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PREFACE

A request for the U. S. Army Engineer Waterways Experiment Station
(WES) to conduct an investigation of wave heights on the Great Lakes was
made by the U. S. Army Engineer Division, North Central (NCD), in a con-
ference held in Chicago, Illinois, on 22 July 19T4. Funds were autho-
rized by NCD on 30 August 19T4. The study was conducted during the
period from September 1974 to June 1975 in the Coastal Branch, Wave
Dynamics Division, Hydraulics Laboratory, WES, under the direction of
Mr. H. B. Simmons, Chief of the Hydraulics Laboratory, Dr. R. W.

Whalin, Chief of the Wave Dynamics Division, and Dr. C. L. Vincent,
Chief of the Coastal Branch.

Drs. D. T. Resio and C. L. Vincent conducted the study and also
prepared the report. During the investigation, Mrs. Rebecca Brooks
and Miss Pearl Smith were especially helpful in performing analytical
and programming tasks, and Miss Nancy Coleman aided greatly in the prep-
aration of the charts and graphs. Dr. L. H. Blakey and Messrs. N. Arno
and L. Hiipakka of NCD exhibited a keen perception of the priority need
and practical use of this information and contributed valuable sugges-
tions to the form of the design wave information required on the Great
Lakes.

A significant proportion of the numerical computations were per-
formed on a CDC-T600 computer at the U. S. Army facility in Huntsville,
Alabama. Mr. Fred Bourgeois, U. S. Army Engineer Division, Huntsville,
assisted significantly in coordinating visits to Huntsville and
scheduling computer time.

A special acknowledgment is due Dr. J. R. Wilson and Mr. W. F.
Baird of the Canadian Department of Environment for providing wave gage
data for comparison with the numerical model results. Dr. Paul Liu of
the Great Lakes Environmental Research Laboratory provided additional
gage data which aided the calibration efforts.

Directors of WES during the conduct of the study and the prepara-
tion of this report were COL G. H. Hilt, CE, and COL J. L. Cannon, CE.
Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI) AND
METRIC (SI) TO U. S. CUSTOMARY UNITS OF MEASUREMENT

Units of measurement used in this report can be converted as follows:

Multiply By To_Obtain

U. S. Customary to Metric (SI

feet 0.3048 metres

miles (U. S. statute) 1.6093k4k4 kilometres

miles (U. S. nautical) 1.852 kilometres

miles per hour 1.609344 kilometres per hour

knots (international) 0.514LL4L4Y metres per second

square feet 0.09290304 square metres

degrees (angle) 0.017k45329 radians

Fahrenheit degrees 5/9 Celsius degress or Kelvins¥

Metric (SI) to U. S. Customary

centimetres 0.3937 inches

metres 3.28084 feet

square metres 10.7638 square feet

Celsius degrees or Kelvins 9/5 Fahrenheit degrees**

#* To obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = 5/9(F - 32). To obtain Kelvin
(K) readings from Fahrenheit readings, use: KX = 5/9(F + 459.67).

#% To obtain Fahrenheit (F) temperature readings from Celsius (C) read-
ings, use the following formula: F = 9/5(C) + 32. To obtain Fahren-
heit readings from Kelvins (K), use: F = 9/5(K -~ 273.15) + 32.
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DESIGN WAVE INFORMATION FOR THE GREAT LAKES

LAKE MICHIGAN | 3

PART I: INTRODUCTION

1. The primary purpose of this study is to provide wave informa-
tion for planned sites of dredged material retaining structures on the
Great Lakes. Secondary goals are the provision of wind-field informa-
tion over the Great Lakes and detailed wave information along U. S.
shorelines of the Great Lakes. This report deals with wave conditions
on Lake Michigan.

2. Past studies of waves on Lake Michigan have generally been
made on a site-to-site basis. Partly as a consequence of this, wave
information for Lake Michigan is sparse in space and time. Very few
data are available from wave gages (Figure 1), and many of these are in
an unanalyzed, analog form. Visual wave observations are available from
Coast Guard stations at several shore locations (Figure 2) and from
commercial ships for waves offshore. Data from wave hindcasts are also
available for several locations (Figure 3). For a specific site, in-
consistencies exist between these data which make them unrelisble for
estimates of recurrence intervals (Figure 4). The sensitivity of eco-
nomic analyses of optimal design criteria to even small variations in
recurrence intervals of large waves clearly demonstrates an acute need
for a reliable source of wave data as well as an evaluation of the ]
distribution of errors in these data. 4

