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An unstructured Finite Volume Coastal Ocean Model was applied to all five Great Lakes simultaneously to
simulate circulation and thermal structure from 1993 to 2008. Model results are compared to available
observations of currents and temperature and previous modeling work. Maps of climatological circula-
tion for all five Great lakes are presented. Winter currents show a two-gyre type circulation in Lakes
Ontario and Erie and one large-scale cyclonic circulation in Lakes Michigan, Huron, and Superior. During
the summer, a cyclonic circulation remains in Lakes Superior; a primarily cyclonic circulation dominates
upper and central Lake Huron; Lake Ontario has a single cyclonic circulation, while circulation in the cen-
tral basin of Lake Erie remains two-gyre type; Lake Michigan has a cyclonic gyre in the north and an anti-
cyclonic one in the south. The temperature profile during the summer is well simulated when a surface
wind-wave mixing scheme is included in the model. Main features of the seasonal evolution of water
temperature, such as inverse temperature stratification during the winter, the spring and autumn over-
turn, the thermal bar, and the stratification during summer are well reproduced. The lakes exhibit signif-
icant annual and interannual variations in current speed and temperature.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrodynamic processes and thermal structure in the Great
Lakes directly affect the chemical, biological, and ecological
dynamics of the system. Horizontal and vertical transport and mix-
ing influence the distribution of nutrients, contaminants, and biota
(Schwab, 1992). Changes in the temperature field can change the
volume of the optimal thermal habitats of fish species and result
in permanent changes in the fish community and in fish produc-
tion (Hill and Magnuson, 1990). Due to the size of the Great Lakes,
it is very difficult to collect extensive synoptic field data in a short
period. Therefore, mathematical and physical models play impor-
tant roles in the integration and interpretation of field data and
in extending the understanding of the nature of water circulation
in the Great Lakes.

There have been many efforts to model the Great Lakes since
the 1970s. The models have developed from linear, vertically inte-
grated, steady-state models (Rao and Murty, 1970; Simons, 1971)
to state of the art comprehensive three-dimensional hydrodynamic
models. Lake Michigan’s large-scale circulation has probably been
studied most extensively. Beletsky and Schwab (2001) and Belet-
sky et al. (2006, 2008) simulated multi-year general circulation
ll rights reserved.
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and thermal structure in Lake Michigan using Princeton Ocean
Model, studied the annual cycle and interannual variability, and
obtained the climatological circulation pattern in Lake Michigan.
Recently, models have been developed for other Great Lakes. Zhu
et al. (2001) and Chen et al. (2001) developed a hydrodynamic
model to study the development of the currents along the Kewee-
naw Peninsula and the effects of heat fluxes on the coastal jet
intensification. Bennington et al. (2010) simulated Lake Superior’s
general circulation and thermal structure from 1979 to 2006 using
the MIT general ocean model. They further studied the interannual
variability and the long-term trend. Sheng and Rao (2006) simu-
lated the circulation of Lake Huron for 1974–1975 using a high res-
olution, nested grid hydrodynamic model and presented monthly
mean circulation and thermal structure of the lake. Schwab et al.
(2009) present simulated summer currents in Lake Erie for 1994,
and Prakash et al. (2007) used a hydrodynamic model to simulate
mean circulation patterns and pollutant transport in Lake Ontario.
For the first time in the Great Lakes, Wang et al. (2010) employed a
CIOM (Coupled Ice-Ocean Model) to simulate ice cover in Lake Erie.

NOAA’s operational Great Lakes Coastal Forecasting system
(GLCFS) (Schwab and Bedford, 1999) uses a POM to simulate the
daily circulation and temperature for each of the Great Lakes
http://www.glerl.noaa.gov//res/glcfs/.

Each of these models has been applied to a single Great
Lake. These models are important in understanding the mean
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circulation, thermal structure, and coastal processes; however, for
the studies of climate response in the context of the whole wa-
tershed of the Great Lakes, a basin-scale five-lake hydrodynamic
model is needed. A five-lake model can be more easily coupled
to a regional climate model, hydrological model, or lake ice model.
Because of significant differences in shape and depth, the re-
sponses to a same climatic forcing may be different in each lake.
This multi-lake model would also be a useful tool to understand
the different responses of each lake. Furthermore, reliable informa-
tion on long-term circulation patterns in the Great Lakes is sorely
needed for a variety of issues ranging from water quality predic-
tions to sediment transport and ecosystem modeling (Beletsky
and Schwab, 2008; Luo et al., 2012). For the first time, Beletsky
and Schwab (2008) constructed maps of the climatological circula-
tion in Lake Michigan based on 10 continuous years of model out-
put (1998–2007). Recently, Bennington et al. (2010) presented
climatological circulation maps for Lake Superior based on 1979–
2006 model outputs. Up to now, we still do not have a map of cli-
matological circulation based on modeling for the whole Great
Lakes.

The previous models for the Great Lakes (e.g. Beletsky et al.,
2006) usually produce a too-shallow mixed layer, and a too-diffu-
sive thermocline during the summer, compared to the observa-
tions. One major reason is that the wind-wave mixing effect is
not included. Craig and Banner (1994) considered the effect of
wave breaking on mixing. However, their model does deepen the
mixed layer in a one-dimension calculation, but has a relatively
small influence on the three-dimension calculation (Mellor and
Blumberg, 2004). Qiao et al. (2004) used a spectral wave model
(Yuan et al., 1991) to derive wave-induced mixing on the basis of
a linear wave theory (Yuan et al., 1999) and found that adding
wave-induced mixing to the vertical diffusivity in a global ocean
circulation model yields a temperature structure closer to the
observation. On the basis of the same theory as Yuan et al.
(1999) and Qiao et al. (2004), Hu and Wang (2010) developed a
wind-wave mixing scheme by using a single typical linear wave
to represent the wave spectrum. During the setup of the 5-lakes
model, we attempt to improve the model’s accuracy in reproducing
Fig. 1. The Great Lakes basin regional bathymetry map. CM1 denotes a mooring site
the upper layer thermal structure in the Great Lakes by incorporat-
ing Hu and Wang (2010) simple and practical scheme into the mul-
ti-lake model.

In this paper, we simulate the circulation and thermal structure
of the five Great Lakes from 1993 to 2008, using an unstructured
Finite Volume Coastal Ocean Model (FVCOM, with no ice compo-
nent). Modeled currents and temperatures are compared to avail-
able observations and previous modeling work as well. Seasonal
maps of the climatological circulation are constructed for all five
Great Lakes based on 15 years of continuous modeling. We de-
scribe the success and limitations of modeled results, especially
the circulation. We discuss the main features of the seasonal evo-
lution of water temperature in the Great Lakes. The annual and
interannual variations in current speed and water temperature
are examined.
2. Model

The GL-FVCOM (Great Lakes Finite Volume Coastal Ocean Mod-
el) is a spherical coordinate version of the unstructured-grid finite-
volume, three-dimensional primitive equation coastal ocean model
developed originally by Chen et al. (2003) and upgraded by the
UMASS-D/WHOI model development team (Chen et al., 2006).
The FVCOM uses an unstructured triangular mesh in the horizon-
tal, which well represents the complex geometry. FVCOM uses
the modified Mellor and Yamada level 2.5b (MY-2.5) and Smago-
rinsky turbulent closure schemes as default setups for vertical
and horizontal mixing, respectively (Mellor and Yamada, 1982;
Mellor, 2001; Mellor and Blumberg, 2004; Smagorinsky, 1963).
FVCOM is numerically solved using a split-mode method.

