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Velocity Distribution at Two Sites
within the Southern Basin of Lake Michigan

by Nani G. Bhowmik, Ta Wei Soong, Il Won Seo, and William C. Bogner

ABSTRACT

This report summarizes data on velocity and suspended sediment char-
acteristics near Wilmette Harbor on the southwestern shore of Lake Michi-
gan. The report also includes analyses of velocity structure at a Lake
Michigan site where 8,000-year-old tree stumps have been discovered. Data
collected at the Wilmette Harbor site showed that the water normally
moved in a southeasterly direction, following the shoreline. This coincides
with the existence of a classical longshore current pattern. Much greater
fluctuations were found at the nearshore station than at the farshore
station. Suspended sediment concentrations did not show much variation
over the three-day data collection period. The bed materials at the site
ranged from fine to very fine sand sizes.

Data from the tree stump site, collected during a four-week period,
showed at least three peaks in water temperature. The average velocity was
about 2.6 centimeters per second, and the current rotated by about 360°
within a period of four to five days. It appears that eddies with longitudinal
diameters of several kilometers may occur at this site on a regular basis.
However, no further generalized statements can be made because of the un-
availability of detailed long-term velocity data for the site.

INTRODUCTION

The southwestern basin of Lake Michigan has
been subjected to extreme stresses because of its
close proximity to large population centers. A variety
of conflicting demands are made on the lake waters
and shores by the citizens living near the area. Uses
include water supply, real estate development, in-
dustry, recreation, boating, commerce, waste dilu-
tion and disposal, and drainage. About 8 million
people living along approximately 105 miles of Illi-
nois-Indiana shores may also be responsible for in-
advertent alteration of natural processes in this area.

The conflicting demands placed on the lake are
threatening this irreplaceable resource. Lake man-
agement should be designed so that Lake Michigan's
resources are used in the most effective way. Man-
agement designs would benefit tremendously from a
thorough and detailed evaluation of the physical

processes associated with the southwestern basin of
the lake.

But while information is available on wave-in-
duced current inside the surf zone and on mid-lake
circulation, adequate information is not available on
the longshore current pattern in the nearshore zone.
Longshore currents can transport and disperse sedi-
ment and other pollutants. Evaluations of excessive
beach erosion, shore stability, transport of organic
and inorganic materials, dilution and dispersion of
inflows, and enhancement or deterioration of aquatic
habitats (including habitats for macro- and micro-
invertebrates) all require a clear understanding of
the longshore transport processes in this basin.

Waves, wind, and density differences are the ma-
jor forces in the development of nearshore currents.
Storm episodes can introduce short-term changes in



the current field, but long-term persistent longshore
circulation may also exist, as evidenced by Blanton's
(1974) study on Lake Ontario. Csanady (1972a,b)
investigated nearshore currents in Lake Ontario and
concluded that stratification, inertial acceleration,
bottom topography, and friction may all be impor-
tant in the boundary region.

However, very little solid data and information
are available on the actual magnitude, duration, and
direction of longshore currents within the south-
western basin of Lake Michigan. Even though some
theoretical work has been done on the prediction of
longshore current, the discrepancies between mathe-
matical and physical descriptions of wave- and wind-
generated circulation should be resolved with mea-
sured data.

In recognition of these needs, the Illinois State
Water Survey proposed a pilot research project in-
volving collection and analyses of a basic set of data
on velocities, suspended sediments, and bed materi-
als. Subsequently, the Illinois-Indiana Sea Grant
Program office supported this pilot project with fund-
ing of $11,820 for a period of two fiscal years. With
this support, a set of data was collected near Wil-
mette Harbor in September 1989.

Subsequent to this project, other researchers study-
ing Lake Michigan asked the Water Survey investi-
gators to collect additional data on circulation pat-
terns near the site of recently discovered 8,000-year-
old tree stumps. With the assistance of researchers
from Northeastern Illinois University and the Illi-
nois State Geological Survey, Water Survey engi-
neers collected velocity data from the tree stump site
for about four weeks in June and July 1990.

All the data for the two sites have been analyzed,
and this report has been prepared to present the
data. Some generalized conclusions were drawn on
the basis of this limited amount of data. However,
seasonal and spatial variations in velocity structure
could not be determined from the limited amount of
available data. To understand the patterns, distri-
bution, and magnitudes of current/circulation within
the southern basin of Lake Michigan and to develop
a predictive mathematical model, an additional com-
prehensive data collection program must be imple-
mented for a longer period. Only after such a data-
base has been generated can an existing or modified
hydrodynamic model be calibrated and verified for
application within this basin.

Such a model or models, once calibrated and veri-
fied, will enable management authorities to formu-
late decisions and management criteria related to
lakeshore protection methodologies; locations, sizes,
and patterns of jetties and breakwaters; and pat-

terns, distribution, and movements of fish and other
aquatic organisms dependent upon the longshore
currents.

Background

Water uses in the nearshore zone of the south-
western Lake Michigan basin include public water
supply, recreation, fishing, boating, and navigation.
In some areas the nature and quantity of incoming
pollutants are unknown, as are the physical pro-
cesses that transport these materials. Water quality
managers must understand the patterns, distribu-
tion, and movement of water in this area in order to
develop strategies that can protect this important
natural resource from existing and potential con-
tamination.

Until now, however, data and engineering find-
ings have been scattered. Many contaminant trans-
port studies have been based on hypothetical flow
patterns because physical processes in this areahave
not been adequately investigated. The current status
of our knowledge is revealed in the following review
of physical measurements and theoretical develop-
ments.

