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EXECUTIVE SUMMARY

As part of the 1985/87 Canada-U.S. Upper Great Lakes Connecting
Channel Study, it is intended to model ~paterial transport and
.sedimentevater exchanges in Lake St. Clair. The first step towatd
;;hatwgoal is to model water movements in the lake by numerical methods
and to verify the model against extensive current meter observations
made during 1985. Ihib.Ais the subject of the present report. In
particular, the report provides a very simple and economical procedure
for computing oirCulafions in Lake St. Clair as required in many
practical applications. |

Lake St. Clair is dominated by the hydraulic flow associated with
the St. Clair River inflow and the Detroit River outflow. Super=
imposed on this mean flow is a wind-driven circulation which is highly
variable with .instantaneous currents comparable to the ‘hydraulic
flow. To model this circulation by the usual hydrodynamical methods
would be very time-consuming in view of the fact that water=quality
‘studies require water movement computations over extended periods of
time. The modelling procedure suggested in this report circumvents
this problem by t&king advantage of the fact that Lake St. Clair is
very shallow with a mean depth around 4 m.

Based on theoretical considerations and experiments with a time-
dependent hydrodynamic model of Lake St. Clair, it is shown that the
currents adjust themselves to the wind within a period of a few

hours. This justifies the use of quasi-steady dynamics for analysis




and simulation of Lake St. Clair circulations when dealing with time
scales of a day or longer as done in water quality studies. Using
this approach, it is shown that daily-mean currents should be a simple
-Eunction of‘;he hydraulic flow and the daily wind. The coefficieats
" of fhis functional relationship are determined in two ways. ~The‘£itst
.is -a least-squares fit to the measuréd currents (empirical model).
The second is the use of a steady-state hydrodynamic model (numerical
model). Comparison of results from the empirical model and ‘the
numerical model constitutes a novel method of model validation which
is found to be preferable over conventional verification methods.

The major conclusions of the study are the following. The
‘empirical model shows that the ciurrent directions vary sttoﬁgly with
wind speed due to the associated»mixiﬁg of the water column but the
current speeds tend to ipcreasé only slightly with the wind speed.
This result appears at first surprising but is explained by recourse
to the hydrodynamical model. The speeds of thée model cuirent are
-shown to be proportional to the ratio of wind stress to .eddy
viscosity. Since the :eddy viscosity should increasevwith wind»mi§ing,
the net effect 1is e-fatber'ﬁeﬁk dependencevof current speeds .on wind
stress. By coﬁparing the empirical and numerical model results, a
tentative relationship between eddy viscosity and wind stress is‘
arrived at. Lack of information concerning this relationship has been
fhe major impediment to application of hydrﬁdynamical models to
shallow lakes. The present study offers a solution which is
consistent with theory and supported.by observations, yet simple and

economical to apply in practical situations.



Current measurements made in Lake St. Clair during 1985 are
analyzed and compared with results of hydrodynamic models. The
analysis is based on daily averaged currents and it-ig shown thatlsuch
.Eurrents are in quasi##teady balance with the wind. A least-squares
fitting proceduré -is used to decompose measured ?urrents into
hydraulic. dand wind-driven components for different classes of wind
mixing. It is found that the current directions vary strongly with
mixing but the speeds tend to be less dependent of the wind class.

The numerical model calculations are based on the Ekman theory
for finite water depth. It is shown that the 8peeds of the model
curfents are proportional to ‘the ratio of wind stress to eddy
viscosity. Since the observed current speeds are rather independent
of the wind speed, it is concluded that the eddy viscosity increases
with the wind stress in a nearly linear fashion. ft is founa that the
directions of the 7mode1 currents -correspond closely with the
~directions of observed currents. However, the speeds of the hydraulic
cntfents,éear the bottom are severely underestimated by the model. It
is shown that this is due to the no-slip boundary condition at the
bottom of the lake and that acceptable simulations of hydraulic flows
can be obtained by assuming a more uniform vertical velocity profile.

Based on the data analysis and model verification, a very simple
and_economic procedure is suggested for computing circulations in ﬁake
St. Clair for extended periods of time as required in many practical

applications.
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INTRODUCTION

The overall objective of this investigation is to model material

transport and sediment-water exchanges in Lake St. Clair as part of

the 1985/87 Canada=U.S. Upper GCreat Lakes -Connecting Channel Study.

The investigation has the following specific objectives:

1.

6.

To model water movement in Lake St. Clair by numerical methods
and to verify ‘the model against extensive current wmeter
observations made during 1985 (Murthy et al., 1986).

To evaluate the various components of the water balance of Lake
St. Clair including water level changes due to winds.

To model wind-generated waves on Lake St. Clair and to verify
the model against wave measurements made in 1985 (Murthy_e_f al.,

1986).

To model sediment resuspension induced by -currents, waves and

‘turbulence and verify the model against measurements made in 1985 -

(Charlton -et al., 1986).
To calculate material balances for Lake St. Clair ‘bééed on water
quality surveys and sediment trap sampling during 1985
(Charlton et al., 1986).
To use the water movements and sediment resuspension models for

calculating transports and sediment~-water exchanges of nutrients

and contaminants.

To merge the above into a comprehensive water quality model of

Lake St. Clair.
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The present report deals with develop‘ﬁent and verification of
‘hydrodynamic models of Lake St. Clair. The prime objective is to
arrive at a suitable procedure for modelling water transports
(objective 1 above). A secondary goal is to model wind-induced water
"iev,e’l .changes -for use in the water balance calculations (objective 2
above). The latter are described in a companion report (Schertzer and

Simons, 1986).
2. FIELD MEASUREMERTS

The measurements used for model verification in this study were
made during an extensive field program on Lake St. Clair dufing 1985.
A detailed description of the data may be found in the report by
Murthy et al. (1986). The present summary will be restricted to the
data used for model verification. |