The computational domain of GL-FVCOM covers the entire
Great Lakes (Fig. 1).

Lakes Michigan and Huron were connected, while the other
lakes were kept disconnected due to the nature of their connection
(straits between Michigan and Huron, rivers between the others).
The unstructured triangular grid has an average horizontal
resolution of about 3.5 km (Fig. 2). The GL-FVCOM has 21 terrain
in southern Lake Michigan. The red solid lines denote transects in the five lakes.
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Fig. 2. Unstructed grid of the model.
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following vertical layers with higher resolution near the surface
and bottom to better resolve the mixing processes.

The model is forced with 3-hourly surface winds, air tempera-
ture, net downward shortwave radiation at the surface, total cloud
cover, and specific humidity from the North American Regional
Reanalysis (NARR) (Mesinger et al., 2006) between 1993 and
2008. This forcing has a uniform horizontal resolution of 32 km.

The incoming shortwave radiation can penetrate beyond the
surface layer and passively heat water at depth. To specify the
short wave radiation, the model uses the classification of Jerlov
(1968, 1976) as interpreted by Paulson and Simpson (1977). The
long-wave radiation is calculated as a function of air temperature,
model surface temperature, and cloud cover according to Wyrtki
(1965). We use a bulk aerodynamic formulation to calculate latent
and sensible heat fluxes over the water surface at each grid point
for the model. The transfer coefficients are calculated considering
the appropriate stability parameter according to the bulk aerody-
namic method suggested by Large and Pond (1982).

A surface wind-wave mixing scheme, developed by Hu and
Wang (2010) based on the same wave-induced mixing theory as
Yuan et al. (1999) and Qiao et al. (2004), was included in the mod-
el. The surface wind-wave mixing is parameterized into the model:
Kmw ¼
2t2

g
db3W3e

gz

b2W2 ð1Þ
where Kmw is the wind-wave induced vertical kinematic viscosity
coefficient; b is the wave age (0 < b < 1 for growing wave, and
b = 1 for mature wave), d is the wave steepness (d = 2a/k, a is the
amplitude and k is the wavelength), W is the wind speed, z < 0 is
the depth, m = 0.4 is the von Karman constant, and g is acceleration
due to gravity. In this study, we set b = 0.5 and d = 0.16. Surface
wind-wave reduced vertical diffusivity coefficient Khw is assumed
equal to Kmw.

The total mixing coefficient is the sum of wind-wave induced
Kmw(Khw) and Km(Kh), which is calculated by the level 2.5 closure
turbulence model. Km and Kh are vertical kinematic viscosity and
vertical diffusivity, respectively.

The minimum depth was set to 10 m. Based on the Courant–
Friedrichs–Lewy (CFL) criterion, the internal mode time step of
the integration is 300 s, while the external mode time step is
15 s. The model runs from January 1, 1993 through December 31,
2008 with an initial temperature of 2 �C and motionless state. As
we do not have an ice model, the surface temperatures in the mod-
el are set to zero when the surface temperature drops to below
zero during winter. Ice effects on surface wind friction are not con-
sidered in the model.
3. Data

Temperature data from satellites and moorings, and current
data from moorings is used to evaluate the model simulation.

Drift bottle and drift card have been used to study the currents
in the Great Lakes since the late 19th century (Harrington, 1895).
The Federal Water Pollution Control Administration conducted
the earliest direct open-lake currents measurements in the early
1960s. The current meters and temperature recorders were placed
on numerous moorings throughout the lakes. The moorings con-
sisted of a series of current meters placed on a taut line suspended
in the water column beneath subsurface floats. The earliest current
measurements were made with early models of self-contained
Savonius rotor meters that recorded data on photographic film.
More recently, currents have been measured with arrays of vec-
tor-averaging current meters, which record the east and north
components of the current flow past the meter for selected fixed
intervals of time (Beletsky et al., 1999b). Many circulation experi-
ments were performed in the Great Lakes since the 1960s. The
experiments usually lasted for one year covering the whole
seasonal cycle, though some of them were shorter or longer (see
Table 1 in Beletsky et al., 1999b). Based on the measurements,
many researchers reported monthly or seasonal mean circulations
in different depths for all the individual lakes. Beletsky et al.



Table 1
Seasonal and annual mean current speed and standard deviation derived from daily mean current speed and standard deviation (unit: cm/s).

Superior Michigan Huron Erie Ontario GLS

Winter 2.92 ± 0.95 3.10 ± 0.81 2.83 ± 0.84 2.55 ± 0.92 2.23 ± 0.83 2.46 ± 0.64
Summer 1.67 ± 0.56 2.17 ± 0.52 1.82 ± 0.43 1.92 ± 0.55 1.61 ± 0.45 1.70 ± 0.33
Annual 2.34 ± 0.79 2.70 ± 0.69 2.41 ± 0.66 2.31 ± 0.79 1.90 ± 0.61 2.12 ± 0.50
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(1999b) presented maps of mean circulation in the Great Lakes,
employing long-term current observations from about 100 Great
Lakes moorings during the 1960s to 1980s. We use these studies
rather than the raw data as references to validate the modeled gen-
eral circulation.

The Great Lakes Surface Environmental Analysis (GLSEA) is a
digital map of the lake surface temperatures and ice cover, which
is produced daily from the satellite Advanced Very High Resolution
Radiometer (AVHRR) instrument at NOAA’s Great Lakes Environ-
mental Research Laboratory (GLERL) (Schwab et al., 1992). The
data are available from 1994 to present. The AVHRR data were
mapped into a Mercator projection and re-sampled to a
512 � 512 pixel grid covering the area 38.89–50.58�N, 75.88–
92.41�W with the pixel size of 2.56 km in mid-latitude (Table 1
in Schwab et al., 1992). The daily average GLSEA surface water
temperature data for each lake from 1994 to 2008 were obtained
from the GLERL Coastwatch program (http://coast-
watch.glerl.noaa.gov/statistic/statistic.html).

