (Cameroon)
Mundaring Weir (Australia)
Lake NeusiedI

Lake Nyos (Cameroon)

Lake Ogawara (Japan)

Lake Okeechobee (USA)
Onondaga Lake (USA)

Orlik Reservoir (Czech Republic)
Otter Lake (USA)

Lake Paldang (South Korea)
Pareloup Reservoir (France)
Pavin Crater Lake (Canada)
Prospect Reservoir (Australia)
Lake Rinihue (Chile)

Rochebut Reservoir (France)
Lake Saint Pierre (Canada)
Salton Sea (USA)

Sau Reservoir (Spain)
Schoharie Reservoir (USA)
Lake Shasta (USA)

Lower Shaker Lake (USA)
Shihmen Reservoir (Taiwan)
Slapy Reservoir (Czech Republic)
Lake Soyang (Korea)

J. Strom Thurmond Lake (USA)
Lake Superior (Canada/USA)
Lake Tahoe (USA)

Te Chi Reservoir (Taiwan)
Tseng-Wen Reservoir (Taiwan)
Lake Victoria (Kenya/Tanzania/Uganda)
Villerest Reservoir (France)
Lake Washington (USA)
Wellington Reservoir (Australia)
Lake Yangebup (Australia)

28

15

27
16

26
23
24

24
37

33
10
13

22

16
22,23, 31,32

35
19

30
16
26

30

7,8

2,9, 21

25
35

15

20

17, 26

3,4

36

26, 27, 28

30, 32
2

22
36
21

11,18, 20, 23
3

17,19

33

25

7
12,13,14,15
1

24

5,37
31

35

Numbers correspond to notes from Tables 1, 2, and 3 for 1D, 2D and 3D models, respectively.
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Cartesian grid

]

Curvilinear grid

(©)

Figure 4 Plan view illustrating different horizontal grid
systems.

cells should have increased/decreased volume by no
more than 10% and (2) off-orthogonal transforma-
tion metrics should be an order of magnitude smaller
than orthogonal metrics. Smooth curvilinear meshes
can be manually designed with simple drafting tools,
but stand-alone mesh creation software is generally
used. Some models require orthogonality or near-
orthogonality for the mesh, which severely constrains
mesh creation.

Unstructured grids in the horizontal plane are
composed of n-sided polygons (Figure 4(c)); trian-
gular and quadrilateral elements are typically pre-
ferred or required. An unstructured mesh is the
easiest for fitting complicated topography and argu-
ably has the greatest flexibility for providing fine
resolution in some areas with coarse resolution in
others. However, model solutions are still affected
by local gradients of grid cell volume and grid
orthogonality. Creating a good unstructured grid is
an art, requiring separate grid creation software and
a lengthy trial-and-error process. It is often neces-
sary to carefully examine model performance on
several different unstructured grids to gain an
understanding of how different grid choices affect
the solution. Finite difference and finite volume
models for unstructured meshes are relatively recent
developments, but have not yet seen extensive use in
lakes or reservoirs.

Vertical Grid Systems

Z-level grids are the simplest vertical system, using
layers with whose thickness is uniform across the
horizontal plane (Figures 5(a)). Layer thicknesses
may vary in the vertical, but should do so smoothly
(i.e., no more than about 10% expansion of thickness
in adjacent layers). Z-level grids are generally pre-
ferred for 2D and 3D lake models due to their sim-
plicity. A disadvantage is that steep bottom slopes are
represented as discrete stair steps, which distorts
along-slope flow. Coupling a 2D- or 3D-model with
a benthic boundary layer model can overcome the
stair-step problem, albeit by increasing model com-
plexity and introduction of empiricism and ad hoc
coupling mechanisms.

Sigma-coordinate (terrain following) vertical grid
systems are commonly used in oceanic-scale model-
ing (e.g., the Great Lakes), but have significant draw-
backs for inland waters. Sigma-coordinate systems
divide each water column into a fixed number of
layers, resulting in thick layers in deep water and
thin layers in shallow water (Figures 5(b)). For slop-
ing boundaries, the sigma-coordinate system must be
truncated or a singularity occurs where the depth goes
to zero. Sigma-coordinates are preferred for modeling
along-slope processes, but may distort internal wave
dynamics along the slope.

