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Assessment of a NEMO-based hydrodynamic modelling

system for the Great Lakes

Frederic Dupont, Padala Chittibabu, Vincent Fortin, Yerubandi R. Rao

and Youyu Lu
ABSTRACT
Environment Canada recently developed a coupled lake–atmosphere–hydrological modelling system

for the Laurentian Great Lakes. This modelling system consists of the Canadian Regional

Deterministic Prediction System (RDPS), which is based on the Global Environmental Multiscale

model (GEM), the MESH (Modélisation Environnementale Surface et Hydrologie) surface and river

routing model, and a hydrodynamic model based on the three-dimensional global ocean model

Nucleus for European Modelling of the Ocean (NEMO). This paper describes the performance of the

NEMO model in the Great Lakes. The model was run from 2004 to 2009 with atmospheric forcing

from GEM and river forcing from the MESH modelling system for the Great Lakes region and

compared with available observations in selected lakes. The NEMO model is able to produce

observed variations of lake levels, ice concentrations, lake surface temperatures, surface currents

and vertical thermal structure reasonably well in most of the Great Lakes. However, the model

produced a diffused thermocline in the central basin of Lake Erie. The model predicted evaporation is

relatively strong in the upper lakes. Preliminary results of the modelling system indicate that the

model needs further improvements in atmospheric–lake exchange bulk formulae and surface mixed

layer physics.
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INTRODUCTION
The Laurentian Great Lakes in North America have a

combined surface area of 246,000 km2 within a basin of

774,000 km2. The Great Lakes are the largest fresh surface

water source in the world, and provide drinking water to 40

million US and Canadian citizens. Economic activities such

as commercial and sport fishing, recreation and shipping are

worth billions of dollars. Understanding the processes govern-

ing this complex ecosystem and developing operational

forecasting capabilities of the lake state are very crucial to

safe economic and recreational activities around the coasts

of the Great Lakes. Man-made developments such as urbaniz-

ation, industrialization and agricultural activities from both

the United States and Canada continue to increase the

pressure on these water bodies and their management.
With horizontal scales of hundreds of kilometres, depth

scales of hundreds of metres, and a well-developed seasonal

thermal stratification in the summer and partial-to-full

winter ice coverage, the Great Lakes’ basins exhibit the

same physical phenomena observed in the coastal ocean

or inland seas. The thermal structure and circulation in

the Great Lakes vary seasonally, along with surface fluxes

(Boyce et al. ). During the winter and spring the lakes

are generally isothermal and the wind forcing can penetrate

deep into the water column. In summer, thermal stratifica-

tion forms in most of the lakes. Because of the large

horizontal scale, the Laurentian Great Lakes have signifi-

cant impacts on the local weather and climate (Anyah &

Semazzi ; Obolkinm & Potemkin ). In turn,

mailto:Frederic.Dupont@ec.gc.ca


199 F. Dupont et al. | Assessment of a NEMO-based hydrodynamic modelling system for the Great Lakes Water Quality Research Journal of Canada | 47.3-4 | 2012
atmospheric conditions, such as surface winds and heat flux,

precipitation and evaporation, also have significant influ-

ences on the thermal structure (King et al. ) and water

level in lakes (Hanrahan et al. ).

Hydrodynamic modelling of lakes in three dimensions

gives a thorough understanding of various physical pro-

cesses that influence transport and distribution of chemical

and biological elements in the lakes. Real-time forecasts of

temperature, water levels, ice conditions, surface waves

and currents are useful for commercial (shipping, fishing)

and recreational activities (boaters, swimmers, divers, shore-

line anglers). Water safety is one of the major concerns of

the users of the lakes and Search and Rescue (SAR) activi-

ties are challenging for both the Canadian and American

authorities. For effective SAR and many other operations

it is vital to accurately forecast the hydrodynamical pro-

cesses and weather conditions in the lakes.