Moored thermistor strings continually measure water tempera-
tures at varying depths, which provides site specific subsurface
data to validate the model’s vertical thermal structure. Started in
April 1990, a site called CM1 was established in southern Lake
Michigan to measure the vertical thermal structure. A subsurface
mooring contains an 80 m long thermistor chain moored to cover
depths from approximately 20–100 m (McCormick and Pazdalski,
1993). In this paper, we use data for 1998 to validate the model’s
thermal structure. During 1998, the thermistors were located at
the following depths: 17, 27, 32, 37, 47, 77, 87, 97, 107, and
152 m. The daily temperatures at depths were obtained from 1 h
interval temperature data.

To measure the skill for reproducing the measurements, two
statistical measures are introduced to conduct the model-data
comparison. Mean bias deviation (MBD) is defined as

MBD ¼ 100
1
N

PN
i¼1 xi � yið Þ

1
N

PN
i¼1yi

¼ 100
�x� �y

�y
ð2Þ

and root mean square error (RMSE) is defined as

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

xi � yið Þ2=N

vuut ð3Þ

where xi and yi (i = 1,2,3, . . .,N) are the modeled and observed time
series of any variable such as surface temperature, water currents
etc. N is the total sampling number, and the over bars denote the
average of the time series. MBD directly measures the relative bias
or error of the modeled time series from the observed in percentage.
RMSE measures the absolute error of the modeled time series
against observation.

4. General circulation

In this section, we present the model’s long-term seasonal mean
circulation, which is validated against the observations and com-
pared with the previous model’s results. We choose DJFM (Decem-
ber–March) mean for winter and JJAS (June–September) for
summer. Seasonal mean surface winds for winter and summer
averaged over the simulation period from 1993 to 2008 (Fig. 3)
show westerly prevailing winds over Lakes Michigan, Huron, Erie,
and Ontario, and northwesterly winds over Lake Superior during
winter. Southerly or southwesterly winds prevail over the Great
Lakes during summer.

The long-term mean (1973–2010) Annual Maximum Ice Cover-
age (AMIC) for the five lakes are 63.3% for Lake Superior, 38.6% for
Lake Michigan, 62.7% for Lake Huron, 83.7% for Lake Erie, and 26.8%
for Lake Ontario (Bai et al., 2011). Lakes Michigan and Ontario usu-
ally do not have an extensive ice cover. During the simulated per-
iod (1993–2011), the AMICs for the two lakes in most years are
only 10–20% (Bai et al., 2012). Thus, the effects of ice cover on
the simulated winter circulation in Lakes Michigan and Ontario
are not as significant as other heavily ice-covered lakes.

4.1. Winter isothermal period

During the winter, surface cooling produces nearly isothermal
water, so that with only weak density gradients, currents would
be primarily wind-driven (Pickett, 1980). Fig. 4 shows depth-aver-
aged currents from the model averaged during the winters of
1994–2008. Winter currents are essentially barotropic because of
the little horizontal density gradients. There is one large cyclonic
circulation in the larger lakes (Lakes Michigan, Huron, and Supe-
rior) and a two-gyre type wind-driven circulation in smaller lakes
(Lakes Ontario and Erie). The cyclonic circulation in the larger lakes
is mainly attributed to the regional lake-induced cyclonic vorticity
in the atmosphere (Petterssen and Calabrese 1959; Beletsky et al.,
1999a; Schwab and Beletsky, 2003). Topographic effects are also
important but are not as significant as wind stress curl (Schwab
and Beletsky, 2003). Winter circulation in Lake Ontario and in Lake
Erie strongly resembles the classic two-gyre wind-driven circula-
tion (Rao and Murty, 1970; Bennett, 1974). Due to the orientation
(parallel to the dominate westerly winds) and small size, the wind
stress curl over Lakes Erie and Ontario is small. The Rao and Murty
studies showed that, in lakes with sloping bottoms, the large-scale
steady state circulation pattern due to a uniform wind stress gen-
erally consists of a pair of counter-rotating gyres with downwind
flow near the shores and upwind return flow in the deeper parts
of the basin (Schwab and Beletsky, 2003). This pattern is indepen-
dent of both stratification and rotation (Bennett, 1974).

4.1.1. Lake Superior
The modeled winter mean currents in Lake Superior show a ba-

sin-scale cyclonic circulation with strong coastal currents
(Fig. 5(a)). The currents in the far west end of the lake are much
weaker than other areas, which are less than 1 cm/s, however the
observations during the 1966–1967 winter showed much stronger
currents (Sloss and Saylor, 1976; Beletsky et al., 1999b) (Fig. 5(b)).
The northern coastal flow diverges into two branches when it
reaches Isle Royale (see Fig. 1): the northern branch flows south-
westward until northeast of the Duluth Basin, where it flows
southward to join the strong southern coastal currents; the south
branch flows southwestward until the ridge between the Royale
Basin and the Apostle Basin where most parts of it flow southward
to join the southern coastal currents. The strongest currents are
east of the Keweenaw Peninsula. The large cyclonic circulation
consists of four cyclonic gyres in the eastern end, and in the
Keweenaw, Royale, and Apostle basins. Topographic effect is the
primary cause of these four gyres.

http://coastwatch.glerl.noaa.gov/statistic/statistic.html
http://coastwatch.glerl.noaa.gov/statistic/statistic.html
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Fig. 3. NARR 16 years (1993–2008) mean surface winds during (a) winter and (b) summer. Unit: m/s.
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Up to now, the direct current observations are still too sparse to
define a circulation pattern in Lake Superior during winter because
of severe weather conditions. The direct current observations at four
moorings in the western part of the lake from mid-October 1966
through mid-May 1967 indicated that the currents generally paral-
leled the bathymetry, and one of the stations tended to indicate a
prevailing counterclockwise pattern of general circulation. Driven
by westerly winds with curl, both physical and numerical models
predicted a cyclonic circulation in Lake Superior with variable depth
(Lien and Hoops, 1978). Bennington et al. (2010) recent simulation
shows a largely cyclonic circulation during winter. However, Pickett
(1980) model predicted that, with west-southwest winds forcing,
winter circulation in Lake Superior consists of two gyres: counter-
clockwise in the west and clockwise in the east.

4.1.2. Lake Michigan
The modeled winter mean circulation in Lake Michigan

(Fig. 6(a)) is cyclonic except for narrow areas in the northernmost
parts of the lake where an anti-cyclonic gyre persists. Two large cy-
clonic gyres are located in the north and south Chippewa Basin. In
the middle of the lake, currents flow southward along the east and
west channels on both sides of the mid-lake Plateau. The currents
are weaker over the Plateau than those in the channels. The cur-
rents along the east coast are stronger than the currents along
the west coast. The whole pattern is consistent with the direct win-
ter current measurements during December 1962–September
1964 and June 1982–July 1983 (Gottlieb et al., 1989; Beletsky
et al., 1999b) (Fig. 6(b)). Previous models (Allender and Saylor,
1979; Beletsky and Schwab, 2001, 2008) all produced a remarkably
large-scale cyclonic circulation during winter.