Figure 1 shows the locations of wind recorders, current meters
and shore-based wa.ter level gauges in Lake 8t. ‘Clair. Nearly all the
cirrent meters were placed m two transects of the lake in order to
permit a verification of the measurements based on the total water
transport through a cross section (Simons‘ et al., 1.985_). All these
current meters were positioned at a depth of 1 m above the bottom.
Fi-gure 2 shows the depth variations and current meter moorings along

the two transects indicated in Figure 1.
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Table 1 presents a s,um;nary. of available current data for the two
_._tr‘aﬁs.ec:ts. The currents were recorded at intervals of 20 minutes. It
is seen that the data return is fairly complete for the period June 5
to November 5, 1985, a total of 154 days. Although most ,.curx;ent
;ecords extend beyond November 5, the period of study is -terﬁinated at
‘that time because the wind records do not extend any farther (see
‘fol‘:lowing)'. The currents were decomposed into components along and
normal to the transects. The main transect (stations 'CI-CG) is
oriented froﬁ.sw to NE and the current components along and normal to
the transect are counted positive to the NE and NW, respectively. "l'he
current components along aﬁd» 'n‘o‘rmai‘ to the second transect .('stations
C7-C9) are taken to be._posi-ti«ve to the east and north, respectively.
Figures 3 and 4 pr'e,sentv pléts‘ of the above defined current
components averaged over s8ix ~hours  to eliminate short-term
fluctuations due to waves and seeiches. The coﬁponen‘ts ;10ng the
transects are generally megative (in westerly direction) due to the
strong hydraulic flow in Lake Si. Clair. The largest westward
,vgurnént,s are found at Station Cl due to the "funnelling" effect on the
flow near the Detroit River. The current components normal to the
northern transect are strongly negative (to the south) because about
53% of the St. Clair River flow enters north of this transect
(Ibrahim and McCorquodale, 1985). Since the river flow during the
period of measurement was about 6300, m3/s (Schértzer and Simons,

1986), there should be a flow of 3300 m3/s through the northern

transect. Actual interpolation of the measured currents and
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integratipn over the area of the cross .section gives a mean value of
3240 m3/s for the whole period of measurements, which is in excellent
-agreement with the river flow. The current components normal to the .
main transect are predominantly negative (to the SE) for stations
163—C6 and positive :(to ‘the WW) for station Cl. It will be shown in
the following that this reflects the curVatﬁrg_of the hydraulic flow
which turns south upon leaving the St. Clair River before heading west
toward the Detroit River.

Table'z presents a summary of;the wind data avaiiable at the time
of tbis study. Winds were recorded at intervals of ten minutes. For
the above-mentioned period, June 5 to November 5, 1985, the data
return from the first station is nearly céﬁplete. Some data gaps
appear in the records from statiqns M2 and ﬁ3‘but tﬁese stations were
located side-by-side so that their records could be merged.
Fortunately, the data gaps of stations M2 and M3 do not overlap except
for a two-day period in October. Because of the central location of
these stations, their combined record was used for the computations in
this ‘study. - The two-day data gap in October was.filled in with data
from station Ml. A picture of the time variation of the wind stre#s
obtained from this wind record may be found in Figure 9 of this

report.
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3. ELEMENTS OF LAKE CIRCULATIONS

Before_gntering into the data analysis and model gaICuiations, it
is useful to consider the basic elements of hydfodynamic_flow in a
4Iarge lake. Ignoring first any wvertical variations of the currents,
the vertical mean flow in a lake égn be visualized as the combined
effect of three processes. The first process is the time-dependent
response of the free surface to wind impulses. The currents
associated with such seiches are typically uniform over any cross
section of the lake and'oécillate with the same period as the fré;
surface. Although their instantaneous speeds may be large, thesé
currents become rather insignificant when averaged over periods of a
day or so as done in the present study.

The second component of the circulation is caused by"sustained
wind forcing in the presence of depth variations. For most large
lakes vtheée -topogtaphié currents account for nearly all the water
movements and they apper as closed circulation cells moving around the
basin in a counterclockwise -direction, However, in a shaiicw lake
such as Lake St. Clair, th"e bottom friction is too large for
topographic wave propagation and hence the topographic circulation
will take the form of the steady-state response to wind. This means
that currents in the nearshore zone tend to flow in the same direction
as the wind while currents in the open lake will run against the
wind. For a discussion of these circulations, reference is made to

Simons (1980, ch. 5).
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The _third component of the circulation is that associated with
"i’nflowing and outflowing ¥ivers. While this hydraulic circulation is
negligible in most large lakes, it is a major component of the
circulation in Lake St. Clair. The inflow into Lake St. Clair is
I.:‘almost -completely accounted for by the St. -Clair River while the only
outflow is that of the Detroit River. Since these river flows are
fairly constant in it‘ime., the. resulting hydraulic circulation may be
taken to be quasi-steady.

Superimposed on the above vertical-mean circulation is a vertical
current prbfile which depénds.on surface and bottom stresses and the
vertical e‘d.d'y’ viscosity. The general properties of this current
profile are known from the familiar Ekman theory (for a review see
Simons, 1980, ch. 3). ACCofding to this theory, the surface water
tends to flow to the right of the wind and the bottom current deviates
to the left of a préssure-driven current such as the hydrat-xl'ic flow.
‘The detailed solution depends on the local water depth and the
vertical eddy viscosity which, in turn, depends on the wind mixing.
~ Since the currents in the 1985 field -study on Lake St. .Clair were
measured at a depth of 1 m above the bottom, allowance must be made
for deviations of these currents from the vertical mean flow.

The present study will concentrate on daily-averaged circula-
tions. First, water level changes and the associated currents will be
computed with a time-dependent model. These seiche currents are
relatively small when averaged over a day but, for completeness, the

observed current may be corrected for the seiche components. The
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remainder of the measured currents will then be analyzed under the
assumption that, on a time scale of a day or longer, the circulationg
are in apprcximate steady-stite balanée with the forcing.  This
assumption will be. justified by estimating the frictional time scale
“for Lake St. Clair which indicates that the current# ad just themselves
to the forcing within a period of a few hours. This will be confirmed

by results from the time-dependent model.
4. . WIRD SET UP AND SEICHE CURRENTS

This section deals with wind-induced variations of the surface
level and the associated currents. The results will be used to
estimate lake levels from shore-based measurements in the water
balance calculations (Schertzer and Simons, 1986) and to correct
observed currents for the seichée components before anélyziné the flow
for time sscales of a day or longer. The procedure is to compute w;ter
levels with a hydrodynamic model and to combare -the results with
.observations at shore locations (see Figure 1). If the model predicts
the right water lévels, it may be assumed that the model also produces
a good estimate of the components of the currents which accompany the
seiche activity of the lake.

The model 1is a conventional storm surge model. The sasic
equations are the linearized vertically-integrated equations of motion

and the continuity equation



. _ | . |
2P_= ,fgu_a_h\sfv-su+_‘_-’§ (1)
at B ¢ P

. . ‘1;,_
ELA T LI 2 1 P 4 (2)
at dy T
éh 3 v 3
3t ™ 3y |

where U, V are the components of the verticall&-integrated current in
X,y direction, h is the free surface displacement, H is the local
water depth, g is gravity, f the Coriolis parameter, p is density,
Txs Ty the wind stress components and B a depth-depéndent bottom
' dragvcoefficient. Based on .model studies of the,Great‘Lakeﬁ (Simons,

1980, 1985; Schwab, 1983), B is estimated as
B = 5=x 10-3 B2 (&)

where H is expressed in meﬁers and B has unite of s~!.

