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. _ .. ABSTRACT ,

A

The principal objectives of this study were to investigate .
the applicability of.six different wind set-up theories and
the effect of wind, fetch and depth in predicting wind set-ups
on Lake St. Clair. X wind set-up is defined as the rise of
water level from the “normal” at the leeward shore and a.lowering
of the lev€l on the windward shore by horizontal shear stresses
exerted by wind. Hypotheses were formulated relating wind
Set-up to wind speed, fetch distance and water depth. Water
level data were analyzed, for the.period 1963-1972, for St.
Clair Shores, Michigan and Belle River, Ontario. Wind speed
and direction data were obtained from the Windsor Airport for

- the calculations of wind stress and fetch. The hypotheses
- were tested by-using regression-correlation analysis.

] Wind speed, fetch distance, and water depth explained a
significant*pr0port;pn of the observed wind set-up magnitudes..
Although empirical .in approach, the regression models developed

. in this study (using wind, fetch and depth) were just as.
adequate in predicting wind set-ups as standard theories, which
require much ‘more additional information -'such as atmospheric

. stability, air pressure oscillations, vegetation (marsh) effects,
and shape factors of the 1lake. : L

Even though the regression models and standard theories
.adequately predicted windiset-ups, there is still a need to
'« - considerably i ove the prediction. This study concludes

&'5258 with recommendations for further analysis. . \\\x
v ) . . 9
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CHAPTER ONE ~ =
\ . ‘ INTRODUCTION

In shallow lakes the neglect of wind setiﬁmkin'engineeriné\\

studies may prove disastrou8. Such changes in lake levels may

© sometimes affegf human safety, design and operation of dams,

existence of fetties and breakwalls, water intakes, navigation,
and cause extensive flooding a# observed in 1972-1973. To overcome
these%problems it is necessary to forecast wind set-up. The

magnitude of these changes and the height of waves 7g._rhich can be

expected along the shores will govern the degree of protection

- required for a particular structure or project. This study will

investigate the wind Set-ups on Lake St. Clair. -

The five Great Lakes - Superior, Michigan, Huron, Erie and
Ontario with their connecting rivers and Lake St. Clair, have a
water surface area of about 95,000 square miles.1 The total land
and water area of the Great Lakes Basin is approximately 295,000
square miles. The average depth of the entire area of the Great
Lakes is 302 feet. If the Great Lakes were at their low water
datum’ 1evels and then rose to their highest stages, th; increase
of water volu@e in the lakes would be about 1.3 percent of the
tetal. The Great Lakes: system comprises a chain of lakes connecting
channels,‘the excess waters from one "lake being discharged through
1ts connecting channel into the lake downstream. The uppermost
lake in the chain, Lake Superior, is connected to Lake Huron by
the St. Marys River. The Straits of Mackinac connect Lake Michigan

and Lake Huron. The outlet of Lake Hur&n is the St. Clair River

—~—~

1 All figures relating to the Great Lakes have been taken from,
United States Corps of Engineers, Water Levels of the Great

Lakes, Report on Lake. Regulatioq, Hydraulic and Hydrology,
May, 1965. R
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which extends from the southern end of lLake Huron to Lake St.
Clair, which in turn discharges into Lake Erie through the Detroit‘
River. From Lake Huron-to Lake St. Clair the difference in elevation
'is about five feet and from Lake St. Cldir to Lake Erie it is
about three feet. Lake Erie discharges through its eastern end’
into Lake Ontario which then discharges into'the St. Lawrence River,_
The level of each of the Great Lakes depends upon the balance
‘between the quantities of water ‘being received by the lake and the
quantities of Eftzr\hging removed from the lake. These changes
in levels are taking place continually with the natural variations in
hydrolegic factors, such as precipitation, runoff, evaporation,
inflow and outflow. |
The factors affacting lake level variations can be classgified
.as, (1) long-period variations, those with general trends upwards
[+ downwards extending over several years; (2)'seasonal.variations,
representing an annually recurring cycle and; (3) short-period
variations, lasting from several minutes to a day or two.
Long-period variations are associated with dccumulative .. .
, depatures from normal in the natural‘hydrologrc factors.
Seasonal wariations of high and low levels in summer and winter
are also associated with the natural hydrologic factors. Short
period variations such as daily and hourly level flyctations may -
vary from a few inches to several feat.depending on the lake and
the weather‘conditions.‘ These fluctuations are considered to be
independent of the volume of water in the lake.

The term wind set-up has been applied to patterns of water °
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level fluctuations when they are caused by. winds blowing over the lak
or by abrupt deviations in barometric pressure. Durind\such a
.wind set-up, the level of one area of the lake is raised_while the -
level of another area is lowered. For example, the effect:of wind
in _causing such ardisturbance is to drive the surface water

forward in greater vplume\than that carried by the lower return
currentsT thus raising the water level at the shore toward which -
the wind is blowing-and 1owering it at the opposite shore. Such
effects are:most pronounced in shallow lakes such as Lake St. - J
Clair and in elongated lakes like Lake Erie.

The determination‘of the wind set-up which can be expectedu
to occur under various climatic conditions is dependent on an
accurate evaluation of the characteristics ot the water body‘
and the forces exerted'by the wind.

The theories for computing the wind set—up stem from the basic
differential equation of a change in water surface slope with
distance. Recent advances in these theoriesl have pProved that functa
ional relationships exist between the wind set-up and the wind,\
fetch and depth. Wingd Sset-up models and their computational ’
techniques as discussed by various authors havevbeen found to L&
vield results quite close to those observed in'nature. _

Since prediction methods dre becoming more complicated in

their formulation and more restrictive in their areas of app%ication

the principal objectives of this study are to examine, (1) the

1 P. F. Hanblin and W. P. Budgell, Wind Induced Water Level

Changes on the South-Eastern Shore of Lake St. Clair, CCiw,
Canada, June, 1973. :
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extent to which 8ix dlfferent theories pertaining to wind set-up,
are applicable to Lake St. Clair and (2) the effect of wind, fetch
and depth in predlctiyg the‘set-up. The effect of the\presence

of ice on the lake is also considered\in th%s study.

#

Pl e W

hLY



- - ¢, 4 CHAPTER TWO

REVIEW OF LITERATURE
. = y
" The phenomena of. seichesqend wind set-up have heen
extensively investigated, and certain theories regarding their
prediction -have been developéd. Before these theories are ’
.'oEiscussed, definitions'are needed. If the wind, which causes
“a set-up. dies down quickly or changes direction an oscillatory
motion takes place with alternate highcand 1ow levels being*ﬁ*
observed a@%@ﬁ%&?ends ef_the lake, with a periediéityﬁeharacteristic
of the dimensions of the water body. This oscillatioe.is called
@ seiche. Figure 1 shows the seiche pattern during the November, °
;1972 sform on Lake Erie. The occurence of a seiche appears to
be a function not only of depth and length of fetch, but also,
of the bottom characteristics of the lake. The wave length of
the fuﬁdémental seiche, which has the greatest amplitude, is
usually twice the length of the water body. The ;eiche period
can be calculated from the following expression, which is. *?
derived by solutioh of fundamental differential equations for

-

water moveme@?s in a lake in which vertical acceleration,
frictional forces and geostrophic forces are not taken into
account (Hutchinson, 1957): )

y T =21//lgd | - (eq. 1)
Where,

‘T = period in hours. /\/\

-3 -
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raiéing the level from

.

-
-

length of lake in

acceleration of gravity - 32,2

mean depth along a

feet.

given length.

ft./sec. .

wind eXerts a normal horizontal 8tress on the water,

'‘normal?

lowering the level on the windward shore.

wind set-up effect,

*to be applied by the wind.

of a wind Set-up.

-

at the leéward-shore and

This is called a

which lasts as long as the force continues

Figure 2 is @ schematic representation

{ The first accurately recorded'observa;ions that lake levels

are subject to rhgthmic Variations, gimila

to ocean tides, where made at Geneva.

scientific literature, in 1

known Swiss Engineer.l

of the G

730,

eneva end of Lake Leman, thege vari

r in.sgme respects -
This was mentioned ip the
by Fatio de Duiller, a well
Owing to the peculiar confighration

ations‘occassionally

reached a magnitude of five or six feet, and de Duiller states

that at his time,

Although Urban Hjarne (1641-1724) 6bser§ed‘

of Lake Vette;,
(1735-1784) was

nature of the phenomenon.2

Ha g,
-

1l F. Bergsten, The Seiches

Vol.8
2 1Ibid.

