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ABSTRACT

Instrumented moorings were deployed during the winter of 1994-95 at three
depths (28, 58 and 101 m) in southern Lake Michigan. Storms during the
observation period were not unusually severe, so the processes observed are
typical of those that occur during an average winter. Time series observations
of water temperature, beam attenuation coefficient (a measure of water
transparency) and current velocity show that local resuspension of bottom
sediment occurred frequently after the breakdown of the thermocline.
Resuspension was most frequent close to the shore but was also observed at the
58 m station. Local resuspension did not occur at the 101 m station, but
advection to the site of material resuspended at shallower sites was observed.
These observations do not support the hypothesis proposed by previous
investigators that local resuspension at depths of 100 m or greater occurs
during the unstratified period. It is more likely that fine-grained material
resuspended by storm action in intermediate water depths ("" 30-60 m) is
transported into the deeper parts of the lake by the general lake circulation.

Keywords Bottom currents, Lake Michigan, limnology, resuspension,
sediment transport, surface waves.

INTRODUCTION

The transport of fine-grained material in the
Lawrentian Great Lakes is poorly understood.
Most of this material is introduced into the lakes

by either tributaries or shoreline erosion (Rea
et al., 1981; Colman & Foster, 1994) and then
transported to offshore depositional areas (Edg-
ington & Robbins, 1990), but exactly how and
when this transport occurs is not well known.
Recent model studies of the cycling of various
chemicals in the Great Lakes conclude that,
during the unstratified period (approximately
November through May), bottom material is
resuspended in the deeper parts of the lakes and
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distributed relatively evenly throughout the water
column (Oliver & Charlton, 1984; Oliver et al.,
1989; Baker et al., 1991; Robbins & Eadie, 1991).
The data for these models have come primarily
from sediment trap studies, but while sediment
traps can provide important information on the
variations in the material suspended in the water
column, they do not by themselves provide any
information on the processes responsible for
these variations. Although these model studies
recognized the importance of suspended sedi-
ment in the cycling process, none of them
included measurements of the physical processes
involved in resuspending and transporting sus-
pended material.

Time series observations of both current (and/
or wave) activity and suspended sediment con-
centration are necessary to determine the physi-
cal processes responsible for the resuspension
and transport of suspended material, but only a
small number of such studies have been under-
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taken in the Great Lakes. To date, the only such
observations made during the unstratified period
are those of Hawley & Lesht (1995) from Lake
Michigan in the spring Qf 1984 and 1987. They
observed no instances of bottom resuspension at
depths of 60-70 m, even though relatively large
storms (peak wind speeds of 14-16 m S-l) oc-
curred during both deployments. However, the
maximum near-bottom current speeds were only
about 0'10 m S-l and were not apparently large
enough to resuspend bottom material. Hawley &
Lesht (1995) concluded that bottom resuspension
occurred infrequently at depths greater than wave
base (about 30 m), and that lateral advection of
material suspended in shallower water was prob-
ably responsible for most of the variations in
suspended sediment concentration observed in
the deeper parts of the lake. In another study,
Hawley et al. (1996) combined current velocity
measurements with chemical analyses of material
collected by a sequencing sediment trap during
two deployments at a station in Lake Ontario in
55 m of water. The first deployment covered the
period of the breakdown of the thermocline (mid-
October to mid-December), and the second oc-
curred during the time of the formation of the
thermal bar (mid-April to the end of June). No
evidence of resuspension was found during the
April-June deployment, but several episodes of
local bottom resuspension probably occurred
during the October-December deployment. Based
on the chemistry of the trap material, they also
concluded that significant alongshore transport
occurred at least once during November. Both of
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these studies were limited by the fact that
observations were made in only one location at
any given time, so it was not possible to deter-
mine the role of offshore transport.

This study reports results obtained during the
unstratified period from a series of three instru-
ment moorings located on a cross-shelf transect in
southern Lake Michigan. The observations from
the three stations show the effects of storms on
sediment resuspension and transport in the lake
during the unstratified period. Two specific
hypotheses are addressed: (1) storm action causes
sediment resuspension in the deeper parts of the
lakes (below wave base); and (2) the general lake
circulation transports material resuspended in
the nearshore zone to offshore areas. Lee &
Hawley (1998) described results from the same
sites during August-October 1995, but found
little evidence of sediment resuspension during
that period.

STUDY SITE AND METHODS

Lake Michigan is one of the Lawrentian Great
Lakes located near the middle of North America
(Fig. 1). Boyce et al. (1989) have reviewed the
seasonal thermal cycle of these lakes and de-
scribed the various physical processes that occur.
Circulation in the lakes is driven by the wind, but
the effects of the earth's rotation are also impor-
tant. The effects of storm action on sediment
movement are most pronounced during the un-
stratified period, when the higher wind speeds

43°30'
20km

I

': :. 86°00': .. Fig. 1. Location of the moorings
and the water intake station (WI).
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and the absence of a thermocline allow the effects

of wind action to penetrate deeper into the water
column. In shallow water, the entire water mass
moves in the direction of the wind, while a return
flow occurs in the deeper parts of the lake. This
causes a counterclockwise-rotating, two-gyre cir-
culation pattern, which persists after the wind
forcing ceases. Regions of cross-shore transport
migrate along the coast as the gyres rotate, and the
rotation may also explain the tendency of coastal
currents to reverse direction several days after a
strong wind event. These rotary motions, which
are called topographic or vorticity waves, have
been described in Lake Michigan by Saylor et al.
(1980).