3. The sparseness of reliable wave information is critical for
many areas on Lake Michigan. Visual observations from shore cannot be
extrapolated to other sites along a shore due to the unknown effects of
shallow-water transformations and shorelines geometry. Visual obser-

vations from ships provide estimates of waves offshore, but are dif-

ficult to treat properly in a shallow-water environment. Although a

network of wave gages might eventually provide good data, the expense
involved makes it economically infeasible to provide detailed coverage




- :-w,, e 3 AT
| —
|

ul
[ [ I [ ¥
W 88° o7 [ s’ 8e’
b1
vi | -
d
s !
4
2
E
1 jast L
£ {
3
; |
= o | 1
g B
|
|
; i, o 1
——
,LI :
i
] ]
1 A
4
A a2t =
El SCALES
| 1 25 0 28 SO MILES
& 20,000 E 50,000 100,000 M 3
E’"' s a7° a6° 8s5* aa° ;
L l 1 | | J
i MUSKEGON 1964 AUGUST - SEPTEMBER
[ 1965 JUNE - OCTOBER
4 MICHIGAN CITY 1974 NOVEMBER
i (PRESSURE) 1976 JANUARY - FEBRUARY
i SEPTEMBER - DECEMBER
é MICHIGAN CITY 1974 NOVEMBER
(WAVE-RIDER)

Figure 1.

Locations of wave

gage sites on Lake Michigan




: [ | l I [
2 5 88° 87° 86° 85° 8a°
£
: !
i : ¥ "
: : a5 %
3 " 110
! ; 12 ™~
|
" (V)
; 1
3 45° as°
3  as® as°)
3 2
2 9
Q‘ ‘
3 |
as° W as° 3
X 8 -N- i
A3
~
3
1 7
4
Lo 4 L
b i
g 5
6 i
az )
SCALES
25 0 25 S0 MILES
50,000 o 50,000 100,000 M p
5
.IO’ 87° T' as° lll’
WISCONSIN MICHIGAN
COAST GUARD STATIONS PERIOD OF RECORD COAST GUARD STATIONS PERIOD OF RECORD
1 PLUM ISLAND 1968 - 1970 6 ST. JOSEPH 1943 - 1971 |
2 STURGEON BAY 1945 - 1946 7 MUSKEGON 1944 - 1971 | 9
3 SHEBOYGAN 1969 - 1970 8 LUDINGTON 1968 - 1971 ’
4 MILWAUKEE 1953 - 1970 9 POINT BETSIE 1953 - 1971 3
5 KENOSHA 1969 - 1970 10 MACKINAW CITY 1914 - 1968
11 ST. IGNACE 1970 - 1971
12 BEAVER ISLAND 1944 - 1945
13 LANSING SHOALS 1950 - 1971

Figure 2. Locations of visual wave observation sites on Lake Michigan




Xoo o b

o . e i

Figure 3.

5
23 : =
a2° - E
SCALES
6 25 o 25 SO MILES
3 [ = = e
0,000 0 50,000 100,000 M
[ = &> Seaa——

88° 87° 86° els- .Le

1 POINT BETSIE 1965 - 1967

2 MUSKEGON 1965 - 1967 COLE AND HILFIKER'

3 BURNS HARBOR 1965 - 1967

4 FRANKFORT 1948 - 1950 4

5 MUSKEGON 1948 - 1950

6 CHICAGO 1948 - 1950 SAVILLE 2°

7 MILWAUKEE 1948 - 1950

8 BAILEY'S HARBOR 1948 - 1950

Locations of sites on Lake Michigan hindcast




%

Iat

£ i

7 /

s E

z =
w

z Ict

" IMat

z 0 -
u =4
E s
8 —
& EE
Z

w

2

I
1

SOURCE OF WAVE DATA

Ial-2 HINDCASTS BY GLENN®
Ibt HINDCASTS BY SAVILLE 2
Tet HINDCASTS BY LEE 4

Tal SHIPS OBSERVATIONS

[' Ibi-2 SHIPS OBSERVATIONS 3
/ / Lci-2 COAST GUARD (VISUAL)

0.5

1 llllll

1

Ilalt WAVE GAGE

i

W 1 | | 1

s 10 1) 20 28 30
WAVE HEIGHT, FT

Figure 4. Chart showing range of estimates of design wave heights
for Cleveland. Arabic numbers 1 and 2 refer to full population
and asymptotic methods of extreme analysis, respectively




o

of the entire Lake Michigan shoreline. Even if such a wave gage network
were established, there would be a lag time of many years before suffi-
cient wave information was available for design purposes. Hindcasted
waves could provide data along the entire Lake Michigan shoreline, but
the conventional Sverdrup-Munk-Bretschneider (SMB) technique used for
the hindcasts, as described in the Shore Protection Manual (SPM),5 makes
it necessary to estimate waves for each site separately. Hence consid-
erable effort would be involved in obtaining comprehensive coverage.
Other problems such as the inclusion of subjective decisions in SMB
hindcasts, the one-dimensional nature of SMB hindcasts, and the need

for calibration of this technique on the Great Lakes will be discussed
in more detail in Part III.