<1926, pp.1-73.

the first Swedish Scientis

of Lake ‘Vetter,

e

they were known by the local name of '‘seiches. !

the periodic changes-

it is generally accgpted that Torbern Bergmen
t who examined the

Geografiska Annaler,
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Scofa Magaciné réﬁorted the lake level distorbancos of &
several lakes in Scotland caused by the great earthquakes at
Lisbon on November lat, 1755.1 )

‘ H. B. Saussure.- (1779) related the phenomenon to the sharp
and local variations in tﬁg pressure of the atmOSphare.

The modern mathematica of wave motion is said to date
back from works done by Laplace (1776) who arrived at an expression
for ‘the velocity of wave Propagation. Lagrange (1781) , -Poisson
(1815) and Merian (1828) also dealt effectively with the problem
_of: stationary waves.3
The first extensive studies are those of J. p. E.,Vaucher
| and Porel (who)yas known as the Faraday of seiches). Vauchon ¥
(1833) mentiona that seiches were of atmoapheric origin and
cpuld occur at all seascns" of the year or at any hour of the /?
day, and that the maximum amplitude does not exceed five feet
and the maximum period twenty minutes. F | who worked with a -
self regiatering limnograph installed at the’ harbour of Horges
on the Lake of Geneva in 1869, concluded that uoiches were

uninodal (one noda). stationary vibrations of lake water. They

{

l G. Crystal. On téL Rydrodynamical Theory of Seiches,
Transc. Royal Soc. Edin., Vol.41, Part I1I, No.25, 190sS,
PP.599-649. '

2 E. A. Perkins, The Seiche in America, Amarican Met. Journal,
V0l.10, No.6, October, 1893, 'pp.251-263.

.3 G. Crystal, On the Hydrodynamical Theory of Seiches,

" Transc. Roy. Soc. Edin., Vol.41, Part III, No.25, 19505,
PP-599-649.

I
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appeaf inhe form of waves, which alternatively raise and
depress the water of the lake on each side of the nodal line
of oscillationf‘ There is no change in the nodal line. It
reaches its maximum at ihe two extremities of the longitudinal
diamater. They oscillate along the princiﬂh}direction of the
lake, i.e. longitudinal and traverse.l

Crystal (1905) mentions that during the next twenty
Years a large number of enthusiastic observers followed the
lead given by Forel and that fifteen-hour seiches were
abserved by Henry (1900) on Lake Erie {396 km. long) and -
others as'small as fourteen ae;onds were observed by Endros
(1903) in a &mall pond whose length was only 111 metres. Crystal
(1905) stated that a séiche differs from an ocean tide. He
termed the enormous oscillations on Lake Erie ls forced seiches.

The hydrodynamics of wind aet-ups hpﬁa been inve;;igated
tﬁhoretically by numagggg authors and the theorios are based
on a fundamental wind set-up equation which can be vghtten as
the differential of the change in water surface slope with diatance
(see equation 2). Considering the problem as a two-dinensional
motion based on the assumptions laid down by Exman (1905) and
Lamb (1945) that the extraneous forces be noglected, the equations
of motion of a viscous fluid, as derived by Hunt (1959), is of
the type,

T, N, N1, ]

> & " rax*r

=,

1 G. Crystal, On the Hydrodynamical Theory of Seiches,
Transac.” Roy. Soc. Edin., Vol.‘i. Part III, No.25, 1905,
Pp- 599-649.

RS
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Where, the differential changes are over time, distance and
height and p = specific weight of water and 7 = shoar stress.
Several theories are discusged in Appendix A which are used in
this study for the pre&1Ct;on of wind set-up.

Hunt (1959) integrated equation (2) with respect to the .
depth of the lake and deduced a much simpler equation. He
neglected the horizontal variation of momentum and the atmospheric
pressure gradient. The equation for the surface displacement
of water from an initially undisturbed level is expressed as:

dh . Ty ¢+ T dh o< T .

ax 7357555?_ or o FETE:ﬁT {eq. 3) .
where, )

h = the surface diaplufcment above or below the
undisturbed lavel.
D = depth. 4

Tp = frictional stress at the bottom caused by the

gradient current gdie to the inclination of the
water surface.

75 = surface shear stress that the wind exerts upon

the water.
P9 = Bpecific wefght of water.

<o ITg *7h an average value of 1.04 cm. is used
Ts ., ‘wherever the depth of water is greater
than 10 feet._
. \ ' .

All equations include wind, fetch and depth but are
different due to the site and water body analyzed.

The depth of a lake is defined as the distance from the
surface of thao ﬁater to the lake bed. In lakes of varying

N

depth an integration procedure is used in which the -lake is -

1

! Undisturbed or ‘cala’ level of the lake is defined as the
elevation of the lake if no external forces are acting on ¢,
+This 18 obtained by graphing the daily mean elevation.
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divided into a number of segments and the mean depth is calculated.
Fetch is the horizontal distance along the wind 5trepmlines
across the lake for which the set-up i3 being determined.
Surface shoar 18 a function of the velocity, temperature,
density, stability and turbulence of the air. Bottom shear is
affected by the tamperaturae, viacosity, depth and turbulence
of gho water as well as bottom‘roughnesa.l A number of invest-
igators, wWust, Bousainonq, Montgomery, Hellstrom, Kuelegan,
Sibul and Hunt, have computgd the surface shear by analyzing
the wind profile above the water surface. The shoar stress
can be computed by using the Prandt} thoory? £ the vertical
velocity profile ina logarithmic and the wind volocities are

Known ‘at two or more elevations above the water surface.

Other Factors Af:';.'octing Set-Up:
Other minér factors which have been included in other
studies are voqotntion; atmosphoric pressure changes and shape.
Vogutationx |
If the set-up occurs over a marshy area theore may bo a
dazpening effect on the sot-up, reducing the total "set-up due
to increased friction losses occuring as the water moves through
grasses, and due to the reduction in surface shoar botween the

“om, ‘
vater and the wind for those times when thn,ﬁrusuee protrude gbove

1 U. 5. Corps of Engineers, Waves and Wind Tides on Shallow
Lakes and Reservoirs, Lake Okeechobee, Florids, June, 1955,
L4
2 I. A. Hune, Jr., Winds, Wind Set-Ups and Seiches on Lake Erie,
U. 5. Corps of Engincars, January, 1959.

{




- 13- o

the water sﬁrfaco.

Atmospheric Pressure:

When a storm passes over a body of water the reduction
in atmospheric preassure noar the center of the atorm causes

the water levels to rise. This factor is considered in computing

L]

sot-up when the avegrage pressure over the lake varies considorably.

Shape:

The shape can be described by using a fcw-baaic parameters -
area, perimeter, length of longest axia"aﬁd the radius of the
smallest circumscribing circle and the largcst inscribing circle.
Whon the two-dimensional geomotric center &f gravity of a lake
is not the midpoint of the fotch, a plunform factor! is usad. ¢
For triangular iakes. the factor varies from 0.67 when the

ot-up is occuring along a side of a triangle to 1.33 when the

net-up occurs at an apox.

Hypothosia:
It is obvious from the literature review and presentation
£ the theory of wind set-ups that three aajor factors which
control tha set-up on any water body are (1) wind spoed,
(2) fetch and (3) depth. In this study these three factors are
analyzed and consideged to be the mogt significant factors for

Lake St. Clair. Furthermore, Q sizple multiple regression

1 U. 5. Corps of Engineers (1955) study on Lake Okeechobee suggest

that 1f the shorelines form an approximate trapezoid, the
planform factor can be obtained from pw 2 ad
3 by +b

Whore i3 tho width of the windward shore.and b is the
vidth of the leewvard shore.

|
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equation, although empirical, may be just as sfignificant in
predicting set-ups as wind set-up theories developed in other
arecas. This hypothesis will be tested in this study. Eassentially,
the use of multiple rogression analya_is eliminates the ;1'1"
stability, vegetation, shape, and air preéuure factors. .There'fore,
if the multiple regression of just wind, fetch, and d:;)th is

found to be a‘a significant as the theories used, the hypothesis'
t}mi'\ the other factors are i_m;:ortant would be rejected.