As part of the Lake Michigan Mass Balance
Study conducted by the US Environmental Pro-
tection Agency, instrument moorings were
deployed at three sites in south-eastern Lake
Michigan on 31 October 1994 and retrieved in late
May 1995. The sites were located in water depths
of 28 m, 58 m and 101 m on a transect running
approximately south-west from Muskegon, Mich-
igan (Fig. 1). The shallowest station (M24) was at

Sediment resuspension in Lake Michigan 793

a depth at which direct surface wave action was
likely to reach the bottom, and the deep station
(M19) was located at a point where a set of
current meters and sediment traps had been
deployed by other investigators. The middle
station (M27) was located at a depth about
halfway between the other two. Additional ob-
servations of water transparency and temperature
were obtained from the municipal water intake
for the city of Muskegon, Michigan (station WI in
Fig. 1).

Water depth along the transect increases grad-
ually to about 30 m, then more rapidly to about
80 m, after which it increases gradually along the
lake floor to a maximum depth of about 165 m in
the southern basin. Bottom samples at the sta-
tions were collected and analysed by Lee &
Hawley (1998), who found that the bottom was
non-cohesive at the water intake and at M24, and
cohesive at M27 and M19. Observations made
with a remotely operated vehicle showed that the
bed was rippled at the water intake site and flat at
the other stations. The mean grain size for each
station is given in Table 1; the sand-sized fraction
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Table 1. Deployment data.
Station Water intake M24 M27 M19

Deployed - 31 Oct 1994 31 Oct 1994 31 Oct 1994
Retrieved - 25 May 1995 25 May 1995 24 May 1995
Latitude 43°12'30' N 43°13'75' N 43°09'50' N 43°02'93' N

Longitude 86°20'83' W 86°25'46' W 86°25'87' W 86°38'57' W

Water depth (m) 13 28 58 101

Electromagnetic current velocity measurements
Height (mab) - 0'5 35 35
Sampling rate (Hz) - 2 1 1
Sampling period - 1 min/hour 1 min/hour 1 min/hour

Vector averaging current velocity measurements
Height (mab) - - - 5,75
Sampling rate - - - Continuous
Sampling period - - - 15-min average

Temperature measurements
Height (mab) 3 0'9, 7, 17 35 0'9,7,17,35,65
Sampling rate Hourly 1 Hz 1 Hz 1 Hz

Sampling period Single measurement 1 min/hour 1 min/hour 1 min/hour

Transparency measurements
Height (mab) 3 0'9,7,17 35 0'9,7,17,35,65
Sampling rate Two-hourly 1 Hz 1 Hz 1 Hz

Sampling period Single measurement 1 min/hour 1 min/hour 1 min/hour

Bottom sediment size analyses
Percentage sand 100 94 55 40

Percentage silt 0 5 42 44

Percentage clay 0 1 4 16
Mean diameter (mm) 0'26 0'24 0'16 0'14
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at all stations was predominantly fine (0'125-
0'25 mm) and medium (0'25-0'5 mm) sand. The
mineralogy of the lake bed is primarily quartz,
with smaller amounts of feldspar, carbonates and
clay minerals (Rea et al., 1981).

Time series measurements of temperature, cur-
rent velocity and water transparency were made
at the elevations given in Table 1. Marsh-McBir-
ney 585 and Interocean S4 electromagnetic cur-
rent meters were used to measure the current

velocities. Calibrations made in a towing tank
before deployment show that the current meters
have a resolution of 0'005 m S-l and an accuracy
of 0'01 m S-l. As two of the electromagnetic
current meters at M19 failed, data from EG & G
vector-averaging current meters (VACM) de-
ployed at the station by other investigators were
used instead. The VACMs have a lower threshold

of 0'02 m S-l and an accuracy of 0.01 m S-l.
Temperature measurements were made using

Yellow Springs thermistors accurate to 0'2 DC.
Water transparency measurements were made
using Sea Tech transmissometers (0'25 m path-
length) and Sea Tech light-scattering sensors
(LSS). The transmissometer and light-scattering
sensor readings were recorded to the nearest
0'001 volt over a nominal 5-volt scale. Although
the readings of both the transmissometers and the
LSS respond to changes in the suspended sedi-
ment concentration, each LSS responded differ-
ently to these changes when compared with the
beam attenuation coefficient (BAC; which is
independent of the instrument used) calculated
from the transmissometer readings. Bottom mate-
rial from M27 was used to perform a five-point
calibration between the voltage reading for each
LSS and the BAC measured by a transmissometer.
These data were used to construct a separate
correction equation for each of the LSS sensors.
The correction equations varied significantly
from sensor to sensor, but the r values were all
greater than 0'99. Hawley & Zyren (1990) have
shown that there is a linear relationship between
BAC and the concentration of suspended partic-
ulate material (SPM) in Lake Michigan so, in this
paper, BAC is used as a surrogate for SPM. All
instruments (except for the VACMs, which
recorded a continuous 15-min average) were
sampled at 1 Hz for 1 min every 1 h; the averaged
values and their standard deviations were then
recorded.