4. 1In spite of uncertainties of hindcast methods, the immediate
need for wave data on Lake Michigan makes an approach via hindcasting the
only viable alternative. Historical wind fields can be used to establish
a length of record up to 69 yr for Lake Michigan. Rather than applying
the SMB technique, this study uses a numerical wave model. Such a model
provides information at a number of points simultaneously and has other
advantages which will be discussed in Part III.

5. The largest wind-generated waves on the Great Lakes are those
produced by synoptic-scale circulation features such as extratropical
and tropical cyclones. Smaller scale wind phenomena such as individual
thunderstorms or squall lines do not maintain high winds over sufficient
fetch to generate waves of comparable height.* Consequently, the study
of extreme wave conditions on the Great Lakes is equivalent to the study
of extreme synoptic events.

6. The use of a hindcast technique to estimate wave heights
assumes that the coupling between the atmospheric boundary layer and
waves generated by the motion in this boundary layer is known. Other
factors such as the interaction between waves and the lake bottom and

interactions between different spectral wave components also must be

* This refers only to waves with periods of less than 30 sec. Long
waves can be generated by a resonant interaction with a front or
squall line, but this is essentially a different process than the
growth of wave spectra covered in this report.

9
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considered. If all these effects can be treated adequately and if the

atmospheric motion over

a lake is known, then a reliable estimate of

waves can be made. In any estimate of wave height, there will always

be some error whether the estimate is from a wave gage, visual obser-

ations, or hindcast techniques. The essential question which must be

answered for engineering and planning purposes is how much error is

there in these methods relative to the requisite accuracies for a given

application. In order to facilitate answering this question for poten-

tial users of wave information, an effort will be made to include con-

trol bands for all results presented.

T. Figure 5 demonstrates an overview of the approach to be fol-

lowed in the estimation

of wave information for the design of dredged

material retaining structures. The general approach is valid as well

for any application in which information is needed, particularly in the

range of extreme values

OVERVIEW OF WAVE INFORMATION PROJECT

FOR GREAT LAKES

WINDS

a.
b.
c.

LAND STATIONS
SHIPS OBSERVATIONS
WEATHER MAPS

STORM WINDS

WAVE MODEL
(NUMERICAL)

STORM WAVES

WAVE CLIMATE PARAMETERS
a. RECURRENCE INTERVALS
b. STORM HYDROGRAPHS

Figure 5.

Overview of hindcasting approach
to design wave estimates

10
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PART II: ESTIMATION OF WINDS 1

8. Lack of continuous wind observations over the Great Lakes |

: forces the conclusion that, for practical purposes, winds over a lake g
:? must be estimated from other sources of data. Time and space scales of
wave generation, as well as the adaptability to computer processing,
must be considered in choosing the methodology for these wind esti-

mates. The only three sources of data with sufficient length of record

TP T REYEY

to permit calculation of extremes for the Great Lakes are (a) pressure
observations at adjacent land stations, (b) synoptic weather maps, and
(c) wind observations at adjacent land stations. Recent studies by | 3

Cole and Hilfikerl have shown that a network of pressure data around a

lake can produce reasonable forecasts of winds over a lake. Unfortu- {

éé nately, the somewhat large spacing and linear arrangement of data ?

sources for Lake Michigan (Figure 6) prohibit an effective approach to %

wind speeds over the lake using such a technique. Synoptic meteorologi- |

. cal charts are available in published form for this area back to the

year 1899. However, the charts prior to 1942 are available only for

time intervals of 24 hr, which is too long relative to the time of wave
growth for the most important frequencies on the Great Lakes. As an
example, for a wave component with a period of 10 sec, the total time

spent crossing a 100-mile* lake is about 5-1/2 hr. Thus, the response

time for such a wave component is about 5-1/2 hr; and for longer pe-

et i

riods, the response time is correspondingly less. Wind observations

around a lake are therefore the only feasible source of data left for

S e

the estimation of winds over a lake.
. 9. Reports 1 (Lake Erie) and 2 (Lake Ontario) of this series and
51 WES Miscellaneous Paper H—76—126 established the relationship between

hbdta . o

winds over land and over the lakes. Theoretical and empirical support

é% of the technique employed is detailed in this Miscellaneous Paper. Thus,
[ specific examples presented in this report may be taken from Lakes Erie

* A table of factors for converting U. S. customary units of measure-
E ment to metric (SI) units and metric (SI) units to U. S. customary
3 units is presented on page 3.

