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Application of a two-dimensional hydrodynamic
reservoir model to Lake Erie
L. Boegman, M.R. Loewen, P.F. Hamblin, and D.A. Culver

Abstract: The relative impacts of changes in nutrient loading and zebra mussel establishment on plankton in large
lakes are strongly influenced by hydrodynamics, yet adequately modelling the temporal–spatial complexity of physical
and biological processes has been difficult. We adapted a two-dimensional public domain model, CE-QUAL-W2, to test
whether it could provide a hydrodynamically accurate simulation of the seasonal variation in the vertical–longitudinal
thermal structure of Lake Erie. The physical forcing for the model is derived from surface meteorological buoys and
measurements of precipitation, inflows, and outflows. To calibrate and validate the model, predictions were compared
with an extensive set of field data collected during May through September 1994. The model accurately predicted
water-level fluctuations without adjustment. However, significant modifications to the eddy coefficient turbulence algorithm were required to simulate acceptable longitudinal currents. The thermal structure was accurately predicted in all
three basins, even though this laterally averaged model cannot simulate Coriolis effects. We are currently extending the
model’s water-quality module to include the effects of nutrient loading and zebra mussels on the plankton.
Résumé : Les impacts relatifs des changements dans la charge de nutriments et de l’établissement de Moules zébrées
sur le plancton dans des lacs de grande taille sont grandement influencés par les facteurs hydrodynamiques; cependant
la modélisation de la complexité spatiotemporelle des processus physiques et biologiques s’est avérée difficile. Nous
avons adapté le modèle bidimensionnel CE-QUAL-W2 du domaine public pour évaluer s’il pouvait fournir une simulation hydrodynamique fidèle de la variation saisonnière de la structure thermique verticale et horizontale du lac Érié. Le
forçage physique du modèle s’est fait à partir de données provenant des bouées météorologiques de surface et des
mesures de précipitations, d’entrées et de sorties d’eau. Des comparaisons des prédictions du modèle avec une vaste
série d’observations de terrain de mai à septembre 1994 ont permis de calibrer et de valider le modèle. Le modèle prédit précisément, et sans nécessité d’ajustement, les fluctuations des niveaux d’eau. Des modifications importantes de
l’algorithme du coefficient de turbulence tourbillonnaire ont cependant été nécessaires pour générer des courants longitudinaux acceptables. Le modèle a prédit correctement la structure thermique dans les trois bassins, bien que ce modèle
(basé sur des moyennes latérales) soit incapable de simuler les effets des forces de Coriolis. Nous sommes présentement à élargir le module de qualité des eaux du modèle pour y inclure les effets de la charge de nutriments et de la
présence de Moules zébrées sur le plancton.
[Traduit par la Rédaction]
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Introduction
The water quality of Lake Erie (Fig. 1a) deteriorated dramatically from approximately 1950 to 1980, owing to eutrophication that was particularly strong in the western basin.
In the 1970s, joint Canadian and United States legislation
mandated tertiary treatment of municipal waste water and
implemented programs to reduce agricultural runoff. Lake
Erie water quality improved and significant phytoplankton
reductions in the western basin were observed (e.g., Nicholls

et al. 1977). In 1988, the discovery of filter-feeding zebra
mussels (Dreissena polymorpha) in the lower Great Lakes
and their subsequent proliferation (e.g., Berkman et al.
1998) created a potential for further reductions in phytoplankton biomass and increased water clarity (e.g., Holland
1993; Leach 1993; Nicholls and Hopkins 1993). Numerous
mathematical models have been used to examine the hydrodynamics and nutrient – plankton – zebra mussel dynamics
of Lake Erie; however, models published to date have been
either physically based (e.g., Ivey and Patterson 1984; Kuan
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Fig. 1. (a) Lake Erie bathymetric plan view. Note major geological features and 1994 monitoring buoy locations as marked: W2, current meter (10 m deep); W1 and E, meteorological buoy and thermistor chain (10 and 63 m deep, respectively); C, meteorological
buoy, thermistor chain, and current meter (25 m deep). (b) CE-QUAL-W2 solution plane (longitudinal cross-section), showing width
contours (contour interval is 20 km).

1995) or biological and nutrient based (e.g., Madenjian
1995; Arnott and Vanni 1996). Laboratory (e.g., O’Riordan
et al. 1995), field (e.g., Ackerman et al. 2001), and numerical (e.g., Lucas et al. 1998) studies have shown that fully
understanding the relative roles of changes in nutrient loading and zebra mussels on large natural lakes, like Lake Erie,
requires models that couple hydrodynamics and the dynamics of water quality and biota. The problem involves adequately modelling the complexity of physical and biological
processes in time and space, with sufficient computational
efficiency that long-term trends in water quality may be economically simulated. To date, the ability of such models is
limited by the computationally expensive nature of high resolution hydrodynamic simulation.
A one-dimensional thermodynamic model, DYRESM, was
successfully used to simulate the vertical mixing for 1 month
in the central basin of Lake Erie (Ivey and Patterson 1984).
At their mid-central-basin sampling location, the lake is relatively vast, and has a uniform depth and horizontal isotherms
throughout the simulation period. Under such conditions,
horizontal advection was found to have a negligible effect
upon temperature. However, all field observations were averaged over 48 h, because DYRESM is not dimensionally capable of simulating the strong surface (barotropic) seiches