J




CHAPTER THREE v

METHODOLOGY

Lake St. Clﬁir and Its Environs:
Lake St. Clair is nearly circular in form! with a length
- of 26 miles and breadth of 24 miles. It ha® an area of about
450 square miles? and an average gppth of 11.5 feet. Figure 3
shows an outline of the lake. The length of the coastline is
about 169 miles, a major portion of which, on the-é&gtern side, .
'%é lined with marsh, which remains under water for a major part
/gf the year. The inlet to the lake is the St. Clair River to
the northeast,aﬂd the outlet is the Detroit River to the southwest.
A narrow strip of the lake bed from the Detroit River to the St.
Clair River has been dredged for navigétion and is mucH deeper.
The. area on the northeast forming the St. Clair River delta
and coverinq Dickinson Island. Harsens Island, Walpole Island,
Sqq;nrel Island;, Ste. Anne Island. and Goose. Lake, remains
inundated with watédr.

-

Site Selection and Instrumentation:
The selection of sites was confined to the western and
southern shores of the lake because of the absence of water

level gauge stations elsewhere around the lake. On the

1 Shape explained on p.22.
+ 2 Excludes St. Clair River apd Detroit River.

- 15 -
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Canadian side there is a station -at Belle River, Ontario.

The gauge is well exposed and is a paper tape continuous water
level gauge recorder (see Appendix B). oOn the western shore,
St. Clair Shores was selected for this study (see Figure 3).
This station, which also is fairly well exposed, was located
at Grosse Pointe Yacht Club prior to 1969. |

It should be pointed out that the water level gauge at g
St. Clair Shores was located at Grosse Pointe Yacht Club
(Grosse Pointe“Shores, Michigan) prior to 1969 andg all measurements
had been made from that point until the end of 1968. From
1969 to 1972 measurements were taken from St. Qlair Shores,
Michigan. Site location maps and photographs of the site are
shown in Figures 4 and 5. )

The instrumentation at this station consists of a floaﬂy
operated Fisher Porter Digital recorder which punches the ter
level data on a paper tape. ' Two more water level gauging
8tations, one at A;gomac in the north and the other at Técuﬁseh
in the southwest are not useé in this study. The former is
located along the St. Clair River and the 1atter is slightly
inland and less representative then Belle River. The Windsor
Airport was selected as the site for wind data collection
because of its proximity to the 1ake and because it is approx-

imately equidistant to the stations analyzed .in this study.
’

~

Data USéd In.This Study:

Water level data for ten years (1963-1973) were obtained
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for the Bellg‘River Station from the Marine Sciencésfﬂirectorate

in Ottawa. The gata for the St. Clair Shores Station were

8ecured from the Lake Sﬁrvey Center in Detroit. The Windsor

procured on an hourly basis.
As a first step, wind frequency patterns for the airport
data were calculated. This was done by us;ng & Fortran complier .

and directions. Daily maximum wing Speeds were plotted_on

-~y *

" draphs {Appendix Q) and wind roseé were diagra@pd. Figure

6 shows wind roses stratifieé according to Speed f;r the totgl “
ten year period. Since ap analysf%.fax a three year périqg

for all wing Speeds has already been dofte (Hamblin and Budgell,
1973}, it was decided that all caseg where daily maximuﬁigi;d
speed.was equal to or greater than 30 miles per hour be taken for
this stugy becaﬁse the data sample of Hamblin and Budgell for

the higher wind speeds'was very small. This was also done on

which may be related more to instrument error than natura;
influences. The data-‘were furéher stratified by examining
the prevailing wing directions, northwest and sout . Aftéf
omitting the southeast quaafant due to its insignizzz::ge,'lss
cases were obéained for St. Clair Shores and 135 cases for the
station at Belle River. pays on“which tﬁe daily maximum wing

AN | f

B I
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speed poaked moreo thnn- of:co ware conaidered as ono cage,

The next step wasd to plot tho water level and wind data for

cach individual cano ovor a poriod of five d.nyu. If the day

in’ question was n, the period n-2 to n+2 Was analyzed to calculate
the actual set-up. Figure 7 ahows the method in chh thoy "
werc actually measured from tho graph. The pcak wind speed

was matched with the occurence of peak sot-up and t.ho change

in level from tha provious two day undisturbed lwul of water

¥as measured. In certain cases it waas found that there was

a2 lag period of one hour. This i3 due to .the fact that tho

sct-up pz;oducod i8 the result of the wind forces acting over -
‘certain pariod of timo and that it takes the lake a dofinite
time 1ntorva1 to fully react to the forces applied. A atudy

of the differences in times of dofinlt.o changes in tho wind

and the corresponding lake level potéunm show the lake to

have approximately a one-hour lag behind the maxirmum wind peoak

in accordance with the £1nd.1nqs of Snvillo, 1953,

Evaluation of Parametar. In The Thooretic Equations:

Aftar the data sazple had beoen selocted, thoe paramoters ”
for tho thooratical oquations wore evaluated. Shapo is one
, 02 the =ogt izportant propartics of a geographic pattern.
Chorley and Hagett {1967) aention that subjoctive catogorios -
‘circular, ‘shoostring, * ‘star-shaped’ - are coonly used in
doacTiptions of shapo, but they ocach are liaited 1.n-qooactr£cgl
Tange and show strong operator-variance in assignaant. BDunge (1962)
fUGSostod a mothod based on two theories: (1) ehae any simply




23 -~

8 . '
P =
N !
& \\u.
’
N R R L R T R T AR ¥ ooy
— - W L - c— e + EERC ) PR
~ _ e . Y TS .!
ﬁ CRTR T A EETI o.u.“lc.w{.l.f.sf\ - -
| o "
.8y - .V
“dsx BBE T ON L1 ] - be 0 . = N
in ..n..u-._.o F e -3
/ Ay N
e ‘ ‘_ -
. . ! -
it T

taseyg
LR~ ¥ Coawl ey Ll

1> 45 4 C .S
iBeip B3 oo 3G e
AN BT ATEA ] Furag

—_—
RS e

£8 *C» ¢ EF + v g

L

dN-135 ONIM Y¥npoY

FHIW¥1I3a O)

s

\
\

QISN F¥NAID0N4 (Ot Vgmv L)

ol N

%

¢




)

- 24 - /

connected nhape'Ean ba matched by a polyqén.ot any number of
8idos, whose s8ides are of equal but variable length; (2) that

1f the distances botuizgknll vertices of the polygon are swmnod
in a standard mannor therﬁ éxintuéfhst ono sot of sums that

. uniquely describe the polygon shape. Gibba (196 )‘Lsod a shape
index in dolcgiﬁinq Anarican cities. The indax olates the

area of the circle that would be generated by tho lonqunt axis,
to tho nctual 8rea, so that values of 1.00 indicate a circular
nhapo. Busnd on the above doductions the shape of Lake St. Clair
wnn calculated as shown below:

(1) wior aroa of lake includi\uq Dotroit Rivaer and St. Clair
" Rive 490 square ailes.

(2) Length of Dutroit River = 12 miles.
(1) Averago width of Dotroit River » 1/4 ::.1105.2

(4) water areca of Dotroit River = 32 x 3/4 = 24 square miles
approximately.

(5) Length of 3t. Clair River = 39 ailes.?
{6) Average widih of St. Clair River = ly mile.*

(7) Mator aroa of St. Clair AUver = 9 x L e 19.5 or 20
squareo alles approximately.

(8) Total water area of both riveras w 24 + 20 « 44 square ailes.

(9) Water aree of Lake st. SlAlr » 490 - 44 = 446 square miles
appruxizately. } '

? tatiotics used &:Acalcula’zon of shapo have been
1

b

takgn from, lanadian Mydrographic Service, Great Lakes Pilve,
-10 196‘-
2 Width of atroit River vurzes from )/8 to ) Yé xiles.
] The distance from the low:r ond of 3t. Slatr Qurt.0rye Channel,
along the South Channel to Chenal Incarte 1a ebout 1} xlles.

“ho upper channel Zrom Chenal Incarté to lako luron is about
28 =xilen.