The equations are solved on ‘a rectangular Richardson lattice.
Thus, the variables are staggered in space with the surface elevation
being computed at the centre of a grid square and the components of
‘the current vector normal to the sides of the square. Spatial
‘derivatives are approximated by central differences and the Coriolis
term is obtained by averaging over four surrounding points. Time
extrapolation proceeds by using a single-step forward scheme for eagh

variable in turn, thereby using the most recent values of the two
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other va;iables. Due to the structure of the equations, this
dprocedufe is equivalent to a forward-backward scheme for the Cotioliﬁ
terms and a leapfrog scheme for the pressure-divergence terms. The
timestep is determined by the. grid spacing and the depth of the lake.
:%or ; discussion o0f the numerical proceduré, reference isk made to
Simons (1980, ch. 4).

The numerical grid used for Lake St. Clair has a mesh size of
1 km, thus covéfing the lake by approximately 1100 grid squares
(Figure 5). The maximum depth during the 1§85 field season was 9.5 m
which sets an upper limit of 73 seconds for the time step of the
free-surface model. The mean dépth during the field season was
4.3 m. The corresponding free surface wave trdvels with a speed of
23.5 km/hr and the leﬂgth scale of the lake is 40 km which should give
a basic seiche period of about 3.5 hours.

Since the lake is so shallow, the frictional damping &according to
(4) is very large. For the mean depth of 4.3 m the bottom drag
coefficient B becomes equal to 2.7 x 10~* s=!, The inverse of this
-valuE‘is‘tthtimE"required for the current to decrease by .8 factor e.
This follows from Eq. (1) by ignoring all terms on the fight except

for the bottom friction, thus

i BU (5)
T

the solution of which is
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U = D eBt ' (6)

where U, is the initial current. Therefore, the current decreases by
‘a factor e over a period of time equal tO_B'l = 3700 sec = 1 hour.

This is a fraction of the basic seiche period and hence the seiches in

Lake St. Clair must beé strongly damped.

To illustrate these properties of the lake, Figure 6 presents the
total water transport through the main cross section of the lake
(Figure 1) as computed by the free-surface model for two cases of wind
forcing. 1In each case, the wind stress is suddenly .applied and has a
constant value of 0.1 Nm™2, 1In the first case (solid line), the wind
blows normal to the cross section toward the NW while in the second
case (dashed line) the stress direction is along the cross section
toward the NE, The rapid damping of the seicﬁes impliesithat the mean
circulation for periods of a day and longer may be comﬁuteQ from
steady-stage models. This is the theoretical basis for the procedures
used in the remainder of this study.

" The time-dependent model was run for the period June S =~ November

'5, 1985, using wind observations at the centre of the lake (Figure

1). The wind stress was obtained from the square of the wind speed
with a drag coefficient ranging from 1.5 x 1073 for speeds less than
10 m s! to 3.0 x 103 for speeds over 20 m s~! with a linear
variation in betweén (Simons, 1985). To verify the model, hourly

values of the computed water level differences (setup) between
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stations L1 and L2 of Figure 1 were compared with the :obéerved se,tu.p,
a total ’o.f 3,696 values, The correlation coefficient was 0.84 -l;ut the
slope of the linear regression of computed and observed setup was ;ob
small. Ian order to adjust the slope of the maximum likelihood
.‘éstimate‘ to unity, the computed results must be multiplied by a factor
1.8. Figure 7 shows the resulting plot of compited  versus observed
éetup:. The "'long»-term ‘mean value éf the observed setup 'is 2,85 cm.

The .adjustment of the computed results in the above manner is one
of the procedures to estimate effectivé wind drag coefficients over
.'water (Simons, 1975). In the pregsent case, this procedure would
indicate that the drag coefficient used in the model should be
increased by as much as 80% which is not inconsistent with earlier
studies of this type (Simons, 1980). However, allowance should be
“made for the fact that the .model computes water levels at a distance
of half a grid spacing awaj from the shore. If it )is assume& that ‘the
~ depth ’decreés’es linearly from this 'lpoint to t'i\e shore, then the
additional surface elevation at the shore, h', may be estimated from

the formula presented by Simons (1975):

Ho - a 1.51.'
h* = agn () a = % ¥
h' - a pgB

where Hy is the water depth half a grid spacing (0.5 km) awﬁy from the
shore, B is the bottom slope and the other symbols have the same

meaning as in (1). For the grid squares adjacent to L1 and L2
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(Figure 1), the values of Hy, are 1.8 and 2.4 m, respectively, and
‘hence the bottom slope would be about 4 x 10‘?. For a wind stress of
0.1 Nm~2 the value of a would then be 0.4 ¢cm and h' = 2 ci. For
compaiisdn, the éteady-state‘setup between Ll and L2 computed from the
:;umerical model for a NE stress of 0.1 Nm™2 is 4 cm (see Figure 6).
‘This suggests that the nearshore setup may add.as much as 50% to the
‘getup ;omputed~by the model. This correction decreases somewhat for
higher stress values but it may be assumed to explain about half of
;he 807 increase of computed water levels which was required above to
obtain agreement with observétiona. If the remaining adjustment is to
be made up by increasing the wind-stress coefficient, then it follows
that all solutions of the model should be multiplied by 1.4. This is

done in the following when the model currents are used.
5.  STEADY-STATE THEORY

-The foregoing considerations justify the Qse of quasi=steady
: dypamics fo;'andlysis-ofilake St. Clair circulations for time scales
of a day or longer. To start off, a brief summary will be presented
of the theory of steady-state circulations known as Ekman theory. The
basic assumption of the Ekman theory is that the vertical eddy
viscosity is known. ihe vertical profile of the current can then be
expressed in terms of the local pressure g?adient (surface slope) and
the wind stress. The solutions depend on the nondimensional ratio ¢

as follows.
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H '2v
€ £ D = n + e (8)
D f ,

where H ig'tﬁe watetAdepch, v the kinematic vértic#l eddy viscosity
 (¢2 s-1), £ the Coriolis parameter (s~!) and D has the same units as
the water depth and is known as the Ekman depth.i

. The eddy viscosity in a lake such as Lake St. Clair is thought to
be of order 10~ m? s~! while £ = 107 s~1. A t&pical Ekman depth is
;thgn 14 m, about three times as large as the typical water depth of
Lake St. Clair, hence € = 0.3. For such shallow water the Ekman
"solﬁtiOns resemble steady-state cuftents in the absence of rotation
which, according to (8), is equivalent to infinite Ekman depths.
Therefore, the basic character of the solutions for Lake St. Clair can
be illustrated by solutions for the case of no rotatiom.