Isopycnal coordinate systems require a moving
grid that tracks the Lagrangian movement of pre-
defined isopycnals (Figures 5(c)). This approach is
common for 1D lake models as a means of easily
tracking stratification creation and destruction. Mul-
tidimensional isopycnal models have been developed
for ocean simulations to limit numerical diffusion
that otherwise weakens stratification; these models
have not seen wide application in lakes or reservoirs.

Time Step

Unsteady models take an initial density/velocity field
and advance these forward in time (subject to the
boundary conditions of the system). A model that is
stable at a large time step is often prized as being
more computationally efficient. The model time step
is generally limited by a Courant-Lewy—Friedrichs
(CFL) condition, defined as uatax~! < C,, where u
is a velocity (fluid or wave), At is the time step, Ax is
the grid spacing (in the same direction as #), and C, is
a constant that depends on the numerical method
(typically C,<1). Some models also have a viscous
limitation controlled by the turbulent vertical eddy
viscosity (v,) such that v, At Az < C,. It is possible
to design stable numerical methods for C,>1 or
C, > 1; however stability at large time step does not
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imply accuracy. For example, a reservoir that is 10 m
deep x 10 km length will have a surface seiche period
of ~30 min; the physics of this seiche cannot be mod-
eled with a 20 min time step, even if the model is
stable. Thus, the model time step should be chosen
both for model stability and to accurately resolve
the time-scale of processes. In particular, a large
model time step will mask the cumulative effect of
nonlinearities from short-time-scale processes.

Numerical Methods

There are three basic methods for discretizing the
governing equations on a model grid; in order of
increasing complexity these are: (1) finite difference,
(2) finite volume, and (3) finite element. Finite differ-
ence methods represent spatial derivatives by discrete
gradients computed from neighboring grid cells.
Finite volume methods pose an integral form of the
governing equations for conservative cell-face fluxes.
Both finite difference and volume methods provide a
set of discrete algebraic equations representing the
continuous governing equations. For a model with a
sufficiently refined grid and time step, the solution of
the discrete equations is an approximate solution
of the continuous equations. In contrast, finite ele-
ment methods directly approximate the solution of
the governing equations rather than the governing
equations themselves. Finite element methods are
often characterized as being appropriate for unstruc-
tured grids, whereas finite difference methods are
often characterized as appropriate for structured
grids; this outdated canard needs to be put to rest.
Finite difference and finite volume methods have both
been successfully applied on unstructured grids, and
finite element methods can also be successfully
applied to structured grids. The choice of grid and
numerical method are entirely independent in model
development. However, most models are designed for
only one type of grid.

The finite element method is mathematically
appealing but requires considerable computational
effort, especially for density-stratified flows. Because
temperature gradients are directly coupled to momen-
tum through density and hydrostatic pressure gradi-
ents, a pure finite element discretization requires
simultaneous solution of momentum, temperature
transport, and an equation of state. As a further
complication, global and local conservation is not
always achieved in finite element methods; i.e., local
scalar transport fluxes into and out of an element may
only approximately balance the scalar accumulation
in the element, and the integrated global scalar con-
tent may not be conserved. These effects can create

problems for water quality models that are directly
coupled to finite element hydrodynamic models as
source/sink water quality terms may be dominated
by numerical nonconservation. Note that consistent
finite element methods may be implemented for
global scalar conservation, but many existing codes
have not been tested or proven consistent.

Finite difference and finite volume methods are con-
ceptually quite different, but may be very similar in
the model code. Finite differences are often described
as point-based discretizations, whereas finite-volume
methods are described as cell-based. However, most
multidimensional hydrodynamic models apply a hybrid
approach: momentum is discretized with finite differ-
ences, but continuity is discretized on a staggered grid,
which is discretely equivalent to a volume integral
(i.e., a finite volume approach). Thus, these hybrid
or ‘conservative finite difference’ methods ensure
exact volume conservation for fluxes into and out of
a grid cell. This exact local and global scalar transport
conservation, along with their simplicity, has made
these methods the most popular 3D-modeling
approaches.