Many physical measurements and mathematical
modeling efforts have been carried out in an attempt
to reveal the complex circulation patterns in the
Great Lakes. These efforts have focused on lakewide
circulation; however, nearshore currents are dynamic
and can have different structures from lakewide cir-
culation patterns. Data from Lake Ontario showed a
rather clear separation between "wave-like" circula-
tion offshore and the more "current-like" circulation
in the nearshore zone (Csanady, 1972a,b). On the
basis of such data, Csanady has characterized a zone
extending approximately 10 kilometers (km) offshore
as a coastal boundary layer.

Blanton (1974) conducted measurements in the
same area and found that variations in flow tended
to decrease with depth and with distance offshore;
the nearshore current responded to wind with less
time lag than offshore current; current in the
nearshore zone was more or less rectilinear and con-
tained little energy in rotary-type motion; and there
was a predominant westward flow. Because of vari-
ations in basin shapes and orientations to the pre-
vailing wind direction, research results from other
Great Lakes cannot easily be generalized to Lake
Michigan circulation patterns (Pickett, 1983). More-
over, current in the nearshore zone is further modi-
fied by topographical features and by the shoreline
geometry.



Investigators such as Allender et al. (1981) and
Schwab (1979) have studied aspects of nearshore
flow patterns. Other research studies on the con-
taminant transport processes of Lake Michigan in-
clude those of Harrsch and Rea (1982) on suspended
sediment composition and distribution during sum-
mer stratification; Rossmann (1980a) on soluble ele-
ment concentrations; Rossmann (1980b) on the inor-
ganic chemistry of particulate matter; Quigley and
Robbins (1984) on silica regeneration processes;
Parker et al. (1982) on sorption and sedimentation of
zinc and cadmium; Bell and Eadie (1983) on sus-
pended particles during an upwelling event; Eadie et
al. (1984) on resuspension and chemical flux; Laurit-
sen et al. (1985) on the distribution of oligochaetes;
and McCown et al. (1978) on transport of oily pollut-
ants.

Linking the derived flow-field data with the sedi-
ment transport process will enable resource manag-
ers to conduct numerical simulations and use the
results for a multitude of applications. However, a
previous attempt by Paddock and Ditmars (1981) to
link a sediment model with a model for wave-in-
duced nearshore circulation (Allender et al., 1981)
was not successful because the required computa-
tional time prevented the use of an adequate simula-
tion period.

Argonne National Laboratory has carried out sev-
eral measurement efforts to determine longitudinal
variations of velocity in the nearshore zone of Lake
Michigan between Chicago and Milwaukee (Saun-
ders, 1977a,b,c, 1978a,b,c; Saunders and Van Loon,

1976; Saunders et al., 1976). Transverse current
data were also measured at Waukegan, lllinois, by
Allender et al. (1981). However, the emphasis of this
measurement was the circulation patterns inside
the breaker zone. Velocity, temperature, and wave
characteristics were measured within 200 meters
(m) offshore. The only other solid data that are avail-
able are those collected by the present researchers.
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DATA COLLECTION

Wilmette Harbor Site

The initial set of data on nearshore current, sus-
pended sediment, and bed material characteristics
was collected from a site near Wilmette Harbor in
Lake Michigan (figure 1). Velocity data were col-
lected by using a pair of S4 two-dimensional current
meters manufactured by InterOcean Systems. As
described by the manufacturer, the InterOcean Sys-
tems Model S4 current meter is intended for mea-
surement and recording of horizontal water currents.

The unitis self-contained, small, and has a spheri-
cal shape, with no protruding sensors. This simplic-
ity results in a low-drag instrument suitable for use
on shipboard while providing ruggedness and ease of

handling for the user. The mounting rod allows for
taut-line mooring or mounting to a fixed structure. It
is suited to any freshwater or saltwater environment
at depths to 1,000 m.

Figure 2 shows the S4 meters that were used in
this project. The S4 measures current by creating a
magnetic field and sensing the voltage induced by
the movement of water through the field. A CMOS
microprocessor acquires instrument orientation from
a flux-gate compass and computes earth-referenced
current components in north and east coordinates.
These current vectors are then recorded immedi-
ately (burst sample mode) or integrated over time
and recorded (vector-averaged mode). All data are
recorded in non-volatile solid-state memory.
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Figure 1. Data collection site near Wilmette Harbor

Figure 2. S4 current meters with mounting bases

Initialization and data retrieval were accomplished
by using a field computer connected through an In-
terOcean Model S110 interface unit to the water-
tight input/output connector on the S4. The S4 has
automatic data compensation for tilt angles of up to
45" from the vertical. These units can also measure
conductivity, temperature, and depth. All sensors
are mounted in the interior or on the surface to avoid
any projection on the sphere.

In the field, the current meters were mounted on
aluminum bases and installed 1 meter above the
bases (figure 2). Lead weights were added to the
bases to maintain the stability of the units. The
meters were programmed to collect velocity data in
north and east components.

As shown in figure 3, the meters were installed
107 m from shore (Station A) and 213 m from shore
(Station B), at depths of about 2.1 and 5.2 m, respec-
tively. The S4s were programmed to run continu-
ously so that all the data collected would have a
complete time history for the monitoring period, ex-
cept for times when the data were downloaded.

Data on suspended sediment concentrations and
bed materials also were collected. The location of the
suspended sediment sampling tower relative to the
S4 meters is shown in figure 3. Figure 4 shows a pair
of sediment sampling towers of the same type, with
standard suspended sediment nozzles attached to



Sediment Tower J'

\V4 Water Surface

42m

® Bed Material
Sampling Sites
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and bed material sampling sites, Wilmette Harbor site

them. The nozzles on the towers are connected with
tubing to pumps operated by marine cell batteries
and located on a boat anchored near the towers.