4 Hﬂq!u’ﬂﬁ !m mp‘ L. -I. uu qu' Qﬂt‘t !bo‘:o *




(10) Length of longest axis of Lake (Figure 8) = 28.5 miles.
(11) Radius = 14.25 miles.

(12) Area of lake = r?
| 3.142 (14.29)2 |

J.142 x 202 -

638 squaro milen approximatoly.

(13) Ratio of actual area to calculated area,

i 446 . 7
' 6 -~ 79 o

'"A ratio of .70 suggests that tho shapo of the lake is fairly
circular.

The average dopth from cach astation was determined in
termo of diffaront diroctid;n by constructing bod profilas.
Tho average dopth from cach station was thon calculated froa
the different directions. Those are presented in Table 1
an; Figures 9, 10, 1l. Tho average dopth of the lako‘trom

profiles drawn in all directions from the two stations at throe
locations ip Akedd ¢ lR;RQ * AA:1Q o 11.74 foet.
The dopth chovn above van calculatod at LMD 571.7 foet. In

‘order to cocpute the dopth for ecach particular day, the
difference from tho moan dally level was added to the average
dopth. “ '
Fetch is the straight line distance over opon water in
the direction of the wind. Saville (1962), Kcllendon (1962)

and Cochran (1962) noted that according to axisting relationships,
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Tnb{g 1

Average bDepths
(1) Delle River

(2) St. Clair Shores at Grosse Pte. Yacht Club
(3) St. Clair Shores at St. Clair Shores

mm Averago Dopth In Foet

(1) (2) (3)
WNW/ESE "~ 8.80 14.3 15.4
NW/SE . 11.70 13.5 13.6
NM/SSE R 13.90 10.9 11.4
NE/SW 12.10 9.1 6.7
ENENAGH | 11.75 12.5 11.6
NNE/SSW 12. 30 10.7 9.9
N/ 13.00 |
E/M 14.3 9.6
For all

irections 11.93 12.2 11.1
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wind velocities over short fetches, at angles from 30° tc 45°
to the longer fetches, produced higher waves than could.be
expected over the short fetch. These considerations led them
to the development of a method for computing effective fetch
lengths Their method was based on the concept that the width
pf a fetch in reservoireﬁﬁprmally Places a definite restriction
on the length of the effective fetch; the less the width-to-
length ratio, the shorter the effective fetch. This procedure
assumes that the effectiveness of any segment in the f%tchris
indicated by the ratio of the actual length of the segment to
the expected length in a fetch cf unrestricted width. This
ratio is the same as that of the projection of these lengths
on’the central radial. It alsc assumed that the effectiveness
Aof the wind in generating waves is propofﬁicnal to the cosine
of the engle from ﬁhe average wind direction. The total effect-
iveness of each fetch segment is proportional to the product of
these two values. Total effectiveness of the entire fetch

is considered as the sum of these products divided by the sum
of the cosines.

.Fifteen radials were drawn at intervals of 6° from
Anchorville, as shown in Figure 12. The radials were oriented
80 that the vertex of all radials was located at the above
station with4he central raidal in the direction of the wind.
These fifteen radials cover a sector of 42° .on each side of

the central radial. Each radial is extended so that it runs

-
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FIG.12
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the full 1ength of the water body. 'For Lake St.’ Clair; effective

fetch length was considered for Belle élver only'%MEn the winds
' were from the, south. In accordance with the foregoing assumptions,
method for computing the effegtive fetch is developed as
shown by Saville (1962). McClendon tigga) and COChran (1962) .
The following steps describe the measurement of the effective
fetch, as shown in Figure 12.
- ® (1) The efféctive length of each of the fifteen radials
was tabulated. Effective length is represented for each
radial by the component of its length measured in direction
parallel to the central radial (xi). | F

(2) The effective length of each radial was multiplied "
by"the'cosine of the angle'betheen the central radial and the “*
radial under considergtion (%; cose<).

(3} The fifteen produgtsrwere totaled (209.01 units).

(4) This sum was divided by the sum of the cosines (14.88
units). ;
. (5) The resulting quotient was then converted to obtain
the effective fetch length (14.13 miles, see Table 2)..

Fetch distances were measured from the map in a)l generating
directions for both the‘stations. These arqr;;;B in Table 2.
| Another important factor which influences the set-up is
the water surface shear stress exerted by the wind on the water
surface, and the bottom shear stress which is caused by flowing
water with wind blowing over its surface.
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Al

" Saville (1952) expresscd surface shear as a function of

¢

the wind velocity:

Ty ™ Kfuxvqb " . loq. 4)

where, -
+ K= a numarical constant .0031

rew= air density

. 'V = wind velocity. ,

He then substitutod_tho surface shear stross term in his oquation:

2 . .
, Kn pa V°F .
7_5 - pgD . («[- . 5)
where n = a coefficient défined as n = ;ﬁ + 1, whore 7; is tha
]

shear stress along the bottom.'_zhis coofficiunt_uaa considared

to have a value of 1.5 fﬁr laminar flow. .
w1ﬁd velbcity used in this equation is wind over the lake.

The problém of defining over-lake wind from land sites has

been investigated by various authors. Richards, Dragert, and

McIntyre (1966) used five years of wind observations over Lake

Erie and Lake Ontario to obtaifi an empifical relationship

which could be used to evaulate the ratio betvo;; over-water

and over-land winds. They confirmed that wind speeds incroase

over water during unstable conditions and docrouao'ﬁurinq stable

conditions. They also showed that these changes are groatest

in low winds and least in high winds. T ‘
The determination of the coefficient of wind stross may ‘

be made with reference to the wind velocity at & standard height

above the water surface of the lake.. This, as shown by Hunt (1959},

could be done by using the Prandtl-Karman (1935) rule of velocity

n



distribution:

ti’..... - l ““.... ' - :
U'I@l’e.

U » the horizontal velocity at olevation =.
Us =~ the friction velocity and 1s equal to 7,/
where 7, 18 the surface shear otreass and pthe
denaity of the fluid. _
K = the Von Karman universal constant and ig equal to 0.40.
“o = tha effective roughness, a conatant of integration
obtained frmhtm condition U « 0 Vhere 2 » Zo-

Since the Aajority of the work confirming the theorlieg of
Prandtl and Von Xarman hag been done in closed conduits, ¢
Hunt (1959} suggests o goneral equation of velocity distribution
over a wave-covered water syrfaca, taking into consideration .

atwapheric equilibriua conditions. This ig expressed ap:

U = C pa
Y = & S H_ 1
e x 1n _‘;“; {eq. 7)
wvhere,
Uy « tho wind velocity over water Boasured al. elevation Z.
C= the ripple velocity Corresponding to tho poak
frequency of the vave steopnoss spectrum. The value
i approximatoly 65 ca./soc: |
H e a stabllity parancter and Lgs s function of tho
difference batwoen the air tasporature (T,) ang
- the surface water temperature (T).
Us » the friction velocity.
v ™ the effoctive roughness of tho water surface.
It appoars to be a function of ripple hoight and
- 18 conatant at 1.5 ca.

This cxpronruon can be rowritton gg:
. - 2
Rl o ns | (eq. 8

v -

v-‘ml’ﬁ.
Piw L0083 sluge/Zoot 3
K = 0.4
TS = 1)) foot, which is the average haigh: of the
anemoootor at Windsor Alrpore.