In the absence of rotation, the vertical profile of the current,
u, is related to the pressure gradient, dp/dx, and the wind:stress; T,

as follows

A ) dp ’
w = L{@e® r el (22 -8 9)
pv 2 dx ‘

where Z is the vertical c¢oordinate measured upward from the mean
surface level and the other symbols have been defined before.
Vertical integration of the current between the bottom and the surface

gives
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1.1 1, 4
= —[-B r-_m 22 (10)
v 2 3 &

If the latter is integrated over a complete transect of the lake, the

result is the total water transport across that transect. In the

absence of rivers, the steady-state transport across any section must

- vanish and hence the pressure gradient caused by the wind is equal to

d
P e @A« an
dx 2 '

where the bar denotes a mean over the cross section. This is the
conventional formula for the steady-state surface slope induced by
wind. Substituting this into (9), one finds the following solution

for the wind-driven curtrent .it_l a very shallow lake.

. . 3 . | |
w s _[z+H + o @A @ - #) (12)

P

'whi;:h ‘means that ,fhe current measured at a given location should be
proportional to the ratio of wind stress to eddy viscosity. This
theoretical result is of crucial significance for thé following data
dnalysis. Since the eddy wviscosity represents a form of vertical
mixing, its value may be expected to increase with wind stress. If
this increase is more or less linear, then the speed of the wind-
driven current should be - rather independent of the wind spe‘ed‘

according to (12). The physical explanation is that an increase of
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wind at constant eddy viscosity will lead to a corresponding magnifi-
.cation of the vertical current profile. However, a simultaneous
increase of the eddy viscosity will reduce the vertical shear of the
profile and hence offset the first effect. Convets?ly, it may be
';oncluded~that, if observed current speeds appear rather independent’
-of the wind speed, then the eddy viscosity is propOrtfonaI'to the wind
stress. It will be shown that this is suggested by the current meter
observations in Lake St. Clair.

It should be pointed out that, although Lake St. Clair is shallow
enough for the Ekman solutions to resemble those for the case of no
rotation, effects of rotation c#nnot be completely ignored. This may
be illustrated by graphical presentations of the shallow water Ekman
solutions summarized, for example, by Simons (1980). The solutions
selected here are those for pressure-driven currents without wind such
;s the hydraulic flow associated with rivers flowing into and out of a
lake. TFigure 8 shows relationships between the vertical-mean flow and
the current 1 m sbove the bottom as a fuanction of vertical \edd§
viscosity and water depth. The upper half of the figure shows ‘the
ratio of the vertical-mean current to the bottom current while the
lower half presents the clockwise turning from the bottom current to
the vertical-mean current. Note that the solutions toward the right
side of the figure approach the pressure-gradient part of the no-
rotation solution (9) because effe;té of rotation decrease with
increasing eddy viscosity. These no-rotation solutions are shown b;

dashed lines in the upper half of Figure 8.
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6. EMPIRICAL MODEL

The méasured‘currents at qtationstcl - C6 on the maiﬁ transect of
vpake St. Clair (Figuré 1) will now be interpreted with reference to
.the ﬁtehdy-state theory;of lake circulations. As seen in the fore-
going, this theory should be applicable to Lake St. Clair for time
scales of a day or longer and, hence, this study will deal with
daily-averaged currents and forcing. It is assumed th#t-the dynamics
of the circulation are essentially linear so the current is a -simple
superposition of the flow induced by the two components of the
wind stress, tx, Ty, and the hydraulic flow. It is also assumed
that the wind stress is uniform over the lake. Let vg(x,y z) be the
hydraulic component of the current at a given location (x,y) and depth
(z), v;(x,y,z) the current component induced in the same point by a
unit wind stress in x-direction and ‘v, (x,y,z) the current due to a
-unit wind stress ian y-direction. The total current at point (x,y,z)

can then be written

\p] (13)

v =yvy # T, V1 ¢ Ty

The wind-stress components can be written as

T. = T cos 8, T = -7 sin 6 (14)
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_where T is the magnitude of the stress and 6 an angle measured

clockwise from ‘the orientation of the x-axis. As noted earlier, when

dealing with ‘the main tramsect of Lake St. Clair (Figure 1), the

x-axis lies on the transect pointing to the NE and the y-axis is

normal to ‘the transect toward the NW, but the orientation of the

coordinate system is, of course, arbitrary. Substitution of (14) into

(13) results:iﬁco

v = v0.+ T (vy cos 6 - vy 8in 6) (15)
or also
v =vy + 1A sin (e +-a) - (16)
where

| A = (vj2 +vp)Y/20 tga = -vllvé V' - (17)

GivEnltherserieglof daily-mean values of measured currents, v,
and wind stress, Ty, Ty, the coefficients vg,vy,vo of Eq. (13) can
be determined by é least -squares fit. Clearly, if the theﬁty above is
applicable, the least;squares fit should have the form of Eq: (16).
Acco?ding to the theory outlined before, the coefficients depend on
the vertical eddy viscosity which, in turn, depénds on the wind

mixing. The daily-mean wind stress may be inadequate to estimate this:
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‘mixing since it does not differentiate between ‘strong oscillatory
winds and weak constant winds with the same daily-mean stress. A
better indicator of wind mixing is the daily rms (root-mean-square)
wvalue of the stress which Will be denoted by 2. Using this-p;rameter,
lkhe:data will be divided into different classes of wind mixing and the
least-squares fitting procedure will be applied to each class
separately. The;e empirical results will then be compared with
results from numerical models. This verification method appears more
instructive than comparing individual current measurements with model
resulfs.