The pumps are manufactured by Instrument Spe-
cialties Corporation (ISCO) and have been used quite
extensively in studies of open-channel flow. All the
pumps are programmed to collect water-sediment
samples at predetermined intervals. Researchers
from the Water Survey have developed these types of
sediment sampling techniques for a number of major
projects on the Mississippi and Illinois River sys-
tems, and they have worked out exceptionally well.

Bed material samples were collected from four
different locations at the Wilmette Harbor site: two
sites close to the two S4 meters, one near the sus-
pended sediment sampling tower, and one in be-
tween the S4 meters. The approximate locations of
these sampling sites are shown in figure 3.

A recording wind set also was installed at the site
(see figure 1), and data on wind velocity and direc-
tions were collected during the daylight hours only.
A staff gage installed at the site was read frequently
to determine the relative elevation of the lake level
during the data collection period.

The data collection at this site was conducted on
September 19-21, 1989. All the data were analyzed
in mid-1990 because of the nonavailability of funds
in Calendar Year 1989.

i,
e
mv‘#
gy ®

i

pike &
. gy s
) -

Figure 4. Suspended sediment sampling towers



Tree Stump Site

Early in 1990, the Water Survey was contacted by
researchers from Northeastern Illinois University
and the Illinois State Geological Survey to explore
the possibility of collecting long-term velocity data
near the site of 8,000-year-old tree stumps within
the southern basin of Lake Michigan, about 15 miles
east of Chicago. Because of keen interest by the
Water Survey researchers and the extreme coopera-
tion extended by Northeastern Illinois University
and the State Geological Survey in providing the
necessary diving facilities, the Water Survey re-
searchers installed one S4 meter near the tree stump
site for the period June 14 through July 9, 1990.

During the data collection period, the current me-
ter was programmed to collect velocity data for ap-
proximately nine days at a time. At the end of each
nine-day period, the meter was retrieved and the
data were downloaded on a boat located at the site.
The data collection routine was then reprogrammed,
and the meter was redeployed at the same site. At
the end of the data collection period, all the velocity
data were processed and analyzed for inclusion in
this report.

The tree stump site is located in about 23 m of
water and is about 24 km from the shore within the
southwestern basin of Lake Michigan. Figure 5 is a
sketch ofthe approximate setup for this data collec-
tion effort.

Water Surface

im

X

Tree
Stumps

Figure 5. Schematic diagram showing the installation
of an S4 current meter at the tree stump site



ANALYSES OF DATA

Wilmette Harbor Site
Wind

Wind data collected at the Wilmette Harbor site
show that on the average wind velocities ranged

from 2.68 m/s (6 mph) to 4.02 m/s (9 mph). The wind
blew from southeast to northwest.

Lake Levels

Figure 6 shows a plot of lake levels, as measured
by staff gages during the data collection period. Some
variations in lake levels were observed, ranging in
magnitude from about 0.03 to 0.06 m. Figure 7 shows
the water depths measured above the S4 meters.
These plots indicate that the lake level showed some
decrease on the third day of data collection.

Local wind conditions were not sufficient to initi-
ate such a drop in water level. However, the overall
wind conditions within the basin could have initi-
ated this drop. On the other hand, the overall wind
setup, wave setup, or lake-level fluctuations due to
atmospheric pressure fluctuations or seiches could
be the source of such lake-level drops. These fluctua-
tions do not appear to have any significant impact on
the circulation patterns observed at this site.

Bed Materials

Twelve bed material samples were collected from
the site. The locations ofthe four sampling sites are
shown in figure 3. At each location, one sample was
collected on each of the three days of the monitoring
period, and the samples were analyzed to determine
particle size distributions. Parameters such as the
standard deviation (0) and the uniformity coeffi-
cients (U) for the bed materials were computed on
the basis of the particle size distribution curves.

1 dgg) dso

o= —[ + ] (D
2 dsp d15.9
d
dio

where dgs 1, dgo, dsg, di59, and dyg are the diameters of
the bed materials for which 84.1,60,50,15.9, and 10
percent of the particles, respectively, are finer.
Table 1 shows the dso and dgs sizes of these samples
with their corresponding values of a and U. Figure 8
shows the particle size distributions for all twelve
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Figure 6. Lake-level changes at the Wilmette Harbor site, September 19-21,1989
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samples. An examination of these plots shows that
almost all of these particles are within the fine to
very fine sand ranges and also that they are uniform
in size. Low values of o and U also attest to the
uniform nature of these particles. For all practical
purposes the median diameter, dso, of all the par-
ticles can be assumed to be about 0.12 millimeters
(mm).

Suspended  Sediments

A total of 144 suspended sediment samples were
collected from two intakes on the sediment sampling
tower, one located 0.15 m above the bed (Intake A)
and the other located 0.15 m below the water surface
(Intake B) as shown in figure 3. All the samples were

8

collected with ISCO pump samplers, and laboratory
analyses were performed to determine the sediment
concentrations of these samples.

Figure 9 shows plots of the sediment concentra-
tions for various time intervals on all three days. An
examination of this figure indicates that on Septem-
ber 19, suspended sediment concentrations varied
from approximately 6 milligrams per liter (mg/1) to
as much as 94 mg/1 or more at Intake A, and from 6
to 38 mg/1 at Intake B. The highest concentrations
were observed to occur near the bed. Suspended
sediment concentrations at both intakes on Septem-
ber 20 ranged from about 2 to 9 mg/1, with the major-
ity of the concentration staying close to 3 to 4 mg/1.
The suspended sediment concentrations at both in-
takes were more or less uniform on this day.