&
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7

5/30.5 feet

in the foot-pound-second 8ystem of units becomes:

T = 0023 (fud 12 (U, - 65/0.5 « .35 (Tp-T ) 3
a e In i
1.5/30.5 (eq. 9)
°f g = .0023 x .00376 (U, - 2+ .35 (TaA-T )12
°f Ty = 8.6 x 107 (u -2+ .35 (Tp-T T (eq. 10)
A @tability parameter hags boen used to account for the .

at~ospharic atabx‘llty. Since very little iga known about the
temporature conditions over Lake 3t. Clair and thm effocts

of thermal stratlﬂgatlon. three stability classes have been
arbitrarily sot Up following Hamblin and Budgall {1:973). in ter=s
of an average (vind-\mter)_ tamperature relationship, to work

out the shoar stressog. Thae stability classes are ghown in
Table 3. The Tesulting shear straass calculated ,vdxtzormt

wind velocitios are pfesonted in Appendix D, E and P. Thege

valt;on wore used in the oquations to compute the aet-up.
Plate and Goodwin (1965) oaxproessed the :nl’mnt.ua‘oquation
for standing wator, as applied to a body of fluid contained

botwen two vertical gactions a distance ox apart, ast

to ba casontially constant along tho channel.
3o ™ water surface slope.
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water surface shear stress.
calculated bottom shear sttress,
depth at point of consideration.
specific weight of watgsr.

pressure gradient sbove the fluid.
G = acceleration of gravity,

A A

r
]

&E«N:U:’D"

The difference 7, - 7Ty can be calculated from mogsured values

of the depth, the water surface slope and the presaure gradient,
but the problem arises of separating 7y and 7. Kuelegan (1951)
found forClaminar flow that 7Ty = 0.5 Tge but 1t has been argued
t;ry Francis (19511‘ that for turbulent flow the bottom shear o
-nt.recn i8 consideradbly smaller. Kuoleq.an {1951) assunod

Ty = 0.25 7as Francis (1951) 7y = 0, and later Dainoes and

Knapp (1965) produced evidonce that Tp =0.175. Plate ang
Goodwin (1965) consider that the true ratio of 7y to Ty is not
constant, but dopends on the ‘depth of flow and on the oughneso
of tho bottom of the channel. The latter effect can bo quite
pronounced as shown by Sibul and Johnson (1959). calculations

of tho bottom shoar stress in thip 8tudy were performed on the
assumption that Ty, = 0.1 Tqe Or 'in other words, :Lottom shear.

En considered to be one-tenth as offective as the surface

shoar'. This assumption follows the qére Tecent evidance on the
relationship.

Other factors such as atagspheric pressure changes and
vogetation may have an effect on the set-up. The former is
expected to hayc 8 very slight effect. A 8tudy by the United
States Carps of Engineers on Lake Okeechobee (1953) states that

. B 3
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when a& storm passes over a larvge1 body of water, the reduction
in stmoapheric pressure near the center of the storm Causos
the water levels to rise.

Hunt (1959) in deriving his equation for 8at-up concluded
that the atmospheric pressure gradient for storms over Lake
Erie was small. He verified this assumption with the help of
synoptic weather maps. Under these considerations it was deduced
that this factor might be applied to Lake St. Clair as a correction
factor. GSea leovel pressure changos wore computed from observed
data for each particular case and are shown in Table 4.° There
waro only five cases whon the change in pressure secomed significant,
but the correction was not applied as the obsorved set-ups
compared fairly well with the computed aot-upa.2 Thae maqni;udo
of the correction is computed from the assumption that a pressure
diffarence of one-inch ofﬂpﬁ;;ury approximately corresponds
to 1l.14 feoet of water. |

Another correction factor can be applied if the reduction
in sot-up is due to VQQQtation;, It can be evaluated by appiying
- a correction factof Cn to the predicted set-up to obtain the
obsarved set-up S, so that S, = Skl-Cm).- Saville (1952)
shows that C; decreases with some function of the depth'ovar

R ) -
the marshy area and is expressed dimensiorilessly as a ratio

1 Lake Okeechobee has an area of about 730 square miles as
compared to 446 square miles for Lake St. Clair.

"2 The pressure change on 17th January, 1967 tends to have a
slight effect on the set-up.

v
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k Tublo 4
Sea L ) 1
M

Dato Mindirmum Maxd mynm Piffexence
03-05-1964 984.0 1017.2 33.2
01-17-1967 1007.8 1033.0 25.3
12-10-1971 989, 2 - 1014. 4 25.2
12-30-1971 991.7 1016.0 24.3

{

01-25-1972 1014.7 1035.0 20.3

1 Dota obtalned from Windsor Airport and differences are
o © considered over o period of 24 hours.

—
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- of the depth, or tho,pe;-up and a friction length parameter
of the marsh vegetation. This corroction factor is alao
dopondent on a torm embodying the ratio of that portionl
of the marsh aroca included 4n the fotch to the entire fetch
length. When the fetch lio0s outside the marah area, full set-up
18 roached after some appropriate lag in time. It ig axpocted
that the prosance of vegetation does not affoct the set-up
on Lake St. Clnig. This assumption 18 made since a suffjcient
depth of water oxists err the vegetation, causing a bot
return flow over the top of the vegetation.

After reviewing data collection procedures and employing
standard procedures for estimating all parameters in the
theoretic equations, there is reason to believe that the
hypothesis outlined in the previous chapter c¢an be adequately
analyzed The next chapter describes tho findings of the
analysis.,

‘i ‘;
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. The firat step in the analyais was to generate values
of theoretical sot-ups with the seven theoretic oquations
(Appendix G). A fortran program, as shown in Appendix H,
was used to accomplish this purpose. After this procedure
waq completed the observed and theoretic data were categorized
into five different classes (Table S). The primary aim in
thi\s study is not only to achieve a workable sat of prediction
equations, but also to examine the nature, the direction and
tHe strength of rélationships. Hamblin and Budgell (1973)
used regression coefficients and correlation coefficienpa to
determine the relationships betweeg'wind set-up and wind speed.
The analysis in this study ia more detailed than Hamblinland

A simple regression and correlatipn test was used

to determine the relationships between obseryed 8et-ups and
wind, fetch and depth. A multiple regresaioé\?rocedu:e was
employed to test the importance of each of thgﬁe three variables
and all of them combined. ' C /

;-
o

Results of Regression-Correlatior lysis: e

The results of the analyses have established the relationships
between wind speed, fetch and depth and the observed wind set-up.

_“43 - o ~—
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TABLE 5
Dota Classificat Notat 8 Us F 8is.
N Da St

St. C S g Bolle River

TOTSAM = All days in atudy which

represent the sample 58 , - 135
TOTSAM<1 = Days when set-up was
<1 fodt " 15 130
ICE* = Days with ice on lake k1] 41
WOICE = Days without ice on lake 120 94
WOICE<l = Days without ice on lake ~ .
and set-ups <1 foot during ) )
the day ‘ 118 89

STS = St., Clair Shores
( BR = Belle River

* Ice covered lake conditions are defined as those days when
the lake around the station under consideration was either
completely or partly frozen. These particular days were
selected by checking 'Great Lakes Ice Atlas, Maps,' 1969
(see bibliography). ‘
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The extent to which wind, fetch ang depth have an effect is
shown in Table 6. d .
It can be noted fram,Table 6 thHat when the observed

~ Bet-up is regresseqa against the mean wing speed.l‘fetch.and

depth independently, the best results are achieved with the

Mean wind speed for the Case when there .ig ng ice cover on

the lake. During‘winter. when the lake is ice covered (Fiéure 13),
\> fetch is significant (rv= 0.469) only at St. Clglr Shores.
Fetch is as significant &r = 0.303) as wind'speed (r = 0.297)
for Belle_River-during the -summer (note WICE column). 1In
each case.inﬁghe.table the correlations of the observed set-up
and the_mean wing Speed is comparitively higher for St. Clair

Shores tha? for Belle River. However, there is very ‘little

squard of the mean wind speed is considered.. The linear

» e AT

equations between the'obsefved,;et-up and the Square of the
mean wind speed is shown in Appén:ux I. The depth _\/rariable
is not significant fof St. Clair Shores. - However, this variable
is signifiqant at Belle River .during conditions when the lake

ts 1cd covered (r = 0.374).
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{LAKE ST, CLAIR
' - NORMAL WINTER -
Maximum lce Caver -

' {JANUARY 20-30)

KEY Belle
Riv
[0 o©OPEN warteR er )
E] CONSOUDATED Pack -

{1'0 Caverage)

3 0O 1 2 3 4 S MILES
- .