For these reasons, various attempts have been made

over the years to develop three-dimensional (3D) hydrodyn-

amic models for the Great Lakes (e.g., Bennett ; Simons

); and during the last 2 decades 3D coastal ocean

models have been adapted to the Great Lakes. In one

such example, the Princeton Ocean Model (POM) has

been used in an operational forecasting system of the

Great Lakes (Schwab & Bedford ). Currently, this

model is run in nowcast and forecast modes using forcing

from observed meteorological measurements. Recently,

Huang et al. (a) assessed the performance of POM in

Lake Ontario with observed forcing and atmospheric fore-

cast forcing from the Environment Canada Global

Environmental Multiscale (GEM) model in reproducing

the circulation and temperature in the lake. In another

study, the Canadian version of Diecast model (CANDIE)

was applied to study the seasonal thermal structure and

coastal circulation in Lake Huron (Sheng & Rao ).

More recently, the Estuary, Lake and Coastal Ocean

Model (ELCOM) was also used to simulate the thermal

structure in the Great Lakes (Rao et al. ). Huang et al.

(b) applied these three hydrodynamic models, namely

POM, CANDIE and ELCOM, to inter-compare the sol-

utions of the models with each other and with

observations in Lake Ontario. In general, they found that

all these models were able to reproduce the seasonal circu-

lation and surface temperatures reasonably well.
In recent years efforts have been made to couple atmos-

pheric models and climate models to lake models (Bates

et al. ; Lofgren ). Studies have shown that inclusion

of air–lake interactions leads to improved performance of

climate models and as a result one-dimensional models are

included in regional climate models. Since the cumulative

effect of lakes on local climate is very important, attempts

were made to include the lakes in atmospheric models,

and simple models were developed to couple with regional

climate models. For example, Goyette et al. () devel-

oped a simple mixed layer model which was implemented

in the Canadian Regional Climate Model for the Great

Lakes. Martynov et al. () used one-dimensional lake

models to demonstrate their suitability for inclusion in the

regional climate models. Both models were run offline for

two small temperate lakes and for the Great Lakes, with

observed forcing as well as forcing from the ERA40 reanaly-

sis data. Although the models were able to simulate

temperature and thermal structure in smaller shallower

lakes, the models were unable to produce good results in

larger lakes.

Furthermore, recent studies showed that atmospheric

models coupled with 3D lake models could obtain more

realistic local temperature, evaporation and convergence

patterns compared to simulations without lake effects, for

example, over Lake Victoria (Song et al. ) and Great

Bear and Great Slave lakes (Long et al. ). Similar

assessment has been carried out with a coupled atmos-

phere and ocean-ice model in the Gulf of St Lawrence

(Pellerin et al. ). Encouraged by these results, a fully

coupled 3D atmosphere–lake modelling system is being

developed by Environment Canada to represent the com-

plex air–lake interaction over the Great Lakes region. In

this system, the hydrodynamic lake component is based

on NEMO (Nucleus for European Modelling of the

Ocean; Madec et al. ; Madec ), while the MESH

(Modélisation Environnementale Surface et Hydrologie)

model (Pietroniro et al. ; Deacu et al. ) forced by

GEM is used to estimate tributary flow to the lakes (further

details are discussed below). This coupled system should

become part of Environment Canada’s complete environ-

mental forecasting system for the Great Lakes, including

the weather, hydrology and water quality conditions. The

argument for using NEMO instead of any other models
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already applied in a lake context (some of them described

below) is mani-fold. First, it is a state-of-the-art ocean

model with an active ice and water quality component,

well supported by a large community of users and research-

ers. Second, NEMO can run on massively parallel

computers, which is of great importance to Environment

Canada operations, thus allowing for higher resolution

and therefore accuracy. Finally, collaborations among

other Canadian agencies and with the French consortium

Mercator are made easier with the use of a common mod-

elling tool, i.e., NEMO. This approach is pursued, of

course, as long as we can prove that the model can do as

well as (or better than) any other models.