Temperature at the water intake was measured
hourly but, because turbidity was measured every
other hour, an averaged value between each two
measurements was used to obtain an hourly

record. The turbidity readings were reported in
nephelometric turbidity units (NTUs). These
were converted to BAC by determining the BAC
at 5 NTU levels and constructing a correction
equation. These measurements were made using
the same standard turbidity solution used to
calibrate the water intake's turbidity meter. Be-
cause a time lag of up to 6 h could exist between
the time the water entered the intake and the time
that the measurements were made at the station
on shore, the intake records were shifted 6 h
before plotting. However, as the time lag was not
constant, the intake data are not always simulta-
neous with the other measurements.

Vertical profiles of water temperature and
transparency were made using a Sea Bird SBE
19 profiler equipped with a Sea Tech transmisso-
meter (0'25 m pathlength) on the deployment
date, on 5 December and in late (24-25) January.
The profiles made in January show that, by this
time, all of the LSS had become at least slightly
fouled by the growth of biological material on the
sensors. The fouling causes an increase in both
the BAC and the variation in the BAC (as a result
of the logarithmic transformation involved in
converting the voltage reading to BAC). There is
no good way to correct the data for this fouling
and, as these measurements are not used quanti-
tatively, no corrections were made. There were
also several other instrument problems. The
tripod at station 27 failed completely; the current
meter at M24 stopped in mid-February; and there
are short gaps in several of the other records. As
noted above, two of the current meters at M19
also failed, so data from the VACM current meters
located 5 m and 75 m above the bottom (mab) at
this station were used instead.

As no wave observations were made during the
deployment, the GLERL wave model (Schwab
et al., 1981) and weather observations from
around the lake were used to calculate the

significant wave height and peak energy wave
period. A comparison of the model output with
observations of the wave parameters made during
the autumn of 1995 shows that, although the
wave model calculates the wave height quite well
(r = 0'87 for 1189 observations), it does not

determine the wave period very accurately
(r = 0'47). In general; the wave model calculates
periods longer than those observed, particularly
for periods longer than 4 s. A linear correction
has been applied to the model periods longer than
4 s (r = 0'66 based on 419 observations). Wind

measurements collected as part of the mass
balance study are reported from a weather station
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Fig. 2. Vertical profiles made at the three mooring sta-
tions. The solid line is the HAC (beam attenuation co-
efficient) and the dashed line is the temperature. (A)
Profiles made on the deployment date, 31 October
1994. (H) Profiles made on 5 December. No profile was
made at M27, and only a partial profile was made at
M19. (C) Profiles made on 24 January (M19 and M27) A
and 25 January (M24).

located at the field station of the Great Lakes
Environmental Research Laboratory, which is
located at the mouth of the Muskegon River
(Fig. 1).

Particle flux measurements were made at M19

with sequencing sediment traps 0'20 m in diam-
eter and an aspect ratio (trap height divided by
trap diameter) of 8:1. The traps have a series of
collection bottles mounted in a carousel at the

bottom of the trap that can be programmed to
advance at user-specified intervals. These traps
are described in more detail by Eadie (1997), who
determined a measurement error of 14%.

RESULTS

As the fouling of several of the optical sensors at
both M27 and M19 became much worse after the

end of January (the LSS at M24 became com-
pletely fouled in December) and as the current
meter at M24 stopped working in mid-February,
the analysis is restricted to the period from 31
October to 18 February. Data from the vertical
profiles on the deployment date (Fig. 2) show
that, although the lake was still stratified, the
breakdown of the thermocline had begun and the
depth of the surface mixed layer exceeded 30 m.
The benthic nepheloid layer (BNL) is usually
defined as a region extending upwards from the
bottom in which the BAC is greater than the
minimum value of the BAC in the middle part of
the water column. The top of the BNL is then
defined as the lowest elevation above the bottom
at which the BAC is at a minimum. On 31
October, there was no BNL at M24 where the
water was isothermal (in fact, the water is clearer
near the bottom), but a BNL was present at both
M27 (21 m thick) and at M19 (32 m thick). The
profiles made at M24 and M19 (upper 85 m only)
on 5 December show that the water was almost
isothermal at both stations (the change in tem-
perature was less than a degree at both M24 and
M19) and that there was a BNL 7 m thick at M24
and 40 m thick at M19. In late January, the water
was almost isothermal at all of the stations (again
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the temperature variation was less than a degree
at each station), and a BNL (13 m thick) existed
only at M19. There was a lateral gradient in both
the temperature (2 0) and .the BAC (0'3 m-1), with
the coldest and most turbid water near the shore.
The next set of vertical profiles were made in
early April; these profiles are similar to the ones
made in January.

In the stick plots of the wind and current
velocities shown in Fig. 3, the currents have been
rotated clockwise 40° so that alongshore is up and
down and offshore is to the left. Wind speeds
during the deployment were highest during
November when they exceeded 15 m S-l on
several occasions, but there were several other
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storms during the rest of the deployment. How-
ever, none of these storms can be considered
extraordinary; a survey of 32 years of wind
records shows that the most severe storms during
the deployment have a recurrence interval
of about 1 year (Transport Canada, 1991). The
rotary motion seen in the early parts of the
velocity records at M27 (before 18 November)
and M19 (before 1 December) are caused by near-
inertial internal waves. These waves are a
ubiquitous feature of the offshore lake circulation
during the stratified period (Boyceet al., 1989), so
their absence after November is a strong
indication that the thermocline had broken down.