4.1.3. Lake Huron
The modeled winter mean currents (Fig. 7(a)) in Lake Huron

show strong southward currents along the west coast and the Alp-
ena-Amberley Ridge (see Fig. 1), and northward currents along the
east coast. The strong southward currents along the west coast



Fig. 4. Model depth-averaged winter currents in the Great Lakes from 1994 to 2008. Unit: cm/s.

Fig. 5. (a) Modeled long-term mean winter circulation, and (b) Observed mean circulation during winter 1966–1967 (from Beletsky et al., 1999b) in Lake Superior.
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were observed during winter 1974–1975 (Saylor and Miller 1976,
1979; Beletsky et al., 1999b) (Fig. 7(b)). However, the strong cur-
rents over the Alpena-Amberley Ridge can’t be validated because
of insufficient observations. Nearly southward currents occupy
most of the lake except a narrow band along the east shore. Geor-
gian Bay also has a cyclonic circulation with a narrow band of



Fig. 6. (a) Modeled long-term mean winter circulation, and (b) Observed mean circulation during winter 1982–1983 (from Beletsky et al., 1999b) in Lake Michigan.

46 X. Bai et al. / Ocean Modelling 65 (2013) 40–63
southward currents along the west coast, and northward currents
occupying the other portions. The currents in Saginaw Bay are very
weak. This typical pattern appears in November and persists until
the following April. Recent model results show a similar circulation
pattern (Sheng and Rao, 2006).

4.1.4. Lake Ontario
The model’s depth-averaged currents in Lake Ontario (Fig. 8(a))

show a two-gyre pattern with an anticyclonic gyre in the west and
a cyclonic gyre in the east. There are eastward currents along the
north shore, westward currents along the long axis of the lake,
and westward (eastward) currents along the west (east) portion
of the south shore. The observed mean circulation during winter
1972–1973 (November–April) shows a two-gyre circulation with
an anticyclonic gyre in the north and a cyclonic gyre in the south
(Beletsky et al., 1999b) (Fig. 8(b)). Strong eastward currents were
observed along the whole south shore, while the model produced
westward currents along the west portion of the south shore.

Current data collected during the International Field Year for
the Great Lakes (IFYGL) (April 1972–March 1973) suggest that
the monthly winter currents in Lake Ontario consist of either one
cyclonic (November, February, and March) or two counter-rotating
gyres (May, December, and January) (Pickett, 1977). The observa-
tions during winter 1982–1983 show a one-gyre pattern in Lake
Ontario (Simons et al., 1985). It seems that the winter circulation
pattern in Lake Ontario has obvious interannual variability. The
dominant pattern, according to Pickett and Rao (1976) comparison
of the previous models, depends on the relative strength of the
bathymetric-wind curl effects.

4.1.5. Lake Erie
The model currents show two-gyre circulations in both the cen-

tral and eastern basins, which is consistent with the observations
(Fig. 9(a) and (b)). Clockwise circulation occurs in the northern half
of the lake and counterclockwise circulation in the southern half.
Coastal flows are parallel to the shores, with westward return flow
down the middle of the lake. The model currents also show a cyclo-
nic gyre in the western basin of Lake Erie.
The observed currents from May 1979 through June 1980 show
that Lake Erie had a typical two-gyre circulation pattern in the cen-
tral lake during the winter months (Saylor and Miller 1983, 1987;
Beletsky et al., 1999b) (Fig. 9(b)). In the eastern basin, although no
observations are available near the north coast, the westward flow
in the middle and eastward flow along the south coast implies that
a two-gyre type circulation exists in the eastern basin (Fig. 9(b)).
There are no direct current measurements in the shallow western
basin.

4.2. Summer stratified period

In spring and summer, the heat flux on a lake surface causes
density gradients that can produce currents comparable to wind-
driven currents, and that makes lake hydrodynamics even more
complicated. The final circulation pattern is the results of the com-
bined effects of density driven, wind stress curl, topographic effect
and the barotropic two-gyre response of a closed lake to the mean
wind. Density driven circulation tends towards a one-gyre cyclonic
circulation. The condition of no heat flux through the bottom
boundary causes a dome-shaped thermocline, which is deeper near
the shore and shallower in the deeper regions. A cyclonic circula-
tion is built up to maintain geostrophic balance with the pressure
gradient field (Schwab et al. 1995).

Fig. 10 shows model depth-averaged currents averaged over
1994–2008 during summer. There is a large cyclonic circulation
in Lakes Superior, Huron, and Ontario. Lake Erie has a typical
two-gyre pattern in the central basin and a cyclonic gyre in the
eastern basin. Lake Michigan has a large cyclonic circulation in
the north and an anti-cyclonic one in the south basin.

4.2.1. Lake Superior
The modeled upper 20 m mean currents in summer (Fig. 11(a))

show a large general counterclockwise circulation along the
shores. The surface summer currents also show some gyres, such
as cyclonic gyres to the southeast of Isle Royale occupying the Roy-
ale Basin, and around the east end of the lake; an anticyclonic gyre
in the southwestern most region. These smaller gyres reflect in



Fig. 7. (a) Modeled long-term mean winter circulation, and (b) Observed mean circulation during winter 1974–1975 (from Beletsky et al., 1999b) in Lake Huron.
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some way the bottom topography. The coastal currents are very
strong due to the effects of significant near-to-offshore tempera-
ture gradients and sloping topography as well. One special feature
of Lake Superior is the Keweenaw current, which is often the stron-
gest current in Lake Superior, located just off the north shore of the
Keweenaw Peninsula. Zhu et al. (2001) pointed out that the topo-
graphic effect on the baroclinic gradient is the key mechanism of
this current.

The whole pattern is generally consistent with the observations
in 1967 and 1973 (Sloss and Saylor, 1976; Beletsky et al., 1999b)
with some exceptions (Fig. 11(b)). For example, in the far west end
of the lake, the currents observed near the north shore of Duluth Ba-
sin (see Fig. 1) were strong and flow westward along the shore dur-
ing summer 1973 (Sloss and Saylor, 1976), and the currents near the
south shore flow eastward during summer 1967 (Fig. 11(b)). The
observations imply a cyclonic gyre in the far west end of the lake,
while our model shows an anti-cyclonic gyre. Similar results were
also found in Bennington et al. (2010) modeling forced by NARR.

4.2.2. Lake Michigan
For Lake Michigan, there are two big gyres, one is clockwise in

the south, and the other is counterclockwise in the north
(Fig. 12(a)). The southern counterclockwise gyre was not seen in
the mean summer circulation map by Beletsky et al. (1999b)
(Fig. 12(b)), in which 1982–1983 current mooring data (Gottlieb
et al., 1989) was used. However, in their report, Gottlieb et al.
(1989) stated that the monthly-averaged currents are strongest
during March and are very weak and slightly anticyclonic around
the southern basin during June and July of both years (1982 and
1983). In their recent simulation, Beletsky et al. (2006) argued
the existence of an anticyclonic gyre in the southern basin of Lake
Michigan and stated that it was seen in all six years of their simu-
lations (1998–2003), though the anticyclonic gyre in their results
varies in size, shape and strength, and is smaller than our results.
During the stratified period, density-driven and wind stress curl
are the two major factors affecting lake circulation patterns
(Schwab and Beletsky, 2003). The modeled anticyclonic gyre is
most likely a product of the anticyclonic vorticity in the wind
stress field.