Table 1. Characteristics of the Bed Material Samples at the Wilmette Harbor Site

Sample location

Near deep-water S4

Between two S4s

Near shallow-water S4

Near sediment sampling tower

Date

9-19-89
9-20-89
9-21-89

9-19-89
9-20-89
9-21-89

9-19-89
9-20-89
9-21-89

9-19-89
9-20-89
9-21-89

dso dgs o U
0.11 0.16 137 173
0.11 0.16 134 1.63
0.12 0.15 1.29 1.65
0.12 0.16 132 159
0.12 0.15 1.28 159
0.12 0.15 1.28 159
0.11 0.15 1.29 1.50
0.11 0.15 1.29 1.46
0.11 0.15 1.29 141
0.13 0.20 1.45 1.67
0.13 0.20 1.45 1.67
0.17 0.25 1.59 2.00

Note: dsp and dgs = diameters of bed materials (in mm) for which 50 and 85 percent of the particles are
finer;0= standard deviation; V= uniformity coefficient

On September 21, both intakes showed a slight
increase in sediment concentrations, which varied
from about 1 to about 15 mg/1. However, on this day,
the sediment concentration at Intake B (located close
to the water surface) generally showed the existence
of a plume of higher sediment concentration than
was observed 0.15 m above the bed.

These changes in sediment concentrations at the
two intakes are contrary to the general observations
normally made in cases of open-channel flow prob-
lems, where higher concentrations of sediments are
normally observed near the lake bed. This flip-flop in
sediment concentration gradients between Septem-
ber 19 and September 21 could have been caused by
disturbances introduced at other places. It is quite
possible that the overall circulation patterns within
the southern basin of Lake Michigan did in fact
resuspend large amounts of fine sediments at this
time, which remained in suspension near the water
surface.

This situation shows the difficulty that may arise
when conclusions are made about sediment move-
ment solely on the basis of areal distribution of sedi-
ment and/or turbidity plumes. In any case, turbidity
is merely an optical property of the water, and a
correlation between turbidity and sediment concen-
trations may or may not exist in actual field condi-
tions. Determination of suspended sediment concen-
trations in the nearshore zone is an important goal
for future study.

Water Temperature

Both S4 meters were programmed to measure
water temperatures at two-minute intervals for the
duration of the monitoring period. Figure 10 shows
plots of water temperature at the Wilmette Harbor
site for all three days. Obviously, both meters showed
diurnal variations in temperatures. The shallow-
water meter and deep-water meter showed increases
in temperature to about 19.3°C in the daytime and
decreases to about 18.6°C at night. However, the
variations in temperature at the deep-water site
were somewhat less than those at the shallow-water
site. It is apparent that the meter located in the
shallower water responded to variations in ambient
air temperatures, which would not have been the
case for the meter installed at the deeper site.

Velocity

Two-dimensional velocity data were collected at
the two stations by using the InterOcean S4 current
meters. Characteristics of the velocities in both di-
rections were analyzed to determine the general flow
patterns at these locations. Parameters such as stan-
dard deviations, turbulence intensity, and direction
and magnitude of the resultant velocity were com-
puted. Other analyses included a preliminary deter-
mination of the alongshore, onshore, and offshore
movement of flows.
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Figure 8. Particle size distributions of the bed materials, Wilmette Harbor site
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One velocity data sample was collected every sec-
ond during daylight hours. During evenings and
nights, one sample per two seconds was collected at
Station A and one sample per five seconds was col-
lected at Station B.

For the data analysis, a 15-minute time interval
was selected and the mean velocities in both direc-
tions over this specified time period were computed
by using equations 3 and 4. These types of equations
have been discussed in books such as those by Daily
and Harleman (1966) and Tennekes and Lumley

(1972).
T
f
0

Vemg | vaat )

12

T

1
0

where vy and v are two components of velocity in the
Cartesian coordinate system, and T is the averaging
time period. V, and V, are the average velocities in
the x and y directions for the time period under con-
sideration. The magnitude (]V|) and direction (8) of
the mean velocities were computed as follows:

)

| V] = Vg2 + Vy? )
vx

¢ = Arctan —— (6)
Vy



The standard deviation for velocity is computed
by equation 7:

T
1

o= {(— I v - V)2 dpyl/? G
T

where v is the magnitude of the instantaneous veloc-
ity. The turbulence intensity is computed by the
relationship o/|v| where |V| is as defined by equa-
tion 5.

A computer analysis program (LAKMIC) was coded
by using FORTRAN 77 programming language, and
computation was implemented on the University of
Illinois CONVEX computer to determine various
parameters.

Characteristics of Measured Velocity. For the
analysis of circulation patterns at the Wilmette Har-
bor site, velocity was measured at intervals of 1, 2,
and 5 seconds, and the results were plotted. Typical
plots are given in figure 11. One can observe that the
magnitude and direction of the resultant component
of the instantaneous velocity vary quite significantly
with time, especially at Station A (the nearshore sta-
tion).

At Station A, the velocity vectors change rather
drastically, but in general, the flow directions are
mainly toward the east to southeast. These large

2

=

a. Station A

fluctuations in magnitude and direction may be as-
sociated with a combination of circulation patterns
in the nearshore zone and wave action in this area.
At Station B (the farshore station), the velocity vec-
tors indicate a dominant southeast movement with-
out significant variations. The current pattern at
this station has less fluctuation than that at Station
A A relatively uniform drift apparently exists at
Station B. One should remember that Station B is
located farther from the shore and also in deeper
water.

Characteristics of Mean Velocity. Mean ve-
locities were computed by equations 3 and 4, and the
relative intensity of the turbulence was computed by
using parameters derived from equations 5 and 7.
All these values were averaged over 15-minute peri-
ods. Two different types of plots were made to study
mean velocity patterns: plots of resultant mean ve-
locity in polar coordinates, and plots of resultant
mean velocity with time. Typical plots in polar coor-
dinates are given in figure 12. Examples of time-
history vector plots are given in figure 13.