Currents at M24 and M27 are oriented primarily

_0.25 ms"

_0.25 ms"

_Q.25 ms"

_0.25 ms"

_Q.25 ms"

30 9 19

JANUARY
29 8 18

FEBRUARY
1995

Fig. 3. Stick plots of the wind and current velocities, All data are rotated 40° so that alongshore is top-bottom and
offshore is to the left. Gaps in the records indicate that no data are available, (A) Wind at Muskegon dock. (B) Currents
75 mab at M19, (C) Currents 35 mab at M19. (D) Currents 5 mab at M19, (E) Currents 35 mab at M27, (F) Currents 0,5
mab at M24.
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alongshore as a result of topographic steering and
are frequently in the opposite direction to the
wind. The lower speeds at M24 are partly due to
the lower elevation of the current meter above the
bottom (0'5 mab at M24 and 35 mab at M27).
Water movement at both stations usually has an
offshore component when the current is to the
south and an onshore component when the
current is to the north. After the breakdown of
the thermocline at M19, the current speeds are
much lower than those at M27, are fairly consis-
tent from top to bottom and have a much greater

2

sl>
A: Wove Model

31 10 20

NOVEMBER
30 10 20

DECEMBER
1994

Sediment resuspension in Lake Michigan 797

cross-shore component than the currents at the
inshore stations.

The time series observations from the water
intake station, M24, and M27 are shown in Fig. 4.
The temperature records at M24 show that the
water was isothermal after about 10 November
and that it then cooled throughout the rest of the
deployment. The temperature record at M27 is
similar to those at M24 so, by mid-November, the
water was probably also isothermal at this station.
Upwelling events beginning on 2 and 6 November
contributed to the breakdown of the thermocline
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Fig. 4. Time series data from the intake station, M24, and M27. Gaps in the data indicate that no data are available.
Except in Fig. 4A, the black line is the BAC (m-1), the red line is either the shear stress (N m-2) or current speed (m S-l)
and the blue line is the temperature (OC).(A) Wave height in m (black), and wave period in s. The blue line is the
wave period after the corrections have been applied, and the red line is the uncorrected wave period. (B) BAC,
current speed and temperature 35 mab at M27. Note that the BAC scale is different in this plot. (C) BAC and
temperature 17 mab at M24. The LSS became severely fouled after 28 December. (D) BAC and temperature 7 mab and
current speed 0'5 mab at M24. The LSS became severely fouled after 26 December. (E) BAC and temperature o.g mab
and bottom shear stress resulting from combined wave and current action at M24. (F) BAC, temperature and bottom
shear stress resulting from wave action at the water intake station.
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at these stations. The upwelling on 6 November
also produced a peak in the BAC record at both
the water intake and M24; changes in BAC during
similar events are discussed by Lee & Hawley
(1998). The short-period oscillations at the begin-
ning of the temperature records at both stations
are caused by the internal near-inertial waves
mentioned above. The presence of these waves is
also evident in the current speed record at M27.
Current speeds at M27 are higher than at M24, but
both sets of observations show the same general
pattern of increases and decreases. Calculated
wave heights of over 5 m occurred on 28 Novem-
ber, and heights of over 3 m occurred on several
other occasions. Maximum wave periods (after
the empirical corrections were made) were about
5'5 son 28 November, and the periods frequently
exceeded 4 s. The uncorrected periods exceeded
8 s on several occasions. Both the corrected and

uncorrected wave periods are shown in Fig. 4A.
The BAC readings at the water intake station

(Fig. 4F) show numerous peaks during the de-
ployment. These peaks coincide with peaks in the
bottom shear stress resulting from wave action
(calculated using the wave model results and
linear wave theory) and are almost certainly
attributable to local resuspension by surface
waves. The bottom stress calculated from the

wave parameters frequently exceeds 0'5 N m-2, a
value well above that required to resuspend fine
sand (0'12-0'17 N m-2; Miller et aI., 1977), but the
inaccuracies in the wave periods used to make
these calculations prohibit using these results in a
quantitative sense. Data supplied by the National
Ice Center show that there was no ice cover in the

study area until the beginning of February, so the
reduced BAC peaks during February probably
result from the inhibition of surface wave action

by ice.
The BAC records at M24 are similar to those at

the water intake station. The peaks occur at the
same times as those at the intake, are simulta-
neous with increases in both wave and current
action, decrease with increasing elevation and
decline rapidly after the forcing ceases. These
patterns indicate that most of the increases in
BAC are due to the local resuspension of bottom
material. Some of the BAC peaks seen at the water
intake are not seen at M24 (those on 11 and 28
December, for instance); this is probably because
of the greater water depth at M24, which would
result in a decreased bottom shear stress resulting
from wave action. The light-scattering sensors at
the upper two levels at M24 became badly fouled
in late December (these data are not shown), but

the bottom transmissometer shows peaks in BAC
on 6 January and 10 February.

Because of the greater water depth at M24, the
bottom stress resulting from wave action is much
less than at the water intake, and the bottom
stress caused by current action may be important.
Wave parameters from the wave model and the
current meter data from M24 were used as input
to the Kim et al. (1997) model to calculate the
bottom shear stress resulting from combined
waves and currents at this station (Fig. 4E; as
there were no observations of bedforms at this
site, the mean grain size was used as the bottom
roughness length). For time periods when the
effects of surface wave action did not reach the

bottom, the shear stress due solely to current
action was calculated using Eq. 1 to calculate the
shear velocity, u., and Eq. 2 to calculate the
bottom shear stress 't"

uzlu. = Kln(z/zo) (1)

't"= (u./p)O.5 (2)

where Uz is the velocity at a height z above the
bottom (0'5 m), K is von Karman's constant (0'4),
Zo is the bottom roughness length (0'24 mm at
M24) and p is the density of the water.