There were four extensive surveys conducted during summer
1955 (June 28, June 29, August 9, and August 10), and the current
pattern obtained by the dynamic height method indicated that a
large anti-cyclonic eddy and three smaller ones existed in the low-
er parts of the southern basin (Fig. 12(c)). The existence of clock-



Fig. 8. (a) Modeled long-term mean winter circulation, and (b) Observed mean circulation during winter 1972–1973 (from Beletsky et al., 1999b) in Lake Ontario.

Fig. 9. (a) Modeled long-term mean winter circulation, and (b) Observed mean circulation during winter 1979–1980 (from Beletsky et al., 1999b) in Lake Erie.
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wise eddies was substantiated by the distribution of water temper-
ature, tracer materials, drifters, and the vertical sections of water
temperature across the southern basin (Ayers et al., 1958).

4.2.3. Lake Huron
The model’s top 20 m average currents during summer

(Fig. 13(a)) shows a large cyclonic gyre in the upper and central
portion of the lake, with a narrow current along the east shore
flowing northward, and southeastward currents occupying the
rest of the upper and central portions of Lake Huron. There is a
flow into Georgian Bay from Lake Huron. There are several smal-
ler eddies in the central lake. In the lower portion of the lake, the
mean circulation consists of three gyres: a clockwise gyre near
the mouth of Saginaw Bay, an anticlockwise gyre off the southern
east coast, and a clockwise gyre occupying the south end of the
lake.



Fig. 10. Model depth-averaged summer currents in the Great Lakes from 1994 to 2008. Unit: cm/s.

Fig. 11. (a) Modeled long-term summer mean top 20 m circulation, and (b) Observed mean circulation during summer 1967 (from Beletsky et al., 1999b) in Lake Superior.
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Those features are quite similar to the circulation pattern ob-
served in summer 1954 (Ayers et al., 1956) (Fig. 13(c)), which
was constructed from the water density field by dynamic height
methods. The constructed current patterns were more complex
than Harrington’s results, although the basic pattern in the upper
and central portions of the lake appeared to be cyclonic (Harring-
ton, 1895; Saylor and Miller, 1979). The current data collected dur-
ing summer 1966 indicated that a cyclonic circulation dominates
the northern 2/3 of the lake at a 10-m depth, while the shallower
southern portion has a more complex pattern (Sloss and Saylor
1975; Beletsky et al., 1999b) (Fig. 13(b)).

4.2.4. Lake Ontario
The model summer circulation in Lake Ontario shows a single

cyclonic circulation with strong coastal jets along the north and
south shores (Fig. 14(a)). The flow generally follows the contours



Fig. 12. (a) Modeled long-term summer mean top 20 m circulation, (b) Observed mean circulation during summer 1982–1983 (from Beletsky et al., 1999b), and (c) Surface
current chart in June 28, 1955 (Ayers et al., 1958) in Lake Michigan.
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of water depth around the lake’s two deep basins. Monthly mean
currents in June show a weak anti-cyclonic gyre in the northwest-
ern portion of the lake. In July, the upper 20 m mean circulation
shows a two-gyre pattern with an anti-cyclonic gyre in the west
and a cyclonic in the east. Monthly mean currents in August and
September show a single cyclonic circulation (not shown). It ap-
pears that the final circulation pattern depends mostly on the rel-
ative strengths of the thermally-affected mechanism and the wind-
driven mechanism (Huang and Sloss, 1981). The cyclonic circula-
tion in the central lake is very stable, while the anti-cyclonic gyre
in the northwestern part of the lake is unstable.

Both surface and subsurface temperature and current data from
earlier studies (Harrington, 1895; Rodgers and Anderson, 1963;
Casey et al., 1966) suggest a single mean cyclonic circulation in
Lake Ontario during its stratified period. During the intensive IFYGL
investigation, current data from June to October 1972 suggests that
the lake’s resultant circulation consists of a dominant cyclonic gyre
together with a small anti-cyclonic gyre in the northwest portion
of the lake (Pickett and Bermick, 1977; Saylor et al., 1981; Beletsky
et al., 1999b) (Fig. 14(b)). Pickett and Bermick (1977) attributed
that pattern to the results of the combination effects of one-gyre
mechanism (density driven, variation in winds) and the barotropic
two-gyre response of a closed lake to the mean wind. The mean
wind may tend to generate two counter-rotating gyres, while vari-
ations in the wind and possibly thermal mechanisms tend to gen-
erate one counterclockwise gyre. The net result would be two
counter-rotating gyres with a diminished clockwise cell and an en-
larged counterclockwise cell. The relative size of these two gyres
would vary with the relative strength of the one- and two-gyre
mechanisms. Huang and Sloss (1981) carried out simulations for
July 1972, and the model obtained a typical two-gyre pattern un-
der constant atmospheric forcing, while a single cyclonic circula-
tion was obtained under the time-dependent variable forcing.
Huang et al. (2010) simulated summer circulation in 2006 and ob-
tained a small and weak anti-cyclonic gyre in the western end of
the lake using POM and ELCOM (Estuary, Lake, and Coastal Ocean
Model), in addition to the large cyclonic circulation occupying a
large portion of the lake.



Fig. 13. (a) Modeled long-term summer mean top 20 m circulation, and (b) Observed mean circulation during summer 1966 (from Beletsky et al., 1999b), and (c) Surface
current chart in August 25, 1954 (Ayers et al., 1956) in Lake Huron.
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4.2.5. Lake Erie
Lake Erie has three dynamic quasi-isolated basins: western,

central, and eastern. In the western basin, the model currents show
an obvious northward flow along the Michigan shore, a southeast-
erly flow in the central, and a northeasterly flow in the eastern por-
tion of the western basin (Fig. 15(a)). This pattern is consistent
with that inferred from drifter cards (Hamblin 1971; Mortimer,
1987). Note that the lack of Detroit River inflow in the west end
of the lake in the model may lead to artificial results in some
degree.

There is a cyclonic gyre in the deepest eastern basin, which is
consistent with the observations: Saylor and Miller (1987) re-
ported that in the eastern basin, the observed monthly-averaged
currents were cyclonic from May to August in 1979. A cyclonic
flow during the summer in the eastern basin was also suggested
by Hamblin (1971) because of a shallower thermocline in the ba-
sin’s center and geostrophy. The cyclonic gyre seems to be a stable
one because of its bowl-shaped bathymetry with deep water in the
middle and shallow water on both sides.