that oscillate along the lake’s longitudinal axis. Mixing coefficients, identical to those used in prior simulations of much
smaller water bodies, were found to adequately describe the
vertical turbulent processes.
A three-dimensional hydrodynamic model, the Princeton
Ocean Model, was applied to Lake Erie for a 150-day summer
simulation on a Cray super computer (Kuan 1995). Using a ssystem coordinate, Kuan’s model had 14 vertical levels varying
in thickness from 6 m in the eastern basin to 0.0375 m in the
western basin. Barotropic motions were reproduced, leading to
accurate water level predictions. Central- and eastern-basin currents were simulated satisfactorily in both phase and magnitude. A strong correlation was found between the accuracy of
the predicted currents and the quality of the applied meteorological forcing field. Lake-surface temperatures and fully
mixed water columns were reproduced to within an average of
1°C over the entire simulation; however, during stratification,
the model under- and over-predicted epilimnetic and hypolimnetic temperatures, respectively. The model failed to reproduce a distinct thermocline structure and central basin
hypolimnion throughout the summer period. This was hypothesized to be a result of coarse vertical grid resolution.
The primary goal of this study was to test whether a twodimensional model could provide a hydrodynamically accu© 2001 NRC Canada

J:\cjfas\cjfas58\cjfas-05\F01-035.vp
Monday, April 09, 2001 11:17:49 AM

Color profile: Generic CMYK printer profile
Composite Default screen

860

rate simulation of the seasonal variation in the vertical–longitudinal thermal structure and hydrodynamics of a large
lake such as Lake Erie. For this study, the two-dimensional
public domain model CE-QUAL-W2 was chosen, as it contains a fully predictive coupled water quality and hydrodynamic model that runs in a reasonable amount of time (~1 h)
using a FORTRAN compiler on a personal computer
(Pentium II 450 MHz). Previous applications of CE-QUALW2 have been limited to small reservoirs, for example, a
thermal and dissolved oxygen application to DeGray Lake,
Arkansas (Martin 1988), and modelling combined sewer
overflow in Cheatham Lake, Tennessee (Adams et al. 1997).
To our knowledge, this is the first application of CE-QUALW2 to a large natural lake.
This two-dimensional model resolves the longitudinal and
vertical axes and is therefore suited for application to relatively long, narrow water bodies such as Lake Erie with a 6:1
aspect ratio of the main axis to the mean breadth. Lake Erie
can be subdivided into three distinct physiographic basins:
western, central, and eastern, with average depths of 10, 25,
and 50 m, respectively (Figs. 1a and 1b). The western and
central basins are separated by a rocky chain of islands that
follow the 10 m depth contour from Point Pelee, Ontario, to
Marblehead, Ohio, while the eastern and central basins are
separated by the Pennsylvania Ridge, a low, wide, submerged
sand and gravel ridge, extending from Long Point, Ontario, to
Erie, Pennsylvania. We aligned the model’s longitudinal direction with Lake Erie’s longitudinal axis, which also corresponds to the direction of hydraulic flow, strongest seiching,
and gradients in nutrient concentration and plankton biomass
(Charlton 1994). Further, the vertical thermal structure must
be accurately modelled, because of its important influence on
vertical mixing and, hence, on the vertical distribution of
nutrients and algae. This is especially important, because ultimately the model will be used to estimate the algal availability to benthic-feeding zebra mussels. Briefly, Lake Erie’s
thermal structure is observed to exhibit a decrease in depthaveraged temperature when moving from the shallow wellmixed western basin to the deeper seasonally stratified central
and eastern basins (e.g., Schertzer and Hamblin 2001). Increased winds during late summer and early fall result in a
deepening of the thermocline and eventual breakdown of the
summer thermal stratification. The sharp thermocline found in
the central basin has been observed to act as a vertical barrier
to exchange between the epilimnion and hypolimnion, thus
suppressing vertical mixing and leading to anoxic conditions
in the central-basin hypolimnion (Charlton 1980).
We have modified CE-QUAL-W2 to make it applicable to
a large wind-driven lake and then hydrodynamically calibrated it for Lake Erie, using water levels, horizontal currents, and temperatures from an extensive 137-day field-data
set (May through September 1994). The empirical nature of the
turbulence scheme made it necessary to separately calibrate
the model to the observed data in each of the three basins.

