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MANAGEMENT PERSPECTIVE

This investigation is concerned with the problem of predicting

—

"wind-induced changes of water levels along the shores of the Great

Lakes with ﬁarticular application to Lake St. Clair. Interest in this
préblenn has been greatly enhanced by thé record-high water levels
during 1986. Changes of water level caused by wind are fost
pronounced in shallow lakes such as Lake Erie and Lake St. Clair.
Lake ét. Clair has been chosen for this investigation because an
extensive program of physical and other measufements was carried out
on that lake during _1985 thus providing an opportunity to verify
prediction models.

Like the field experiments during 1985, the present study is part
of the 1985/87 Canada-U.S. Upper Great Lakes Connecting Channel
Study. The overall objective is to model material transports and
sediment -water exchanges in Lake St. Clair. The specific objective
addressed here is development and verification of hydrodynamic models
suitable for this type of basin. Since a hydrodynamic model
simultaneously computes water levels as wellv as currents, an
evaluation of its performance in predicting wind-induced water setup
should provide a measure of its potential for computing transports of
pollutants which is one of the ongoing concerns of DOE,

Theiresults of the present investigation éhow that present-day
hydrodynamic models provide reliable simulations of wind<induced
changes of water levels along the shores of the Great Lakes. This
implies that such models can profitably be used for operational

forecasting of storm surges as done in other locations such as, for

example, the North Sea.
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Water level measurements at Belle River and St. Clair Shores from

.f: Jﬁﬁe to 30 November 1985, are used to verify simulations of
wind-induced water sethp obtained from a two-dimensional hydrodynamic
model of Lake St. Clair. The wind drag coefficient is estimated as a
function of stability and wind speed by correlating observed and
computed water levels under various atmospheric conditions. Effects
of different bottom stress formulations are investigated by
considering the balance of forces along the setup line between Belle
River and St. Clair Shores. The dependence of the estimated wind drag
coefficient on the b;ttom stress formulations used in the model 1is

discussed. The hydrodynamic model results are compared with empirical

relationships between wind and water level changes.

i
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An additional uncertainty is introduced into hydrodynamic models
by the formulation of bottom friction. This problem is particularly
serious in shallow lakes such as Lake St. Clair where the bottom

stress plays a crucial role in the balance of forces. It 1is of

‘considerable interest to investigate how the setup values computed by

a hydrodynamic model depend on various formulations of the bottom
drag.. It is also interesting to find out how the botgom stress
affects the estimated wind stress coefficient and if such estimates
agree with independent estimates obtained by other‘means such as wave
studies and circulation models.

Finally there is the question whether the results of modern
hydrodynamic models are substantially superior to those obtained by
direct empirical relationships between wind and water setup.
Especially in a shallow lake with large bottom friction, it is to be
expected that the setup tends to be in quasi-steady balanée with the
wind forcing. 1In that case, it may well be that the increased effort
in going from a simple empirical model to a hydrodynamical model 1is
out of proportion to the gain in accuracy of the computed setup. This
question is also addressed in the present study.

Like the field experiments referred to above, this investigation
is part of the 1985/87 Canada-U.S. Upper Great Lakes Connecting
Channel Study. The overall objective of the investigation is to model
material transports and sediment-water exchanges in Lake St. Clair.
The specific objective addressed here is development and verification
of hydrodynamic models of Lake St. Clair. An earlier report on this

subject (Simons and Schertzer, 1986) concentrated on a suitable
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procedure for modelling water transports with wind-induced water level

changes being of less concern. However, it will be found that the

results of the present detailed analysis of wind-induced setup have
important implications for the empirical drag coefficients used in

circulation models.
2. MODEL FORMULATION

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

and the continuity equation
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where U, V are the components of the vertically-integrated current in
x,y direction, h is the free surface displacemeﬁt, H is the local
water depth, g is gravity, f the Coriolis parameter, p is density,
Tax» Tgy the winé stress components and Thx» Thy the bottom‘ drag
components.

Based on model studies of the Great Lakes (Simons, 1980,

1985; Schwab, 1983), the bottom stress is estimated as
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vhere H is expressed in meters.

The equations are soiVed 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 being 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 schemé for each
variablé in turn, thereby using the most recent values of the two
other wvariables. Due to the structure of the equations, this
procedure is equivalent to a forward-backward scheme for the Coriolis
terms and a leapfrog scheme for the pressure-divergence terms, The
timestep is determined by the grid spacing and the depth of the lake.
For a discussion of the numerical procedure, reference is made to
Simons (1980, ch. 4).

The numeficél grid used for Lake St. Clair has a mesh size of
1 km, thus covering the 1lake by appro;imately 1100 grid squares
(Figure 1). The maximum depth during the 1985 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 depth during the field season was -

4.3 m. The corresponding free surface wave travels with a speed of
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23.5 km/hr and the length‘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/H? becomes equal to 2.7 x 10~% &=1. The inverse of this

value is the time required for the current to decrease by a factor e.