U ———
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or Ontario with the data from Lake Michigan serving as a supplement to

s L e

increase the general confidence in earlier results. The concept is to
accumulate general data in support of the proposed wind and wave tech-
niques with each report in this series rather than to treat each lake
independently. j
10. Cole7 reviewed a number of techniques used for estimating
winds over the Great Lakes. His conclusions indicated that none of the
presently used techniques correlated well with winds observed over a
lake. Table 1 gives the results Cole obtained in his study. Figure T

PRESSURE ANALYSIS
+ SMB - SVERDRUP AND MUNK'" '2 BRETSCHNEIDER®

++ PM - PIERSON AND MOSKOWITZ '3
t PNJ - PIERSON, NEUMANN, AND JAMES "4

v GEOSTROPFlHC " WIND

BRETSCHNEIDER®
UPWARD LAND

GRADIENT Y wino STATION WIND
RICHARDS, DRAGERT, AND
JACOBS® McINTYRE 0
ANEMOMETER HEIGHT WIND RICHARDS WIND OBSERVED WIND
i0M 16 M 7.5M
PNJt SMB* PMe* PNJt

SMB* PMes
S ]

| Figure 7. Schematic diagram of wind techniques
& investigated by Colel

e Tk

WAVE FIELD WAVE SPECTRA

shows the analyses used in each of the methods listed in Table 1.

1 The Bret‘.schne:i.c.ier8 and Jacob89 techniques would have to be taken from
weather maps and involve exceedingly large amounts of hand processing.
Only the comparison to the Richards et al.lo technique is relevant to
the method to be used in the present study. This comparison indicates

a very poor correlation of 0.36 between the 16-m Richards wind and winds

R

observed at a tower in Lake Michigan. On the basis of such an inade-

S

quate wind representation, the use of land-wind information to estimate

overlake winds might be dismissed. However, a possible explanation of

13




the lack of correlation in this study will be offered after a more de~-
tailed discussion of the general problem.

11. The interaction between a marine surface and the overlying
atmosphere is very complex. Only at some large distance from the inter-
face (somewhere in the range of a kilometre) can the effect of the bound-
ary be neglected. At this level, winds at the latitude of the Great
Lakes can be treated as geostrophic or, if isobaric curvature is sig-
nificant, gradient. As previously mentioned, synoptic-scale systems
such as extratropical cyclones produce the dominant large wave con- u
ditions on the Great Lakes. The size of a typical storm of this type J

is shown in Figure 8. From the patterns of isobars in this figure, it !
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Figure 8. Isobaric pattern of a typical extratropical
low in the Great Lakes region

is evident that the geostrophic winds above the Great Lakes are not
different from the winds over adjacent land stations. Hence, the drive-
ing mechanism for lower level winds in each case is the same. The

fundamental differences between the lower level winds must then be

1k
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primarily a function of the boundary characteristics. This means that,
if the transformations from geostrophic winds to overland winds and
geostrophic winds to overlake winds were both known, a relationship
between land winds and lake winds could be defined. In practice, this
is not an easy task. Most attempts to relate land winds to lake winds
have been purely empirical. For comparison of lake winds to land winds,

Huntls proposed the ratio¥*

UV
R=— (1)
U

where Uw and Ul repigsent wingGSPeed overl;ater and over langé re-
spectively. Then Hunt, Lemire, Richards, Richards et al., and
Richards and Phillips18 used this ratio to study the relationship be-
tween land winds and lake winds. Table 2, taken from Reference 18,
gives a summary of results obtained in these studies. The study by
Richards et al. also documented the effects of over-the-water fetch, air-
water temperature differences, and wind velocity on this ratio (Fig-
ure 9). From this study, it is apparent that the effect of air-water
temperature differences on R 1is decreased with increasing wind veloc-
ity, which, for the investigation of extreme wave conditions, can be
very significant.

12. The systematic behavior of the wind ratio suggests that these
results are not spurious, but actually represent a real relationship be-
tween land winds and lake winds. However, the studies do not indicate
to what degree the relationship was reproducible in a given application,
i.e., there is no correlation coefficient calculated between observed
lake winds and winds estimated using the relationship. An evaluation
of the error in the wind estimate is essential to the determination of
errors in wave hindcasts. Thus, additional empirical work was necessary
to complete the evaluation of the relationship between lake winds and

land winds.

* For convenience, symbols and unusual abbreviations are listed and de-
fined in the Notation (Appendix F).