. ¥
Source : RONDY, Great Lokes lce Atlas, 1971
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The wave force is dampened by the ice more effect:i.\.re11{),1T.rl_;g'r‘;s\“\‘\c

the waters are shallow than wherf they are deep. There are
.8everal facts that lead to this conclusion. Fast ice is

consistently present in winter in the southern and easterniy

portion of the lake, while the rest of the lake is only partially
ice-covered. This would be true particularly in the Early Decay

Period (Figure 14). Thé extent of fast i offshore is small

at Belle River so that the ice probably does \not fully eliminate

small oscillations in water levels generated in the open lake

areas. Fast ice is less persistent.at St. r Shores,Ednd

thus wind and fetch tend to explain more of the observed set-up
than the depth variable itself. Studies of the set-up produced
by wind action in ‘the Gulf of Bothnia have shown that a continuous

cover of fast ice in Qinter has a fairly strong reducing effect

on the set-up.l,1 This effect seems to hold_true for Lake St.
Clair. . : * |

The muItipie correlation coefficients from thelsfepwisg
regression analysis, where wind speed, fetch and depth are
analyzed, are significant for St. Clair Shores in ev l case ~
(Table 6). For Belle River the R values are gsignificant only
when there is no ice cover on the lake. (;Eis lends support
to the arguments given above concernimg the dampening effect
of fast ice on water osé}lla&ions on the southern end}bf the
lake. | |

1 E. Lisitzn, The Effect 0f Ice Upon Sea Level Records,
UNESQD Pub. No.ﬁ;, May, 1965.

e
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Table 6 suwnarizes the funct..tonal relationshipe among the
obeerved set-up and the 1ndopondont variables, windg
fetch and depth. Appendix J contaxnn statistics spocitying
the percentage explanation of obsorved BBt<up by the individual
variebles. Prom thoga statistics, Table 7 was cpnatructod
to show the most significant relationshipa. Thu table provides
addiuonal information as to th}: individual or combination
of variable(s) which explain tho observed sat-ups. .

Tha additional foatures shovn in this table, besides thae
conclusionn Just discussod are: (a} for both aites a combination
of wind speod and fotch gives tho best relationship with
obéerved set-ups, (b) in tho case of Balle River, the dopth
variable should be amployed in prodiction equation for
sumnortime conditions. The dopth variable ia unimportant for

small oscillations and for St. Clair Shores.

Anslynis of Theories: - -

A linecar regression analysis of the six theories with ¥
the observed wind Set-ups shows that all the equations ¢give
very similar roaului (Table 6, Appendix Xx). For the cases

in the fogression-correlation analysis of the J.ndividnal factors
©f wind, fetch and dopth. For Belle iu\rnr none of the equations
proved aign.iﬂcant for thng case when the lake was ice-covered.
This 18 due to the Supression of wind effects by tho ice cover

48 discussed previous ly.




- f(;) tee

0.120 + 0.012v

- f(.\;.!‘) -
» 0.029 + 0.011lv + 0.006F

= £(F)
= -0.029 + 0.014F

= ~0.241 + 0.024v
+ 0.007F

= £(v,F) _
= ~0.204 + 0.022v
+ 0.008F

h
o
hy
hy,
hn
WOICE h, » £(v,F)
hy
WOICEc¢] h,
: By
= got-up
V = moan wind spoed
F - fotch

D = depth

** There is8 no nignificanq relationship between
and/or D for data aggrogated on a yearly basis.

*** Only those vasiabloa which rogister a significant
at the .05 levol are included in the oquation.

= £(D)
= ~0.206 + 0.034D

= £(v,F,D)
= 0.610 +_0.028F
+ 0.075v + 0.017p

hg = £(v,F) -
hy = -0.119 + 0.014v
+ 0.013F

and ;. F.




CHAPTER FIVE

CONCLUSION

An important result in analyzing the significance of
the thoories and rogression analysis i3 that wind speecd,
fetch and depth alone cxplain just as adequately the observed

sot-upsa. Pactors such as atmospheric 5tab111éy. air pressure

changes, vegetation (marsh) effe 82 planform factor which

may be important on other lakes do not contribute any additional

significanco to predicting the 6baerved set-ups on Lake St.

Clair. The theorotical oquations contain all.the above factors,

while the linear and multiple regression equations include

only wind, fotch and/or depth. Correlation coeffiéients (Table 6)

for the theories and reqreasion relationships are quite similar.
However, the overall level.of r values (in this 5tudy)

remains quite low,yet significant. This is somewhat similar

to the study of Lake St. Clair water levels by Hamblin and

Budg _) (1973). They found a moderate correlation between wind

speed and wind set-ups. Thay suqqeated that the problema of

moasurement of so small a range of wind set-ups (such as those

recorded on Lake St. Clai})'mny have reduced the correlation

between wind and observed set-ups. Problems of accurate

estimation of set-ups from hourly water level data could

partially explain low r values. Another considsration is the

- 52 -
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accurate ostimation of wind npeod. In this study, and in

- that of Hamblin and Budgell, wind speed data (and direction

of wind) were obtained from the Windsor Airport‘nnd not on

the immediate site. How important this factor may be in _
explaining whj r values are quite low between wind and set-ups
should be analy;:d by a study of wind differqncea along Laké
St. Clair and sites inland from the lake.

Recommendations for Further Stugdy: \
This study chose two separate approaches to the problem
of wind set-up analysis. The first was empirical. This
consisted of evaluating observed set-ups and 1ndep$ndent
~variables such as wina. fetch and depth by a regression-correlation
analysis. The second approach considered seven theoretic
equations developed from other water bodies. These equations
were applied to Lake St. Clair to determine whether oscillations
on Lake St. Clair conformed to theoretic expectations,
Both approaches could be enhanced conaiderably in any
future study. For example, HccorQuodale (1974) suggests
deriving theoretic equations relying on ideas of two dimensional,
unsteady, open channel flow (see Appendix L for explanation ‘
and diagrams of this approach). In any futuﬁp empirical approach
to the problem of wind set-ups, several factors should be
analyzed: (a) wind speed and direction aéburacy; (b) proper

calculation of observed wind set-ups, (§) influence of waves
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on,tne obsorved sot-upa.1 (q) aécuracy in estimating the
influence of bottom shear stresses on surface oscillations,
(e)\representativenesa and accuracy of water level g;uges
around the lake, > ang (£) ice covei éropertioa and dampening

effects on water oscillations. ‘ : 1

‘Tb = gY vav where, Vav = the mean velocity of the

cnannel flow with wind blowing, and c? ig calculated from
a Chezy equation of the form

- .

C
75~ = 0-06 log Y, + B

. y; :
where Y, 'is the depth of- flow with wind blowing and B ig
a coefffcient which depends only on the 8lope Soes but not
on wind conditions.



s N
One pratical dspact of any wind Bet-up otudy is the
ability to foroecast (given forocasts of wind) the oaxtont of

shoreline flooding. From this study, a strong recommendation

of poaaible_flooding», ) ¢

It is suggested that a mofe detailed study might include
the entire record of water lave] data from Lake St. Clair and
employ more sophisticated analyses such as time series or

power spectral analysis.

/"



APPENDIX A
Set-Up T 8

Zuidar Zoo:

-

One of the simpler formulas known as the Zuider Zoe equation
was used by the Dutch to study the problem in Holland (U. S. Corps.
of Enginecrs, 1955). It {s atated as,

8 = 800D (eq.12)

. N
total set-up in feet
wind velocity in miles per hour
fetch in miles
depth in feet

oM <n
Tm g

The equation was later modified to compute the Bet up (hg)
in fg;t above the'undisturbed lev;1 as,

vep
1400D

hy = (eq.13)

Be&ch Erosion Boand:

Investigations of wind set-ups on Lake Ok?echobee in Florida
by the Beach Erosion Board (U. S. Corps of Engineers, 1955) resulted
in the development of an equation in which the total set up was
represented. by, \

. 2
g = KXpa Vep or . .
. %D -
| -3vp
8= 1.165 x —° = (eq.14)

The constant X was evaluated as about equal to 0.003 which agreed
Closely to that obtained by Kueleégan, (1953). It should be noted
that this coefficient (1.165 x 10-315i3 almost identical with that

- 56 -




.57 a
(1.125 x 1073) of the zuider Zee formula (Saville, 1953).
This close agreement between coefficients applicable to such
widely varying conditions as those in K elegan's model

S
‘experiments, the Zuider Zee and take-Okeechobee indicates that
this i858 a wind set up formula for general application Since

. 2 . - .
-6 Vv -4 V-Va) 2 . 51 .
s =[3.3o x 10 <3 + 1.08 x 10 (v-vg) F ({3) F  (eq.15)

T ———

where V, is the critical wind vélocity found by initiating wave
action, equal to about 3.0 fi./gec. in model experiments. By
relating the set up due to skin friction and that due to form

' resistance to the wing Speed V, observed in the set up model,
the relation was expressed dimensionlessly and the constants
3.30 x 10™® ang 2.08 x 10~4 derived, since g (gravity)

and L (length) were constant in the model tests. Kuelegan ‘ \\\
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the values obtained in laboratory channels and could be omitted

without introducing a large error.

s =-[3 30 x 1078 3 4 53(9)"‘] v2r

The equation then becomes,”

(eq. 16)

A complex integration procedure was also developed by Kueiegan )

-for obtaining set ups in lakes of varying planform and depth.