. This .follows from Eq. (1) by ignoring all terms on the right except

for the bottom friction, thus

v BU ’ B = b (5)
3t ' "

the solution of which is

U = Uo e'Bt ’ (6)

where U, is the initial current. Therefore, the current decreases by
a factor e over a period of time equal to B! = 3700 sec = 1 hour.
This is a fraction of the basic seiche period &nd hence the seiches in
Lake St. Clair must be strongly damped.

Since this investigation is concerned with water levels in a few
selected 1locations, it is unnecessary to run the complete two-
dimensional model for the entire period of interesf. Instead, tﬁe

response of the lake at a given location may be determined from a

convolution integral involving the wind stress and the unit impulse

response. The latter is the response to a unit stress applied over a
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unit time interval, in this case 10 minutes. This method of calcula-
tion has the advantage that the complete two-dimensional wmodel néeds
to be used only for computing the impulse response. _Especially for a
lake with lafge frictional damping and finite memory, the impulse
response is of limited duration, about half a day for Lake St. Clair.
Therefore, there is no need to truncate the time series arbitrarily
and the results of the impulse response model are identical to those
obtained from the two-dimensional model. Hence, in the following, no
distinction will be made between the two modelling techniques but all
hydrodynamic model results have, in fact, been obtained by the impulse
response method. For a discussion of this technique as applied to

storm surge forecasting, the reader may refer to Schwab (1978).
3. VERIFICATION PROCEDURE

The model was run continuously from 1 June to 30 November 1985,
and hourly values of the computed setup between twq shore stations
were coﬁpared with measured values. | The stations are Belle river
(42°17'48"N, B2°42'36"W) and St. Clair Shores (42°28'24"N,
82°52'45"W), They are denoted by the sjmbols L1 and)LZ, respectively,
in Figure 1. The hourly measurements represent instantaneous
readings, on the hour #30 sec, accurate to 10-Zm in Belle River and
102 fr in St. Clair Shores. Averages of these two statiop values
were used to estimate hourly values of the water dépth entering into

the hydrodynamic Eqs. (1-2). Thus the depths in the gridpoints as
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obtained from a bathymetric chart were continually updated during the
cg}qulations. For the pe?iod of calculation the water level varied
:frOm 1.05 to 1.40 m above chart datum (174.25 m above Father Point,
Quebec). Including this variation leads to setup changes of uh to 47
compared to the values obtained if the mean water level of 1.22' m were
used.

The model was driven by winds measured near the centre of the
lake. The meteorological buoys are indicatéd by the symbols M1, M2,
M3 in Figure 1. Table 1 presents a summary of the available data.
For the period 1 June to 30 November 1985, the d;ta return from the
first station is nearly complete. Some data gaps appear in the
records from stations M2 and M3 but these stations were intentionally

‘ placed side-by-side .as a safeguard against such breakdowns.:
Fortunately, the data gaps of stations M2 and M3 do not overlap except
for a two-day period in October. Because of their central location,
the records from these stations were merged and used for the model
computations. Data from station Ml were used for the two-day perio&
in October and also after 6 November.

In addition to wind speed and direction, the meteorological buoys
provide air and water temperatures and relative humidity. Using the
relative humidity, the temperatﬁres were converted to virtual
temperatures by the standard formula T, = T (l+ 0.61 q) where q 1is
specific humidity and the temperature is given in °K. Given the
virtual air temperatiure, the air density follows from the equation of

state for moist air. This air density enters into the formula for the
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surface stress. The virtual temperatures are also required to compute
the stability of the air above the water surface.

The surface stress, t1g, was related to the square of the wind

vector, W, by the conventional formula
s = Cp pa |W| W (7

where p; 1is the air density and Cp a non~dimensional drag
coefficient, This coefficient was assigned a constant value of
1.8 x 1073 for the entire _period of model calculations. Due to
changing air density the ratio of surface stress (N/m?) to wind
squared '(mz/sz) varied from 2.10 x 1073 to 2.25 x 1073, In
‘ prelininary computations reported by Simons and Schertzer (1986), this
ratio was referred to as fhe drag coefficient and it was assumed to
increase with wind speed for winds over 10 m/s. Since the present
wind speeds seldom exceed 10 m/s, the value used in those computations
was essentially equal to 1.5 x 1073 with a corresponding
non-dimensional drag coefficient of about 1.25 x 1073,  The results
indicated that this value should be increased substantially, which led
to the present choice of the drag coefficient. It may be noted that,
while the model used a constant drag coefficient of 1.8 x 1073, this
value may subsequentiy be adjgsted to give the best agreement between

computed and measured setup.
The wind data are available at intervals of ten minutes at a

height of 4 m above the water surface. The wind directions are
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instant aneous measurements but the speeds are averages over the

prggeding ten minutes. For consistency with the timing of the wind
épeed nmasurgments the model integration over any ten-minute period
was based on the wind record at the end of this period. The model was
started from rest on 1 June, 0:00 GMT. Comparison of computed and
observed setup started 1 June, 1:00 EST. Since this 1s six hours
‘after the start of the model, effects of initial conditions should be
negligible according to Eq. (6). Comparison of model results and
observations ended 30 November, 24:00 EST, for a total of 183 days or
4392 hourly values.