15
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1
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R= (U'/Ul)

Figure 9. Characteristics of the ratio of overlake wind velocities
to overland velocities for various wind speed classes as a function
of air-water temperature (after Richards et al.10)

13. Richards and Phillips18 point out that the wind ratio R
"combines the influences which cause winds over the water to vary from
winds on the land; i.e.,

(i) differences in frictional effects created by land and
water;

(ii) changes in atmospheric stability created by air-water
temperature differences; and

(i1ii) the length of overwater fetch."

When errors in estimated winds are examined relative to observed winds

over a lake, another factor, inhomogeneities in the wind field, must be
considered. Many scales of motion are superimposed in the planetary
boundary layer. Any observation of wind speed must be regarded as a
statistic containing elements from each of these scales of motion. Thus,

a comparison between two winds at different locations must be carefully

16
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scrutinized to retain only the scales of motion which are being investi-
gated. In the present study, synoptic-scale features are being exam-
ined. If a single land station is correlated with the ships observa-
tions, there is no consideration given to spatial gradients in wind
velocity. Results from such a correlation analysis can be quite mis-
leading since they contain sources of variability other than those
attributable to inherent differences between land winds and lake winds.
To emphasize this point, a correlation coefficient was computed between
simultaneous wind observations at Toledo and Cleveland airports (using
a random sample of 50 observations during December 1972). The calcu-
lated correlation was 0.85, which means that only T2 percent of the
variance at Cleveland could be explained using wind data from Toledo.
On close examination, much of this difference appears to be related to
shifts in the time of peak winds during the passage of storms. For
example, a storm moving at 30 mph from west to east along a line from
Toledo to Cleveland might take about 3 hr to advect the same wind con-
ditions from the Toledo area to the Cleveland area. The remainder of
the difference is most likely due to mesoscale and smaller variations
in the wind field.

14. It should be noted that the land winds for airport stations
typically represent the average of two l-min wind observations per hour.
Cole7 does not discuss the averaging length for the winds observed over
the lake, which together with the neglect of spatial gradients in the
wind field may explain why the correlation between lake winds and land
winds was so low in his study. The ships observations used in this
study are approximate winds averaged visually by an observer watching
an anemometer for a l-min period. Deviations from such an observation
schedule might be expected during severe weather, but for most obser-
vations the quality control appears to be quite high. Figure 10 shows
a comparison between several sequences of winds observed at Toledo and
Cleveland and simultaneous observations by ships on the lake between
longitude 81.5 deg and the western end of Lake Erie. As seen in this
figure, there is considerable variance between the ships observations

for the same time; yet, if an average wind is calculated from the ships

17
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observations, a consistency is apparent between the land winds and

lake winds. To test this result with the entire data sample, re-
gressions were run between the ships observations and the mean wind
calculated from Toledo and Cleveland. These regressions are stratified
by the number of ships observations per 3-hr increment of time (Table 3).
Clearly, there is an increase in the correlation as one moves from one
observation per time increment to larger numbers of observations per
time increment. Hence, the actual correlations between a l-~hr average
land wind and a 1l-hr average lake wind should tend to be well correlated
with correlation coefficients of 0.8 or better.

15. Extensive wind data are available for six airports surround-
ing Lake Michigan: Chicago, Milwaukee, Muskegon, Green Bay, Traverse
City, and Sault Ste. Marie (Figure 6). Records at airport stations are
stored on magnetic tapes for the years after 1948 and are thus easily
retrievable. Other data sources used to supplement the wind data avail-
able prior to 1948 include: Escanaba and Ludington, Michigan (Figure 6).
In the two previous reports on Lakes Erie and Ontario, the wind data
were stratified into 3° C classes of air-sea temperature difference, and
then linear regression coefficients were calculated. This was not done
for Lake Michigan. Instead, the basic form for ratio R derived in

Reference 6 is expressed as
R=y o (2)

where ¥ is a velocity-dependent function (Figure A2 in Appendix A),
and 0n is a normalized function dependent on air-sea temperature
difference.

16. Table 4 presents the root-mean-square (rme) errors of wind
speeds estimated from land stations, using Equation 2, compared to wind
speeds observed by ships. As seen in this table, the expected rms error
for most conditions of interest to hindcasts is under 5 knots.