The calculated bottom stresses exceeded
0'15 N m-2 on 28 November, but were less than
0'10 N m-2 during the rest of the deployment. Lee
& Hawley (1998) observed one possible resuspen-
sion episode at this station in the autumn of 1995
and calculated that the bottom stress was about
0'13 N m-2. As Lee and Hawley measured both
the waves and the currents and as their calculated

stress agrees with the entrainment estimate of
Miller et al. (1977) for fine sand, their value is
probably correct, and the stresses calculated here
are probably in error. One reason for these errors
is the inaccuracies in the wave periods calculated
by the wave model. The relatively poor fit of the
empirical correction made to the periods
(r2 = 0'66) means that there is a fairly large

uncertainty associated with the resulting wave
periods. The 95% confidence interval for (cor-
rected) wave periods of 4'7-5'5 s (the values
calculated during the resuspension episodes) is
about 0'75 s. However, even if the upper bound of
this interval is used for the wave periods, the
periods are still mostly less than 6 s, and the
resulting stresses are still below 0'10 N m-2.

Lee & Hawley (1998) calculated a bottom stress
of 0'13 N m-2 when the wave height was 3'2 m
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and wave period was 6'0 s but, when the waves
were slightly smaller (heights of 2'5-2'9 m and
periods of 5'2-5'6 s), the stresses were much
lower (0'10 N m-2 or less). Tests with the Kim
et 01. (1997) model show that, for a water depth of
28 m, the bottom shear stress is extremely sensi-
tive to small changes in the wave parameters for
values of the wave height between 3 and 4 m and
values of the wave period around 6 s. For
instance, for the same current speed and direc-
tion, a wave with a height of 3'2 m and a period of
6'0 s produces a bottom shear stress of 0'14 N m-2,
while a wave with the same height and a period of
6'2 s produces a shear stress of 1'2 N m-2. The
BAG observations clearly show that bottom re-
suspension did occur and, although it is likely
that the bottom stress was 0'15 N m-2 or greater
during these events, an accurate calculation of the
bottom shear stress cannot be made from the
available data.

BAG levels at M27 are considerably less than at
M24, but there are three large peaks during the
deployment (beginning on 22 and 28 November
and 10 February; Fig. 4B). The increases in BAG
correlate with increases in current speed but,
without any near-bottom observations of either
BAG or current velocity, it is difficult to deter-
mine whether local resuspension occurred. If
resuspension did occur, then it must be the result
of current action alone as the water depth at M27
(58 m) is too great for resuspension to be induced
by surface waves. If the peaks in BAG are caused
by the offshore transport of material resuspended
in shallower water, then there should be a time
lag between. both the increase in BAG at M24
(where bottom resuspension did occur) and the
increase at M27, and also some indication of
offshore transport in the current velocities. On the
other hand, if the increases in BAG are caused by
local resuspension, then the increases in BAG
should correlate with an increase in current

speed regardless of the current direction.
As resuspended material is also transported

laterally while it diffuses upward to 35 mab, the
observations cannot distinguish between material
resuspended in an area near (but not at) the site
and material resuspended at the site itself. If
conditions are different at other sites within this
area, then the interpretation presented here could
be incorrect. The actual diffusion time cannot be
calculated without near-bottom observations, but
Lavelle et 01. (1984) showed that fine-grained
resuspended material will reach 20 mab in about
2 h at velocities over 0'2 m S-1. As the eddy
viscosity far away from the bottom should be
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roughly constant for a given speed, the diffusion
time at our site should be 3-4 h at most. Even if the

alongshore velocity is 0'3 m S-1 (this is greater
than the maximum during the deployment), the
transport rate is only about 1 km h-1, so the short
diffusion time means that only material resus-
pended at sites within a few kilometres (in the
alongshore direction) of the station is indistin-
guishable from material resuspended at the site
itself. As the bottom contours in this area are shore

parallel for at least 10 km to the north and south,
differences in bottom sediment in the alongshore
direction are probably not an important factor in
explaining the observations. A similar calculation
can be performed for the cross-shore transport. The
maximum offshore transport in any 4 h is only
about 1'2 km. The water depth at a station 1'2 km
directly onshore ofM27 is about 45 m, so material
resuspended at this depth or greater may be
indistinguishable from that resuspended at M27.
As this depth is still considerably greater than
wave base (30 m), as at M27, any bottom resus-
pension would have to be due to current action.
Bottom material from the 45 m site has a size

distribution and composition almost identical to
that at M27, so it is unlikely that differences in
either water depth or bottom sediment affect the
interpretations presented here.