The basic equation is,

8

Saville:

e

Z Y (Drhg)

(eq.17)

Saville (1953) working on the thEOretical developmentsg o

made by Hellstrom (1941), Kuelegan (1953)

derived an equation which is expressed as,

hg

smhere,

1
5 gaw ﬂ{%’

Hellstrom:

Hellstrom in his analysis of wind effects on

LU BT |

n Fls
pg D

slope of the water surface
surface shear stress

fefpch

density of water

gravity

depth Ts

2 coefficient defined as n = 75-+

where?‘ is the shear stress
along ghe bottom

Thijsse (1952),

(eq. 18)

Adakes and

rivers, presented a very comprehensive study of the pProblem
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.~ of computing set uﬁ.l His equation for deep lakes was applied
in this study to see if such theory is applicable. It is

N

h, = —z—n—k?fp o (eq.19)

expressed as,

The theories for computing the set up were confined to
regular shaped bodies of water of uniform depth, thus avoiding
the determination of ghe more complex factors existing under

natural conditions. L

LN

1 U.S. Corps of Engineers, Waves and Wind Tides in Shallow
Lakes and Resegvoirs, Lake Okeechobee, Florida, June, 1955.
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APPENDIX B

o Instrument Specifications

Plastic Tape .
. Tape width: 11/16 inch.
Tape thickness: 0.004 inch.
Material: P.V.C.

*

Code

5 channel CCITT, suitable for dinéptiuse in electronic coﬁputer
or teletyper.

Measuring Range
000 -~ 99,99 feet.

Reading Accura (By leans of digital readout)
15100 of a £ t. '

Measuring Accura '
17200 of a foot.

Recording Le th

At 15 minutesxreadout, the tape Supply w;{} last for
approximately 6 months.

Power Suppl
7.5 volt dry cell battery.

"Current Consumption

Starting current, average, 250 ma, Running current, average,
Float Tape

Perforated to prevent sliﬂéagg, Stainless steel for corrosion
resistance.

Sprocket wheel, the timer clock and a punch cycle counter. 7
The cycle Counter is used to verify that the.recorder has given
the correct number of punches for a given time interval.

i
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APPENDIX D

Shear Streas

. Janu - J - Stab C

-~

8 (Tp — T, = 44°

> >~ ,
Wind Velocity Surface §he§r_Stress Bottom Shear Streis -, )

-{MPH) (F.P.S.) (F.P.S.) 2% (F.P.S.)
1 .0000064 .0000006 .0000071
2 .0000470 . .0000047 .0000517 g
3 .0001247 .0000124 .0001372
4 .0002396 ,+0000239 .0002636
5 3 .0003916 .0000391 " .0004308
6 \ . 0005809 . .0000580 .0006390
7 .0008073 . 0000807 .0008880
8 .0010709 .0001071 .0011779

, 9 .0013716 .0001372 .0015088
10 .0017095 .0001709 - .0018805

! 11 . 0020846 .0002084 .0022931
12 .0024969 . 0002496 .0027466
13 .0029463 .0002946 .0037762
14 .0034339 .0003433 .0037768
15 .0039567 .0003956 .0043524
16 .0045180 .0004518 . 004969
17 .0051168 .0005116 .005627
18 .005751 .0005751 .006326
19 .006423 .0006423_ .007066
20 .007133 .0007133 .007846
21 .007880 .0007880 .008668
22 .008664 .0008664 .009530
23 .009485 .0009485 .01043
24 - .01034 .001034 .01138
25 .01124 .001124 01236
26 .001217 .01339

. 277 .001314 .01445

28 .001415 .01556
29 .001519 .01672
30 .001627 .01790
31 .001739 .01913
32 .001855 .02040
33 .001974 .0217
34 . 002097 .023
35 .002224 .02446
36 .002354 .02590
37 .0248842 .0024884 .027372
3B .02626 .002626 .02889
39 .02768 .002768 .03045
40 .02913 .002913 .03204

- 72 -
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App'enﬁ:l.x D cont‘'d.

. A > X '

Wind Velocity Surface Shear Stress B;ttom Shear Stress ”
(MPH) (F.P.S.) (F.P.S.) . 2% (F. OO0
41 .0306222 .0030622 .0336844

42 .0321496 .0032149 .0353646 \
43 .0337142 .0033714 .0370856 -
44 .0353159 . .0035316 .0388476
45 _#0369548 " .0036955 .0406504
46 .0386300 .0038630 .042494 -
47 .040344 .0040344 .044378
48 .0420947 .0042094 .046304
49 .0438823 . .0043882 .048270
\ 50 .0457071 .0045707 .0502778"
/\____




Wind Velocit

APPENIIX E

Shear Stress

July - Auqust - Neutral Conditions (T, ~ T, = 09)

/e
Bottom é‘hear Stress

Y Surface S;x%;ar Stress

-

(MPH) (F.P.S.) (F.P.S.) AZ (P.P.S.)
2 .
3 .000497 .0000049 .00005
4 .000129 .0000129° .00014§7
5 .000246 .0000246 .000270
6 .000399 .0000399 .000439
7 .000590 .0000590 .000649
8 .000818 .0000818 . 00090
9. .00108 .000108 .00119
10 .001386 .0001386 .00152
11 .00172 .000172 .001898
) 12 .002100 .0002100 ".002310
13 .002516 .0002516 .002768
<. 14 . 002967 .0002967 - .003264
. 15 .003455 .0003455 .003801
16 .003981 ,-0003981" -004379
17 .00454 .000454 " .004998
18 .00514 .000514 . 005657
19 .00578 ' .000578 . - 006358
20 . 00645 . 000645 .00710 -
21 .007166 .0007166 .00788
22 .007914 .0007914 '.0087059
23 .008700 . 0008700 .009570
- 24 .00952 -000952 .01047
25 .01038 .001038 .01142
26 .01128 .001128 .01241
27 .012214 .0012214 .031435
28 .013186 .0013186 . 014504
| 29 .014194 .0014194 . .015614
' 30, .01524 .001524 .016764
. / 31 .01632 .001632 .01795
32 .01744 .001744 .019188
. 33 .01860 001860 .02046
N 34 .01979 .001979 .02177
35 .021027 .0021027 .02313
36 .02229 .002229 .024525
37 .023f0 4. (/ .002360 .025962
&> 38 .024945 . 0024945 .02744
39 .026326 .0026326 .028958
A 49//// 40 -\E;;oz774 © .002774 .0305179
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Appendix E cont'd, °

o

4 o L\/}
N

7 .
Wind Velocity Surface Shear Stress Bottom Shear Stress ) \
(MPH) ‘ (F.P.S.) 34 (F.P.S.) :Aﬁ(gip.s.[;b X
41 .029198" . .0029198 .032118° | ™~ °
42 4i\\u~\j.030590 . 0030690 .033759 -
43 Y .032219 .0032219 .0354412
44 .033785 .0033785 .0371641 . . .
45 -0353889 -0035388 02892788
46 .037029 037029 . 0407325
47 .038706,; .0038707 .042578
48 .040422 . 0040422 . .044464
49 .0412744 .0041274 .0463918
50 -0439636 .0043963 . 0483600 .
‘ /
- ’w
o
\ .
L - h :
g ]
-

R ¢




- . Y .
S .