17. Reports 1 and 2 indicated a linear relation between the ratio
of anemometer-level winds to geostrophic winds and air-sea temperature

difference. However, analyses documented in Reference 6 have shown that
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although the portion of curve studied in the earlier reports is linear,

the complete curve is of the form shown in Figure 11. The relationship
is given in terms of the normalized function °n in this figure. 1In

order to convert V/G , the ratio of anemometer-level wind speed to

1.4
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Figure 11. Comparison of empirical results of Richards et al.,lo

Bret‘.schne:i.der,8 and the present study. The data of Richards
et al. and Bretschneider were normalized to 1 at neutral

20




geostrophic wind speeds, to Qn , the curve from Bretschneider8 was

normalized by dividing by the value of V/G for neutral stability.

18. Using a two-layer model of atmospheric motion in the plane-
19

tary boundary layer, Cardone showed that the linear portion of the

variation of ¢n with air-sea temperature difference was theoretically
Justifiable. Figure 12 presents empirical data from Bijvoet,ao H.O.
Pub. 604,%°

portion of the curve shown in Figure 11.

and Johnson21 that also support the slope of the linear
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Figure 12. Comparison of relationship between "b" coefficients

and air-sea temperature differences as determined in the present

study and published empirical relationships of the ratio of

anemometer-level wind to geostrophic wind speed. A value of V/G

= 0.45 at Tgq - Tg = 0 was assumed in constructing the line
for the present study (from the "b" coefficients)

19. The dependence of the ratio R on velocity is clearly estab-
lished in several studies (Johnson,zl Richards et al.,lo and Resio and
Vincent6). Figure 13 shows a comparison of the results from these three
studies. When the statistical nature of the different measurements and

analyses used in these independent studies is considered, the consis-

tency is striking.
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Figure 13. Velocity-dependent behavior of the ratio of anemometer-
level wind speeds (V) to geostrophic wind speeds (G). Values for
V/G have been normalized to neutral conditions assuming a value of
V/G for land of 0.45
20. The conclusion of this investigation is that the use of
winds around the lake perimeter appears to give an adequate representa-

tion of winds over a lake. Certainly, the representation is quite

limited in its ability to reproduce effects of mesoscale and smaller

variations in the wind field. What is obtained in this analysis is a

synthesized representation of the synoptic-scale winds over a lake.
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Only calibration of the wave models using lake winds estimated from

land winds can answer the question as to the adequacy of this represen-

tation for hindcasting purposes.
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PART III: APPLICATION OF WAVE MODELS

21. Theoretical treatments of wave growth due to the action of
the wind date back to Helmholtz.22 Since then, a proliferation of
theories has been offered to explain this phenomenon. It was not until
the 1940's, however, that practical wave hindcasting and forecasting
began. Sverdrup and Munkll’12

calculating wave growth due to winds. These methods used a single mea-

presented semi-empirical methods for

sure of wave height, "significant wave height,"

and a single measure of
wave period, "significant period," to characterize waves on the ocean
surface. The significant wave height was defined as the average of the
one-third highest waves in an observation period and was intended to
correspond to that wave height estimated visually by an observer. The
significant period was meant to correspond to the period of the "sig-
nificant" waves. Johnson23 applied the Buckingham Pi theorem to obtain
nondimensional relationships between wave heights, wave periods, wind
speed, fetch, and duration of winds. The form of these relationships
has remained essentially unchanged. The only real modifications have
been based on changing the values of some of the empirical coefficients
when warranted by additional data (Bretschneidera’zh).

22. A different type of representation of the ocean surface also
began during the late 1940's when investigators of random noise in
circuits (Rice,2S Tukey and Hamming26) began formul;ting spectral
2

relationships for stationary time series. Pierson took these concepts
and applied them to ocean waves. In this characterization, waves are
visualized as being a sum of an infinite number of wave trains composed
of varying frequencies and directions of travel. Longuet—Higgin528
showed that, under certain constraints, the distribution of wave heights
in a spectrum was specified by a Rayleigh distribution and formally
equated the concept of "significant wave height'" with the energy spec-

trum by the relationship

H

173 = 2.83 VE : (3)

2k
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where Hl/3 is the significant wave height and E is twice the total
variance in the wave spectrum. Several theories have since been ad-
vanced on the growth of wave spectra under the action of the wind
(Appendix B). These provide the framework for several different spec-
tral hindcast models that exist today.

23. A definite choice had to be made in this study whether to use
a significant wave method (sometimes referred to as an SMB method) or a
spectral model, and if a spectral model were to be used, which one would
be selected.

24h. To choose an optimal model for the Great Lakes requires an
examination of the accuracy required by users of the wave information
and the accuracy aveilable from the various models. The high cost of
dike construction for dredged material retention and the high cost of
coastal zone construction certainly justify selection of the most ac-
curate model.