As shown in figures 12 and 13, the directions of
mean velocity at Station A vary significantly, even
though the dominant direction is southeast. The 15-
minute averaged data should have removed most of
the instantaneous responses due to wave actions.
However, residuals of wave and wind activity are
still visible at this station.

b. StationB

Figure 11. Instantaneous velocity distributions at the Wilmette Harbor site,
September 19,1989,10:00 a.m. -10:15 a.m.
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Figure 12. Mean velocity patterns in polar coordinates,
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The vector plots indicate that, in general, devia-
tions from the dominant direction increase during
daylight hours and decrease at night. This can be
explained by the fact that wind and wave actions,
which are major causes of water movement in this
nearshore zone, are generally greater during the
daytime than at night.

Variations in velocity are smaller at Station B
(farshore station) than at Station A, and the domi-
nant direction of the velocity vectors is southeast. As
at Station A, fluctuations in mean velocity are greater
during daylight hours than at night.

To obtain quantitative descriptions of velocity,
some basic analyses were conducted on the mean
velocity data. Median and mode were used in this
study to represent the average values of velocities
for this data set.

Median is defined as the value that equally di-
vides a set of observations displayed in ascending
order. Mode is defined as the value that occurs most
frequently in a distribution. Arithmetic mean was
not computed because mean velocities are all vector
quantities. Frequency histograms of the magnitude
and direction of the resultant velocity are given in
figures 14 and 15, respectively, and median and
mode values of the frequency distributions are given
in table 2.

As shown in figures 14 and 15, distributions at
both stations are positively skewed with longer tails
to the right, i.e., both velocity magnitude and direc-
tion have a high probability of exceeding the mean
values. Table 2 indicates that medians for both the
magnitude and direction of the resultant velocity at
both stations are greater than the respective modes,
which is expected because of the skewed distribu-
tions at both stations.

Comparisons of the average values for magnitude
and direction of resultant velocity at these two sta-
tions indicate that velocity is greater at Station B
(farshore) than at Station A (nearshore), and that
the directional deviation of velocity from magnetic
north is also greater at Station B than at Station A.
On the basis of these data, the circulation pattern in
the southwestern basin of Lake Michigan near Wil-
mette Harbor during the measurement period can be
characterized as follows:

The water is flowing from the northwest to south-
east, with magnitudes primarily varying around 1
centimeter per second (cm/sec) at Station A and
around 1.3 cm/sec at Station B. This means that
water is flowing faster at Station B than at Station
A. Also, the direction of flow at Station A is in be-

tween southeast and east, whereas the direction of
flow at Station B is close to southeast.

This might be explained by the fact that at Station
A (nearshore), the circulation pattern is complex,
with high fluctuations due to complicated current
action (alongshore, onshore, and offshore currents),
and the magnitude of the velocity is reduced by these
complex water movements. Moreover, the velocity at
Station A may also be impacted by the presence ofa
jetty about 50 to 75 m south of it. But at Station B
(farshore), the circulation pattern is uniform, follow-
ing the pattern of the coastal currents, which nor-
mally flow only along the shore.

An analysis of the time-series characteristics of
the velocity data collected at these two stations was
also done. Time series are defined as sets of quanti-
tative readings of some variable or composite vari-
ables which are observed or recorded in time (Yev-
jevich, 1972; Chao, 1974). Time series are composed
of either deterministic or stochastic series. Deter-
ministic series can be described by an explicit mathe-
matical relationship, whereas stochastic series must
be described in terms of probability statements and/
or statistical properties rather than by explicit equa-
tions (Bendat and Piersol, 1986).

Individual deterministic series are further catego-
rized as being either periodic or non-periodic. Sto-
chastic series are classified as stationary or non-
stationary. Specific time-series analyses especially
related to autocorrelations were used to examine the
collected velocity data. Discussions of these analyses
are given in the following paragraphs.

Time-history plots of the magnitude of the resul-
tant velocity at both stations for September 19-21
are given in figure 16. Data gaps caused by the
downloading of the data were filled by using a quad-
ratic seven-point moving-average method so trends
could be preserved. As shown in the figure, velocities
at both stations show some short-term fluctuations.

Roughly speaking, some daily cyclic variations
are found for both data sets, i.e., higher velocities
occur during daytime and lower velocities are re-
corded during night hours. This might be explained
by the previously noted fact that wind and wave ac-
tions, which are the main causes of water movement,
are generally stronger during daytime than at night.
Autocorrelation analysis is frequently used to inves-
tigate the sequential properties of time series
(Yevjevich, 1972). It is used to determine the linear
dependence among the successive values of a series
that are separated by fixed time lags. The autocorre-
lation coefficient, py, is given (Yevjevich, 1972) as:
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Table 2. Median and Mode of the Frequency Distributions of Velocity Data
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inwhich T = length of a time series; T = time lag; and
U = the expected value (average) defined as

] T
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The variance, var Xy, is given as
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Autocorrelation coefficients were computed for both
stations by using equation 8. The correlograms (plots
of autocorrelation coefficients versus time lag) are
given in figures 17 and 18. In these correlograms,
the heights ofthe bars represent the estimated cor-
relation coefficient; the dashed lines are plotted at
zero plus and minus twice the standard errors for
each coefficient. These boundaries are useful for de-
termining the time lag beyond which all correlations
are not significantly different from zero.

The autocorrelation function plots in figure 17
indicate that neither the magnitude nor the direc-
tion of the velocity is stationary. At Station A, resul-
tant velocity remains correlated for three to four lags
(45 minutes to one hour), but after that time period
very little correlation remains. The direction of ve-
locity, however, is correlated over longer time peri-
ods, which indicates that the changes in direction
are gradual. The correlogram shows a dampening
similar to that in a sine wave.