Before performing two-way coupling, it is important to

assess the accuracy of NEMO simulations with obser-

vations in the Great Lakes. Therefore, the purpose of this

paper is to provide a first assessment of the performance

of the NEMO hydrodynamic model applied to the Great

Lakes using GEM and MESH forcings. First, we will

show that using in situ observations in Lake Ontario, the

performance of the NEMO model is comparable to other

hydrodynamic models. We then apply this version of

NEMO in hindcasting mode from June 2004 to May 2009

to all Great Lakes and assess the performance using avail-

able data and analysis.
METHODS

Environment Canada’s coupled lake–atmosphere–

hydrological modelling system consists of the following

components:

1. The NEMO hydrodynamic model applied for the Great

Lakes.

2. The Canadian operational weather forecasting model

(GEM model) in its RDPS (Regional Deterministic Pre-

diction System) configuration.

3. The Coordinated Great Lakes River Routing Model

(CGLRRM) for connecting channels (Tolson ).

4. The MESH land surface and river routing model (Pietro-

niro et al. ; Deacu et al. ) based on the Canadian

version of ISBA (Interactions between Soil–Biosphere–

Atmosphere; Bélair et al. ) and the river routing
module of WATFLOOD (Kouwen ; Bingeman et al.

).

Nucleus for European Modelling of the Ocean (NEMO)

NEMO (http://www.nemo-ocean.eu) is a community ocean

and ice model developed originally in Europe (Madec et al.

; Madec ), and has evolved very substantially since

its introduction in the 2000s. The ocean engine of NEMO is

a primitive equation model (OPA; Madec et al. )

adapted to regional and global ocean circulation problems.

It is intended to be a flexible tool for studying the ocean

(or lakes) and its interactions with the other components

of Earth’s climate system over a wide range of space and

time scales (Drillet et al. ; Barnier et al. ; Masson-

Delmotte et al. ). Prognostic variables of the model

are the 3D velocity field, a linear or non-linear sea surface

height, temperature and salinity. In the horizontal direction,

the model uses a curvilinear orthogonal grid, and in the ver-

tical direction a full or partial step z-coordinate, or sigma-

coordinate is provided. The distribution of variables is car-

ried out on a 3D Arakawa C-type grid. Several choices are

available to describe the vertical mixing in the model,

including turbulent kinetic energy (TKE) closure (Gaspar

et al. ; Blanke & Delecluse ), GLS (General

Length Scale; Umlauf & Burchard ) and KPP vertical

physics (non-local K-profile; Large et al. ). Within

NEMO, the ocean (or lake) is interfaced with a sea-ice

model (LIM 2; Fichefet & Morales Maqueda , or LIM

3; Vancoppenolle et al. a, b). The model also supports

two-way grid embedding via the AGRIF library. An advan-

tage of the NEMO model is its widespread use and

continuous tuning by the scientific community (Drillet

et al. ; Rattan et al. ). The current setup for the

Great Lakes uses LIM2 which includes two layers of ice

and one layer of snow. The NEMO model has been exten-

sively tested and applied in Canada for global, basin and

regional applications, in the CONCEPTS (Canadian

Operational Network of Coupled Environmental

PredicTion Systems) program, Centre for Ocean Model

Development for Applications (COMDA), and the Global

Ocean-Atmosphere Prediction and Predictability (GOAPP)

network funded by the Canadian Foundation for Climate

and Atmospheric Sciences (CFCAS) (e.g., Holloway &

http://www.nemo-ocean.eu
http://www.nemo-ocean.eu
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Wang ; Zhu et al. ; Rattan et al. ; Wang et al.

).

GEM forcing

The hydrodynamic lake model is forced by the GEM atmos-

pheric model in its RDPS configuration (Mailhot et al.

). With a horizontal resolution of 15 km GEM has

advanced numerics and a sophisticated physics packages

(Côté et al. ; Mailhot et al. ), and benefits from

advanced data assimilation capacities (e.g., Gauthier et al.

; Laroche et al. ). It has been running operationally

at the Canadian Meteorological Centre (CMC) since 1997

in order to provide short-range weather forecasts to

Canadians. The modelled meteorological forcing data are

taken from 6 to 18 hours GEM forecasts (two forecasts

per day) for the full hindcast period at 3-hour frequencies.