Methods
Model description
The model bathymetry was specified using a digital 2 km bathymetric grid of Lake Erie obtained from the National Atmospheric
and Oceanic Administration (NOAA; www.glerl.noaa.gov/data/

Can. J. Fish. Aquat. Sci. Vol. 58, 2001
bathy.html). To obtain a better fit to the shoreline, the NOAA grid
is aligned 27.33° counterclockwise from the central meridian of
NOAA bathymetric chart 14820. In this two-dimensional application, the NOAA grid was laterally averaged into 65 vertical layers
spaced at 1-m intervals and 222 longitudinal segments in ascending order from west to east (Fig. 1b). A unique width is specified
for each node, and depths are relative to the Great Lakes Datum
(GLD) of 1985. Segments 65–222 (central and eastern basins) are
spaced at 2000-m intervals and oriented along the longitudinal axis
of the NOAA grid (27.33° counterclockwise from the chart central
meridian); to account for the “angled” nature of the western basin
to this axis, segments 1–52, spaced at 1414-m intervals, are oriented 162.33° counterclockwise from the chart central meridian;
segments 53–64 (triangle from Sandusky, Ohio, to Point Pelee,
Ontario, to Lorain, Ohio) are spaced at 1779-m intervals and are
transitionally oriented between western- and central-basin segments. Long Point Bay (Fig. 1a), which averages 1–8 m in depth,
was filled in west of the tip of Long Point, Ontario, to correctly
represent the constriction in lake width due to Long Point. This
bathymetric modification can be considered negligible, reducing
total lake volume by ~0.3%.
CE-QUAL-W2 solves for the hydrodynamic variables by the direct solution of six fundamental equations and six unknowns. The
governing equations, laterally and layer averaged, are the horizontalmomentum equation, the constituent – heat transport equation, the
free water surface elevation equation, the hydrostatic-pressure
equation, the continuity equation, and the equation of state. The six
unknowns are water-surface elevation, pressure, horizontal velocity, vertical velocity, constituent concentration – temperature, and
density. The governing equations have been derived by simplifying
the turbulent time-averaged three-dimensional equations of motion
(longitudinal-, lateral-, and vertical-momentum equations), through
the use of scaling arguments (see Cole and Buchak 1995; Wells
1997). If the longitudinal-length scale is much greater than the
vertical-length scale, vertical velocities may be considered much
smaller than longitudinal velocities (a reasonable assumption in a
stratified water column forced by horizontal winds); this allows the
vertical-momentum equation to be reduced to the hydrostaticpressure equation, wherein the small terms have been neglected.
An unfortunate result of this simplification is that vertical accelerations, such as diurnal penetrative convection, are not accurately
modelled. The momentum equations are further simplified through
lateral averaging after decomposing all velocities and pressure into
a lateral average and deviation from the lateral average. The resultant laterally averaged lateral velocities are identically zero, which
results in the removal of the lateral-momentum equation as well as
the Coriolis terms in the longitudinal-momentum equation. The validity and effects of these simplifications will be discussed below.
The equations and unknowns are solved using a first-order, upwinded, finite-difference scheme, applied to a fixed grid of variable-node spacing. A z-level vertical coordinate system is used.
The explicit temporal formulation of the effects of vertical eddy
viscosity (Az) on horizontal velocities necessitates a time step (D t)
restriction for physically realistic results:

(1)

Dt < D z 2 ´ A-z 1

where D z is the local vertical grid point spacing. For lengthy applications, this restriction can severely limit the feasible Az range,
while maintaining reasonable run times.
Surface heat exchange is calculated using an explicit term-byterm process from incident shortwave radiation, wind speed, air
temperature, dew-point temperature, cloud cover, and water-surface
temperature. The sediment–water heat flux was set to zero, because
in a lake as large as Lake Erie, it is considered to be negligible.
When density instabilities occurred, they were eliminated by setting the local vertical eddy diffusivity to 1000 m2·s–1, resulting in
vertical mixing of adjacent layers during the next time step. Water
© 2001 NRC Canada
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densities are calculated on the basis of water temperature and solids concentration (Gill 1982). Shear production at the lake bed is
calculated using modelled velocities and the Chézy coefficient,
which is inversely proportional to the bottom roughness (e.g.,
Stacey et al. 1995).

