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[1] A three-dimensional primitive equation numerical model was applied to Lake
Michigan on a 2 km grid for 6 consecutive years to study interannual variability of
summer circulation and thermal structure in 1998-2003. The model results were
compared to long-term observations of currents and temperature at seven moorings and
two NOAA buoys. The accuracy of modeled currents improved considerably relative to
previous summer circulation modeling done on a 5 km grid, while the accuracy of
temperature simulations remained the same. Particle trajectory model results were also
compared with satellite-tracked surface drifter observations. Large-scale circulation
patterns tend to be more cyclonic (counterclockwise) toward the end of summer as the
thermocline deepens and density effects become more important. Circulation in southern
Lake Michigan appears to be more variable than circulation in northern Lake Michigan.
An important new feature not previously seen in observations was found in southern Lake
Michigan: an anticyclonic gyre extending northward from the southern shore of Lake
Michigan, sometimes occupying the entire southern basin.
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1. Introduction

[2] The current knowledge of circulation patterns and
thermal structure in the Great Lakes is still somewhat
fragmentary despite significant progress in numerical mod-
eling of lake hydrodynamics [Beletsky and Schwab, 2001].
Lake circulation climatology and interannual variability are
still distant goals which will require many more simulations
and observations than are currently available. Growing
computer power allows us to move closer to these goals
and also helps to describe medium and small scale processes
better due to increased model resolution. This is especially
true for the horizontal resolution improvement which is
crucial for accurate modeling of lake hydrodynamics in
summer when the Rossby radius of deformation is on the
order of 5 km. Using grid sizes less than 5 km is critical for
resolving processes within the coastal boundary layer, which
is 8—10 km wide [Murthy and Dunbar, 1981], and improv-
ing the simulation of internal Kelvin waves and coastal
upwelling fronts in summer [Beletsky et al., 1997]. While
moving toward eddy-resolving models of the Great Lakes, it
is also important to document the progress along the way.

[3] Lake Michigan has recently been the subject of three
comprehensive modeling studies performed with the
Princeton Ocean Model [Blumberg and Mellor, 1987].
First, in order to predict long-term transport of contam-
inants for the Lake Michigan Mass Balance Study
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(LMMBS), thermal structure and circulation in the lake
were modeled on a 5 km grid in 1982—1983 and 1994—
1995 [Beletsky and Schwab, 2001]. Next, the same model
was applied to Lake Michigan on a 2 km grid as part of
the Episodic Events — Great Lakes Experiment (EEGLE)
to study cross-margin transport of biogeochemically im-
portant materials during storm events in 1998-2000
[Beletsky et al., 2003]. Finally, the 2001—2003 circulation
and thermal structure were modeled in the course of a
larval fish transport study [Beletsky et al., 2004] with a
particular focus on summer months (June—August).

[4] While model results for unstratified conditions were
successfully tested against field observations in 1998,
results for summer circulation and thermal structure have
not yet been reported. The 2 km model results showed an
improvement over 5 km model results during unstratified
conditions in early spring, but a question arises whether the
same improvement will hold in summer when the lake is
strongly stratified. Finally, the accuracy of surface currents
modeling (either with Eulerian or Lagrangian methods) was
rarely tested in the Great Lakes due to insufficient obser-
vations. In 2002-2003, an opportunity to fill this gap
presented itself when a new experiment involving drifter
observations was conducted in southern Lake Michigan.

[s] The main goals of this paper are: (1) to study the
interannual variability of summer circulation and thermal
structure in Lake Michigan, (2) to further test the hydrody-
namic model with available temperature and current obser-
vations, (3) to test predictions of a Lagrangian model with
satellite-tracked drifter observations; and finally (4) to
provide the physical background information for a larval
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Figure 1. Numerical grid and bathymetry (isobaths every
50 m). Solid circles, current meters; diamonds, meteorolog-
ical stations.

fish transport study focused on the southern Lake Michigan
[Beletsky et al., 2004].