In the central basin, the model summer mean currents show a
typical two-gyre pattern: eastward flow along the north and south
shores, southwestward flow along the middle axis, and a clockwise
(counterclockwise) circulation gyre in the north (south) part of the
central basin. The pattern is different from that observed during
summer 1979, when the observed current data indicated an anti-
cyclonic circulation dominating the central basin in August and
September (Saylor and Miller, 1987; Beletsky et al., 1999b)
(Fig. 15(b)). However, the pattern is quite similar to those simu-
lated for summer 1994 by León et al. (2005) and Schwab et al.
(2009). The anti-cyclonic circulation during summer 1979 was
probably caused by wind curl. Recently, the observations in cen-
tral basin of Lake Erie reveal a persistent basin-wide bowl-shaped
thermocline accompanied by anticyclonic circulation in August
and September 2005 and August 2007. It is suggested that the unu-
sual bowl-shaped thermocline is the result of Ekman pumping dri-
ven by anticyclonic vorticity in surface winds (Beletsky et al.,
2012).

5. Temperature

5.1. Surface water temperature

Figs. 16 and 17 show the observed and modeled long-term
monthly mean lake surface temperatures (LST) in February, May,
August, and November, respectively, to demonstrate the annual
evolution of the LST in the Great Lakes.



Fig. 14. (a) Modeled long-term summer mean top 20 m circulation, and (b) Observed mean circulation during summer 1972–1973 (from Beletsky et al., 1999b) in Lake
Ontario.

Fig. 15. (a) Modeled long-term summer mean top 20 m circulation, and (b) Observed mean circulation during summer 1979–1980 (from Beletsky et al., 1999b) in Lake Erie.
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In the middle and late winter, between January and early March,
the water is colder than the temperature of maximum density (4 �C)
everywhere. Both the model and observations show that the water
temperatures (�2–3 �C) in the deep basins are higher than those
in the near shore areas (�1 �C), because the shallower water is more
easily cooled. Lakes Michigan and Ontario are warmer than the other
lakes. The shallowest lake, Lake Erie, has the lowest surface temper-
ature. This winter condition usually lasts until spring.

Mean surface temperature in May features cold central lake
water surrounded by warm near shore waters. This is because
the shallow near shore waters are heated more quickly than the
deep basin waters during spring warming.



Fig. 16. GLSEA monthly climatology of lake surface temperature for the period 1995–2008 in February, May, August, and November.
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As the surface heating progresses in early spring, the surface
reaches the temperature of maximum density, and the shallow
areas generally become stratified before deeper areas. In large
lakes this condition may persist for weeks, during which a temper-
ature front known as a ‘‘thermal bar’’ forms between the stratified
shallower water and the cold unstratified mid-lake water (Rodgers,
1966; Schertzer, 2003). The downwelling of dense water at the
thermal bar acts as a barrier to horizontal mixing.

The thermal bar generally forms parallel to shore and moves to-
ward the lake center as deeper areas of the lake gradually stratify.
As shown in Fig. 18, thermal bars first appear in Lakes Erie and
Michigan in early April. The thermal bars in Lake Erie start in the
western basin and then propagate eastward. The thermal bar in
Lake Michigan appears first in the southwest tip and then propa-
gates northward along the east and west shores. For Lake Huron,
the thermal bar first forms in the southern lake on April 10. On
April 20, the thermal bar disappears in Lake Erie, but still exists
and develops in Lakes Michigan, Huron, and Ontario. Ten days la-
ter, the thermal bar develops along the southern shore of Lake
Superior and then moves northward. Due to the shape and posi-
tion, the duration of the thermal bar varies lake by lake: it is the
largest in Lake Michigan and smallest in Lake Ontario.

After July, the lakes are strongly stratified. In August, with
intensified stratification, surface heating is almost confined above
the thermocline; thus surface water in the deeper basins warms
up. Temperature differences between the deep water and the shal-
low shore waters almost disappear, and south-north temperature
gradients determined mainly by latitudes dominates the Great
Lakes (Figs. 16 and 17).

During fall, the lakes start to cool down. Rapid cooling occurs
from October to December. The cooling is from north to south
and from the coast to the deeper basin (Figs. 16 and 17). In Novem-
ber, the observations show that surface water temperature in wes-
tern portions of Lakes Michigan, Huron, and Ontario is lower than
that in the eastern portions, which are reproduced by the model to
some degree. Regarding this pattern, the simulation is better in
Lakes Huron and Ontario than in Lake Michigan. For Lake Erie,
the model reproduces well the feature of cold shallow and warm
basin waters.

5.2. Vertical thermal structure

To validate the model’s vertical thermal structure, model and
observed temperature profiles at station CM1 (see Fig. 1) for
1998 are presented in Fig. 19(a) and (b), respectively. Observations
show a well-mixed water column during winter and spring (Janu-
ary-April) with water temperature around 4 �C, when the maxi-
mum density of fresh water occurs. The stratification starts in
May. Surface heating continues to strengthen stratification, which
was the strongest during August through September. The mixed-
layer depth during summer 1998 was about 10–15 m at CM1.
The thermocline was very sharp with temperature decreasing from
21 �C to 10 �C within 10 m. In early October, the surface mixed
layer started deepening due to surface cooling and strong winds,
and it was about 30 m at the end of October. The thermocline dur-
ing October is the sharpest all year round, only about 5 m in verti-
cal extent. During November and December, the stratification was
almost destroyed due to strong surface mixing.

Compared with observations, the evolution of thermal structure
at CM1 was basically reproduced by the model, though there are
still some discrepancies (Fig. 19). Similar to the observations, from
January to mid-April, the model water temperature at CM1 was



Fig. 17. Model monthly climatology of lake surface temperature for the period 1995–2008 in February, May, August, and November.

Fig. 18. Model daily surface temperatures during April 1998.
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Fig. 19. Temperature profiles in CM1 during 1998: (a) Observation, (b) model with surface wind wave mixing, and (c) model without surface wind wave mixing.
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around 4 �C, and the whole water column was completely mixed.
The spring warming started around mid-late April, which is a little
earlier than the observations (around early May). From late April to
the end of June, water temperature continues to increase, and a
weak stratification develops in the upper 30 m. Surface heating
strengthens the stratification. In the model, an obvious thermo-
cline was produced during mid-late June. The thermocline was lo-
cated between 20–30 m. Surface heating strengthens the
stratification from July through August. During August, when the
stratification was the strongest, the surface mixed layer depth
was less than 10 m, and the thermocline was between 10–30 m,
which is close to the observations. However, the water tempera-
tures below the thermocline are higher than the observed temper-
atures during the summer, indicating that more heating was
transferred to the deeper waters in the model. During autumn,
strong mixing caused by cooling and strong winds deepens the
mixed layer until late December, when a nearly isothermal
condition exists throughout the whole water column. Strong winds
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associated with the passage of a very strong storm in the Great
Lakes region around November 10, 1998 accelerated the destruc-
tion of stratification, which was successfully simulated (Fig. 19(b)).