Input and calibration data
The following meteorological data were supplied by the National Water Research Institute (NWRI), Burlington, Ontario: air
temperature, dew-point temperature, wind speed, wind direction,
and incident shortwave solar radiation. All these variables (Table 1) were recorded at 10-min intervals by meteorological buoys
(MET3 climate buoy) deployed in each of the three basins
(Fig. 1a). We modified the source code and input files of CEQUAL-W2 to directly read the shortwave-radiation values rather
than calculate shortwave radiation from cloud-cover observations,
latitude, and sun angle. Direct cloud-cover observations were not
available and, therefore, were estimated by regression from the
daily shortwave radiation, for the purpose of calculating the incoming long-wave radiation (Tennessee Valley Authority 1972).
Owing to the size of Lake Erie and, thus, its spatially varying
meteorological conditions, the CE-QUAL-W2 source code was further modified to allow unique surface-forcing conditions at each
longitudinal segment, as determined by linear interpolation between the three surface meteorological buoys (Boegman 1999).
Gaps in data series due to instrument failure or maintenance were
overcome by substitution of data from adjacent buoys.
Water-inflow rates and temperatures were specified for the Grand
(Ontario), Maumee, Sandusky, and Detroit rivers; while outflows
were specified for the Welland Canal and the Niagara River (Table 1). All variables were sampled daily, with the exception of the
Grand River water temperatures, which were sampled at a frequency greater than or equal to biweekly.
Observed water level time series were obtained from NOAA
gauges that recorded water levels hourly at Toledo and Buffalo.
Current-meter data (EG&G and SACM-3 meters with ±1 cm·s–1
and ±5° error), provided by NWRI for the central- and westernbasin sampling locations (Fig. 1a), were used to calibrate the modelled longitudinal currents. NWRI also provided temperature time
series data for all three basins, which were recorded using
Brankner temperature loggers supplemented by temperatures measured with Neil Brown current meters. On the simulation start date
(10 May 1994), the model is initialized with a zero-velocity field
and a horizontal water surface (174.55 m relative to GLD 1985),
determined as the average water level between Toledo and Buffalo.
Further, a unique initial temperature is specified at each segment
by vertically integrating and longitudinally interpolating five Seabird temperature profiles obtained on 10 and 11 May during an
NWRI lakewide cruise.

Original vertical eddy viscosity algorithm
Empirically derived eddy coefficients were used to model turbulence. The horizontal-dispersion coefficients for momentum and
temperature–constituents are assumed to be time and space invariant
and are set equal to 1 m2·s–1. The vertical diffusion coefficients for
momentum (Az) and temperature–constituents (Dz) vary in space and
time and are computed locally by the model at each time step.
The vertical eddy viscosity (i.e., Az) is formulated by analogy to
Prandtl’s mixing–length model, as (Cole and Buchak 1995; Wells
1997):
2

(2)

2

æ ¶V ö
æ l 2 ö æ ¶U ö
÷ ç ÷ + ç ÷ e- cRi
¶
2
z
è ø è ø
è ¶z ø

Az = k ç

where k is the von Karman constant, l is a turbulent length scale
taken arbitrarily as the vertical grid point spacing, U is the longitu-

Table 1. Variation in meteorological and inflow–outflow data for
Lake Erie from 20 May to 13 September 1994.
Input

Maximum

Minimum

Mean

Air temperature (°C)
Wind speed (m·s–1)
Detroit River flow (m3·s–1)
Detroit River temperature (°C)
Niagara River flow (m3·s–1)

30.3
16.2
6051
24
6824

4.6
0
5302
12
5720

19.4
4.5
5709
20.6
6284

dinal velocity, V is the lateral velocity, Ri is the local Richardson
number (e.g., Fischer et al. 1979), and c is a constant taken as 1.5.
Although now considered incorrect in principle (Tennekes and
Lumley 1972), the simplicity of mixing–length or eddy viscosity
models for general engineering purposes has supported their evolution and application, albeit in an empirical sense. These models are
thus reliant on field data for adjustment and calibration.
The longitudinal–vertical nature of this two-dimensional model
causes the lateral velocity and its vertical gradient ¶V / ¶z (in eq. 2)
to be zero. To account for this, it is assumed that the effect of
cross-wind shear (twind-y) on Az is to generate a lateral-wind wave
component, so that (Cole and Buchak 1995):
2

(3)

2
æt
e- 2 kz ö - cRi
æ l 2 ö ¶U
÷÷ e
Az = k ç ÷ æç ö÷ + çç wind - y
Az
è 2 ø è ¶z ø
è
ø

where the Az on the right hand side of eq. 3 is the explicit value
determined in the previous time step. The resultant vertical eddy
viscosities are exponentially damped with depth from the winddependent surface value, thus approaching zero at the lake bed. Az
is reduced in stratified regions, based on the local Richardson number. In the original algorithm, Az was limited numerically, so that:

(4)

1.4·10–6 m2·s–1 < Az < 10–4 m2·s–1

where the lower limit is the molecular viscosity of water and the
upper limit is based on a balance between empirical observations
and computational efficiency as determined by eq. 1. In Fig. 2, longitudinal currents modelled using the original Az algorithm are
compared with the observed longitudinal currents at 3, 11, and
24 m at central basin station C. Power spectra of the observed and
predicted currents were estimated by dividing the time series into
segments 256 points in length, using a 256-point Blackman window and overlapping adjacent segments by 128 points. One observes that the modelled currents have a spectral-energy content
1.5 orders of magnitude greater than the field-observed currents at
a frequency of 0.01 cycles per hour (cph) (Fig. 2), and exhibit a
large-amplitude low-frequency oscillation, which is characteristic
of an undamped internal seiche (Figs. 2a–2c). As a result,
subsurface temperatures were underpredicted by as much as 12°C in
the central and western basins (Fig. 3). Given that surface temperatures were correctly simulated (not shown), this suggests that the
model incorrectly estimates the interbasin exchange flow of cold
hypolimnetic water.