The lowest prognostic level (approximately 40 m) is used

for air temperature, specific humidity, wind direction and

wind speed. Other variables (precipitation, pressure, as

well as short and long wave incoming radiation) are pro-

vided at the surface level.

The hydrological components

The hydrodynamic model is also forced by daily river flows

provided by MESH which combines the surface com-

ponent of GEM based on the ISBA model (Bélair et al.

) with a river router based on WATFLOOD (Kouwen

; Bingeman et al. ). It was developed for the

Great Lakes by Pietroniro et al. (), and further

improved by Deacu et al. () and demonstrated that it

can accurately predict net basin supply (NBS) to each of

the Great Lakes (i.e., the net effect of precipitation, evapor-

ation and runoff to the lakes). MESH predicts turbulent

transfers of heat, moisture and momentum over both land

and water. Although NEMO provides surface temperature

and ice cover of the lakes, this is not used in the current

MESH setup. Atmospheric forcings for MESH are pro-

vided directly by GEM, which relies on a daily analysis

of surface temperature and ice cover over water (Brasnett

).

NEMO is also coupled to the CGLRRM (Tolson )

which predicts outflow from the control structures at the
outlet of Lake Superior based on the regulation plan, as

well as flows in the connecting channels of the Great

Lakes system: St Marys river downstream of Lake Superior,

St Clair River downstream of Lake Huron, Detroit River

downstream of Lake St Clair and Niagara Falls downstream

of Lake Erie. The model also provides an estimate of flows at

the outlet of Lake Ontario at Cornwall following the same

discharge equation used in MESH:

Outflow ont ¼ 555:823�(H ont� 0:0014�(2000� 1985)

� 69:474)1:5

where Outflow_ont is in m3/s andH_ont is the absolute lake

level following IGLD85 in metres. However, as this relation

does not include impacts of regulation at Cornwall, the pre-

dicted lake level for Lake Ontario has limited skill.

The NEMO model is implemented over the Great Lakes

at a 2-km horizontal resolution (Figure 1). The model bathy-

metry is generated from the Great Lakes’ database of the

NGDC (National Geographic Data Centre). The vertical dis-

cretization is based on 35 fixed z-levels with a nearly constant

1 m resolution in the first 10 layers and increasingly coarse

resolution below, which allows a good representation of

the surface and mixed layer processes. A compact grid of

355 × 435 × 35 allows the integration of 1 year per clock

day on a 16 cpu machine with a time step of 600 s. A total

variation diminishing (TVD) advection scheme is used for tra-

cers (temperature and salinity) and the bottom friction is

treated implicitly. The TKE closure scheme (Gaspar et al.

) is chosen for solving of the vertical turbulence. Initial

temperature conditions were taken from the National

Oceanic and Atmospheric Administration/Great Lakes

Environmental Research Laboratory (NOAA/GLERL)

Great Lakes Surface Environmental Analysis (GLSEA;

http://coastwatch.glerl.noaa.gov/glsea/glsea.html) for the

surface with an exponential relaxation to 4 WC at 20 m on 2

June 2004. The CORE bulk formulae (Large & Yeager

) for the computation of turbulence air–sea fluxes were

used for the 5-year-long hindcast (see below the section

Great Lakes configuration (one-way coupled model results))

while the Schertzer bulk formulae (Schertzer et al. )

were used for the model intercomparison (see the section

below).

http://coastwatch.glerl.noaa.gov/glsea/glsea.html
http://coastwatch.glerl.noaa.gov/glsea/glsea.html


Figure 1 | Bathymetry of the hydrodynamic model for the Great Lakes.
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RESULTS

Validation of NEMO through intercomparison of models

in Lake Ontario

Huang et al. (b) assessed the performance of three hydro-

dynamic models in simulating seasonal thermal structure

and circulation in Lake Ontario. A common configuration

and observations from an intense campaign in 2006 using

thermistor chains (eight stations) and an Acoustic Doppler

Current Profiler (ADCP) (three stations) are available for

this exercise (Figure 2). Three models were part of that inter-

comparison study (CANDIE; Sheng et al. ; POM;Mellor

& Blumberg ; and ELCOM; Hodges & Dallimore ).