For analysis of results in terms of wind speed and stability,
hourly means of winds and temperatures were computedAby averaging the
six ten-minute records preceding each hourly water level observation.
The length of this averaging period is consistent with the time scale
of the response of Lake St. Clair to wind forcing which will be
discussed elsewhere in this report. Stability is measured by the bulk

Richardson number defined by Donelan et al. (1974).

gz (Tz -T)
R, = . ° (8)
W

=3

where g is gravity, z the height of measurement (4 m), T the virtual
temperature (°K) and W the wind speed (m/s). The values of the bulk
Richardson number separating stable, neutral and unstable cases were

arbitrarily set at 5 x 1073 and -5 x 10~3,
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The wind-induced setup between two points may be expected to be

greatest for winds along the setup line and rather negligible for-

winds normal to this line. Therefore, the present analysis is limited
to setup measurements following hourly-mean winds with substantial
components along the setup line. As illustrated in Figure 1, the
orientation of the setup line is 35° counterclockwise from North. The
'analysié is carried out for three classes of wind direction. In the
first case the wind directions are within 15° either side of the setup
line, i.e. 130° to 160° for SE winds and 310°-340° for NW winds. 1In
the secoﬁd case the directions are within 30° and in the third case
they are up to 45° either side of the.setup line. Note that class 1
is included in class 2 and both are included in class 3.

The comparison of model results aﬁd observations is cartied out
by correlating hourly values of computed and measured setup for
selected classes of wind direction, wind speed and stability. Within
each class the model performance‘ is measured by the correlation
coefficient and the slope of the geometric-mean regression line. This
is the maximum likelihood estimate for two variables with comparable
error variances. Arguments for using thi; estimate were presented by
Simons (1975). For sufficiently high correlations the geometric-mean
deviates only slightly from the COnQentional linear regression line
but, unlike tﬁe latter, it is independent of the choice of dependent

and independent variables. In the present case it is advantageous to
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express the results of the analysis in terms of the ratio of measured

'to computed setup or the slope of the regression line iﬁ a scatter
.diagram of measured versus computed values. The reason is that this
ratio represents the value by which the wind stress coefficient in the
hydrodynamical model should be multiplied in order to obtain a perfect
simulation of the setup. 1If the ratio is less than unity, the modei
uunderestimates’the measured setup and hence it would require a stress
coefficient greater than the assumed value of 1.8 x 1073 ¢o simulate
the actual setup. 1If the ratio is greater than unity the reverse 1is
true. For a discussion and application of this method of estimating
the effective wind drag coefficieﬁt over water the reader 1s referred
to Simons (1975).‘

The long-term mean value of the measured setup (2.93 cm) is not
related to the wind because the long-term mean value of the wind
stress 1is negligibly small. Indeed, the long-term mean value of the
computed setup 1is only 0.08 cm. To simplify the anaiysis the
long-term mean values were subtracted from computed and observed setup
values. Note, however, that the mean values do not have to vanish
within individual clasées of data selected for analysis. For example,
unstable situations tend to be associated with cold winds from the
North and hence the mean setup for that class will be negative. The
opposite will occur for stable conditions associated with warm winds
from southerly directions. |

Table 2 presents results of the analysis for the three clagses of
wind direction and the stability classes defined above. The first

column of results shows the number of hourly values out of a total of
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4392, the second and third give the mean values qf observed and
computed . setup, respectively, and the next two columns show the
.correSponding standard deviations. The last four columns present the
correlation coefficients, the slope of the geometric-mean regression
line for ob;erved versus cbmpﬁted setup, the intercept of the vertical
axis and the equivalent wind drag coefficient. The latter 1is the
product of the constant coefficient of 1.8 x 1073 used in the model
and the slope of the regression line. It is seen that the
correlations are satisfactory and the slopes of the regression lines
are close to unity for all except the stable case. This means that
the value of the drag coefficient Qsed in the model (1.8 x 1073) is an
excellent overall estimate. The lower correlafioﬁ coefficients under
stable conditions are associated with the lower values of setup and
wind speed in this class. The slopes of the regression lines in this
case are greater than unity which would suggest & higher value of the
drag coefficient. This is contrary to physical intuition and other
observational evidence.

Figure 2 illustrates the results for the class of wind directions
within 30° either side of the setup line, i.e., 115° to 175° for SE
winds and 295° to 355° for NW winds. The diagonal lines have been
entered for reference and do not represent the regression lines. As
seen from Table 2, however, the regression lines essentially coincide
with the diagonals except for the stable case. It is seen that the

distribution of points in the stable case is much less satisfactory
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than in the other cases. Therefore the slope of the regression line

and the corresponding estimate of the wind drag coefficient are not

‘reliable under'stable-conditions.