The BAG event that began on 10 February is
clearly caused by local resuspension. The rise in
BAG at M27 began about 3 h after an increase in
current velocity, and there is no indication of
offshore movement at either station at the begin-
ning of the event. Although the initial rise in BAG
began 3 h after the velocity reached about
0'15 m S-1, it increased rapidly only after the
velocity increased to about 0'3 m S-1 (also after
about a 3 h time lag). High BAG values then
persisted for several days until the current speed
decreased below 0'2 m S-1. The event on 22
November also resulted from local resuspension:
the increase in BAG lagged behind both the initial
increase in speed and the increase in BAG at M24
by about 10 h; there is no indication of offshore
transport at either station; and the increase in
BAG began about 2 h after the velocity reached
about 0'2 m S-1. The event that began on 28
November, however, is due to advection. On this
occasion, the increase in BAG preceded a rapid
increase in current speed, but lagged behind the
increase in BAG at M24 by about 8 h. The
beginning of the period of increased BAG also
coincided with a change in the alongshore com-
ponent of the current direction from south to
north (Fig. 3E), and the currents at both stations
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have an offshore component. Although the total
offshore transport at both stations during the 8 h
(about 1 kIn at M27 and about 0'5 kIn at M24) is
less than the distance between the two stations
(5 kIn), it seems likely that material suspended at
a depth between 28 m and 58 m was transported
to M2 7. Local resuspension may also have oc-
curred at M27 when the current speed was high
enough, but the initial increase in BAC must be
the result of advected material. There are other
large increases in current speed at M27 (on 1
December, 6 January and 5 February) that pro-
duced smaller increases in the BAC; these are
probably also resuspension events. Because of the
alongshore transport during these events and
because it requires some time for resuspended
material (from any site) to diffuse to 35 mab, the
actual sites of erosion in all three of the major
events must be several kilometres south of both
M24 and M27. However, there is no reason to
believe that either the currents or the bottom
material at these sites differs significantly from
those at M27.

Without near-bottom current measurements at

M2 7, there is no totally satisfactory way of
calculating the bottom stress during the resus-
pension events, but an estimate can be made
based on the relationship between the near-
bottom (5 mab) speeds and the 35 mab speeds
measured at M19. A linear regression of the
current speeds at the two elevations shows that
the speed varied only slightly with elevation
above the bottom during the unstratified period
(after 1 January) when both speeds exceeded
0'08 m S-l:

U5 = 0.73*U35 + 0.02 (3)

where U5 is the current speed 5 mab, and U35is
the current speed 35 mab (both in m S-l) at M19.
Equation 3 (r = 0'75 based on 282 observations)
and the 35 mab current speeds at M27 were used
to calculate the current speed 5 mab at M27.
Saylor & Miller (1988) have shown that a loga-
rithmic layer up to 10 m thick exists in the lake
during storm events, so the 5 mab data and Eqs 1
and 2 were used to calculate the bottom stress.

These calculations show that when the speed 35
mab equalled 0'2 m S-l, the bottom stress was
about 0'04 N m-2; when the 35 mab speed was
0'3 m S-l, the bottom stress was about 0'09 N m-2;
and at 0'4 m s-\ it was about 0'15 N m-2. The
95% confidence intervals for the calculated shear

stresses are fairly large (0'01 N m-2 at U35 equal
002 m 8-1,0'02 N m-2 at 0'3 m 8-1, and 0'03 N m-2
at 0'4 m S-l), so the peak velocities observed are

probably sufficient to erode the bottom even
though the mixture of sand and mud present
may be more resistant to erosion than a bed of
pure sand (Mitchener et al., 1996).

The temperature records at M19 (Fig. 5) show
that the water at this station did not become
isothermal until mid-December, and both the
temperature and the current meter records show
the presence of near-inertial oscillations until late
November. Current speeds are relatively uniform
from top to bottom, with peak current speeds
considerably lower than those further inshore.
Near-bottom current speeds of over 0'2 m S-l
were observed on only four occasions: on 6
November, 2 December, 21 January and 6 Febru-
ary. This velocity produces a calculated bottom
stress of 0'06 N m-2, but no resuspension was
observed. As the bottom sediment at this station
is similar to that at M2 7, the lack of resuspension
suggests that the near-bottom (5 mab) velocity
required for erosion at M27 is also greater than
0'2 m S-l.

At 65 mab, the temperature decreased steadily
during November, but it increased sharply at 35
mab on 21 November and at the three lowest

elevations on about 27 November. These changes
mark the deepening of the surface mixed layer to
these elevations. The vertical profile made on 5
December shows a well-developed BNL and that
the water column was almost isothermal. This
indicates that the breakdown of the thermocline
was well advanced; the process appears to have
been completed by about 10 December. Through-
out the rest of the deployment, the water column
remained close to isothermal and continued to

cool; it first reached 4 °c (the temperature of
maximum density) on January 10 and cooled to
about 3 °c by the end of the deployment.

Variations in BAC at M19 are small, and all of
the sensors became at least slightly fouled during
the deployment. Changes in BAC at the three
lowest elevations are similar until the end of

December, and some of the variations also appear
in the 35 and 65 mab observations. The largest
increases in BAC begin on 30 November, 2
December and 5 December. As these changes do
not coincide with increases in current speed, they
cannot be caused by local resuspension. They do
correlate with changes in temperature, so they
could be the result of vertical mixing associated
with the breakdown of the thermocline. However,
as the BAC increases occur throughout the water
column, there must also be a source for the
additional material. It seems likely that the
changes in BAC are caused mainly by the offshore
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Fig. 5. Time series data from M19. Gaps in the data indicated periods when no data are available. The black line is
the BAC (m-1), the red line is the current speed (m S-l) and the blue line is the temperature (OC).(A) Data at 65 mab
(speed measured 75 mab). (B) Data at 35 mab. The LSS became severely fouled after 10 February. (C) Data at 17 mab.
(D) Data at 7 mab. Note that the BAC scale is different in this plot. (E) Data at 0'9 mab (speed measured 5 mab).

advection of material resuspended further in-
shore. Offshore motion is observed at M27 from
26 to 29 November and at M19 from 27 November
to 4 December, with a total offshore transport (at
M27) of over 10 km, so material resuspended on
or after November 22 could have been advected to
M19. The offshore movement takes several days,
however, so the material observed at M27 on and
after 28 November would not have been trans-

ported this far offshore. Because of the alongshore
transport that occurred, the material would have
had to be resuspended from a site in a water
depth of about 60 m or less, but 80-100 km
further south. This would place the source of
the material near the southern end of the lake,
where a zone of high deposition is located
(Edgington & Robbins, 1990).