[6] The paper is organized as follows. The hydrodynamic
models are described in section 2. Meteorological data and
Lagrangian observations are presented in sections 3 and 4
respectively. Model results are analyzed and compared with
observations in sections 5 and 6. Discussion and conclu-
sions are presented in section 7.

2. Hydrodynamic Models
2.1. Eulerian Model

[7] A three-dimensional circulation model of Lake
Michigan [Beletsky and Schwab, 2001] is used to calculate
lake circulation and thermal structure. The model is based
on the Princeton Ocean Model [Blumberg and Mellor,
1987] and is a nonlinear, hydrostatic, fully three-dimensional,
primitive equation, finite difference model. The model uses
time-dependent wind stress and heat flux forcing at the
surface, free-slip lateral boundary conditions, and quadratic
bottom friction. The drag coefficient in the bottom friction
formulation is spatially variable. It is calculated based on the
assumption of a logarithmic bottom boundary layer using
constant bottom roughness of 0.1 cm. Horizontal diffusion is
calculated with a Smagorinsky eddy parametrization (with a
multiplier of 0.1) to give a greater mixing coefficient near
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strong horizontal gradients. The Princeton Ocean Model
employs a terrain following vertical coordinate system
(sigma-coordinate). The equations are written in flux
form, and the finite differencing is done on an Arakawa-C
grid using a control volume formalism. The finite
differencing scheme is second order and centered in space
and time (leapfrog). The model includes the Mellor and
Yamada [1982] level 2.5 turbulence closure parameterization.
The hydrodynamic model of Lake Michigan has 20 vertical
levels (sigma levels, which represent a proportion of a vertical
column) with finer spacing near the surface and the bottom
(0,—.0227,—.0454,—.0681,—.0908,—.1135,—.1362,
—.1589,—.1816,—-.2043,-.2270,—.2724, —.3405,
—.4313,—-.5448,—.6810,—.7945,—.8853,—.9534,—1) and a
uniform horizontal grid size of 2 km (Figure 1).

2.2. Lagrangian Model

[8] The 2-d particle trajectory code is based on the second
order accurate horizontal trajectory code described by
Bennett and Clites [1987]. The horizontal currents are first
interpolated from velocity points to grid square corners on
the Arakawa-C grid. By assuming bilinear variation of the
horizontal currents within a grid square, the Taylor series
expansion of velocities about the particle position in the
trajectory equations yields a pair of simultaneous equations
for the new particle position. The time step is chosen to
limit the maximum excursion of a particle to 1/8 the
distance between horizontal grid points. Particles are pre-
vented from crossing the lake horizontal boundaries. This
method generally predicts more realistic trajectories than
traditional first-order horizontal methods and does not allow
particles to accumulate in ‘stagnation’ zones at grid square
corners along the shoreline.

3. Forcing Functions

[v] We use a bulk aerodynamic formulation to calculate
heat and momentum fluxes over the water surface at each
grid point for the lake circulation model. Hourly meteoro-
logical data (wind speed and direction, air temperature, dew
point and cloud cover) for April—October 1998—2003 were

Table 1. Monthly Mean Wind Stress Components in 1998 -2003"

Year Month X-Component Y-Component
1998 Jun 0.06 0.04
1998 Jul 0.12 —0.03
1998 Aug —0.04 0.03
1999 Jun 0.02 0.00
1999 Jul 0.10 0.13
1999 Aug 0.04 —0.08
2000 Jun 0.08 0.12
2000 Jul 0.02 —0.03
2000 Aug —0.03 —0.03
2001 Jun 0.03 0.05
2001 Jul —0.01 —0.04
2001 Aug 0.06 —0.01
2002 Jun 0.03 0.04
2002 Jul 0.02 0.03
2002 Aug 0.04 0.09
2003 Jun 0.00 —0.06
2003 Jul 0.09 0.00
2003 Aug 0.00 —0.03

Units are in dyn/cm?. Positive direction is east and north.
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