Order of Accuracy

Multidimensional models are often judged by the
‘order of accuracy’ of their time and space discretiza-
tions for the governing equations. This order reflects
how the error changes with a smaller time step or
smaller grid spacing. For example with 2nd-order
spatial discretization, model error reduces by two
orders of magnitude for each magnitude reduction
in grid size. Higher-order methods are generally pre-
ferred, although they are more computationally
expensive than low-order methods for the same num-
ber of grid cells. There is a trade-off when computa-
tional power is limited: a higher-order method may
only be possible with a larger time step and/or grid
cell size than a lower-order model. It is generally
thought that for converged grids the absolute error
of a higher-order method on a coarse grid will be less
than the absolute error of a lower-order method on a
fine grid. However, this idea presupposes that both
the model grids provide converged solutions. When
the grid cannot be fully converged due to com-
putational constraints (often the case for practical
problems), the comparative efficiency of high-order
or low-order methods must be determined by
experimentation.

As a general rule, 1st-order spatial discretizations
(e.g., simple upwind) are too numerically diffusive for
good modeling. Spatial discretizations that are 2nd-
order (e.g., central difference) often have stability
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issues, so 3rd-order (e.g., QUICK) is generally pre-
ferred. The best 3rd-order spatial methods include
some form of flux limiting (e.g., TVD or ULTIMATE)
to reduce unphysical oscillations at sharp fronts.
Fourth-order and higher spatial discretization meth-
ods can be found in the numerical modeling litera-
ture, but have not been applied in any common lake
models.

For time discretizations, 2nd-order methods (e.g.,
Crank-Nicolson) are preferred, but many models are
only 1st-order due to the complexity of higher-order
methods. In general, if one process is modeled with a
1st-order time-advance, then the entire scheme is 1st-
order. As a note of caution, some semi-implicit 2nd-
order methods may be only 1st-order accurate (albeit
stable) for CFL > 1.

Model Errors

We separate the idea of ‘model error’ from ‘data
error’; the latter is associated with incorrect or
unknown boundary/initial conditions, while the for-
mer is inherent in the model itself. Model errors are
not randomly distributed. Instead, models provide an
exact solution of an approximation of the governing
equations, so the errors are determined by the discrete
approximations. Three different types of fundamen-
tal errors will occur in any sufficiently complicated
transport field: numerical diffusion of mass, numeri-
cal dissipation of energy and numerical dispersion of
waves.

Numerical diffusion of mass occurs when advec-
tion of a sharp density gradient causes the gradient to
weaken (as if mass diffusivity were greater). In a
stable model, this error is has a net bias towards
weakening sharp gradients and can be a significant
problem for representing the evolution of stratifica-
tion when an active internal wave field is modeled.

Numerical dissipation of energy occurs when
momentum is numerically diffused (as if viscosity
were greater). This effect is generally referred to as
‘numerical viscosity’. It typically occurs near sharp
velocity gradients and tends to weaken the gradients.
A stable model requires nonnegative numerical dissi-
pation, as negative (or anti-) dissipation leads to posi-
tive feedback and the exponential growth of kinetic
energy (i.e., the model ‘blows up’).

Numerical dispersion of waves occurs when a
model propagates a wave component (free surface
or internal) at the wrong speed. This effect can have
interesting consequences for hydrostatic models (as
discussed in Hydrostatic Approximation above).

In general, higher-order models have smaller
errors, but may lead to antidiffusion (i.e., artificial

resharpening of a gradient) or antidissipation (i.e.,
artificial increase in energy) that can destabilize a
model. For any model to be reliable, the numerical
diffusion of mass should be an order of magnitude
smaller than turbulent mixing, and numerical dissipa-
tion of energy should be an order of magnitude less
than turbulent dissipation.

Modeling Turbulence and Mixing

The governing equations for lake and reservoir
hydrodynamic modeling are generally the Reynolds-
Averaged Navier Stokes (RANS) equations, although
some Large-Eddy Simulation (LES) methods may be
suitable for future applications. With either method,
processes smaller than the grid and time scales are
empirically-modeled rather than directly simulated.
Local values for eddy viscosity and eddy diffusivity
are generally used to represent the nonlinear turbu-
lent advection of momentum (viscosity) and scalars
(diffusivity). As turbulence varies in both time and
space, constant and uniform values of eddy viscosity
are rarely appropriate. In particular, the ability of
stratification to suppress vertical turbulence and mix-
ing leads to nonuniform profiles with near-zero
values at strong stratifications. A wide variety of
RANS turbulence models are in use, the most popular
being k—e¢, k—I, and mixed-layer approaches, which
must be modified to account for stratification. Perfor-
mance of turbulence models may be highly dependent
on the model grid resolution, so grid selection must be
combined with selection of the appropriate turbu-
lence model and settings. A key difficulty is that dis-
cretization on a coarse model grid (often required due
to computational constraints) leads to high levels of
numerical dissipation and diffusion. Indeed, it is not
unusual to find that the model error dominates the
turbulence model, particularly in the horizontal flow
field. The relative scales of numerical dissipation and
diffusion may also have an impact. If numerical dissi-
pation is dominant, then internal waves may be
damped before they cause significant numerical dif-
fusion of mass. Thus, a 2D- or 3D-model that artifi-
cially damps internal waves may provide a ‘better’
long-term representation of the thermocline, but at
the cost of poorly representing the 2D or 3D transport
processes!