25. The major disadvantages in applying the SMB technique are
linked to its use of a single parameter to represent sometimes complex
phenomena. If the wind field were a known constant over a uniform fetch
and if the waves were truly monochromatic, the SMB technique should be
an excellent method for estimating wave heights. The reduction in use-
fulness and accuracy of the SMB technique for the Great Lakes is related
to deviations from these assumptions. Variability in the shoreline
geometry of the Great Lakes and in wind velocities and directions during
the passage of a storm can introduce considerable error in the attempt
to simplify the winds and fetches to a form commensurate with assump-
tions inherent in SMB hindcasts.

26. In a wave spectrum specified at a given time, the energy
density may be fetch-limited for some frequencies and duration-limited
for others. With the SMB technique, however, waves can be treated only
as fetch-limited or duration-limited.

27. Recent field studies into the growth of waves tend to point
out this problem of fetch and duration equivalence. According to the
most recent deepwater curves published for the significant wave method
(SPMS) for a 30-knot wind, a 50-mile fetch is equivalent to atout

25
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& T-hr duration. In other words, waves for a 50-mile fetch will be
duration-limited as long as the wind has blown less than 7 hr. A field
study by Barnett and Wilkerson29 demonstrated that waves with periods
as high as 8.5 sec were fully developed within 50 miles of a coast for
winds of 30 knots blowing straight offshore (Figure 14). The group
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Figure 1L4. Growth of frequency components of
waves for an offshore wind of 30 knots (after
Barnett30)

velocity of these waves is around 15 mph, so the total possible time
under the action of the wind is only about 3.3 hr. Thus, the waves
would become fetch-limited* after only 3.3 hr, not 7 hr as given by the
SMB method.

28. Because of these apparent inadequacies in the SMB method for
conditions typical of the Great Lakes, an investigation into the poten-
tial of numerical models was initiated. Such models have been in use

since the early 1960's (Baer31) and, at various stages of development,

* This assumption that higher frequencies are fully developed before
lower frequencies also was validated in the same field study.
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have been proven capable of providing good estimates of wave heights.

These models differ from the significant wave model in that they use a
system of grid points on the water surface for calculations of energy
transfer into and out of the wave spectrum. In this way, they can
achieve a much more detailed representation of the shoreline and wind-
field geometries. Also, since the model calculates energy transfers for
small increments of time, the wind field in a numerical model can be
specified more exactly in time than the wind field in a significant wave
calculation.

29. Several numerical models are presently available. Basically,
all of these using theoretical representations of energy transfer mech-
anisms compute energy spectra at each grid point. The ability to retain
information from each grid point is certainly an advantage of these
models. Thus, what might require several separate hindcasts with an SMB
approach can often be done in one step with a numerical model.

30. Only two numerical models of wind-generated waves have been
used extensively in the United States--one developed at New York Uni-

13 32 19

Inoue, and Cardone, and another

30

versity by Pierson and Moskowitz,
developed at Scripps Institute of Oceanography, primarily by Barnett.
These two models are discussed in more detail in Appendix B. A third
model, the French spectro-angulaire model, also has been used in the

United States, but will not be examined here since it is similar in many
respects to the model developed at Scripps.

31. The primary difference between these models is the form of
the energy transfer into the waves attributed to different theoretical
mechanisms. The "NYU" model essentially considers: (a) a linear source
due to the interaction of the water surface with turbulent pressure
fluctuations in the atmosphere (Eckart,33 Phillips3h); (b) a nonlinear
mechanism due to a resonant interaction between waves and the mean wind
profile (Miles35); and (c) a wave-breaking term related to the fully
developed spectral form proposed by Pierson and Moskovitz.l3 The

30

model developed by Barnett, in addition to the Miles' and Phillips'

mechanisms and wave breaking, considers the effect of wave-wave inter-

actions on the development of a spectrum (Hasselmann36-38).
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32. Even though the basic research needed to clarify the energy
transfer mechanisms is far from complete, both models have been tested

39 documents compari-

successfully in previous studies. Lazonoff et al.
sons between hindcast wave heights using the "NYU" model and observed

waves on the Mediterranean Sea. For this set of comparisons, 80 percent
of the observed and hindcast wave heights were within 3 ft of each other.