In the current intercomparison exercise, the ELCOM model
Figure 2 | Instrumented locations during the intensive 2006 campaign in Lake Ontario.
is not considered (due to licensing and proprietary issues).

Using Huang et al.’s (b) configuration, the three

models (CANDIE, POM and NEMO) were discretized

with a 2-km grid over Lake Ontario. Higher vertical resol-

ution (1 m) is used in the upper 20 m, and coarser

resolution (2–10 m) is used below that. POM uses 31 sigma

levels in the vertical. The models were validated against

observations using metric errors. The error metrics were

based on the root mean square (RMS) error of temperature

and velocity, and bias and RMS error based on the

GLSEA. The models were initialized with surface tempera-

tures from GLSEA in April 2006 (vertically uniform). The

atmospheric forcing was provided by the GEM regional

model at 15-km resolution from the bottommost prognostic

level (approximately 40 m) and the wind was rescaled to

10 m using a simple log law. A bilinear interpolation

method is used to map the GEM forcing fields onto the

model grids. In all the models the Schertzer bulk formula

was used (Schertzer et al. ). All three lake models were

run from 15 April (day 105) to 10 October 2006 (day 283).

As the main focus is comparative assessment of NEMO

to other models and observations, only the error metrics

are shown here. Although the threemodels obtained qualitat-

ively similar results, there are some noticeable differences. In



Table 3 | The surface temperature error (bias and RMS error, RMSE) between the models

and GLSEA during summer 2006

Metric CANDIE POM NEMO

BIAS 1.32 0.61 –0.19

RMSE 1.29 1.22 1.20
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terms of RMS errors of vertical temperatures the NEMO per-

formance is slightly better than the other two models except

at one station (Table 1). Similar results are obtained for vel-

ocity at ADCP stations (Table 2). The comparison of model

results with GLSEA is also somewhat in favour of NEMO

(Table 3). Interestingly, the largest error in sea surface temp-

erature (SST) is seen in spring and fall when the models do

not warm up/cool down at the same rate as in the obser-

vations. Upwelling and downwelling events are also an

important source of error. Possible explanations are the

lack of an accurate representation of the thin lake thermo-

cline and some potential misrepresentation of the clouds in

the deterministic atmospheric model which forces the lake

models at the surface (i.e., cloud spinup and other parametri-

zation issues, Gregory Smith, EC, personal communication).

Great Lakes configuration (one-way coupled model

results)

Water levels and connecting channel flows

Simulation of water levels is of paramount importance in the

water cycle prediction of the Great Lakes. Currently, this is
Table 1 | The RMS errors of temperature for the three models during summer 2006

Stations CANDIE POM NEMO

CCIW 2.49 2.21 1.72

403 2.16 2.05 1.96

586 2.61 2.84 2.52

1263 2.43 2.46 2.58

1266 2.49 2.21 1.72

1269 2.80 2.49 2.48

1270 2.40 2.70 2.20

752 2.69 2.42 1.85

Mean 2.51 2.42 2.13

Table 2 | The RMS errors of velocity for the three models during summer 2006

Stations CANDIE POM NEMO

1266 0.07 0.07 0.06

1269 0.05 0.06 0.04

1270 0.07 0.10 0.07

Mean 0.07 0.08 0.05
achieved either by calculating net basin supplies using com-

ponent or residual methods (Neff & Nicholas ).

Hydrodynamic models are rarely used for obtaining mean

lake levels because of inherent issues of accounting net

basin supplies to the lakes in long-term simulations. As

one of the objectives of the hydrological system is the predic-

tion of long-term water levels in the Great Lakes, we assess

the water levels predicted by the current model setup. The

time series of simulated daily water levels were compared

to observed lake levels during 2004 to 2009 in all lakes

(Figure 3). In the upper lakes (Superior and Huron–Michi-

gan), the modelled water levels closely followed observed

levels with slight underprediction. In Lake Superior and

Huron, the elevation bias over the whole period is –3 and

–2 cm, respectively, while the RMS error between modelled

and observed water levels is 7 and 4 cm, respectively. The

modelled phase is consistent with observations. However,

in the lower Great Lakes (Lake Erie, Lake St Clair and

Lake Ontario), the modelled water levels are significantly

underpredicted with respective bias of 15, 12 and 33 cm.