Similarities and Differences between
Lake and River Modeling

Although the focus of this article is on lake models,
many of the underlying discussions of model types
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and errors are equally applicable to river modeling.
Such models can also be 1D, 2D, or 3D, may be
hydrostatic or nonhydrostatic, and have difficulties
with turbulence modeling and grid resolution (espe-
cially at finer scales). River models are perhaps easier
to validate because there is a single major flux direc-
tion (downstream) that quantitatively dominates the
hydrodynamics; this directionality is in dramatic con-
trast to the unsteady oscillatory forcings in a lake that
make collecting sufficient validation data a complex
and time-consuming task. On the other hand, the
higher flow rates typical of rivers lead to bed motion
and sediment transport that may strongly affect the
flow patterns. At high flows, rivers may be geomor-
phically active and the use of simple fixed-bed models
(appropriate for lakes over shorter time scales) may
be entirely unsuitable. Thus, knowledge gained in
lake modeling cannot always be transferred directly
to rivers or vice versa — each discipline has its own
key challenges. For lakes, modeling evolving temper-
ature stratification is the critical requirement; for
a river model, the correct representation of the river-
bed geometry and its geomorphologic evolution is
critical.

Summary and Future Directions

Selecting whether to use a 1D-, 2D-, or 3D-model
depends on the water body, available computational
power, available field data and the type of answers
desired. Applying 1D-models is always fastest and
simplest, whereas 3D-models are computationally
intense and require the greatest user skill and effort.
2D- and 3D-models need extensive field data to drive
spatially-varying model boundary conditions and pro-
vide validation. In contrast, 1D-models need less
extensive boundary condition data, but may require
field studies to parameterize variability in the averaged
directions. Whether a 3D-model is ‘better’ than a
1D-model will depend on the physics of interest. For
example, if the physics of internal waves in a lake are
unknown, a 3D-model may be needed to understand
their effects. However, if the basic internal wave phys-
ics are already understood, then a 1D lake model
(appropriately parameterized) may be adequate. The
ideal conjunction of 1D and 3D lake models has yet to
be attempted: the strength of 3D-models lies in quan-
tifying the short-time, space-varying lake response to
an event. Theoretically, such a model could be used
to develop better parameterizations of 1D-models,
increasing our understanding of how short-term events
modify longer-term system behavior.

In considering hydrodynamic models coupled
to water quality models, the ability to adequately

Figure 5 Elevation view illustrating different vertical grid
systems relative to a stratified lake with warm (red) surface water,
thermocline (yellow) and cooler (blue) hypolimnetic water.