Modified vertical eddy viscosity algorithm
The undamped proliferation of internal seiches in numerical
models of large lakes results from the incorrect specification of the
nonlinear and turbulent processes governing dissipation of energy
imparted to the lake by the surface-wind field (Imberger 1998;
Saggio and Imberger 1998). These processes include the dissipation of basin-scale currents through shear production in the benthic
boundary layer, nonlinear decay of basin-scale internal waves to
higher modes, and the shoaling and breaking of internal waves as
they impinge on sloped boundaries at the depth of the meta© 2001 NRC Canada
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Fig. 2. Hourly time series of observed (thin black line), modelled with the original Az algorithm (broken line), and modelled with the
modified Az algorithm (thick black line) longitudinal-current velocities at depths of 3 m (a), 11 m (b), and 24 m (c), and their respective energy spectra (d, e, and f) in central Lake Erie at C (see Fig. 1 for position of C).

limnion. Poor spatial resolution and the hydrostatic approximation
prevent the physical realization of these processes (with the exception of boundary-layer shear) within CE-QUAL-W2’s original
eddy coefficient model framework. Further, Coriolis forces are significant in Lake Erie, which has a width greater than 100 km,
many times the ~5 km internal Rossby radius of deformation (Gill
1982). As a result, momentum transfer from the longitudinal to the
transverse direction, which is not possible in our transversely averaged model, could be acting to reduce the strength of the observed
longitudinal seiches relative to those modelled.
To compensate for the above energy fluxes, ad hoc adjustments
were made to the Az algorithm until optimal agreement with the 1994
temperature and current data was obtained. The upper Az bound
(eq. 4) was increased from 10–4 to 10–2 m2·s–1, which reduced the
modelled surface currents to the same order of magnitude as those observed (Fig. 2) and to approximately 2–3% of the wind speed, in accordance with Gill (1982). Epilimnetic Az values have been estimated
from temperature microstructure profiles measured in an offshore
zone of the central basin (McCune 1998), wherein they were found to
range from 3·10–4 m2·s–1 in light winds to 4·10–2 m2·s–1 during a
storm event, and in a high-energy nearshore zone of the western
basin, wherein they ranged from 10–4 to 10–2 m2·s–1 (W. Edwards,

Deptartment of Evolution, Ecology, and Organismal Biology, Ohio
State University, personal communication); thus these range modifications are reasonable.
Az was then linearly interpolated from the surface value to a
wind-dependent range of 0.05–0.1 m2·s–1 in the benthic boundary
layer. This is an increase of five orders of magnitude from the original turbulence scheme, which had predicted benthic Az values of
from 1.4·10–6 to 10–5 m2·s–1. The source code was modified, so that
the Richardson number reduction was only applied when verticaldensity differences between layers were in excess of 0.01 kg·m–3.
These changes significantly improved the modelled central basin
longitudinal current at 11 m (reducing the strength of the 0.01-cph
oscillation; Figs. 2b and 2e) but not at 24 m (Figs. 2c and 2f). Note
that Lake Erie is 25 m deep at this central-basin site. McCune
(1998) observed that the maximum value of Az in the central-basin
hypolimnion was approximately 10–5 m2·s–1, suggesting that the Az
values calculated for this basin using the original Az algorithm were
reasonable. However, increasing the value of Az through the
metalimnion and hypolimnion (Table 2) can be justified, in that it
accounts for the lack of dissipative and rotational processes described above. These modifications to Az resulted in a reduction of
the time step from 600 to 2 s and an increase in run time from 1 h to
© 2001 NRC Canada
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Fig. 3. Hourly time series of observed (thin black line), modelled with the original Az algorithm (broken line), and modelled with the
modified Az algorithm (thick black line) temperature at a depth of 9.4 m in the western basin at W2 (a) and at a depth of 14 m in the
central basin at C (b) (see Fig. 1 for positions of W2 and C).

1 week. It was therefore necessary to remove the time-step restriction (eq. 1), which was accomplished by making the effects of Az on
the horizontal velocity implicit (Patankar 1980; Boegman 1999).
As mixing coefficients for mass (Dz) and momentum (Az) are
not assumed to be equal, the augmented values of Az used herein
do not increase vertical mixing of scalar variables (e.g., heat). The
vertical eddy diffusivity (Dz) is calculated as a fraction of Az, by dividing by the turbulent Prandtl number (PrT):

(5)

Dz = A$ zPr T-1

where A$ z is the vertical eddy viscosity computed using the original
algorithm (eq. 4). Results from a sensitivity analysis (Boegman
1999) showed that the optimal values for PrT were 2.0 in the western and central basins and 7.0 in the eastern basin. Note that the
default Prandtl number used in CE-QUAL-W2 is 7.0, the commonly accepted laminar value for heat in fresh water (e.g., Fischer
et al. 1979). Experimental evidence (cf. Hinze 1959) suggests that
PrT is close to unity, thus supporting our empirically determined
lower model values. Coupled with the modified Az algorithm, the
Dz changes significantly improved modelled western and central
basin temperature time series (Fig. 3).