The sgability classification does not appear to support a
dependence of wind stress coefficients on stability. This may be due
to the fact that the wind is meas;red only 4 m above the water
surface. Another dependence often suggested in the literature is the
effecg of wind speed on drag coefficients. For this type of analysis
the linear regression method is less satisfactory because the scatter
diagram in each speed class shows a close grouping of points. As an
alternative, setup values were averaged within each wind speed class
and the ratio of the mean observed setup>to the mean computed setup
was obtained for each class. As before, the computations were done
for the three classes of wind direciiOn but now separated into winds
from the NW (negative setup) and winds from the SE (positive setup).
Table 3 presents the results. The equivalent drag coefficient is the
constant coefficient used in the model (1.8 x 1073) multiplied by the
ratio of oﬁserved to computed setup. Figure 3 illustrates the same
results.

For very low wind speeds, say less than 2 m/s, the ratios of
observed to computed setup are unreliable. For wind speeds between 2
m/s and 4 mw/s, the results may still be doubtful but it is of some
interest to see that the equivalent drag coefficients are consistently

higher for SE winds than NW winds in this &peed range. This is
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consistent with the foregoing analysis in terms of stability because
stable conditions are generally associated with warm winds from the
;Sf. There is no obvious explgnation for this result which, as noted
earlier, is contrary to the expected effect of stability. For wind
speeds greater than 4 m/s there appears to be a tendency for the wind
drag coefficients to increase witﬁ wind speed. This is consistent

with other evidence found in the literature.

5. EFFECT OF BOTTOM STRESS

In a shallow‘lake such és Lake St. Clair the bottom stress has a
significant effect on the results of the hydrodynamic modelling
studies. rin the foregoing calculations the bottom stress was
formulated according to Eq. (4). Thus the bottom drag was proportion-
al to the vertically-integrated current. Computations of wind-induced
circulations show that a wind in tﬁe general direction of the setup
line Belle River-St. Clair Shores causes vertical-mean currents along
this line in the same direction as the wind (Simons and Schertzer,
1986, Fig. 16). It follows that the bottom stress defined by Eq. (4)
has the s;me sign as the wind stress and, since the bottom stress
aﬁpears with a negative sign in the equations of motion (1-2), its
effect 1is to reduce the wind stress. As a consequence, the setup
computed by the model is smaller than it would be in the absence of

bottom friction. This 1s in sharp contrast'to the familiar channel

model where the vertical-mean current vanishes, the bottom flow
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returns against the wind, the associated bottom drag has the opposite

lgign and the setup is greater than it would be in the absence of
’ ;;ttoﬁ fri;tion.

The difference between the two solutions contrasted above is due
to the fact that the bottom friction in phe two-dimensional lake model
is determined by the vertical-mean current while in the channel model
it depends on the bottom current; While the vertical-meanICurrent
along the setup line in the lake model is in the same direction as the
wind, this does not imply that the bottom current flows in that
direction. Thus, a bottom stress determined‘by bottom currents might
have a similar effect as in a channel model and heﬁce result in a
larger setup than the one computed by the original model, It is of
considerable interest to analyze this aspect of the hydrodynamic model
in more detail. This will be done by considering the balance of
forces along the setup line for different formulations of bottom
friction,

Let the model be forced by a stepfunction wind and let the
direction of forcing be such that the setup between Belle River and
St. Clair Shores is maximized. From experiments with the model it is
foﬁnd that this direction 1is 7 degrees counterclockwise from the
orientation of the setup line (see Fig. 1) which is 42 degrees
;ounterclockwise from North. The setup induced by a wind stress of
0.1 N/m? as computed by the presenf model is‘shown by the dashed curve
in the upper part of Fig. 4. It is seen that the response of the lake

to a sudden wind impulse is hardly affected by free surface

1 1
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oscillations. Instead, the lake settles down rapidly to a steady
__Eitate due to the large frictibnal damping associated with the shallow
water depth. Since actual winds change much more slowly than a
stepfunction forcing, it may be assumed that Lake St. Clair is usually

in quasi-steady balance with the wind.
When the model is run to steady state the equation of motion .

along the setup line may be written

oh T T
gu_=ﬁ-_'2-fvn (9)

dg p p

where ¢ measures the distance along ghe setup line from Bélle River to
St. Clair Shores and V, is the componeht of the wvertically-
integrated current normal to the setup line turned clockwise from the
component along the 1line, Vo Integration along the line gives the
contributions from the various terms to the total setup. Evaluating
the various terms from the solution of the hydrodynamic model for a
wind stress in the direction which maximizes the setup and noting that
all terms in a linear model are proportional to the wind stress gives

“the following result for the case of bottom drag given by Eq. (4).

v dg 7, ,d2
8 = so4 LI | P = 069 T,
pgH pgH
£V dg (10)
f = ,001 1'8 Ah = .434 TS

gH
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where all coefficients have units of m? g2 kg‘l since the stress has

1

s‘z.

QQits of N/m?=kg m~
- Since the windstress is uniform, the first term of (10) 1is
proportional to the cross-sectional average of the inverse of the
dépth shown in the lower half of Fig. 4. With the total distance
being just under 24 km, this inyerse depth averages out to (4.8 m)~1,
~The bottom friction has a value of 142 of the wind stress and it has
the same sign, thus reducing the setup. The Coriolis effect
contributes little to the balance of forces along the setup line.