Although lateral advection probably accounts
for most of the variations in BAC before 5

December, vertical mixing may also be important.
The increases in BAC between 15 and 25 Decem-
ber may also be caused by a combination of

vertical mixing and lateral advection, although
there is no obvious resuspension event to supply
the material. The vertical profile made on 24
January shows that the 7 mab LSS was already
fouled, and the other sensors appear to have
become fouled shortly afterwards, so it is not
possible to determine whether the resuspension
event at M27 on 10 February caused an increase
in BAC at M19.

One indication that vertical mixing did occur
comes from the sediment traps deployed at M19
(Table 2). Monthly measurements ofthe mass flux
75 mab between October and February show large

Table 2. Sediment trap fluxes at M19 in g m-2 day-\

Dates 75 mab 3 mab

17 Oct-16 Nov
16 Nov-16 Dec
16 Dec-15 Jan
15 Jan-14 Feb

0'143
1'549
1'616
0'707

2'196
3'427
6'332
7'101

@ 1999 International Association of Sedimentologists, Sedimentology. 46, 791-805

...

T I A: M196Smob. ...

-
..
...

T
&...

-

..

...
T I C: M19 17mob
&...

-
..

T "'1 0: M19 7mob
I!
u .

...(.)r T

_0 ....CD

i! 0 e
"' ...§

0111
<>

= O

...(.)-'

..

= '"

, f'

(.) T. ...w. e
.. =S.... "'!Lo.J

..g;
=

CI LO
8 18

FEBRUARY



802 N. Hawley and C.-H. Lee

variations, even though the BAC measurements
are relatively constant. These flux differences
may be caused by variations in the trap collection
efficiency resulting from vertical movement in the
water column. Gardner (1985) showed that tilting
a sediment trap in horizontal flow increased its
collection efficiency, regardless of whether the
trap was tilted u.pstream or downstream. Vertical
water movement past a vertical trap should have
the same effect so, if vertical mixing occurred
during and after the breakdown of the thermoc-
line, one would expect higher than normal trap
fluxes near the surface. The lower flux (at 75 mab)
in January and February would then indicate that
little or no vertical mixing occurred. The low flux
during October and November is also not surpris-
ing, as the presence of the thermocline inhibits
vertical movement. The higher fluxes at 5 mab
result from the higher concentrations of suspend-
ed material. These fluxes increase during the
deployment, but there does not seem to be any
correlation with the BAC measurements.

DISCUSSION

The observations clearly show that local resus-
pension occurred frequently at both the water
intake and M24. Lee & Hawley (1998) found that
wave action alone was sufficient to resuspend
bottom material at the water intake station, and it
is likely that similar events occurred during the
unstratified period. The greater water depth at
M24 greatly diminishes the effects of surface
wave action, so the resuspension events there are
probably caused by a combination of surface
waves and bottom currents. Lesht & Hawley
(1987) and Lee & Hawley (1998) both reported
resuspension events in water depths similar to
that at M24 during the stratified period. Although
some of the BAC peaks in those investigations
were associated with upwelling events, both
investigations also found some correlation with
current speed and surface wave action. Wind
speeds during both investigations were only
slightly less (maximum speeds of 13-14 m S-l)
than during this deployment, but far more res us-
pension events are evident in the data presented
here. This may be because the absence of the
thermocline allowed a more efficient transfer of

wind energy from the surface of the lake to the
bottom, or it may be that the conditions at the
station are such that only a slight increase in
wind energy is required to produce extensive
bottom erosion.

Owing to the inaccuracies in the modelled
wave parameters, it is not possible to determine
the bottom shear stress accurately at either the
water intake or M24. At the water intake, the
calculated stresses are much greater than those
needed to resuspend bottom material but, at M24,
the stresses are too low, even when the inaccu-
racies in the wave period are taken into account.
This may be because the bottom roughness used
in the calculations does not include any rough-
ness resulting from bedforms. Although no bed-
forms were observed at M24, these observations
were made in August, 6 months after the end of
the deployment. If bedforms were present, then
the bottom roughness, and consequently, the
bottom stress, would increase but, without addi-
tional data, it is impossible to determine with any
accuracy what the actual bottom stress was.

At M27, the resuspension events are caused by
current action alone, as the water is far too deep
for surface wave action to reach the bottom.
Again, the bottom stress cannot be calculated
accurately (and bedforms may have been present),
but the estimates of the stress required for erosion
('" 0'1 N m-2) are in reasonable agreement with
the estimates of Hawley et a1. (1996) for res us-
pension in Lake Ontario, and slightly less than
laboratory results for fine-grained material from
various sites in the Great Lakes (Lee et a1., 1981;
MacIntyre et al., 1990). Estimates of the bottom
stress are much better at M19. As the bottom
sediment there is similar to that at M27 and as no

resuspension was observed, the maximum stress
observed there (0'06 N m-2) gives a limit for the
minimum stress required for erosion at these
stations.