height, associated with strong cyclonic disturbances travelling northeast over the Great Lakes (Hamblin 1987), are
well simulated and frequent in the observed and modelled
time series (e.g., days = 147, 176; Figs. 4a and 4c).
Water-level power spectra were estimated by dividing the
time series into segments 256 points in length, applying a
256-point Blackman window and overlapping adjacent segments by 128 points. Frequencies of the lowest three natural
surface seiche modes (0.07, 0.11, and 0.17 cph) are clearly
evident in both the modelled and observed energy spectra
from Toledo (Fig. 4d). Low-frequency high-energy peaks can
also be seen in both the modelled and observed water level
spectra at periods of 100 h (0.01 cph) and 24 h (0.042 cph).
These same frequencies are evident in the frequency spectrum
of the longitudinal-wind component (Fig. 4b). Platzman and
Rao (1964) concluded that the diurnal (0.042 cph) peak in the
water-level spectra was due to the diurnal component in the
atmospheric forcing on the lake, while Hamblin (1987) and
Boyce and Chiocchio (1987) found the 100-h (0.01 cph) peak
to be a direct result of a dominance of storm events with time
scales greater than 1 day.

Results
Water level
Surface gravitational seiches with typical amplitudes of
10–30 cm are ubiquitous on Lake Erie. The periods of the
lowest four natural seiche modes are 14.38, 9.14, 5.93, and
4.15 h (Platzman and Rao 1964). At both Toledo and Buffalo, the modelled water levels follow the lowest mode period of 14 h (0.07 cph) very well with respect to wavelength,
phase, and amplitude (Fig. 4c). Storm surges, up to 1 m in

Currents
Comparison of modelled and observed longitudinal current time series at depths of 3.4 and 8 m at the western basin
station (W2) showed reasonable agreement both in phase and
amplitude (Figs. 5a and 5c). Observed and modelled energy
spectra for current velocities (Figs. 5b and 5d) both exhibit
Lake Erie’s lowest three natural barotropic frequencies
(0.07, 0.11, and 0.17 cph). The spectral peaks are more
defined in the modelled spectra, as the modelled time series
© 2001 NRC Canada
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Table 2. Summary of vertical eddy viscosity (Az) modifications to the original CE-QUAL-W2 source code.
Zone

Original Az routinea

Modified Az routineb

Epilimnion

Max. Az = 10–4 m2·s–1; surface currents 3–10% of surface wind
speed
Az reduction as a function of local Richardson number prevents
mixing across thermocline
Az approaches 0 at bed; very strong internal seiche developed
affecting interbasin exchange flow

Increased max. Az by 2 orders of magnitude to Az = 10–2 m2·s–1,
to reduce surface currents to 2–3% of surface wind speed
Placed limit on Richardson number reduction and increased Az, to
account for metalimnetic boundary dissipation
Increased Az by 4 orders of magnitude to 0.05 < Az < 0.1 m2·s–1,
to increase benthic dissipation

Metalimnion
Hypolimnion
a

Developed for hydraulically driven reservoirs.
Herein developed for wind-driven Lake Erie.

b

Fig. 4. Hourly time series comparing the central basin longitudinal wind speed (a) and the observed (thin black line) and modelled
with the modified Az algorithm (thick black line) Toledo water levels (c) and their respective energy spectra (b and d).

is of significantly greater length. Wind-forced diurnal and
0.01 cph storm frequency peaks may also be seen in both
modelled and observed longitudinal current energy spectra.
Direct comparison of central-basin longitudinal-current
time series is difficult, because 0.056-cph inertial currents,
which result from Coriolis effects on basin-scale Poincaré
waves (Gill 1982), are observed to be quite strong in the
central-basin epilimnion but are removed through lateral averaging of CE-QUAL-W2’s governing equations (Fig. 2d).
Nevertheless, both the modelled and observed central basin
current time series at 3-, 11-, and 24-m depths have spectral
peaks at periods of 100 h (0.01 cph), 24 h (0.042 cph), 14 h
(0.07 cph), and 6 h (0.17 cph) (Figs. 2d–2f). The 14- and 6-h
currents correspond to the first and third modes of the surface gravitational seiches. The 9-h second mode (0.11 cph)
is only simulated at a depth of 24 m. At this depth, where
the observed currents (measured 1 m above the bed) are relatively quiescent, the model predicts 1.5 orders of magnitude
more spectral energy at 0.01 and 0.07 cph than is observed
(Fig. 2f). Examination of animations of lakewide vector
plots of the predicted velocities showed that the excess energy at low frequencies was caused by hypolimnetic exchange flow between the central and eastern basins. Overall