Now sﬁppoSe that - the bo;tom stress were formulated in accordance
with Ekman theory for steady-state currents. A steady-state model
with this type of bottom friction was used by Simons and Schertzer
(1986) and was found to produce adequate simulations of measured
currents in Lake St. Clair. The various terms in the balance of
forces (9) may be computed for this model under the same wind forcing
as above. With the assumption of no bottom slip and a vertical eddy

viscosity of 2 x 103 m2/s, the result is

T_,dg

T, de
8L = so4r - [P =178,
s : s
pgH pgH
£V do (11)
/ = ,001 T, Ah = ,681 T,

gH

This result is only slightly affected by the value of the eddy
viscosity. For example, if the eddy viscosity is reduced by one half,

the bottom stress decreases by only 2%.
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To explain the results of the steady-state Ekman model it 1is
helpful to take the Ekman solutions to the limit of wvery shallow

water. With the assumption of no bottom slip, the vertically-

integrated curtent becomes (see, e.g. Simons, 1980, p. 38)

3
gh® 1 1 1 3h-
v, = (5%t __ ) : (12)
v 2 pgH 3 3L

where v is the eddy viscosity: According to (li) the surface slope
exceeds the wind stress term by a factor of .681/.504 = 1.35 when
averaged over the setup line. Since this ratio is less than 3/2 = 1.5
the vertically-integrated current (12) is positive as found in Fig. 16
of Simons and Schertzer (1986). However, the bottom drag in the case

of very shallow water (equivalent to no rotation) becomes according to

(9)

T T oh
br . st (13)

pgH  pgH 22

which is negative since the surface slope exceeds the wind stress
term. Thus, while the surface slope is too small to turn the
vertically-integrated flow against the wind, it is large enough to
turn the bottom current and hence the bottom drag against the wind.
Clearly then, the bottom stress formulation (4) would be erroneous in

this situation.
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Note also that the 1limit solution for shallow water (12-13)
: efplgins why the balance of forces (11) is almost independent of the
“value( of the eddy viscosity. As seen from (12), the current 1is
inversely proportional to the eddy viscosity but the bottom stress and
the setup are independent of the eddy viscosity according to (13).
Platzman (1963) has suggested an approximate solption of the
timeerpendent Ekman problem which leads to the same model equations
(1-2) but with a different equation for the bottom stress. In the

limit of very shallow water depth the bottom stress in the equation

along the setup line becomes (Simons, 1980, p. 39).

T 2.5v 1« gH 3h
L __Vl-_..s_l-_._ (14)
) 12 & o 6 a2

Note that in the steady state V, is given by (12) and hence .(14)
reduces to (13) as it should. When compared with the bottom stress

formulation (4)

5 x 10°3%

T
by . . Vl (15)
p n? -

it follows that the drag formulation (4) or (15) may be viewed as a

- partial Platzman formulation with an eddy viscosity of 2 x 1073 m2/s.
For comparison with the results of the original time-dependent .

hodel, computations were made with the complete Platzman formulation

of the bottom drag (14). The response of this model to a step
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function wind is illustrated in the upper half of Fig. 4 for values of
the eddy viscosity equal to 2 x 1003 m2/s and 1 x 1073 m2/s. When run

to steady state the balance of forces along the setup line is

T ,dg 1. ,d¢% :
f 2= 504 1 [ 22 - s T,
pgH pgH
v as _ (16)
I = .001 1 ph = .654 1
g“ ] S

This agrees closely with the result of the steady-state Ekman model
(11) but it is slightly different because the latter was not taken to
the limit of very shallow water.

It should be emphasi;ed that the steady-state model fesult (11)
and the time-dependent model result (16) were both obtained under the
assumption of no bottom slip and constant eddy viscosity. It is known
that this mathematically-convenient Ekman model 1is physically
unrealistic and that, instead, allowance must be made for bottom slip
and variable eddy viscosity. The effects of such modifications is to
rediucé the bottom stress substantially and; hence, the results
obtained from the above Ekman model are to be regarded as rather
extreme estimates of the bottom stress. For literature references to
generalized Ekﬁan solutions and an application to Lake St. Clair, the
reader may refer to Simons (1986).

What are the implications of the above results? By compéring
Eqs. (10) and (16), it follows that, for a given wind stress, the

setup computed by a hydrodynamic model may wvary by as much as 50%
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depending on the formulafibh‘of the bottom stress. From a practical

viewpoint, this 1is somewhat irrelevant. Since the wind drag
-c;efficient is essentially determined by an empirical fit of the model
output to measured values of the setup; the model results (16) become
the same #s the earlier results (10) 1if tﬁe drag coefficient is
reduced from the earlier value of 1.8 x 103 to a new value of
1.2 x’10°3. From a physical viewpoint, however, the difference is
highly significant. The low drag coefficient is not inconsistent with
other, independent, estimates. = However, the higher value would
suggest a mech;nism like the effect of a limited fetch on wave-induced
drag (Donelan, 1982). Unfortunately, present-day understanding of
bottom friction appears goo uncertain to draw Any definite conclusions
in this regard from experiments with hydrodynamic models of shallow .