capture bulk transport of hydrodynamic fields (e.g.,
velocity, temperature) should not be taken as proof of
the ability to capture greater complexities in scalar
biogeochemical distributions. Modeling the tempera-
ture is relatively easy because the problem is bounded
and provides negative feedback. That is, lake tem-
peratures are typically between 4 and 35 °C with the
warm side facing up, and any attempt to turn the
warm side downwards leads to horizontal density
gradients and pressure forces that oppose overturn-
ing. Similarly, warming of the lake surface leads to
increased heat loss to the atmosphere, which tends
to moderate and limit errors. Velocity is also subject to
large-scale forcing (wind) and is a bounded problem
as unphysically large velocities will cause a model to
blow up. Furthermore, dissipation is a limiting mech-
anism that works everywhere and at all times to bring
the velocity towards zero. Thus, both velocity and
temperature have preferred ‘rest’ states and model
error cannot accumulate indefinitely without the
results becoming obviously wrong. In contrast, scalar
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dispersion is driven by local turbulence and advec-
tion, without any global bounds to limit model error
accumulation. Thus, even while the large-scale veloc-
ity and temperature fields look reasonable, a model
may produce localized features that lead to unrealistic
transport of scalars. Even simple passive tracer trans-
port leads to complicated model-predicted gradient
features as illustrated in Figures 6 and 7 and asso-
ciated animations. Although such tracer fields illus-
trate model-predicted transport, there are relatively
few field studies or methods for effective validation.
These problems become even more pronounced for
water quality models as biogeochemical scalar con-
centrations (such as phytoplankton biomass) are
locally forced by nutrient concentrations, do not
have a preferred ‘rest’ state, and have source/sink
behaviors that may be affected by model transport
errors. As such, 2D and 3D hydrodynamic/water
modeling without validating field data should be con-
sidered cartoons that may be informative, but are also
speculative and may be simply wrong!

As computers grow more powerful, there is a
tendency to throw more grid cells at a system to
improve model results. However, as the model grid
is made finer, there is some point where neglect of the
nonhydrostatic pressure is inconsistent with the
grid scale — i.e., the model provides a better solution
to the wrong equations. As a reasonable rule of
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Figure 6 Modeled passive tracer concentrations in the
thermocline of Lake Kinneret for a tracer concentration of 1.0
continuously released from the western boundary. This tracer
motion is principally due to a basin-scale Kelvin wave.

thumb, if the horizontal grid scale is substantially
smaller than the local depth of water, then the hydro-
static approximation may be inappropriate. Where
internal wave evolution is important, nonhydrostatic
pressure gradients should be included in future mod-
els. Although nonhydrostatic models presently exist,
they have not yet been practically demonstrated for
large-scale lake modeling.

Model calibration should be used carefully and in
conjunction with sensitivity analyses. Indeed, the dif-
ference between an uncalibrated hydrodynamic
model and field data may provide greater insight
into the physical processes than a calibrated model.
A careful modeler will estimate the uncertainty in
various boundary conditions and conduct model sen-
sitivity tests to understand how the uncertainty may
affect results. Unnecessary calibration can be avoided
by gaining a better understanding of the model error
characteristics. Before applying any 3D-model to a
lake or reservoir, the model should be tested on 2D
rectangular domains at similar scales; e.g., simple
models of internal waves, river inflows, and wind-
driven mixing can provide relatively rapid insight
into the relationship between model error, grid scale,
time step and physics.

The horizontal grid for lake models may be Carte-
sian, curvilinear, or unstructured; these methods have
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Figure 7 Modeled passive tracer concentrations in the
thermocline of Lake Kinneret for a tracer concentration of 1.0
continuously released from the eastern boundary. This tracer
motion is due to the combination of a Kelvin wave and a
2nd-mode Poincaré wave.
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different strengths, weaknesses and complexities,
such that the practical choice depends on the system,
model availability and the modeler’s bias. Where fine
grid resolution is needed over a part of a domain (e.g.,
littoral zones), future developments in automated
quadtree meshing of Cartesian grids may be easier
to use than either curvilinear or unstructured grids.

Both z-level and sigma-coordinate vertical grids
have significant drawbacks that remain unaddressed
in the literature. Boundary layer sub-models have
attempted to patch these problems, but are relatively
complicated to develop and apply. Isopycnal methods
may provide some future improvement, but it is not
clear that they will be a panacea. Although a few
isopycnal simulations have been made in lakes, we
presently lack a thorough analysis of how isopycnal
models represent internal wave dynamics at lake
scales and along sloping boundaries.

There have been significant advances in ocean and
estuarine modeling that have not yet appeared in lake
models, but one must be careful about generaliz-
ing their applicability. Lake modeling faces two key
problems: (1) long residence times allows model error
to accumulate, unlike error that washes out with the
tide in an estuary, and (2) the forcing is inherently
unsteady in direction/amplitude, and may have sharp
spatial gradients. Thus, methods suitable for a strong
tidal exchange or a unidirectional ocean current with
a smoothly varying wind field may not be effective for
weak, unsteady forcing of a lake in the wind-shadow
of a mountain. Indeed, despite our advances there

remains significant work ahead before the art of
hydrodynamic modeling is replaced by simple
engineering.
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