This was also reflected in large RMS errors of 17, 14 and

36 cm in these lakes. The largest error was found in Lake

Ontario, where an ad hoc formulation for the outflow was

used. This suggests that the ad hoc formulation used here,

which represents pre-project outflow from Lake Ontario at

Cornwall prior to the dam construction, is not adequate as

the lake is now regulated. It would be possible to code in

a regulation plan for Lake Ontario, based on plan 1958-D,

which is currently used for managing the lake. However,

lake managers frequently deviate from this plan in order

to reduce the risk of downstream flooding. Furthermore,

this plan is currently being reviewed and will likely be

replaced by a more flexible adaptive management frame-

work, as recommended by the International Lake

Ontario–St Lawrence River Study Board.

Figure 4 shows flows in the connecting channels. The

flow in Saint-Mary’s River was underpredicted by the



Figure 3 | Comparison of lake levels. Black, observations; red, modelled by NEMO (grey on the hardcopy edition; the full colour version is available online at http://www.iwaponline.com/

wqrjc/toc.htm).
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model and reaches the minimum regulation permissible

limit many times. Yet, the modelled Lake Superior level

was close to observations. This would indicate that the

NBS is underpredicted for Lake Superior. Lake Huron–

Michigan showed the opposite trend as the inflow was

under-represented but the outflow and elevations were
reasonably well simulated. This situation also leads to

underprediction of the net basin supplies. As we progress

towards the lower lakes, it becomes, however, increas-

ingly complex to describe the interactions between the

different processes in simple terms. Deacu et al. ()

noticed a similar problem in their study and circumvented

http://www.iwaponline.com/wqrjc/toc.htm
http://www.iwaponline.com/wqrjc/toc.htm


Figure 4 | The river flows through the connecting channels. Black, observations; red, model (grey on the hardcopy edition; the full colour version is available online at http://www.

iwaponline.com/wqrjc/toc.htm).
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the problem by focusing on predictions of NBS instead of

lake levels. However, the observations for verifying this

are only available as a residual of a water balance calcu-

lation, which are more and more uncertain as we go

downstream.

Although, in general, the lake levels are reasonably well

predicted, the evaporation predicted in NEMO using the
CORE bulk formulae is somewhat strong in the upper

lakes (not shown) and likely explains weaker than observed

flows in some of the connecting channels. A few correc-

tions have been tested in GEM bulk formulae to fix

evaporation issues (Deacu et al. ). Once they are oper-

ationally tested, they will be ported to NEMO in future

versions.

http://www.iwaponline.com/wqrjc/toc.htm
http://www.iwaponline.com/wqrjc/toc.htm
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Temperature

One of the priorities of this Great Lakes forecasting

system is to predict good quality surface and water

column temperatures in all the Great Lakes at a reason-

able spatial resolution for coupling with the atmospheric

model. These predictions will also help to forecast temp-

eratures at water intakes and assess upwelling and

downwelling events in the lakes. In general, model
Figure 5 | (a) Surface lake temperature from GLSEA and (b) departure of the model from GLSE
predicted surface temperatures are in good agreement

with satellite derived GLSEA data. Figure 5 shows a com-

parison of observed and modelled surface temperatures on

a typical day (1 July 2005). The surface water temperatures

of Lake Ontario and Erie are reasonably well predicted.

However, surface temperatures of Lake Superior have a

significant warm bias. Some discrepancies could also

arise because satellite-derived temperatures are skin temp-

eratures, whereas model produced temperatures are in the
A for 1 July 2005.
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upper 1 m or so. Another potential source of discrepancy

is the cloud representation in GEM and related overesti-

mation of short wave radiation (see comment in the

section Validation of NEMO through intercomparison of

models in Lake Ontario).