The correlogram for direction of velocity at Sta-
tion B (figure 18b) is very similar to that for Station
A, except that the magnitudes are smaller. The re-
sultant velocity at Station B (figure 18a) demon-
strates stronger sequential dependence and has an

exponential decay pattern. Comparison of the two
correlograms for resultant velocity shows that the
autocorrelation coefficients of the resultant velocity
at Station A decay much faster than those for Sta-
tion B. This means that the velocity magnitudes at
Station A fluctuate much faster than those at Sta-
tion B. None of these time series are stationary.

Turbulence Intensity

Time-history plots of the relative turbulence in-
tensities at both stations are given in figure 19. As
shown in this figure, very high spike-like fluctua-
tions of the turbulence intensity are observed in both
data sets over short-term periods during daylight
hours.

Similar to the velocity data, some daily cyclic vari-
ations are found for both data sets, i.e., higher turbu-
lence intensities occur during daytime, and lower
and almost constant turbulence intensities are re-
corded during nighttime. This can be explained by
the fact that turbulence intensities are closely re-
lated to the velocity fluctuations, which are much
stronger during daytime than at night. Comparison
of the two plots in figure 19 indicates that the turbu-
lence intensities measured at Station A are much
higher than those at Station B.

Alongshore, Offshore,
and Onshore  Currents

The velocity data collected at these two stations
were also analyzed to determine the magnitudes of
the alongshore and offshore currents. These two
components of velocity normally determine how and
where sediment and other suspended and dissolved
materials will disperse. This type of analysis is also
important for determining the frequency of beach
nourishment, since some of the beach materials will
be transported either along or away from the shore-
line.

At the same time it should be pointed out that if a
dominant component of flow toward the shore exists,
the nourished beach may maintain a stable beach
form for a longer period of time. Efficient spur dikes
can be designed once a clear knowledge of the long-
shore currents is available.

As defined here, an alongshore component has a
positive axis deviating 60* from north to west, and
an offshore component is assumed to be normal to
this axis (figure 20). Thus the alongshore current is
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approximately parallel to the shoreline, and the off-
shore component is perpendicular to the shoreline.
Along the offshore axis, positive direction represents
offshore velocity and negative direction represents
onshore velocity. The alongshore currents at both
stations are plotted in figure 21. These plots are for
15-minute averaged data. Missing data are filled in
by using a quadratic seven-point moving-average
method, as discussed previously.

One can observe from figure 21 that the current
had a tendency to flow toward the southeast (nega-
tive) direction except during a few short periods
where water moved in a northwest direction. These
deviations were primarily found during the daytime;
therefore a comparison with wind strength was made.

A peak northwest (positive) current occurred
around noon on September 20 at Station A, while a
similar peak current occurred at Station B around
2:00 p.m. An examination of the wind data (table 3)
reveals that between 10:00 a.m. and 3:00 p.m. on
September 20, winds were relatively strong—around
4.02 meters per second (m/s), or 9 miles per hour

(mph) — and blew in the positive alongshore direc-
tion (northwest).

During this time period, alongshore components
at both stations showed a movement from the nega-
tive (southeast) direction to the positive (northwest)
direction. With a decrease in wind speed and direc-
tion after 3:00 p.m., the alongshore current at Sta-
tion A reversed its direction, showing a movement
toward the southeast. A comparison of the flows
between Stations A and B shows that the flow was
rotating in a counter-clockwise direction between
these two stations.

When the wind strength was less than 3.12 m/s (7
mph), the alongshore current did not show areversal
of direction. Assuming that the wind characteristics
measured by the wind station were fairly uniform for
the local area, one can postulate that the current
movement at Station A responded to wind stress
more quickly than that at Station B.

Correlograms for alongshore components at both
stations are given in figure 22. The relatively high,
positive correlation coefficients indicate that the
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Figure 21. Alongshore velocity components measured at Stations A and B,
Wilmette Harbor site

alongshore components are highly correlated from
one time period to the next. Both of the time series
are non-stationary and show a gradual dampening
similar to that in a sine wave. The plot for Station B
suggests that velocity patterns may reoccur after
about 10 to 12 hours.

Figure 23 shows the offshore velocity components
measured at Stations A and B. At both stations,
currents fluctuated between onshore and offshore
directions, with the major tendency averaging out
around the zero velocity line. The near-zero average
of the offshore component indicates that up/
downwelling did not occur at this site during the
time of measurement. On the other hand, the winds
played a governing role in generating on/offshore
current patterns. The directions and magnitudes of
the offshore velocity component can be directly cor-
related with the wind strength presented in table 3.

Correlograms for the offshore components at both
stations are presented in figure 24. Again the corre-
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lations for three or four lags (45 minutes to one hour)
are high at both stations. Both offshore velocity cor-
relograms demonstrate the combination of exponen-
tial decay (up to 15 lags) and sinusoidal wave decay
(after 15 lags). This characteristic is not shown to be
present for the alongshore component.

Other analyses that were performed included de-
termination of the variance and energy content of
the velocities measured at these two stations. In
general, the shallow-water meter at Station A showed
more variance in velocities than was observed at
Station B. Again, this is similar to the variability
observed at this station for turbulence intensity.

This comparison also shows that the circulation
patterns close to the shore are more subject to local
topographic variations, wind stresses, and local con-
ditions than are zones located farther from the shore.
At deeper portions of the lake, the circulation pat-
terns are probably well established and remain fairly
steady for longer periods of time.