Accordiné'to Eq. (12)‘the wind-driven current should, theoreti-
cally, be proportional to the ratio of wind stress to eddy viscosity.
Hence, the empirical model coefficients v, and v, defined by (13) and
the corresponding amplitude A defined by (17) would be proportional to
the inverse of the vertical eddy viscosity. If, fu?thefmore; the eddy
vis;osity would increase linearly with wind stress, then the empirical
model c¢oefficients would become inversely proportional to the stress
and (15) - (18) could be written

v =v, + vll cos O - v21 sin 6 : (18)

v = vy + Al sin (0 + a) (19)

where the new model coefficients denoted by primes are independent of

‘the wind speed. Conversely, if a least squares fit of (18) - (19) to
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the measured currents produces the same estimates of the coefficients
for different classes of winds, then the eddy ﬁiscosity must be
proportional to the wind stfess;

The first step of the empirical modelling procedure (13) - (19)
is to separate the data into classes of wind mixing based on the ‘dé}i{ly.
rms values of the stress, T. Various clasges have been considered in
this study'and all of théﬁ“prbduced coﬁsistent'tesults. The classes

selected for discussion here are the following:

Class 1: T < .45
Class 2: .45 < T < .90 (10°! W2y (20)
Class 3: T < .90

In some cases the first and second classes will be gubdivided into two
classes as'follows:
Class 1la: T < .30
Class 1b: .30 <T< .45 (107 M) | (21)
Class .2a: .45 <1 < .60
Class 2b: .60 < 1< .90
This results in roughlyithé same number of days for -each of the four

subdivisions.
7. WATER TRANSPORT THROUGH MAIR TRANSECT

-Before applying the empirical model to observations at given
locations, it will be used to analyze the total water transport

through the main cross section of Lake St. Clair (Figure 1). The
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- advantage of the transport calculations is that the observations can

- be checked for mass conservation (Simons, .1985). For instance, in

-

x;ase of -s;égdy-state wind-driven circulations, the total transport
through any cross secion of a closed iake:mnst vanish. On the other
Hhand,<the hydraulic ttanspoft must be consistent ﬁi;h the distribation
of inflows and outflows. On the basis of averages compiled by Ibrahim
and McCorquodale (1985), it is estimated that 8% of the St. Clair
River is dischatged into area 1 of Figure 1. Since the mean flow
during the period of interest is about 6300 m’/s (Schertzer and
Simons, 1986), there should be a positive (northwestward) flow of 500
m3/§ through thé main cross section of Lake St., Clair, independeﬁt of
wind direction.

Figure 9 presents time series of dgil&-mean wind stress
componients, daily rms values of the stress and daily-mean transports
through the main transect of Lake St. Clair (Figure 1). The wind
stress components are oriented along .and normal to the ttansect, that
is, toward the NE and ‘NW, respéctively, and thé water transport is
counted positive to the NW. The transport is obtainéd by multiplying
the WNW-components of the measured cﬁrrents by the "local depth,
interpolating the results by an objective interpolation scheme and
integrating over the cross section. The result may be corrected for
the seiche component of the flow by recourse to the solution of the
free-surface model discussed before. This solution is presented at
the bottom of Figure 9. As anticipated, this correction is so sﬁall

that it may be ignored.
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Table 3 presents results of the least-squares fitting procedure
_for the period June 5 - November 5, 1985. The third and fOurth column
'show "average values of the daily-mean resultant wind stress and the
daily ¥ms value of the st;ess for each class. ‘The next three columns
'ﬁresent the results of fitting model Eqs. (15) - (17) while the last
three columns were obtained by fitting Eqs. (18) - (19). The mean
value Vb represents the flow component which is independent of the
wind, i.e. the hydraulic flow. This part of the solution should be
‘the same for both empirical models. This is seen to be generally
true. The same holds for the phase angle a. ‘The most iptereéting
result is that the amplitude of the. wind-driven f10w estimated from
(18) - (19) is more or less independent of the wind class. Note also
that this amplitude A' is approximately equal to the amplitude A,
obtained from (15) - (17), multiplied by the mean stress for the wind
class (t). TRecalling the discussion of Eqs (18) - (19), it ma} be
concluded that the eddy viscosity increases lwith wind étress in a
quasi~linear fashion.

Figare 10 illustrates some results of ‘the -empirical Qodéf £it
according to Eqs. (18) - (19). The dashed lines represent the
hydraulic flow, V,, while the solid curves show the wind-driven
transport. The hydraulic flow as well as the phase shift of the
wind-driven flow show a pronounced dependence on the wind class. In
order to explain this, it must be recalled that the currents were
measured at a depth of 1 m above the bottom. According to the

steady-state Ekman theory (Figure 8), this current should deviate to
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the left from the vertical<mean flow such that the angle of deviation

_decreases with eddy wviscosity. Since it was found that the eddy

viscosity increases with wind stress, the smallest angles of deviation

should be found for the highe_st wind class. Indeed, Table 3 shows

that for that case the phase angle a approaches zero which means that

tﬁé ‘bottom current runs against the wind, i.e. the pressure gradient
or surface setup approaches the no-rotation result given by Eq. (11).
S-imi;:larly, Table 3 shows that with increasing wind the hydraulic flow
estimated from the bottom currents gets closer to the hydraulic
transport corresponding to the river flows (500 m3/s, positive). .For ~
weak.w'inds, the bottom currents deviate to the left and, since the
hydraulic flow is predominantly to the SW, the estimated hydraulic
transport across the inain transect is strongly negative.

The foregoing discussion shows that the empirical moc!'e,lbresult
agrees with steady-state theory in a qualitative sense. 1In order to
obtain a more quantitative comparisonm, ‘steady-state circulations in
Lake St. Clair may be computed by numerical models. The model used in
this study solves the shallow-water Ekman eéuations on a rectangular
grid with a grid spacing of 1 km. For a discussion of the numericall
procedure, the reader is referred to Simons (1980, ch. 5). A model of
this type computes in each grid poiﬁt the steady-state mean flow and
the vertical profile of the current for a given wind stress and a
given eddy viscosity. For comparison with the observations, the

transport across the main transect of Lake St. Clair was computed from
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the model by multiplying the solution at a depth of 1 m above the
bot tom b} the depth in each grid point on the transect and then
fintegrating over the transect. The model tramsport computed in this
fashion shéuld not be confused with the actudl transport based on the
Fvertigalﬁmean flow computed by the abdel;"Ihe latter is independent
of the winds and equal to the imposed hydraulic flow. across the
transect (500 m®/s, positive).

For‘ia range of values of the vertical eddy viscosity, the
n&merical model computed the hydraulic flow, the flow induced by a
unit wind stress along the x-axis (along the transect) and‘the flow
caused by a unit wind stress ‘along the y-axis (normall to the
trdnse¢t), These soiutions éorrespond; of cougse,. with ihe
coefficients vy,v;,vy of the empirical-model (13) = (15) and hence the
wind-driven transport can be expressed in terms of amplitude and phase
in accordance with (16) = (17). The model transports across the main
section of the lake (as computed from the solutions 1 m above the
bottom) are plotted against the  edAy wviscosity in Figure 11. The
dashed curve in the dpper part of Figure 11 is proportional to ‘the
inverse of the eddy wviscosity. It is seen that the amplitude
dependence on eddy viscosity closely approximates the simple solution
(12).