"__/
» : ' /
’ ]
N APPENDIX F
4
‘ Shear Stress * : )
September - December - Un&aﬁ;e ggnditigng (Tp = Tp= -4°!
_}. l
Wind Velocity Surfice Sf'lear Stress Botton SHear Stress
(MPH) (F.P.S.) (F.P.S.) AZ(F.P.S.)
2 : | .
3 .oooooag/f) .0000008 . 0000094
4 . 000052 . 0000052 .0000577
'5 .0001335 - .0000133 .0001469
6 .0002518 ~ .0000251 .0002769
7 .0004072 ' .0000407- .0004479
8 .000593;‘~H~ﬂu/;~ .0000599 .0006597
9 .00082 .0000829 .0009124
10 .0010964 .0001096 .0012061
11 .0014005 . 0001400 . 0015406
12 .0017418 .0001741 .0019160
13 .0021202 .0002120 .0023322
14 .0025368 .0002536 .002789
15 ° .0029880 .0002988 .003287 .
16 .0034785 .0003478 .0038264
17 . 004006 .0004006 .0044060
‘18, .004570 .0004570 .005027
19 .005171 .0005171" .005688
20 .005810 '.0005810 .006391
° 21 .006486 .0006486 .007134
22 .0071998 .0007199 .»002919
23 .007949 .0007949 .008744
24 .008736 .0008736 .009610
25 . 009561 - .0009561 .01052
26 .01042 .001042 .01146
27 T .01132 .001132 .01245
28 .01226 .001226 -01348.
29 . .01323 . .001323 .01455 .
301 N .01424 .001424 :01566
31, .01529 - .001529 .01682
32 .01637 .001637 .01801
33 _ser”  .0174950 .0017495 .0192445
34 . .0186541 .0018654 .0205195
. 35 .01985 .001985 .02183 -
36 .0210837 .0021083 .0231920
37, - .0223542 .0022354 .0245896
38 - .0236619 .0023661 " .0260282
.39 .0250069 .0025006 -0275076
A .0026388 .0290278

v

./ﬁ

. 0263889

d



Appendix F cont'd.

- 77 -

: % 7% -
Wind Velocity Surface Shear’ Stress Bottom Shear Stress '
(MPH) - (F.P.S.) (F.P.S.) AL(F.P.S.)
41 .0278082 .0027808 .0305890
" 42 .0292646 .0029264 .0321911
43 .0307582 .0030758 . .0338340
44 .0322889 .0032288 .0355179
45 ' - +0338569 .0033856 .0372426
46 .0354620 .0035462 . .0390082 -
47 .0371043 .0037104 .0408147
48 .0387837 .003878 .0426621 .
. 49 .0405003 .0040500 .0445503
//#\Kigso .0d22541 .0042254 .0464795
‘_\ Lo L]
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APPENDIX I ' . S <,

" Lindar Equatibné*‘ SRR

s ©  Station: Belle River

'0.329 + 0.0001.WIND SQ

ToTSaM
' TOTSAMc1 = 0.324 + 0.00008 WIND SQ

" ICE = 0.168 + 0.00006 WIND 5Q - |
" WOICE =-0.263 + 0.004 WIND'SQ -

WOICE<1 = 0.270 + 0.0003 WIND SQ

‘Station:: St. Clair shores

B

TOTSAM = 0.287 + 0. 0002 WIND SQ

“TOTSAM¢1 = ¢~ 303 + 0.0001 WIND sQ

4 .7 IcE

0.141 + 0.0001 WIND SQ l:

WOICE = 0.204 + 0.0004 WIND SQ

| WOICE<1 = 0.266 + 0.0004 WIND SQ . co T
* The" equation for mean wind speed is similar*to the one’ s

. for square of the mean wind 5peed and have not been -
-included here. -
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- APPENDIX K -

Linear Equations —
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Apbendiﬁ‘K'cont[d; (

'Linear Eguations

0. 329
0.330

0.351,
-0.329

0.331
0.350

0.320
0.333.

0.333
0.352

0.333
'0.334
0.352.
0.323

0.130
0.130
0.135
0.131

0,107
0.138

0.084

0.136.
0.136

0.262

0.235

0.245
0.262

10.233

0. 249

-0..249
0.272
0.248
0. 256

0.272

0.244

R N VIR

+ okt F

b F ok kb

R RER

LR

Station: St. Clair Shores
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Euat:.ons for ngg Dimé nsiongll Unstea 2 Channel Flow .
Basecl on the def\\mtion sketch for . Equations of Motion

(Figure 15) . Hender:son .}1966) expresse& his equation as. o
. A

H' 1. 244 - vZ I ~
-%'—:E-i--'g-:' TY'-I-E‘er\:\.O where"z—— Sf o Cool] )
or S + S+ S¢ & \ "’"/ T feg.r 20)
vhere 5, = energy slope - ) o :
- 85 = acceleration slope . oL o .
“Sf = lfr:_i.ction slope : .
~ - : ' ‘ . N .
The equat:.on when re:.nstatedg (Henderson, 1966) with b.ed slope
S equal to g_z and h =z + y, can be expressed as,
L P,
.0-d_x"g° x,gb CR,"‘ Lo ST E

]

" If bed: slope. is cons:l.dered zero and g is ei:pressed R

in terms of surface (7" ) and bottom ( Tg) shear (FJ.gurels) ’.

sl

the equation can be wr:Ltten as,

| ) o S T
> \_ré_v ; Av‘_f-;g..(ﬁ- +1) =T oy g -
ﬁ PRTERITEH W Te T e

| . % | | | \D .‘ LI : .
" using the equation of,éontinuity,_ : T
b b . . R N . " . - . .\' .
,"3 F!' sz= 0. . . T ' (e%. 2-3; :
. and follow;i.ng tl}e methoél""a“);ipé1 charact’eristlc.l the above equations ‘
.can be augmented by the follpw:.ng equatlons, . . '. _ .:- C it f—

-

. 1.0 AT McCorquodale and M. S Nasser, Numerical Methods for
‘. ‘Unsteady Non-Darcy Flow, Finite Element Methods in Flow

.~ Problems, J. LT Aden, et. al., (eds. )

¢ TR -
. qu . R '- . - 5 l;‘u" "‘- . ‘. ;m ',; . 5 . °
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OF MOTION
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. e .
'Sourée:HENDERSON,'Open Channel Flow, 1970
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e

-1 J. A. McCorquodale and M. S. Nasser. Numerical Methods for
Unsteady Non-Darcy Flow, Finite Element Methods in Flow
Problems, J: 'E_\’Oden, et. al., (eds.). e .

R . . : ' . N : ! - . ' ' "
- - N ) . " . -
o - PR . . . I ’ - ' ) . ! '
. _ . -
’ : ' = ’ ) T . - . . T . -
i . . . IE— B : . ) . .
. ' ' LI o . ) o B . ’
Ve ° . . L - . - .
. . B . . L . . . . . ) SIS
. . . .
: . . : . v 1.

-t £y . . " ' | ' . . -. . :
'. . _ J . .—x 5 . .“‘v | . o . . o ‘ - . .
B S xdx L . o (eq25)
R Using Cramer's --‘Ru.le,1 ‘the charactern.st;.c directions of
e.. T . " the solution, ocand £ can be solved by,- ’
. : Co = (%‘f‘—f),,c =v+c=v+ ./63_( R  (eq. 26) |
e - S .
é@: (-—')p =V -C=vVv ~-vVgy - S ' . (eq. 27) -
' d_tti' (v+2c)‘ = '+7"/in elong & o B (eq.' 28)
. _d_ . _ . ' o : ; ..
Cal & (v 2c) = 'TVB’y alongp R . (eq. 29)
b Assuming the inlt:l.al condit:.ons on- water velocity and .
set-up to be zero, \/ = /g 9¥o (Figure 16‘). the following
equations can be used to solve for v and y along.%, A to P.
e - A(v+2c) (’7'/ ¥y) At o .
| S ¢ +ch) - (vA+2C,A) (7-/ xy) (t -tA) S (ea- 30)
) along(é B to P. S o ol
| ' a(Rex (T/Xy)At Yo |
o \ (v =%C) = (vB+ch) - (’l"/x y)/ (t, -t.B) L leq. 31)
Once the poJ.nts are determ:i.ned, a stepw:.se method can
be followed to 1ocate the next set of points. | I ~



DEFINITION 'SKETCH SHOWING
INITIAL AND BOUNDARY CONDITIONS
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