lakes with high bottom friction.
6. EMPIRICAL SETUP MODELS

In the foregoing, a time-dependent hydrodynamic model was used to
compute the setup between Belle River and St. Clair Shores and results
at hourly intervals were compared with corresponding values of the
measured setup. The results of this model verification were found to

be quite satisfactory (Table 2, Fig. 2). However, an analysis of

" model response to wind showed that free surface oscillations in Lake

St. Clair are strongly damped (Fig. 4) and it was concluded that Lake
St. Clair may usdally be in quasi-steady balance with the wind

forcing. If this is the case, then it would be obviously preferable
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to search for a direct empirical relationship between the setup and
ghe'wind, thus by-passing thg hydrodynamic model altogether. This
'vas, of course, the common proéedure before comnuter§ became generally
available. Now that the results from a hydrodynamic ‘model are
available for the setup under consideration, it appears of interest to
compare these with simple empirical relationships.

One of the results of the hydrodynamic modelling experiments may

be used to simplify the empirical model. In general, the setup should

be related to two perpendicular. componéents of the wind stress.

However, it was noted-above that, according to the hydrodynamic model,
the setup between Belle River and St., Clair Shores was maximized if
thé wind stress was oriented 42 degrées counterclockwise from North.
Conversely, the computed setup would vanish for winds blowing normal
to this direction. Therefore, the empirical model should relate the
seﬁup between Belle River and St. Clair Shores to the component of the

wind stress in the direction 42 degrees counterclockwise from North.

Since the wind stress itself is related to the wind by an

empirical coefficient, it is advantageous to relate the setup directly
to the wind instead of the wind stress. Assuming that the forcing by
the wind is proportional to the square of the wind speed, the setup

must be related to

t2 = W2 cos (42 + q) n

where W is the wind speed in m/s and q the direction from which the

wind is blowing reckoned clockwise from North.

11
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As a first test of the hypothesis that the setup is usually in

quasi-steady balance with the wind, hourly values of the setup

computed by the time-dependent model were regressed against
hourly-mean values of the component of the wind squared given by

(17). The slope of the geometric-mean regression line was

Ah = 9.6x 107" ti (18)

with a correlation coefficient of .99 for the entire period from June
to November 1985, 'Tﬂis may be compared with the setup (10) obtained
when the model is run to steady state. Using the expression (7) for
the wind stress with Cp = 1.8 x 10-3 and p; = 1.2 kg/m3 (averaged

over the season), Eq. (10) is equivalent to

A = 9.4 x 107" t, - (19)

which compares very well with (18). Consequently, hourly values of
the setup computed by the hydrbdynamic model are essentially& in
steady=-state balance with the preceding hourly-mean values of the
wind,

In order to obtain the .best estimate of the empirical
relationship between the setup and the component of the wind squared
(17), hourly values of the measured setup were regressed against
hourly-mean winds for the same classes of wind direction‘and stability

used to verify the hydrodynamic model (Table 2, Fig. 2). The results

are presented in Table 4 and Fig. 5. The correlation coefficients for

L
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the empirical model are seen to be essentially the same as for the
'pjﬁfodynamic model. The slope of the geometric-mean regression line

gives the following approximate setup relationship
ah = 9x 107% W2 cos (42 + o) (20)

where g is the wind direction, W is the wind speed (m/s), ah is the
setup (m) and hence the coefficient has units of (s2/m). As noted
earlier, the empirical model (20) is completely independent of any
assumptions regarding -the wind drag coefficient or bottom frictiqn.
Considering the simplicity of this empirical formula, it is remarkable
that its accuracy is comparable to that of the two-dimensional
hydrodynamic model.

The foregoing analysis was concerned with the setup betwéen Belle
River and St. Clair Shores and does not produce an empirical formula
for the actual water levels in individual stations. The hydrodynamic
model does compute wind-induced water level changes in individual
stations but it is difficult to obtain observed values for
verification because the spatially-mean lake level cannot be
determined from the present observations. However, an empirical model
for wind-induced water level changes in Belle River was derived by
Budgell and El-Shaarawi (1979). This may be compared with results
from the present hydrodynamic model.

While the setup between Belle River and St. Clair Shores reaches
a maximum for a wind direction 42 degrees counterclockwise from North,

the wind-induced changes of water level in Belle River do nmot
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necessarily reach a maximum  for the same wind direction. The
_qﬁasi-steady solution of the hydrodynamic model with bottom stress (4)

gives for the location of Bélle River

h o= .33 |Ts| cos (a - 8) (21)

2 g2 kg'l, 1s 1s ‘the wind stress

whefe the coefficient has unitsbof m
(N/mz.= kg m~1 5-2) given by Eq. (7), and g is the wind direction.
From the foregoing model verification (Table 2), it was found that for
a model with bottom friction (4) the appropriate wind drag coefficient

was 1.8 x 1073, With a seasonally-averaged value of p; = 1.2 kg/m3

Eq. (21) then becomes
h=7.1x 107" W2 cos (g - 8) (22)

Note that, unlike Eq. (21), the latter result is independent of model
parameters. If a different bottom stress had been used the
coefficient of Eq. (21) would have been greater (compare Eqs. (10) and
(16)) but the comparison with observations would have resulted in a
corresponding reduction in the wind drag.coefficient such that the
coefficient in Eq. (22) would remain the same. Apparently, the
maximum water level occurs when the wind direction is a few degrees
clockwise from North.