The black dots and open circles in Figure 11 are the results of
the empirical model (Table 3) plotted against the average value of the
daiiy rms wind stress, ?, for each wind class. The black dots

represent the main wind classes defined by Eq. (20), the open circles
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show the subdivisions of the first two -.classes, Eq. (21). As seen
from the horizontal scale at the bottom, it has been -tentatively
assumed that the eddy viscosity (m?/s) is about' 0.02 t (N/m?). This
.produces good agreement ‘between numericgl.and empirical model results
 for' the ‘amplitude of the wind-driven transport and the same
proportionality is suggested by the —phasé angle. However, the
hydraulic £low suggests that the eddy viscosity should be considerably
smaller or that the bottom current is underestimated by thé no-slip
boundary condition applied at the bottom in the Ekman model used
here. As seen in Figure 8, the resilting current speed at 1 m above
the bottom is typically only half as large as the vertical-mean
speed. With a more appropriate 'boundary-iayer approximation, the
vertical profile becomes much more uniform. This would mean that the
model=computed hydraulic trénsport could become twice as large and;
‘hence, of the same magnitude as the empirical«mode1 results..‘Evidence

in support of this hypothesis will be provided in the following.
8. CURRENTS AT INDIVIDUAL STATIONS

The empirical model given by Egqs. (13) - .(19) will now be applied
to the two components of the currents measured in individual stations
and the results will be compared with numerical model solutions.

According to Eq. (15) the components of the current may be written as
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u = uy + T (u) cos ® = uy, sin 6)

(22)
v = vg+ 1 (v cos 8 - v, sin 6)
while the model corresponding to Eq. (18) is
w = g o+ cos 0 - uy! sin 6 |
: 39 + u;° cos up* sin .
. (23)

v = vy +v,! cos 6 - vy} sin @

where the subscript 0 refers to the hydfahlic flow, the subscript {fto
_the current induced by a wind stress along the main transect (to the
NE) and the subscript 2 to the flow caused by a stress normal to tﬁe
main transect (to the ﬁW), The angle.e is measured clockwise from the
orientation of the main transect, i.e. from the NE.

As before, the empirical model solutions (uo,ul,uz,vo,vl,vz) are
.determined by a leasf—Squares fit between series ‘of .daily-mean
observed currents and wind stress. Using daily'rms valués of the
stress (7) as an indicator of vertical mixing, the data will be 4
subdivided into the classes given by Eq. (20). The numerical model
sblutions will be obtained  from ‘the 'shallow éaterzzkman model with a
grid mesh of 1 km for different values of the vertical eddy
viscosity. The model comparison will employ graphical presentations
of the vectors (ug;vg), (uy,vy), (uz,vzs. Note that this verificaiton
method compresses the data and model results into a few diagrams and

therefore is much wmore efficient than conventional verification

techniques.
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Figure 12 presents the hydraulic currents and the <currents
induced by a unit wind stress (107! Nm~2) along and normal to the main
transect of Lake St. Clair (Figure 1) as obtained from the empirical
model (22) for the three classes of wind mixing given by Eq. (20).
'The speéd of the hydraulic curreat is independent of mixing but the
bottom current deviates to the left from the vertical-mean flow such
‘that the angle 1is greatest for weak mixing in agreément with
Figure 8. This explains the apparent negative hydraulic tramsport (to
the SE) across the main transect when the observed bottom currents are
multiplied by the depth and integrated over the cross section
(Table 3).

The speed of the wind=driven current appears to decrease with
wind mixing but this is a misleading resﬁlt of the conventional
procedure of computing the .c'ur-r-ent response to a unit wind stress
(Ed. 22). In actual fact, the mean wind stresses for .the three
classes of wind mizxing are 0.18, 0.45 and 1.09 times the unit stress
(see Table 3) and hence the wind-driven currents of Figure 12 are to
‘be multiplied by these wvalues. .Alternafively, the currents for the
three mixing classes can be obtained by fitting éq.‘(23)~to fhé data
which leads to essentially the same results (see Table 4). Thus, the
actual current is found to increase with wind speed at most statioms.
However, it is important to note that the current does not vary in
propprtion to the stress as would be the case for a linear model with
constant eddy viscosity. While the mean wind stress in Table 4 varies

by a factor of 6, the mean currents (last column of Table 4) vary by a
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factor of 2 only{ As expléined in the discussion of the total
_transport acrOSs. the main transect, the reason is that the eddy
viscosity increases with wind mixing and the currents are proportional
to the ratio of wind stress to eddy viscosity if the shallow water
.ﬁkman theory of ‘Eq. (12) is applicable.

For a quantitative estimate of the relationship ‘;etween eddy
viscosity and‘wind mixing, the numerical model described above was run
for a unit wind Qtress‘and a range of values of the eddy viscosity.
S8ince the model is iinear, the solutions are proportional to the wind
" stress and hencé the solutions for any wind stress can be obtained
immediately. If it is assumed that the eddy viscosity varies
approximately in a linear fashion with the rms value of the stress, 1
then it follows from the third column of Table 4 that ;he eddy
viscosity for the three mixing classes should vary in' the ratio
1:2:4. After some experimentation, it was found that tﬁe average
currents computed at the measurement locations were comparable to the
observed ones if the eddy viscosity for the three mixing classes was
given values of 4, 8 and 16x10~" m?/s. ;Table 5 presents the model
results for a unit wind stréss and for the stresses c§rrespcnding to
the three mixing classes (columﬁ 2 of Table 4). The last column of
Table 5 compares favourably with the blast colummn of Table 4,
Consequently, comparing the values of the eddy viscosity used in the

modgl with the rms values of the stress for the three wind classes,

one obtains the relationship
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v = .013 1 (24)

:where the eddy viscosity, v, has units of w?/s and the :wizi;l stress, T,
‘has units of N/n?.