To assess the effects of the surface wind-wave mixing scheme,
we conducted an experiment, in which the scheme was excluded.
The temperature profile in the CM1 is shown in Fig. 19(c). Compar-
ing the model results to the observations, it is found that without
surface wind-wave mixing, the upper mixed layer is about 5 m,
which is quite shallow, and the thermocline is too diffuse and
weak, which is located between 5 and 40 m. Without a sharp
thermcline, surface heating is transferred easily to the deeper por-
tion of the water column, thus, at the depths beneath the thermo-
cline, about 2 �C warmer water temperature can be observed in the
no wave mixing modeling. While the model with the surface wind-
wave mixing produces a more accurate mixed layer depth of 15 m
in summer and a sharp thermocline, which is located between 20
and 30 m.

The modeled long-term monthly mean temperatures along
transects in the five lakes are shown in Fig. 20 with an interval
of 2 months to further reveal the main features and differences
of cooling and warming processes in the lakes. In all the Great
Fig. 20. Vertical sections of long-term monthly mea
Lakes, cooling starts in autumn when the summer surface mixed
layer deepens because of stronger winds and buoyancy loss, and
destroys the stratification. During October, the shallow central
Lake Erie is well mixed from top to bottom with temperature
around 16–17 �C. During November (not shown), most of the water
column is well mixed along transects in the other deep lakes, with
a weak stratification remaining in the bottom layers. The mixing is
effective at depths as great as 60–70 m in Lakes Michigan, Huron,
and Ontario, and even further to 160 m in Lake Superior in Novem-
ber. During December, all the Great Lakes have a well-mixed water
column from top to bottom with a temperature around 5–6 �C,
which is called the autumn overturn.

Below 4 �C, water becomes less dense as it cools. Further cool-
ing in winter leads to inverse temperature stratification (cold sur-
face layer water over the warm interior water), a layer of low
density water colder than 4 �C, but warmer than 0 �C forms on
the surface. The inverse temperature stratification normally begins
after mid-December in the Great Lakes. In the model, Lake Superior
has a significant inverse temperature stratification, which begins in
early January and ends in April, when surface heating increases the
surface temperature to near 4 �C. Lake Ontario also developed an
n temperature (�C) along transects in five lakes.



(a)

(b)

Fig. 21. (a) Modeled monthly mean domain averaged integrated current speed (black solid line, unit: cm/s) and wind speed (red dashed line, unit: m/s) from 1993 to 2008;
(b) Time-vertical section of modeled monthly mean domain averaged current speed from 1993 to 2008 (unit: cm/s).

Fig. 22. Long-term (1994–2008) daily mean current speeds (solid) and standard deviations (dashed line) for each lake and the whole Great Lakes.
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obvious inverse temperature stratification from February to March.
In southern Michigan, along a transect from Milwaukee to Muske-
gon, an inverse temperature stratification develops in near shore
water on both sides. In Lake Huron, a weak inverse temperature
stratifications first develops on both near-shore sides and then
develops in the central basin from January to February. Lake Erie
has a very weak inverse temperature stratification during
February.

During March, when warming starts, surface water temperature
reaches around 4 �C, strong vertical mixing begins, the reverse
stratification disappears, and the whole water column water is
well mixed from top to bottom, which is called the spring overturn.
This process is very important in that it allows relatively large
amounts of oxygen to reach the bottom of the lake. Otherwise, oxy-
gen would have to reach the bottom by the relatively slow process
of diffusion. The spring overturn appears around late March in all
lakes except Lake Superior where the well-mixed state occurs
around mid-April.

Warming is faster in the near shore area than in the central ba-
sin. Near-shore water first reaches 4 �C, and the shallower near
shore temperature increases rapidly with the development of the
‘‘thermal bar’’. Then, a diffusive stratification forms at the surface
after the lakes have been heated to a temperature fractionally
above 4 �C. All the lakes develop stratification during May. After
a thermocline has been produced, surface temperature rapidly in-
creases until mid-July. After July, the lake is strongly stratified. A
sharp vertical temperature gradient (thermocline) is present all
across the lakes.
(a)

(b)

Fig. 23. (a) Modeled monthly mean domain averaged integrated water temperature (bl
1993 to 2008; (b) Time-vertical section of modeled monthly mean domain averaged wa
The above analysis shows that the model successfully repro-
duces the annual temperature cycle in the Great Lakes and some
important thermal structure features, such as the well-mixed
water column in early spring and late fall, inverse temperature
stratification in winter, and strong stratification during the sum-
mer. The mixed-layer depth during the stratified period is also well
simulated when the surface wind-wave mixing scheme is included.
6. Annual cycle and interannual variability

6.1. Current speed

The modeled monthly depth-averaged current speed for the
whole Great Lakes exhibits obvious annual and interannual varia-
tions (Fig. 21(a)). The fluctuations in current speed generally follow
the wind speed, and the correlation between them is 0.96. The
years of 1994, 1997, and 2000 had the lowest annual mean current
speeds (2.05, 2.07 and 2.08 cm/s, respectively), while the year of
2007 had the highest annual mean current speed (3.4 cm/s).

Fig. 21(b) shows the whole basin averaged vertical structure of
current speed from 1993 to 2008. Most of the energy is confined
within the upper 50 m with the highest current speed near the sur-
face. During the winter, the energy penetrates much deeper than
summer, because the stratification during the summer prevents
energy from transferring into the lower layer. The high-speed ton-
gue (>2 cm/s) extends from the surface to about 50 m during the
winter and only about 15–20 m during the summer. The extension
ack solid line, unit: �C) and surface air temperature (red dashed line, unit: �C) from
ter temperature from 1993 to 2008 (unit: �C).



Fig. 24. Model (dashed line) and observed (solid line) daily mean lake wide averaged surface temperature for each lake from 1993 to 2008.

Fig. 25. Model (dashed line) and satellite observed (solid line) lake wide averaged surface temperature for each lake during 1998. Correlations and RMSE are also shown.
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changes over years, for example, the high speed tongue extended
to about 45–50 m during winter 2000/2001 while it was below
90 m during winter 2007/2008. The extension has a deepening
trend during the modeling period, which is consistent with the up-
ward trend in the wind speed.

Fig. 22 shows the daily climatology of depth-averaged current
speed along with the standard deviation (STD), which indicates
that current speed in the Great Lakes has a significant annual cycle
with a large fluctuation. Lake wide mean current speeds peak in
winter and decay over spring, reaching a minimum during late
summer. As the model does not have an ice model during winter,
the magnitude in winter may be exaggerated, and should be
viewed with caution, although winter current speed is usually larg-
est among all the seasons. Current speeds are relatively constant
during summer. The winter mean current speed for the whole
Great Lakes is 2.46 cm/s, while the summer mean current speed
is 1.70 cm/s (Table 1). Lake Michigan has the strongest mean cur-
rent both in winter and summer, while Lake Ontario has the weak-
est mean current (Table 1). Lake Superior has the largest STD both
in winter and in summer. Lake Ontario has the smallest standard
deviation during summer, and Lake Michigan has the smallest
STD during winter. The STD is larger during winter than during
summer for all five Great Lakes.