The empirical model of Budgell and El-Shaarawi (1979) predicts
the curtent water levei from the previous three hourly water levels

and the current and five previous hourly values of the wind stress.
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The water level history may be eliminated to arrive at a formula for

the current water level in terms of the wind history alome. In this

'seriés the coefficients of ihe first two terms are an order of
magnitude gfeater than the remaining ones. This means that the water
level is determined by_the current wind and the wind one hour earlier,
which is consistent with the results from the hydrodynamic model. The
quasi-steady empirical model response corresponding to slowly-varying

winds becomes

h = .59 'rs| cos (a + 13) (23)

Using the wind drag coefficient employed by Budgell and El-Shaarawi

for neutral conditions, one obtains
h=7.1x%x10"% (1 +.1W W2cos (q+ 13) : - (24)

Comparing Eq. (24) with Eq. (22), one finds that the wind
direction which causes maximum water levels in the empirical model is
about 20 degrees counterclockwise from the one found by the
hydrodynamic model. Since large water levels occur for small values
of‘q, the difference is. about 7% for most practical purposes. The

magnitude of the wind-induced water 1level change in the empirical

model is about twice as large as the model result for wind speeds -

around 10 m/s. This is most likely due to the fact that the empifical

model used Windsor Airport winds while the hydrodynamical model

employed over-water winds. If this is taken into account, the results
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from the hydrodynamical model and the empirical model of Budgell and

El-Shaarawi (1979) are not inconsistent.

With regard to economy of computation, it should be recalled that

_ the hydrodynamic',model results for the present type of study are

readily obtained by the impulse response method. As explained before,
this means that the water level changes at a given location aré
obtained from a weighted sum of past wind observations rather than
time-integration of the complete two-dimensional model. In essence,
therefore, there is no distinction between this type of calculation
and an empirical model except that the coeffigients of the series are
determined in a different way. In addition, a hydrodynamic model has
the advantage that, once verified for selected locations, it can

provide information for any other site.
7. SUMMARY ARD CONCLUSIONS

On the basis of watér level measurements at Belle River and St.
Clair Shores from 1 June to 30 November 1985, it was found that a
two-dimensional hydrodynamic model of Lake St, Clair produces adequate
simulations of wind-induced changes of water levels, The model was
verified by correlating hourly valugs of computed and measured setup
between Belle River and St. Clair Shores for wind difections within
45° either side of the setup line. A correlation coefficient of 0.92
was obtained for 1753 hourly values satisfying this criterion.

Analysis of the results by stabilify and wind speed classes did not
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show a dependence of the wind stress coefficient on stability but

confirmed a tendency of the coefficient to increase with wind speed.

-

An inYestigation of botgom stress effects suggested that ‘the
setup compufed by a hydrodynamic model for a giveg wind stress may
vary by as much as 507 depending on the formulation of the bottom
stress., It was noted that the wind drag coefficient in the wmodel is
usually determined by an empirical fit of the model output to
observations oﬁce the bottom stress formulation has been decided on.
Hence the estimdted wind drag coefficient varies strongly with the
type of bottom stress used in the model. While fhis has considerable
scientific implications, the practical consequences are probably
insignificant., Still, it is importanﬁ to realize that the performance
of hydrodynamic models is ultimately determined by empirical
relationships.

In view of the dependence of hydrodynamic models on empirical
formulations, it was investigated if the results were superior to
those obtained from direct empirical relationships between the setup
and the wind, thus by-passing the hydrodynamic model altogether. It
was found that a regression of hourly values of the measured setup
against winds averaged over the preceding hour resulted in the same
correlation coefficients' as found for - the hydrodynamic model.
Considering the simplicity of the empifical model, it may be
preferable over a hydrodynamic model in the case of Lake St. Clair.

It was pointed out, however, that a hydrodynamic model calculation for
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a given location can be formulated as a relatively simple summation of

weighted wind measurements. In practice, therefore, there is no

esgsential difference between the two model calculations but an
empirical model requires an adequate historical data base for the site
of interest while a hydrodynamic model can provide information for any

location.
REFERENCES

Budgell, W.P. and A.,ﬁl-Shaarawi, 1979: Time series modelling of storm
surges in a medium-sized lake. Predictability and Modelling in
Ocean Hydrodynamics, J.C.J. Nihoul, Ed., Elsevier Oceanogr. Ser,
25, 197-218.

Donelan, M.A., 1982: The dependence of the aerodynamic drag
coefficient on wave parameters. First Conf. Meteorol. and
Air-Sea Interaction of the Coastal Zonme. The Hague.