the modelled current velocities agree well with the 1994
field observations and with the observations of Boyce and
Chiocchio (1987), who found that, in Lake Erie’s central
basin, the inertial (0.056 cph) and first mode barotropic
(0.07 cph) currents dominated the observed energy spectra.
Smaller energy peaks were found at the diurnal (0.042 cph)
and 100-h (0.01 cph) periods, while the second and third
baroclinic modes contained little energy.
Temperatures
The vertical variations in water temperature predicted by
the model for the western basin (station W1) are very similar
to those found in the observed data for this location (Fig. 6).
The water column remains fully mixed until late June when
stratification occurs near day 173 (23 June). The model lags
behind the observations by approximately 3 days (e.g., the
model predicts the occurrence of the 15°C isotherm on day
152 (1 June), yet it was observed on day 149).
In both the modelled and observed results for central basin
(station C), the degree of stratification increases through June,
culminating with a firmly established thermocline at a depth of
approximately 20 m by day 196 (15 July; Fig. 7). Previous
field measurements have shown that the thermocline is usually
© 2001 NRC Canada
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Fig. 5. Hourly time series of observed (thin black line) and modelled with the modified Az algorithm (thick black line) longitudinalcurrent velocities in the western basin at 3.4 m (a) and 8.0 m (b), and their respective energy spectra (c and d).

Fig. 6. Depth versus time isotherms comparing temperatures modelled with the modified Az algorithm (a) and the observed vertical
temperature distribution (b) in western Lake Erie at W1 (see Fig. 1 for position of W1). The isotherm contour interval is 2.5°C. Both
modelled and observed isotherms are linearly interpolated from hourly temperature time series at depths of 0, 5, and 9.4 m.

firmly established by the middle of July at a depth of 15 m
(Schertzer et al. 1987). This distinct thermocline persists
through the end of the simulation (day 269).
The formation and location of the thermocline in the east-

ern basin (station E) are well simulated by the model
(Fig. 8); however, the observed thermocline has a steeper
temperature gradient. Thickening of the metalimnion likely
results artificially from numerical diffusion (Patankar 1980).
© 2001 NRC Canada

J:\cjfas\cjfas58\cjfas-05\F01-035.vp
Monday, April 09, 2001 11:18:10 AM

Color profile: Generic CMYK printer profile
Composite Default screen

866

Can. J. Fish. Aquat. Sci. Vol. 58, 2001

Fig. 7. Depth versus time isotherms comparing temperatures modelled with the modified Az algorithm (a) and the observed vertical temperature distribution (b) in western Lake Erie at C (see Fig. 1 for position of C). The isotherm contour interval is 2.5°C. Both modelled
and observed isotherms are linearly interpolated from hourly temperature time series at depths of 0, 2, 5, 8, 11, 14, 17, and 24 m.

The modelled isotherms exhibit a strong 4- to 5-day (0.01 cph)
low-frequency oscillation with amplitude of approximately
5 m, which is not apparent in the observed isotherms. Note
once again, that this 0.01-cph frequency is the dominant frequency in both the surface-wind forcing and the excessively
strong central basin 24 m current.
In both the central and eastern basins, the model correctly
simulates the sharpening and deepening of the thermocline
through August and September. However, the model does
not reproduce the high-frequency diurnal isotherm oscillations evident in the observed data in the central and eastern
basins. These oscillations are likely a result of diurnal wind
forcing and penetrative convection in the metalimnion and
epilimnion, respectively.
The model’s quantitative performance between observed
and modelled temperature (temp.) time series was evaluated
by calculating the mean absolute error (MAE):
(6)

ö
æ n
MAE = ç å (observed temp. ) i - (modelled temp. ) i ÷ × n- 1
÷
ç i =1
ø
è

where n is the number of samples. At W1, the MAE is less
than 0.6°C at depths of 0, 2, 5, and 9.4 m. At C, the MAE
ranges between 1.4 and 1.8°C at depths of 0, 2, 5, 8, 11, 14,
17, and 24 m. The MAE, as expected, is greater in the central basin than in the well-mixed western basin, because
simulating temperatures within a thermally stratified water
column is inherently more difficult. At E, in the deep quiescent hypolimnion, the modelled and observed temperature

remains near 4°C throughout the season, with a maximum
MAE of 0.7°C at depths of 35, 50, and 61 m. Within the
epilimnion and metalimnion, the maximum MAE between
the modelled and observed temperatures at depths of 0, 2,
10, and 20 m is 1.7°C.
Thermocline deepening events are correctly simulated as
steplike temperature increases observed near days 148, 160,
and 176 (Fig. 3). These events correspond to strong surface
wind forcing (Fig. 4a), as indicated by storm surges
(Fig. 4c), increased vertical mixing in the epilimnion, and a
deepening of the modelled and observed mixed layer near
days 148, 160, and 175 (Figs. 6–8). This is consistent with
the observations of Schertzer et al. (1987) that mixed layer
deepening in the central basin was primarily associated with
strong-wind events.