6.2. Temperature

Fig. 23(a) shows the integrated water temperature of the whole
water column for the whole model domain from 1993 to 2008. The
integrated temperature has an obvious annual cycle with the min-
imum in March and the maximum in September, which lags the
surface air temperature by about a month. The simultaneous corre-
lation between them is 0.86. The correlation reaches the maximum
(0.94) when the surface air temperature leads the integrated water
temperature by a month.

The whole basin averaged vertical structure of water tempera-
ture from 1993 to 2008 shows a similar annual cycle repeats over
years (Fig. 23(b)). It is also clear that the onset and duration of the
positive stratification, the vertical extension of the water with tem-
perature greater than 4 �C (warm tongue) all changes over the
years. For example, the winter 1997/1998 was a very mild winter
due to a strong El Niño events (Bai et al., 2012), the onset and dura-
tion of the stratification was earlier and longer than normal, and
the warm tongue could extend to 65 m during 1998. During
1997, the extension of the warm tongue was only about 55 m.
The warm tongue extended to 70 m in 2007, which is the deepest
during the modeling period.

The modeled daily lake averaged surface temperatures from
1995 to 2008 match well with the observations (Fig. 24). Fig. 25
presents the model- and GLSEA-averaged LST during 1998, which
shows that the model captures both the seasonal cycle and synop-
tic scale events successfully. All lakes had a minimum temperature
around early March and a maximum in mid-August. The correla-
tions between model results and observations for each lake are
all greater than 0.98. Root mean square error (RMSE) varies lake
by lake, ranging from 0.86–1.88 �C (Table 2). Synoptic scale warm-
Table 2
Statistics of the model skill of lake surface temperature for each lake in 1998.a

Superior Michigan Huron Erie Ontario

Mean_obs. (�C) 7.94 10.96 9.79 12.36 10.95
Mean_model (�C) 7.91 10.24 9.87 11.22 10.38
Bias (�C) �0.03 �0.72 0.08 �1.14 �0.57
MBD (%) �0.34 �6.49 0.84 �9.19 �5.16
RMSE (�C) 1.28 0.81 0.86 1.88 1.14

a Bias is model temperature minus observed temperature.
ing and cooling events were both well captured. For example, the
model captures two remarkable cooling events on 26–31 July
and 15–18 August.

Fig. 26 indicates that the model accurately simulated the LST
climatology and its variation in all five lakes. The modeled shapes
of the seasonal cycle are consistent with observations. Both ob-
served and modeled LST show larger variations during summer
than during winter. From January to March, model LST in all five
lakes is lower than the observations. From April to December, the
simulated LST matches the observations well. As shown in Table 3,
Lakes Superior and Huron have a small warm bias of 0.42 and
0.04 �C, respectively. Lakes Michigan, Erie, and Ontario have a
small cold bias of �0.19, �0.1, and �0.4 �C, respectively. For the
long-term daily mean LST, model RMSEs for all five lakes are less
than 1 �C.

7. Conclusions and discussion

For the first time, an unstructured FVCOM was applied to all five
Great Lakes simultaneously to simulate lake circulation and ther-
mal structure. The purposes are two folds: (1) this model will serve
as a backbone platform to be coupled to a regional atmospheric
model for regional climate and downscaling studies, and (2) this
model will be transferred into an operational model in the Great
Lakes. The model was run under the NARR’s 3-hourly forcing for
the period 1993–2008. The model results are analyzed with a com-
parison to the observations and previous theory and modeling
works. The main results are as follows.

(1) Maps of climatological circulation for all five Great lakes are
constructed using the simulations from 1993 to 2008. This
climatology can be used as one of references for the general
circulation in the Great Lakes due to the lack of continuous
spatial and temporal observations. Most of the circulation
pattern is in agreement with the observations, such as
two-gyre type circulation in Lakes Ontario and Erie and
one large-scale cyclonic circulation in Lakes Superior, Mich-
igan, and Huron during winter; cyclonic circulation in Lakes
Superior, Huron and Ontario during summer. While some
features are controversial. For example, the model shows
an anticyclonic gyre in the south basin of Lake Michigan,
whose existence needs more work to verify. It is most likely
caused by anticyclonic vorticity in the surface winds. The
observed circulation patterns can only be considered as gen-
eral representation of currents patterns and not climatology
(Schertzer, 2003). Seasonal circulation in the Great Lakes has
obvious interannual variability, which has rarely been stud-
ied due to insufficient data (Beletsky et al., 1999b). Some
features of lake circulation appear to be rather stable, while
others exhibit significant variability. Thus, differences
between the modeled climatology of seasonal circulation
and the observed circulation pattern in an individual year
are expected, and some of them may be attributed to the
interannual variability. Because of the lack of ice model,
there are also potential inaccuracies of winter circulation
patterns in Lakes Superior, Huron and Erie, which are usually
heavily ice covered.

(2) With the surface wind-wave mixing parameterization
implemented to this FVCOM, the seasonal mixed-layer
depths and sharp thermclines in all five Great Lakes are sig-
nificantly improved, compared to previous studies with no
wind-wave mixing. The improvement was also reflected by
the consistently well comparison in surface lake tempera-
ture between the satellite and buoy’s data and the model.
The model also reasonably reproduces inverse temperature



Fig. 26. Satellite observed (left column a–e) and Modeled (right column f–j) long term daily mean lake-wide averaged surface temperature (solid line) and standard deviation
(dashed line) for each lake.
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stratification during winter, and two seasonal overturns in
autumn and spring, with the lower lakes leading the upper
lakes by about 1–2 months.
(3) The Great Lakes experienced significant interannual variabil-
ity in terms of current speed, mixed-layer depth, and ther-
mal structure in response to the changes in air



Table 3
Statistics of the model skill of lake surface temperature for each lake for climatology.a

Superior Michigan Huron Erie Ontario

Mean_obs. (�C) 6.57 9.75 8.93 11.38 10.05
Mean_model (�C) 6.99 9.56 8.97 11.48 9.65
Bias (�C) 0.42 �0.19 0.04 0.10 �0.4
MBD (%) 6.4 �2.0 0.46 �1.8 �3.9
RMSE (�C) 0.95 0.47 0.67 0.83 0.92

a Bias is model temperature minus observed temperature.
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temperature and wind speed. Domain-average current
speed increased as wind speed increased. Furthermore, it is
found that more wind energy was input to deeper water
over the period 1993–2008; similarly, more heat penetrated
into deeper water as strong wind enhanced deeper mixing,
leading to deeper convection in the deep-water lakes.
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