Table 3. Characteristics of Wind at the Wi Imette Harbor Site

Time
(hour)

Wind

September 19

1530
1538

1555
1612

1619

1632

1640
1650
1700
1710
1719
1730
1740
1750
1819
1830

September 20

940
1140
1215
1350
1410
1435
1455
1543
1608
1700
1710

September 21

940
1014
1040
1130
1200
1230
1305
1335
1500
1555
1635
1700
1705
1710

Note: 1 mph=0.447m/s

speed Wind direction
(mph) (degrees)
9.0 129
10.3 123
8.8 116
10.6 116
10.2 115
10.2 110
8.9 111
7.1 110
7.8 108
9.5 104
7.8 107
8.2 111
8.9 112
9.1 111
9.3 119
9.7 133
4.6 130
9.8 134
8.9 134
9.1 138
8.6 134
9.0 146
3.2 91
4.5 79
5.6 80
5.4 78
5.1 80
2.5 85
3.8 98
4.0 86
6.6 102
7.2 105
5.0 95
7.0 118
7.6 116
4.8 108
8.6 96
6.8 102
6.9 95
6.5 99
8.2 93

Alongshore
(mph)

-8.89
-10.29
-8.78
-10.57
-10.16
-10.05
-8.79
-6.99
-7.63
-9.13
-7.60
-8.10
-8.81
-8.9
-9.30
-9.45

-4.53
-9.51
-8.64
-8.65
-8.34
-8.09
-2.80
-3.40
-4.29
-4.01
-3.91

-2.05
-3.52
-3.32
-6.28
-6.95
-4.53
-7.00
-7.58
-4.70
-7.86
-6.47
-6.25
-6.07
-7.31

Offshore
(mph)

1.41

0.%4
-0.61
-0.74
-0.89
-1.77
-1.39
-1.23
-1.62
-2.62
-1.75
-1.28
-1.24
-1.42
-0.16

2.18

0.80
2.37
2.15
2.81
2.08
3.95
-1.55
-2.95
-3.60
-3.61
-3.28

-1.43
-1.42
-2.24
-2.04
-1.86
2.1
-0.24
-0.53
-1.00
-3.50
-2.10
-2.92
-2.33
-3.72

Angle/
shore
(degrees)

189
183
176
176
175
170
171
170
168
164
167
171
172
171
179
193

190
194
194
198
194
206
151
139
140
138
140

145
158
146
162
165
155
178
176
168
156
162
155
159
153
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Tree Stump Site

Atthe tree stump site, velocity data were collected
for approximately four weeks, from June 14 through
July 9, 1990. Only one S4 current meter was avail-
able for measurements atthat time. This S4 was fix-
mounted on an aluminum base 1 m above the bottom
at a depth of 23 m. The sampling interval of the S4 at
this site was set at 30 seconds. Water depths, tem-
perature, and conductivity were noted every hour
(instantaneous values). Because of the deep water
deployment, information on suspended sediment
concentrations and bed materials was not collected.
Velocity data collected at the tree stump site were
analyzed according to the procedures outlined previ-
ously for the Wilmette Harbor site.

Water

Figure 25 shows the variations in water tempera-
ture observed during this period. For the first eight
to nine days of data collection, the temperature at
the meter site remained more or less constant at a
value close to 7°C. Then starting on about June 23,
the temperature at the 23 m depth increased gradu-
ally to about 11"C by June 24 or 25, after which it
decreased gradually to about 8'C on June 27. The
temperature showed increases twice during the next
two-week period.

It appears that a cyclic variation of water tem-
peratures existed at this location, with cycles of about
four to five days. These changes in temperatures
could be caused by density currents within this ba-

Temperature

sin. Long-term data on temperatures and current
patterns would show whether temperature changes
do initiate density currents at this site and, if so, the
relative magnitudes of these induced density cur-
rents. The water surface elevations did not show
much change during the time of measurement.

Velocity

Raw velocity data for two four-hour periods (time-
averaged over 30-second intervals) are shown in fig-
ure 26. Mean velocities for the entire data set, time-
averaged over 15-minute intervals by using equa-
tions 3 and 4, were computed. The magnitude and
direction of the resultant components of the mean
velocities and the relative intensity of the turbulence
were also computed by using equations 5 through 7.
All the velocity data are shown in figure 27 in vector
plots. Velocities shown in this figure are the progres-
sive 15-minute average resultant velocity and direc-
tion for the period June 14 - July 9,1990.

The directions of the velocity vectors vary signifi-
cantly, ranging from southwest to northwest. Over a
four- to five-day period, flow rotates completely by
360" in a clockwise direction. This type of flow rever-
sal has been observed in other parts of Lake Michi-
gan by several other researchers (Gottlieb et al.,
1989a,b). An explanation of this flow reversal (e.g.,
Mortimer, 1978) is that local flow consists of three
types of water movement: inertial rotating flow,
seiche, and local unidirectional flow. The superposi-
tion of these types of water movement (figure 28) can
produce a flow reversal.
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Figure 25. Variations in water temperature at the tree stump site
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a. June 16, 1990
4:00 am - 8:00 am

b. June 16, 1990
8:00am - 12:00 noon

Figure 26. Patterns of velocity (time-averaged over 30-second intervals)
at the tree stump site
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As found for the velocity vectors measured at the
Wilmette Harbor site, velocity vectors at the tree
stump site vary quite significantly with time. Fre-
guency analyses and other descriptive statistical
analyses were conducted to determine frequency
distributions for these data. Median and mode were
used to represent averages for these velocity vectors.

Frequency histograms of the magnitude and di-
rection of the resultant velocity are given in figures
29 and 30, respectively, and median and mode val-
ues are given in table 4. Both distributions are
skewed, and the dominant direction of the velocities
is about 240 - 300* north. This indicates that water
was primarily flowing toward the lakeshore in a
southwesterly direction. The dominant magnitude of
the resultant velocity ranged from 1 to 4 centimeters
per second.