Discussion
The discrepancy between modelled and observed hypolimnetic central basin currents may be examined by considering exchange flow between the central and eastern basins.
Observational studies have shown a net westward hypolimnetic transport at the junction between the central and
eastern basins (Bartish 1987; Saylor and Miller 1987).
Eighty to one-hundred percent of this flow is confined by the
Pennsylvania Ridge to the Pennsylvania Channel (near Erie,
Pennsylvania; Chiocchio 1981) and is thus named the Pennsylvania Current. The observations of Bartish (1987) agree
with our predictions that suggest that the Pennsylvania Cur© 2001 NRC Canada
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Fig. 8. Depth versus time isotherms comparing temperatures modelled with the modified Az algorithm (a) and the observed vertical temperature distribution (b) in western Lake Erie at E (see Fig. 1 for position of E). The isotherm contour interval is 2.5°C. Both modelled
and observed isotherms are linearly interpolated from hourly temperature time series at depths of 0, 2, 10, 20, 35, 50, and 61 m.

rent is driven by baroclinic flows associated with a basinscale vertical and horizontal mode one seiche in the eastern
basin. The strength of the Pennsylvania Current is proportional to the magnitude of the wind forcing (Bartish 1987),
and it is observed to periodically fluctuate at periods of 50–
150 h (Chiocchio 1981) and 100 h (0.01 cph; Boyce et al.
1980), in agreement with the period of the typical storm cycle and our modelled central basin hypolimnetic currents.
Further attempts to reduce the strength of the modelled
central basin hypolimnetic current had negligible effects.
These included: increasing the surface Az maximum value by
approximately two orders of magnitude (to ~1.0 m2·s–1) and
the bed Az by one order of magnitude (to ~0.5–1.0 m2·s–1);
the addition of sidewall friction (e.g., Stacey et al. 1995);
and increasing the height of the Pennsylvania Ridge to account for bathymetric simplifications resulting from
discretization and lateral averaging. However, removal of the
reduction of Az in the thermocline region as a function of the
Richardson number was found to reduce the modelled central basin hypolimnetic currents. This result is not surprising,
as the enhanced vertical mixing prevents stratification,
which acts as a wave guide for the baroclinic motions that
drive basin-scale benthic currents.
An important aspect of this study is the determination of
the effects of lateral averaging for Lake Erie. Although Lake
Erie has a 6:1 length-to-width aspect ratio it has a maximum
width that is greater than 100 km, many times the internal
Rossby radius of deformation (~5 km). That is, at length
scales greater than ~5 km in Lake Erie, the effects of the
earth’s rotation become important. This being the case, mo-

mentum transfer by Coriolis forces, from longitudinal to
transverse, could be acting to reduce longitudinal basin-scale
seiche strength by directing momentum laterally, away from
the lake’s longitudinal axis. A simple analytical model for
the current excited by a sudden increase in wind shear acting
on the epilimnion gives the longitudinal-current velocity in
the inertial (nonrotating) frame (UI) as the product of the
wind stress (w) times the elapsed time (t) divided by the
product of water density (r) and epilimnion thickness (h):
(7)

UI =

wt

rh

The longitudinal current in the rotational frame (UR) is given
by
(8)

UR =

w sin ( f t)
rh
f

where f is the Coriolis parameter for Lake Erie: f = 9.77·10–5·s–1
(Gill 1982). For a short time, the two flows are close in speed
and direction, but after one-quarter of an inertial period (~4.5 h
for Lake Erie), the longitudinal current in the rotational flow
vanishes and, after 9 h, it opposes the wind. This simple analysis
suggests that the reduction of longitudinal momentum is compensated for in the case of the 2-dimensional model by augmented values of vertical eddy viscosity.
Although in the present study we only intended to develop
a hydrodynamically accurate model for 1994, the model
should provide accurate predictions for other ice-free periods
without further adjustment of the turbulence scheme. This fol© 2001 NRC Canada
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lows from the fact that the 1994 meteorological data set was
found to be typical for Lake Erie for the time period May–
September when compared with historical records (Boyce and
Chiocchio 1987; Hamblin 1987). In particular, the mean and
standard deviation of the surface-wind field, the predominant
forcing mechanism contributing to vertical turbulent mixing,
were within the expected range of values. Obviously if other
years were to be studied, the predicted time series would vary
depending on the exact details of the meteorological forcing.
In other words, as the time and intensity of storm events varied from year to year, so would the predicted time of occurrence of phenomena such as thermocline deepening.
CE-QUAL-W2’s eddy viscosity turbulence model, developed for narrow hydraulically driven lakes and reservoirs,
was found to be problematic for large wind-driven Lake
Erie. Modifications to the vertical-mixing algorithm were required, to suppress excessive low frequency wind forced oscillations. Once the vertical-mixing routine was adjusted,
longitudinal currents were modelled qualitatively in the
western and central basins, with the possible exception of
near-bed currents in the central basin. The model accurately
predicted water levels and the thermal structure in the
longitudinal–vertical plane. These results support the further
extension of the model to include the effects of zebra mussels
and zooplankton under a regimen of varying nutrient inputs
and meteorological forcing. This has allowed us to use the
model to: (i) investigate the effects of longitudinal and vertical mixing on nutrient availability to zebra mussels and
(ii) quantify the relative influence of reductions in phosphorus and the introduction and proliferation of zebra mussels
on the dramatic changes in Lake Erie’s water. These results
will be reported elsewhere.
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