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Another explanation of the observed
cyclonic circulation of large lakes

Abstract—The observed counterclockwise
surface drift of large northern hemisphere
lakes is explained by the variation of lake
static stability caused by wind induced up-
welling.

Emery and Csanady (1973) pointed out
that many lakes and small seas in the
northern hemisphere have counterclockwise
surface circulations. Their explanation is
that as warm surface water is advected to
the right of the prevailing wind, increased
wind drag over this warm water results in
a cyclonic wind stress that drives a cy-
clonic surface flow. Wunsch (1973) pro-
posed another explanation. He explained
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the cyclonic flow as the Lagrange drift
induced by internal Kelvin waves. Both
theories have merit; decreased turbulence
over cold water is well established and the
importance of nonlinear effects on Kelvin
waves has been suspected for some time
(Saylor 1970; Bennett 1973).

Here 1 propose a third mechanism and
show it to be as important as Emery and
Csanady’s. This mechanism also invokes a
prevailing wind to generate a cross-lake
temperature gradient, but it explains a cy-
clonic surface circulation even for uniform
wind stress.

At the upwelling shore, when the sur-
face water moves offshore and is replaced
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Fig. 1. Longshore component (solid line) and
offshore component (dashed line) of wind stress.

by denser water, the static stability is low-
ered. This stability difference across the
lake causes an asymmetry in surface cur-
rent for two reasons. First, at the more
stratified shore the wind influence is con-
fined to the upper layer; stratification tends
to suppress both large-scale vertical mo-
tion and downward turbulent transport of
momentum. Second, once the flow is gen-
erated by the wind, decay is slower in
stratified water because stratification insu-
lates against bottom drag.

This work was done while I was an
employee of the National Oceanic and At-
mospheric Administration. My colleagues
there, J. Ching, R. Pickett, and E. Aubert,
contributed their aid and comments.

To compare the magnitude of this effect
to that of Emery and Csanady’s, two-di-
mensional “cross section” numerical model
experiments similar to those in Bennett
(1974) were run. Since longshore varia-
tions of current and temperature are ne-
glected in this model the Wunsch theory
could not be evaluated.

The bottom topography was parabolic
with a maximum depth of 150 m and a
shore depth of 15 m; the cross section
width was 72 km. The computational mesh
has 24 horizontal points and 12 vertical
levels; the time step was 1 hr. Momentum
advection was neglected, but advection of
temperature is allowed. The initial condi-
tion was a motionless state with a basic
temperature field consisting of a typical
July temperature sounding for Lake On-
tario with a linear north-south temperature
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Fig. 2. Longshore current at 3 km from the
north (u.) and south (u,) shores and the differ-

ence between them (At = us—un).

gradient of 1°C per 24 km added to the
upper 15 m. With no wind forcing, the
initial imbalance causes a weak mean flow
and an inertial oscillation which has a high
degree of symmetry across the lake. It
thus has no effect on the results. Through-
out the experiments the temperature field
undergoes a slow evolution due to wind
mixing, surface heating, and vertical mo-
tion, but the surface temperature gradient
is maintained.

The eddy diffusivity was computed by
the method of Sundaram and Rehm (1973).
The same mixing coefficient was used for
momentum but the bottom stress was com-
puted from the quadratic law, using a drag
coefficient of 0.002.

To evaluate the asymmetry in the mean
flow due to uniform winds, I ran the model
for 14 days using the wind stress given in
Fig. 1. This was estimated from provi-
sional data collected from 8-21 July 1972
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Fig. 3. Mean surface current for 14 days for

uniform time dependent winds (solid line) and

for uniform winds plus a time independent curl

(dashed line).
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as part of the International Field Year for
the Great Lakes. The mean wind stress is
from the southwest at about 0.1 dyne cm=2.

Figure 2 shows the longshore component
of the surface current at 3 km from each
shore and the difference between the two
for a 3-day period beginning with the 8th
day. As expected, the difference increases
both during the relatively strong winds on
the 8th day and during the decay stage on
the 9th and 10th days.

The mean longshore component of the
surface current for the 14-day period for
the case of uniform winds is the solid line
in Fig. 3. Although it is toward the east
even in the center of the lake, the flow at
the southern (warm) shore is 4 ¢cm sec™
stronger than at the northern shore.

To compare this result with the Emery-
Csanady theory I ran the model again add-
ing a constant curl to the wind stress given
in Fig. 1. This added 0.018 dyne cm to
the south shore and subtracted the same
from the north shore for each day. This
difference of 0.036 dyne cm2? is consistent
with Emery and Csanady’s estimate of a
difference of 0.5 dyne cm2 acting for 8
hr if we assume that such a wind impulse
occurs every 5 days. The mean longshore
current for this case is given by the dashed
line in Fig. 3. The addition of the wind
stress curl to the uniform winds increases
the cross-lake surface current difference
from 4 to 8 cm sec!. Thus, both the vari-
ation of lake static stability and the vari-
ation of surface stress across the lake have

Morphometric control of variation in

Abstract—The extent of variation in annual
heat budget of 23 European, North American,
and Australian lakes tends to be related to
lake volume and mean depth.

In a 3-year study of the comparative lim-
nology of Lakes Purrumbete, Bullenmerri
and Gnotuk, near Camperdown, in western
Victoria, Australia (Timms 1973), mean
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comparable effect on surface circulation
and complement one another.

If one includes the classical explanations
of cyclonic circulation, the tendency for
river inflows to be deflected to the right
by the Coriolis force and the geostrophic
circulation during spring and fall when the
shore zones respond faster to thermal forc-
ing, there are now five possible explana-
tions. I am now attempting to evaluate the
relative importance of them for Lake On-
tario using a three-dimensional numerical
model.

John R. Bennett

Massachusetts Institute of Technology
Cambridge 02139
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annual heat budgets

heat budgets were not only related to mean

depth and area, as expected (Gorham 1964),
but the extent of annual fluctuations was
also morphometrically controlled. This lat-
ter relationship may be widely applicable
and more reliable than the observation that
lakes in continental climates tend to have
more constant heat budgets than those in
oceanic climates ( Hutchinson 1957).