The lake averaged surface temperatures were compared

with CMC analysis (Brasnett ) combined with GLSEA

analysis for each lake in all the years. An example is

shown for 2005, other years have similar features (Figure 6).

For Lake Superior, the bias is particularly strong during

warm-up (June) and cool-down (October–November) with

values of up to 4 WC in spring and 2 WC in fall. The same

warm-up problem is also visible in Lake Huron, Erie and

Ontario (3 WC in May for Lake Ontario). The best match is

obtained in Lake Michigan year-round with a bias of less

than 1 WC while a warm bias appears in Lake Huron and

Lake Erie during summer (1–2 WC). The warm-up problem,

especially in Lake Superior, is depicted in the spatial map

for 1 July 2005 (Figure 5).

The time series of temperature profiles show the devel-

opment of stratification in each lake during 2004–2009
Figure 6 | A comparison of mean surface temperatures for Lakes Superior, Michigan,

Huron, Erie and Ontario during the year 2005 (black, derived from CMC SST

analysis; red, from GLSEA; blue, the model (the last two lines are grey and

dashed, respectively, on the hardcopy edition; the full colour version is avail-

able online at http://www.iwaponline.com/wqrjc/toc.htm)).
(Figure 7). In general, the model is able to predict the

overturns in spring and fall reasonably well. Furthermore,

the general range of predicted temperatures was within

the observed ranges in these lakes. The model was also

able to reproduce some of the interannual variability of

the thermal structure. The predicted thermocline structure

is comparable to other models in Lake Ontario (Huang

et al. b). Although the model predicted the occurrence

of the seasonal thermocline in each lake at the right

depths (20–30 m), the structure appears to be rather diffu-

sive (e.g., Lake Ontario), especially in the central basin of

Lake Erie where the thermocline dramatically disappears

too soon. A typical difficulty in numerical lake models is

representing the sharp thermocline found in observations

in Lake Erie.

Ice cover

The prediction of winter ice on the Great Lakes is important

for several applications, including to determine the annual

thermal cycle of the lake and for assessing the long-term

trends of surface water temperatures. However, until

recently, the modelling of ice cover and extent has not

received similar attention as in the oceans (Wang et al.

; Oveisy et al. ). The LIM2-NEMO package is used

for the first time to assess the formation and extent of ice

cover during the 2004–2009 ice seasons. The mean ice con-

centration was computed for each lake and compared with

the analysis by the Canadian Ice Service (CIS) in Figure 8.

The comparison shows that the model results are generally

comparable to observations with slight underestimation in

Lake Huron and Lake Erie. The interannual variability of

ice cover is also well reproduced in the model. Direct com-

parisons show however that NEMO ice edge tends to be

somewhat smooth. This is likely due to the crude thermo-

dynamics used in LIM2.

Circulation

Boyce et al. () noted that with the exception of circu-

lation associated with the intermediate phase of the

thermal bar and the hydraulic component in shallow

basins or narrows, circulation in the Great Lakes is domi-

nated by wind. Beletsky et al. () compiled the mean

http://www.iwaponline.com/wqrjc/toc.htm


Figure 7 | Vertical profiles of temperature at an arbitrary offshore location in Lakes Superior, Michigan, Huron, at Station 84 in Lake Erie and Station 403 in Lake Ontario. The insets of the

two bottommost panels correspond to observations at the same location for respectively summer 2008 (Station 84 in Lake Erie) and 2006 (Station 403 in Lake Ontario).
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circulation in the Great Lakes based on several exper-

imental data sets conducted over the years. Storm-

induced currents in the Great Lakes can be quite strong

(up to several tens of cm/s), but the average (seasonal

means) currents are rather weak throughout most seasons

of the year (on the order of only a few cm/s). The average

magnitude of summer circulation in the Great Lakes is

1.0–2.4 cm/s, while mean summer currents can be as

small as 0.1 cm/s at certain locations and the maximum

current speed can reach up to 7 cm/s (e.g., Keweenaw cur-

rent in Lake Superior). Currents typically change their

direction with depth, and their speed decreases, which

reflects the importance of baroclinic effects in the pres-

ence of the seasonal thermocline. The summer
circulation pattern is mostly cyclonic in the upper Great

Lakes, whereas in Lake Erie the anticyclonic gyre domi-

nates and only a smaller cyclonic gyre is present in the

western part in Lake Erie. In Lake Ontario the cyclonic

circulation in the central part is a dominant feature with

stronger eastward current near the south shore. Cyclonic

circulation persists in the winter. Winter currents are gen-

erally stronger than summer currents, and, therefore,

annual circulation patterns closely resemble winter circu-

lation patterns.