Figure 31 shows a time-history plot of the resul-
tant velocity (time-averaged over 15-minute inter-
vals) from June 14 to July 9,1990. As shown in this
figure, velocity varied significantly during this par-
ticular period. Some daily cyclic variation can be
identified during the early stage of the data collec-
tion period. The mean velocity increased during day-
light hours and decreased during the nights. Such
fluctuations suggest that at this depth, the water
movements are affected by wind and other factors.

The water temperature did not fluctuate during
this specific time (figure 25). As stated previously,
the temperature stayed relatively low between June
14 and June 22, when the magnitudes of flow were
relatively high. A flow rotation occurred on the after-
noon of June 18 (figure 27), which did not appear to
be related to the changes in temperature.

On the afternoon of June 22, the velocity started
to increase (figure 31b) and flow directions started to
change (figure 27). At this time the water tempera-
ture also showed an increase (figure 25), which may
have been responsible for the initiation of a density
current at this location. However, after June 23,
water temperature at the site remained higher than
in the earlier period, with somewhat lowered veloci-
ties. Thus the flow pattern measured at this site may
be influenced by a variety of external forces which
cannot be evaluated at this time on the basis of this
limited set of data.

To evaluate the sequential properties of the ve-
locities, autocorrelation analysis was performed on
the resultant velocities and their angular deviations
from north. The correlograms for the resultant veloc-
ity and direction are shown in figure 32 (note that
lags have been converted to days). As shown in this
figure, both the magnitude and direction of the re-
sultant velocity are non-stationary.
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Figure 29. Frequency histogram of magnitude of resultant velocity
at the tree stump site
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Table 4. Median and Mode of the
Frequency Distributions of Velocity Data
at the Tree Stump Site

Magnitude Direction

(ecm / sec)  (degrees)
Median 2.60 242
Mode 2.39 278

The correlogram for resultant velocity has an
exponential decay and indicates positive correlations
for periods of about one hour. On the other hand, for
the direction of velocity, the correlogram demon-
strates a sinusoidal wave pattern and the magnitude
does not dampen quickly.

A recurrence pattern exists in resultant velocity
which suggests that there may be a large rotating
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flow field which traverses this area at intervals of
about six to seven days. However, the correlation
coefficient is small, and a definitive statement on
this situation cannot be made. Figure 32 shows that
the directions of the flows exhibit a cyclic pattern,
with cycles of about 36 hours. Also, it is quite pos-
sible that the direction of the flow may be repeated
after about 4-1/2 days.

Turbulence Intensity

A time-history plot of the turbulence intensity is
given in figure 33. As shown in this figure, very high,
spike-like fluctuations occurred. As with the velocity
data for the Wilmette Harbor site, some daily cyclic
variations were found at this location, but these are
not as dominant as those observed at the Wilmette
Harbor site.
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Figure 33. Time-history plot of turbulence intensity at the tree stump site

SUMMARY

This report summarizes the data collected in Lake
Michigan near Wilmette Harbor in 1989 and near
the site of 8,000-year-old tree stumps in 1990. Data
on velocities were collected from both sites by two-di-
mensional electromagnetic current meters. At the
Wilmette Harbor site, data on suspended sediment
and bed materials were also collected.

The suspended sediment concentrations at the
Wilmette Harbor site did not show much variation
over the data collection period. However, on the last
day of data collection, suspended sediment concen-
trations near the water surface were slightly above
the sediment concentrations near the bed, indicating
the presence of fine sediments that may have been
suspended at a location close to the site. The bed ma-
terials at this site are mostly in the fine to very fine
sand ranges.

Analyses of the two-dimensional velocity data col-
lected at the Wilmette Harbor site indicated that the
current pattern at the nearshore station is very
complex. This pattern is closely related to the exis-
tence of onshore and offshore currents due to wave
action, as well as to the longshore current in the
nearshore zone. At the farshore station, the current
pattern is very similar to that of the coastal currents
that flow roughly parallel to the shore and constitute
a relatively uniform drift in the deeper water. At
both stations, water flows from northwest to south-
east, with magnitudes primarily varying around 1
cm/sec at the nearshore station and around 1.3 cm/
sec at the farshore station.

The resultant velocities show both short-term fluc-
tuations and daily cyclic variations, i.e., higher ve-
locities occurring during daytime hours and lower
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velocities occurring during nighttime hours. Com-
parison ofthe autocorrelation coefficients at the two
stations indicates that fluctuations (variations) in
velocity at the nearshore station have shorter dura-
tions than those at the farshore station.

Analyses of the two-dimensional velocity data col-
lected at the tree stump site indicated that the aver-
age velocity at this site for the four-week period was
2.6 cm/sec and the average direction of flow was
westward. Over a four- to five-day period, the direc-
tion of flow rotated completely by 360° in a clockwise
direction. On the basis of the average velocity and
the frequency of velocity rotations, it is estimated
that these eddies have longitudinal diameters of
several kilometers.

At this site, the resultant velocities show weekly
cyclic variations, with cycles of about six to seven
days. Velocities showed daily cyclic variations simi-
lar to those observed at the Wilmette Harbor site.

Data from the tree stump site showed at least
three peaks in water temperature during the data
collection period. However, no correlation was found
between the temperature peaks and the altered ve-
locity structures. These daily changes are thought to
be related to the daily fluctuations of wind and other
induced stresses. However, because of the short du-
ration of data collection, no detailed evaluation of
the interrelationships between various parameters
could be developed.

Research such as this needs to be conducted for a
longer period of time, with detailed velocity data
collected from an array of current meters installed in
a minimum of three different sites in a triangular
pattern. This would enable the researchers to sys-
tematically evaluate two- and three-dimensional cir-
culation patterns and their implications for lake cir-
culation and the transport of solid and dissolved
materials.
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