Although Hawley et a1. (1996) inferred resus-
pension events from current meter and sediment
trap data, the present observations are the first
direct observations of resuspension events in the
Great Lakes at depths below wave base (30 m). As
the storms that produced these episodes are not
particularly severe, it is likely that such episodes
occur fairly frequently (several times a year)
during most winters. This is in marked contrast
to observations during the stratified period, when
no resuspension below wave base has been
observed (Hawley & Lesht, 1995; Hawley &
Murthy, 1995; Lee & Hawley, 1998). No resus-
pension was observed at M19, so bottom resus-
pension must be a rare occurrence (less than once
a year) at this depth (101 m), but several instances
of increased BAC did occur. These events were

probably caused by a combination of advection
and vertical mixing. The most pronounced
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instances occurred during and shortly after the
breakdown of the thermocline, and other epi-
sodes may have occurred later in the deployment.
The occurrence of these transport episodes is
consistent with the presence of the topographic
waves described by Saylor et al. (1980).

These episodes can also explain the results of
Robbins and Eadie (1991), who found that fine-
grained material at a station near M19 (100 m
water depth) was well-mixed throughout the
water column during the non-stratified period.
Robbins and Eadie (1991) explained their findings
(which are based on the vertical distribution of
the mass flux and of the 137CScontent of trap
material collected between mid-December 1982
and mid-March 1983) as resulting from the
resuspension of a 'resuspendable pool' of material
that they defined as a 'reservoir of particulate
material contained in the benthic nepheloid
region extending from a thin layer of sediments
at the sediment-water interface to roughly 20 m
above it' (Robbins & Eadie, 1991, p. 17084). As
Robbins and Eadie had only single trap samples
for the period between mid-December 1982 and
mid-March 1983, they were unable to determine
whether there were temporal variations in either
the mass flux or the 137CScontent.

Robbins and Eadie (1991) did not measure the
137CScontent of the sediment in suspension, but
previous studies have shown that Cs is attached
primarily to fine-grained material (less than
0'60 mm), and that it is concentrated in bottom
sediments located in offshore areas and in the
south-eastern part of the lake (Edgington &
Robbins, 1990). Fine-grained material is uncom-
mon in the shallower parts of the lake (less than
30 m; Cahill, 1981) and, although bottom sedi-
ments in shallow water are resuspended frequent-
ly, they are rarely transported directly to the
deeper parts of the lake (depths of 100 m or
more). This may be because the cross-shore
transport induced by the rotating two-gyre circu-
lation is usually inhibited in shallow water by
frictional effects. It is more likely that the resus-
pended material is first deposited at intermediate
water depths (30-60 m). Although bottom mate-
rial in intermediate water depths is resuspended
less frequently than that in shallower water, once
it is resuspended it is more likely to be transport-
ed offshore to the deeper parts of the lake. Thus,
the offshore transport of material occurs as a
series of hops, during each of which material is
transported a small distance offshore and a far
greater distance alongshore (as the currents are
oriented primarily alongshore). As the currents
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along the east coast of the lake are primarily south
to north and as the zone of maximum 137CS
accumulation is centred around an area 52 m

deep in the south-eastern part of the lake,
material could be resuspended there and then
transported to M19. Thus, alongshore advection
of material resuspended about 100 km to the
south may be a significant component of the
material collected by Robbins and Eadie (1991). If
resuspension and transport of material from the
high 137CSzone does occur, then this site must act
as an erosional area at least some of the time, even
though over longer time spans (10-20 years) it is a
depositional area.

CONCLUSIONS

The observations presented here show that, dur-
ing the unstratified period, local bottom resus-
pension occurs fairly frequently at depths less
than wave base ('" 30 m) as a result of wave and
current action, but that this material is not
transported directly into the deeper parts of the
lake. Instead, it is first deposited at intermediate
(30-60 m) depths. Bottom resuspension at these
depths by current action occurs less frequently,
but material resuspended in this region is more
likely to be transported offshore into the deeper
parts of the lake by the ambient lake circulation.
Because of the strong alongshore component of
the currents, this material is also likely to be
transported tens or even hundreds of kilometres
alongshore, so bottom material from a single site
could be redistributed throughout the lake. The
observations do not support the hypothesis ad-
vanced by previous investigators that local resus-
pension at depths of 100 m or more is responsible
for the relatively uniform sediment fluxes ob-
served throughout the water column in the deeper
parts of the lake. Rather, it appears that material
transported offshore in suspension is distributed
throughout the water column by vertical mixing.
. The physical processes involved in sediment

resuspension and transport during the unstrati-
fied period are somewhat different from those
during the stratified period. Because wind speeds
are generally lower during the summer, resuspen-
sion by surface wave action is less common and is
restricted to shallow water. There is little
evidence of offshore transport of resuspended
material even during relatively strong downwell-
ing events (Hawley &Murthy, 1995, Lee &Hawley,
1998), and there is, as yet, no evidence of any
transport of material across the thermocline

@ 1999 International Association of Sedimentologists, Sedimentology. 46, 791-805



804 N. Hawley and C.-H. Lee

into the epilimnion. During the unstratified peri-
od, the absence of a thermocline and the
stronger winds allow resuspension events to
occur at greater depths (up to about 60 m) where
fine-grained material is more common, and the
absence of the thermocline allows the freer

transport of this water (and the material suspend-
ed in it) to the deeper parts of the lake.
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