Figure 13 presents results from the numerical model for the
hydraulic flow and for a unit wind stress along and normal to the ma.in
transect for the three values of the eddy viscosity giverg,abbve. -For
the hydraulic flow , the directions computed by the model agfee with
the empirical model result of Figure 12 but the velocities c_;)mputed by
- ‘the model are about half as large as the empirical results. As
discussed earlier, this discrepancy would disappear :if tﬁe Ekman
solutions illustrated in Figure 8 would be replaced by a current
profile with a more or less uniform speed (but not direction) above
the wmeasurement depth. Indeed, the vertical-mean current speeds
computed by the model agree -favourably with the empirical éuttent's.
There‘fofe, it is teatatively concluded that the -hydraulic circulation
computed by the model is acceptable with respect to the vért,iﬁ'a~1-mean
flow and the vertical variation of current directioﬁs.

For the wind-driven flow the model solutions show the same
general dependence on vertical mixing as the empirical results but the
details differ somewhat, in particular for hi_gh winds perpendicular to
the transect. While the model circulations are independent of the

wind speed if Eq. (24) is used (see Table 5), the observed currents
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appear to increase with wind speéd-in some stations (see Table 4).
This coulh suggest that the increase of eddy viscosity with wind speed
mis somewhat 1ess than linear. H0wever; a more likely explénation is
that the no-slip bottom boundary condition used in the present Ekman
‘model iS"inappropriété. This would mean that the model overestimates
‘the bottom stress and underestimates the currents near the bottom as
found earlier for the hydraulic flow. In order to remedy this
shortcoming, the effective eddy viscosity of the model might be
assigned a value lower than Eq. (24), éspecially for higher wind
speeds. ‘It is therefore tentatively concluded that Eq. (24) gives thev
upper limit of the eddy viscosity if &n Ekman-type model is used for

couputing-wind-dri#en circulations.
9. CIRCULATION PATTERNS

In conc¢lusion the aumerical model will be wused to ~¢ompute
steady-state circulation patterns in Lake St. Clair for the hydraumlic
flow and the wind-driven currents. The solutions will be presented in
the form of streamlines of the | verticdl-mean flow. These streamlines
are lines of constant valﬁe of the mass transport stream function

which is defined as follows

3y W . ,

v = —
oy ox
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where U and V aré’the vertically-integrated current components. Thus,
the current is inversely proportional to the distance between fwo
adjacent streamlines and the depth. The direction of the current is
such that the higher value of the stream function lies on the right.
Z%his‘direction is shown by arrows.

Figure 14 ghows the streamlines of the hydraulic flow associated
with the inflow of the St. Clair River and the outflow of the Detroit
River. The streadmlines éhown in the figure separate the flows from
the North Channel,:the-Middle Channel, the ‘Southeast Bend ofvfhe South’
Channel and the St. Clair Cutoff. The flow pattern is essentia11y
. independent of bottom friction in the range of friction parameters
considered in this study. The empirical wodel currents (see top of
Figure 12) have been entered at the locations of the measurement
sations. For the higher value of wind mixing, these currents are seen
to be aligned with the vertical-mean flow while for lower wind mixing,
they deviate to the left. As noted in section 2, interpolation and

integration of the measured currenats over the northern transect gives:

' ..a mean value of 3240 m>/s which is in excellent agreement with the

discharge of the WNorth and Middle Channels of the St. Clair River
(3300 mals). This supports our earlier conc¢lusion that the vertical
profile of the current velocity is nearly uniform above the
measurement depth.

_Figures 15 and 16 present the results of the Ekman model for

winds blowing along and normal to the main transect. The wind stress
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‘ is 0.1 N[m2 and the eddy viscosity is 13.3 x 107* m?/s. Since the
.model is linear the solutions are proportional to the wind stress.
>~A13_o, the vertical-mean circulation is found to be nearly proportional
to the inverse of the eddy viscosity. Thus, in first approximation,
';t'ne wind-driven circulation of Lake St. Clair is proportional to the
ratio of wind stress to eddy viscosity, just like the simple model of
Eqs. (10) - (12). The only difference is that the current .directions
at different depthé depend on the eddy viscosity. For most
.applications, the vertical-mean circulation is of primary importance.
In order to obtain this circulation for arbitrary wind, solutions are
first obtained for an arbitrary combination of stress amplitude and
eddy viscosity and for two principal wind directions.  Next, the
actual wind stress s ‘decomposed into the components along the
principal axes and each component is .mixltiﬁlied by the éorrespond'iﬂg
‘model solution taking into account the ratio of wind stress to eddy
viscosity. Since the two principal circulations have to be computed
:.on.l& ‘once and Acaﬁ' be. saved for future ‘use, this method permits a very
-economical ‘way of computing daily circulations -for a whole ‘geason.
Although the foregoing analysis was based on daily averages, the
‘circulations may be computed from the wind stress at time intervals
shorter than one day to get a smooth transition from one flow pattern
to the next. In that case the distinction between the rms value of
the stress (T) and the resultant stress (1) becomes less
important. Then, if the eddy viscosity is taken to increase linearly
with the stress in accordance with Eq. (24), the wind-driven solution

a
&
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‘becomes ipdependeﬁt of the wind speed and is completely determined by
the wind direction. Thus, the circulations shown in Figures 15 and 16
are applicable to all wind speeds as long as the ratio of eddy
viscosity to wind stress remains the same. For instaence, based on
.1985'vind observations, a -typical stress value would be t%‘06=N/m2
(see Table 35, ‘the .corresponding -eddy wviscosity would ‘be v =
8x10™4 mz/s,-and tbe wind-driven circulations would look like Figures
15 and 16.

The patterns of the wind-driven circulation are in agreement with
simple models of topographic circulations. If the wind is aligned
with the main transect of Lake St. Clair (Figure 15), the currents are
relatively weak since the depth wvariation normal to the transect is
rather small. The current meters placed glbng the transect are all
located in the broad band of relatively weak return flow. On the
other hand, if the wind blows normal to the transect, tﬁe depth~
induced circulation is stronger and runs with the wind at the
nearshore stations and against the wind in the central statioms.
‘These wind-driven currents are large-enough to significantly alter the

underlying pattern of the hydraulic circulation.
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TABLE 1.