Donelan, M.A., K.N. Birch, and D.C. Beeslev, 1974: Generalized

profiles of wind speed, temperature and humidity. Internat.

Assoc. Great quggABgs., Conf. Proc. 17, 369-388.

Platzman, G.W., 1963: The dynamié prediction of wind tides on Lake
Erie. Meteorol._Mggogr. ﬁizél, 44 pp.

Schwab, D.J., 1978: Simulation and forecasciné of Lake Erie storm

surges. Mon. Wea. Rev. 106, 1476-1487.

Schwab, D.J., 1983: Numerical simulation of low-frequency current

fluctuations in Lake Michigan. J. Phys. Oceanogr. 13, 2213-2224,




- 30 ~

Simons, T.J., 1975: Effective wind stress over the Great Lakes derived

<~ from long=term numerical model simulat ions. Atmosphere, 13,
169-179.

Simons, T.J., 1980: CifCulatibn modéls of lakes and inland seas.

Can. Bull, Fish. Aquat. Sci. 203, 146 pp.

Simons, T.J., 1985: Reliability of circulation models. J. Phys.

pcgapggff ié, 1191~1204.

Simons, T.J. and W.M. Schertzer, 1986: Hydrodynamic models of Lake
St. Clair. NWRI Contribution #86-10.

Simons, T.J., 1986: Effects of bottom slip and variable eddy viscosity

in hydrodynamic models of Lake St. Clair. NWRI Contribution.



TABLE ]. Wind observations on Lake St. Clair in 1985

Station Mooring Latitude Period of Period of

Number Number Longitude Observation Missing Data
M1 1 42,28.45N 22 May 15:50 16 Jun 04:40

: 82.48.18W 2 Dec 19:40 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
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TABLE 3: Ratio 6f'observed to cqmputed setup for different wind speed classes

» | i
N -a

Speed . _ _ _ :
Class (m/s) 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9=10 >10

N4 Winds

Equiv. drag coef. (10-3)

Wind {310°-340° =3.35 2.09 1.31 1.24 1.19 1.67 1.39 1.60 1.62 1.49 -
Dir. 4295°-355° 4.32 .61 1.37 1.44 1.33 1,53 1.37 1.62 1.62 1.76 2.20
280°-10° -2.56 .97 1.03 1.58 1.44 1,60 1.48 1.76 1.62 1.71 2.12

Number of Hours

Wind [310°-340° 8 19 30 24 37 31 30 28 11 3 0
Dir. 4295°-355° - 14 . 46 54 59 81 70 55 53 26 9 10
| 280°-10° 21 62 8 95 126 108 91 76 43 18 22

Direction 280°-10°

Wind Speed (m/s) .7 1.6 2.5 3.4 4.5 5.5 6.5 7.5 8.5 9.4 11.0

Obs. Setup (cm) 1 -1 -3 -9 -1.5 -2.3 -3.0 -4.8 =5.6 =-6.9 -11.0

Comp. Setup (cm) -.1 -2 -6 -1,0 =-1,9 -2.6 -3.7 =4.9 =6.2 -7.3 =9.3
| SE Winds

equiv. drag coef. (1073) -

Dir. {115°-175° 3.06 3.49 2.83 2.14 1,53 1.57 1,40 1.55 1.85 1.66 1.76

Wind [130°-160° 5.57 3.76 2.07 2.57 1.46 1.46 1.39 1,42 1.87 1.76 2.05
100°-190° 3.28 2.70 2.66 2.29 1.55 1.57 1.58 1.60 1.75 1.55  1.71

Number of Hours

Wind [130°~160° 9 25 51 42 59 50 33 21 5 5 2
Dir. 4115°-175° 20 58 112 83 124 116 59 29 12 12 14
100°-190° 25 93 169 128 192 . 178 103 39 24 27 25

Direction 100°-190°

Wind Speed (m/s) .7 1.6 2.5 3.5 4.5 5.5 6.5 7.4 8.5 9.5 10.8
Obs. Setup (cm) .3 A .8 1.3 1.5 2.1 3.0 4.3 5.9 6.5 9.6
Comp. Setup (cm) .2 .2 5 1.0 1.8 2.4 3.4 4.8 6.0 7.6 10.1
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FIGURE LEGENDS

Figure 1:

Figure 2:

Figure 3:

Figure &4

Figure 5

W N
AT S

Hydrodynamic model grid of Lake St. Clair with locations of

meteorological buoys (M1-3) and water level stations (L1-2).

Observed versus computed setup Belle River -St. Clair Shores
for class of wind directions within 30° of setup line and
for different stability classes defined by Eq. (8).

Ratio of observed to computed setup Belle River - St. Clair
Shores for different classes of wind direction and wind
speed. |

Top: setup Belle River = St. Clair Shores computed by models
with different bottom stress formulations (dashed = Eq. (4),
solid and dash-dot = Eq. (14)).

Bottom: depth profile of cross-section of Lake St. Clair
between Belle River and St. Clair Shores.

Same as Figure 2 but for empirical setup model.
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