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below the temperature of maximum density for freshwater, about 4°C. Furher
cooling during winter can lead to inverse stratification and ice cover. Springtime
warmning tends to heat and stratify shallower areas first, leaving a pool of cold water
{less than 4°C and vertically well-mixed because of convection) in the deeper parts of
the lake. In spring, stralified and homogeneous areas of the lake are separated by a
sharp thermal front, commonly known as the thermal bar. Depending on
meteorological conditions and depth of the lake, the thermal bar may last for a period
of from 1 to 3 months. Stratification eventvally covers the entire lake, and a well-
developed thermocline generally persists throughout the summer. In the fall,
decreased heating and stronger vertical mixing tend to deepen the thermocline until
the water column is again mixed from top to bottom. When the nearshore surface
temperature falls below the temperature of maximum density, the fall thermal bar
starls its propagation from the shoreline toward the deeper parts of the lake. Thermal
gradients are much smaller during this period than during the springtime thermal bar.

The model was able to reproduce all of the basic features of thermal structure of
Lake Michigan during the 600 day period of study: spring thermal bar, full
stratification, deepening of the thermocline during the fall cooling, and finally an
overlurn in the late fall (Fig. 2). Observed temperatures from surface buoys and
subsurface moorings were compared to model output (Fig. 3). The comparison is
quite good for the horizontal distribution and time evolution of the surface and bottom
temperature, but it is worse in the thermocline area. In addition, the model predicted
internal waves are much less pronounced than in observations. We think that because
the model tends to generate excessive vertical diffusion, the modeled thermocline is
too diffuse and hence temperature fluctuations are decreased. On the other hand, the
simulation of the surface température is much more accurate, which shows correct
calculation of heat fluxes near the surface. We should aiso note that the model
performs better in the second year {at least near the surface - we do not have
subsurface observations for the second year summer) which we attribute to the
gradual adjustment of the temperature field to the boundary conditions as the model
solution drifts away from the rather crude initial conditions.

Currents

Wind-driven transport is a dominant feature of circulation in the lakes. As shown by
Bennett (1974), Csanady (1982), and others, the response of an enclosed basin with a
sloping bottom to a uniform wind stress consists of longshore, downwind currents in
shallow water, and a net upwind return flow in deeper water. The streamlines of the
flow field form two counter-rotating closed gyres, a cyclonic gyre to the right of the
wind and an anticyclonic gyre to the left {in the northern hemisphere). As the wind
relaxes, the two-cell streamline pattern rotates cyclonically within the basin, with a
characteristic period corresponding to the lowest mode topographic wave of the basin
{Saylor et al,, 1980). Numerical models approximating actual lake geometry have
proven to be effective in explainiug observed short-term circulation patterns in lakes
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Figure 2. Simulated mean temperature profile, March 31, 1982- November 20, 1983
{600 days).

(Simons, 1980; Schwab, 1992). The results of these modeling exercises show that the
actual bathymetry of each of the Great Lakes tends to act as a combination of bowl-
shaped sub-basins, each of which tends to supporl its own two-gyre circulation
pattern.

Besides bathymetry and geometry, two other important factors tend to modify the
simple two-gyre lake circulation model described above, namely non-uniform wind
forcing and stratification. Thus, during the stratified period, longshore currents
frequently form a single cyclonic gyre circulation pattern driven by onshore-offshore
density gradients. The effect of horizontal varjability in the wind field enters through
the curl of the wind stress field (Rao and Murty, 1970). Any vorlicity in the forcing
field is manifest as a (endency of the resulting circulation pattern toward a single gyre
streamline pattern, with the sense of rotation corresponding to the sense of rotation of
the wind stress curl. Because of the size of the lakes, and their considerable heat
capacity, it is not uncommon to see lake-induced mesoscale circulation systems
superimposed on the regional meteorological flow, 4 meso-high in the summer
{Lyons, 1971) and a meso-low in the winter (Petterssen and Calabrese, 1959). There
are also indications that nonlinear interactions of topographic waves can contribute to
the mean single gyre cyclonic circulation (Simons, 1985).

Recent long-term current observations in Lake Michigan suggested a cyclonic
large-scale circulation pattern, with cyclonic circulation within each subbasin, and
anticyclonic circulations in ridge areas (Gottlieb et al., 1989). Our model results
coincide with their conclusions (Fig. 4). To study seasonal changes in circulation
patterns, we averaged model resulls over two 6-month periods: from May to October
{summer period), and from Nevember to April (winter period), approximately