Current meter data for two transects of Lake St. Clair,

'1985. All current meters located 1 m dbove the bottom.
»Stéfion ﬁooring Sounding Latitude Period of " Period of
Number Number Depth(m) ‘Longitude Observation Missing Data

c9 14 4.37 42.32.41N 4 Jun 18:20
82.46.15W 15 Nov 18:20
c8 15 4,87 42.32.36N 4 Jun 17:40 28 Aug 15:40
» 82.44.57W 15 Nov 18:40 9 Sep 16:00
c7 16 5.10 42,32,1208 4 Jun 17:20
82.43.44w 18 Nov 20:00
c6 17 4.95 42.29.46N 3 Jun 22:20
82.38.01Ww 18 Nov 16:20
c5 18 6.82 42.27.278 3-Jun 22:00 11 Jul 16:40
82.40.00Ww 28 Oct 08:20 18 Jul 18:00
C4 19 6.66 42.26.10N 3 Jun 21:20
82.41.59W 6 Nov 21:40
Cc3 20 6.67 42.24.45N 9 Jun 16:00
'82.43.56W 15 Nov 15:40
c2 2] 6.00 42.22.50N 3 Jun 22:00
- 82,45,38W 1 Oct 20:40
cl 22 5.57 42,21.19N 3 Jun 20:00
‘ 82,48.57W 15 Nov 14:00




TABLE 2. Wind cobservations on Lake St. Clair in 1985

P

Stafioﬁ ‘Hoorith ;Latitudéri-b - ‘Period of ‘ ' Pe;idﬁ of'
Number Number Longitude ~ Observation  Missing Data
Ml 1 - 42.28.45N 22 May 15:50 16 Jun 04:40

- 82.48.18W 4 Nov 16:40 27 Jun 13:40

© M2 2 42.24.35N 22 May 17:10 27 Jun 15:00
82.42.11W 6 Nov 22:10 8 Aug 16:20

24 Sep 00:80
_ 11 Oct 16:40

M3 3 42.23.57N 22 May 18:30 31 May 09:00

82.41.33W 6 Nov 23:00 12 Jun 17:10

11 Aug 08:50
22 Aug 20:20

9 Oct 21:00
17 Oct 15:30

. s - - - - o - > PR N RN R NE Y
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TABLE 3. Empirical model fit to daily water transport -across main
transect of Lake St. Clair for different classes of daily
rms value of the stress, June 5 - November 5, 1985. Stress

- units 10’ FRm 2; transport units 103u3s l; positive to WW;
angles in degrees clockwise from KE.

Wind Number Mean Values Equatloﬂs 15)-(17) “Equations (18) (19)

Class of days 7 T Vb A o Vo Al a
1.3 39 2 .19 -1.92 9.6 20  -1.88 1.09 24
.3-.45 37 .25 .3 =1.33 8.6 28 -1.41 2.02 28
.45-.60 33 .40 .53 -1.10 4.5 16  -1.28 1.69  2I .
.60~-,90 - 28 .54 .72 -.70 3.4 0 - .67 1.75 1
.45-.90 61 46 .61 -.8 3.9 2 -.8 1.67 4
$.90 - 17 1.09 1.26 -.11 1.4 5 0 1.62 - 1
a11_% 154 .39 .52 -1.13 2.7

8 -1.11 1.63 16

e (P ST A A0 _AD Bt et



“TABLE 4. Empirical model fit to daily-wean currents for different
classes of daily rms value of the stress, Jume 5 —~ Hovember
5, 1985. Stess units 10~! Km~2, wodel Eqs. (23), solutioms
- for (a) wind along transect and (b) wind normal to

transect.
‘Mean Values =~ Speed of Wind-Driven Current (cm/s)
Wind it i e i e —-
Class T T cl c2 €3 ~C4 €5 cé mean

. . - ———— ———
(a) Wind Along Transect

3<.45 .18 .28 4 .8 1.7 2.0 1.8 1.9 1.4
£>.90  1.09 1.26 9 2.0 3.2 3.4 1.8 3.0 2.4

(b) Wind Normal to Transect

1<.45 .18 .28 .8 .9 1.0 1.3 2.1 .9 o 1.2

.45-.90 46 .61 A4 1.3 2.0 1.9 z;s 1.8 1.7
.90 1.09 1.26 .5 2.0 3.9 4.3 1.8 3.4 2.6




TABLE 5. Computed mean currents 1 m .above the bottom -at' locations of
'stations C1-C6 for unit stress (.1 N/w") and for stresses
.corresponding to wind classes of Table 4.

et

‘Eddy V1scos1ty Wind Streés‘ Current wWmdsttess * Current
(10- u?/s) (10! N/n?) (cm/s) _,(10-1 N/m ) Cen/s)
4 1 8.1 .- .18 1.5
8 | 1 4 .46 2.0




FIGURE CAPTIONS

Fig.
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Fig.

Fig. .

Fig.

Fig.

Fig.

Fig.

.Location of wind recorders, current meters and shore-based

~water level gauges in Lake St. Clair, June-November, 1985.

Depth- profile and current meter moorings in Lake St. Clair

cross sections indicated in Fig. 1.

‘Observed current cdmponents along the 'Lake St. Clair

transects counted positive to the east for the -northérn
transect (C7-C9) and to the NE for the southern transect
(C1-C6).

Observed current components normal to the Lake St. Clair
transects reckoned positive to the north for the northern
transect (C7-C9) and to the NW for the éouthern transect
(c1=cé). |

Computational grid of hydrodynamic models of Lake St. Clair.
Computed NE-ward transport through maiﬁ cross éection of
Lake St.‘CIair (Fig. 1) for step-function wind stress of
0.1 Nm~2 toward the NE (solid line) and the NW (dashed line)
respectively.

Computed versus observed hourly water ilewvel differences
(setup) between stations L1 and L2 (Fig. 1) for June 5 -
November 5, 1985. |

Ratio of wvelocity and difference of .direction between
vertical mean current and current l'm above the ﬁottom as

obtained from Ekman theory.
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13

14

16

Daily-mean wind-stress components, daily rms values of the

stress, daily-mean observed water transport thrugh the main

‘transect of Lake St. Cldir and tramsport computed by

free-surface model.

Empirical model fit to daily values of transport across main
- transect of Lake St; Clair vs. direction of wind stress for

three classes of daily rms value of the stress, June 5 -

November 5, 1985.

Agplitude A and. phase a of wind-driven transport .and
hydraulic transport V, as defined by (16). Model results
(solid curves) plotted. against eddy viscosity, empirical
results (Table 3) against "wind mixing" T.

Hydraulic currents and currents induced by a unit wind

stress (107! Nm~2) along and normal to the main transect of

Like St. Clair as obtained from empirical model (21) for

three classes of wind mixing given by (20).

‘Same as Fig. 12 but obtained from numerical model for three

values of eddy viscosity, V.

Computed streamlines (100 w/s) of ;hyafiﬁlic flow -and

cbrreapohding empirical model currents for ‘three classes of

wind mixing (see top of Fig. 12).

Computed streamlines (100 m?/s). for SW wiﬁd and eddy
viscosity (m?/s) equal to .0133 times the wind stress

(N/m?).

Same as Fig. 15 but for SE wind.
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