As shown in Figure 9, mean annual surface currents

follow the prevailing winds over the Great Lakes. In

Lake Superior, the Keweenaw current is a persistent fea-

ture of summer circulation and simulated well (Chen



Figure 8 | Comparison of weekly observed (black) and modelled (red) (grey on the hardcopy edition; the full colour version is available online at http://www.iwaponline.com/wqrjc/toc.

htm) mean ice concentration in the Great Lakes.
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et al. ). The surface currents produced by the model in

Lake Michigan and Lake Huron are also comparable to

other model studies (Beletsky et al. ; Sheng & Rao

).

The mean velocities for 2006 are calculated as a large

observational database is available during this period in

Lake Ontario (Huang et al. a). The depth-averaged
circulation shows a cyclonic circulation occupying a large

portion of Lake Ontario (Figure 10), which is consistent

with results from Huang et al. (a). Mean currents

obtained are in the order of 2–7 cm/s, which are in good

agreement with observed currents in the lake (Beletsky

et al. ). Some features in velocity appear to be oriented

along the bathymetry – in Lake Huron and Lake Ontario, in

http://www.iwaponline.com/wqrjc/toc.htm
http://www.iwaponline.com/wqrjc/toc.htm


Figure 9 | Mean surface velocity for 2006 in (a) Lake Superior, (b) Lakes Michigan–Huron and (c) Lakes St Clair, Erie and Ontario.
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Figure 10 | Mean depth-averaged velocity for 2006 in (a) Lake Superior, (b) Lakes Michigan–Huron and (c) Lakes St Clair, Erie and Ontario.
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particular. A typical cyclonic circulation is found in most of

the lakes.
CONCLUSIONS

The overall goal of this project was to develop a coupled

lake–hydrology–atmosphere model for the Great Lakes

basin. In this study, the first version of the one-way coupled

hydrodynamic model (NEMO) applied to the Great Lakes

has been assessed. The coupled hydrological, atmospheric

and lake models predicted seasonal water levels in the

upper lakes reasonably well; however, due to lack of

proper formulations, the levels in the lower lakes are not

very accurate. The ice concentration over all lakes over

the hindcasting period of 2005–2009 was very encouraging

despite the relative simplicity of the ice component (LIM2)

in NEMO.

The lake model performed reasonably well in predicting

seasonal and synoptic variability of temperature and cur-

rents in all the lakes. The simulation of thermal structure

in the central basin of Lake Erie is too diffused, which is

an ongoing issue in many lake models. Attempts are under-

way to further improve thermal structure predictions in the

Great Lakes. Although not assessed here, the choice of a

vertical coordinate that is near-neutral to the passage of

internal seiches and waves seems to be crucial to predict

thermal structure more accurately. This can be achieved in

future studies due to availability of mixed coordinates in

the NEMO model. The currents predicted in this system

have reasonable accuracy for use in practical water quality

and transport problems in the lake.

The present system under development is currently being

tested two-way coupled to the Canadian operational atmos-

pheric model GEM (with the river router WATROUTE

already integrated into the modelling system). Numerical

experiments will be carried out with and without lake com-

ponents on assessing the surface meteorological fields over

the Great Lakes basin. The modelling system will also be

spatially expanded to include a downstream finite element

model covering the St Lawrence River and upper estuary.

Extension of the model to the Lake Champlain watershed

is also under discussion which will allow more accurate

flood risk forecasting for the Quebec region. We finally
envision the extension of the system to the whole

St Lawrence watershed, including the Gulf of St Lawrence,

where NEMO will cover all inland and coastal waters.
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