The Barnett model has not been as widely tested in deep water.* Fig-
30

ure 15 shows a single time series comparison made by Barnett™ for an
area in the Atlantic. .
16 T T TR R T S R R R G
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Figure 15. Hindcasted significant wave heights for

16-18 Dec 1959, using Barnett model with 6C-nautical-

mile grid "O" and 120-nautical-mile grid "O" as com-

pared with observed wave heights from the OWS
"Weather Reporter"

# Fleet Numerical Weather Central in Monterey, California, has now com-

pleted adapting a version of the wave-wave interaction model to their
computer systems. Preliminary results from hindcasts in the Gulf of
Alaska region have compared extremely well with wave observations
(personal communication from Professor Warren Thompson of the Naval
Postgraduate School, Monterey, California).
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33. Several sequences of wave spectra were selected for compari-
son with hindcasts by the "NYU" and Barnett models. The corresponding
significant wave heights for the periods from which these spectra were
taken started at some low level (about 1 to 2 ft), progressed to some
maximum or maxima (greater than 5 ft), and then returned to near the
initial level. With these time series, the two important aspects in the
model were (a) the comparison with the complete hydrograph and (b) the
comparison between observed maxima and hindcast maxima. In this study,
the behavior of both the time series and individual maxima hindcast with
the "NYU" model was found to be more erratic than the hindcast with the
wave-wave interaction model. Also, the nondimensional wave heights
predicted by the "NYU" model were not consistent with recent field ob-
servations such as those of Hasselmann et al.ho Figure 16 presents a
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Figure 16. Comparison of time series of significant wave heights
observed at Muskegon for storm of 29 October 1965 and wave heights
hindcast by numerical model for same storm
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¢comparison between sequences of wave heights hindcast by the latter

model. Figure 17 shows a spectral comparison for the peak conditions
Figure 18 gives the distribution of ob-
Additional results from

observed in this time series.

served maxima relative to hindcast maxima.

model calibrations are given in Appendix B.

34. The wind input to these test runs on the computer consisted

96
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60
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Figure 17.
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— e HINDCAST SPECTRUM
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Comparison of hindcast spectrum and observed
spectrum at Point Pelee for peak storm waves during

storm of T April 1973
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Figure 18. Comparison of maximum significant wave

heights for individual storms as recorded by gages

(Point Pelee, Lake Erie; and Toronto, Cobourg, and

Main Duck, Lake Ontario) and significant wave

heights hindcast by the numerical model using
Barnett's parameterizations

! of 3-hr winds taken from wind data on magnetic tapes for Buffalo and
t! Rochester on Lake Ontario and Toledo, Cleveland, Erie, and Buffalo on
Lake Erie. These winds were input into the program directly, and all

YT

sonversions and interpolations of the wind field are performed within

i the computer program. This means that subjectivity in the wind input

used in this calibration was held to an absolute minimum.
35. At the time of the calibration tests for Lake Michigan, there

were no deepwater wave gage data available to this study. The compari-

sons between hindcasts and gage data from the offshore tower located

i : near Muskegon should be comparable for wave spectra in which the fre-

5 J quency of the spectral peak is less than about 0.15. As shown in Fig-

ures 16 and 17, the comparison between the numerical niodel and gage ob-

f servations is quite good for such conditions. Consequently, there is
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no reason to expect the capability of the model in hindcasts of maximum
waves, as shown in Figure 18 for Lakes Erie and Ontario, not to extend
to Lake Michigan.

36. The rms error for the hindcasts shown in Figure 18 is about
1.5 ft. The tendency of the model to overpredict in short fetch condi-
tions, as noted in Reports 1 and 2, is not as pronounced as indicated
by the smaller number of hindcasts considered in those earlier reports.
The underprediction during the summer period appears to remain, however,
and is most likely due to the lack of resolution of the small-scale
summer circulation features.

37. Another possible contributor to the error in short fetch
conditions is the relative importance of mesoscale inhomogeneities in
the wind field for these cases. In the short fetch situation, the waves
are propagating in an offshore direction; in the summer storms, actual
maxima are only about 5 to 6 ft. Neither of these cases are critical
to the practical problem of forecasting extreme wave heights along the
coastlines of the Great Lakes. The agreement between hindcast wave
maxima and observed wave maxima for cases involving fetches over
20 miles and for waves propagating toward shore was extremely good. All
of the hindcast maxima* were within 1.5 ft of observed maxima. The rms
(root-mean-square) error in estimating peak wave heights for this set of
conditions is about 1 ft.

38. The agreement between the wave-wave interaction model and
observed waves unequivocally confirms the capability of state-of-the-art
numerical wave models, coupled with adequate wind data, to produce re-
sults of sufficient accuracy for most engineering applications. One
point that should be brought out, however, is the lack of observed wave
heights above 15 ft with which to extend the calibration curve. If
strong nonlinear effects are present in waves beyond the range of the
calibration, these would be impossible to detect with the present data.

However, the numerical wave models have been calibrated at ocean sites

* In some cases, the wave gages did not function part of the time dur-
ing the high wave conditions. For these instances, comparisons were
made between wave heights at the time of the highest gage record.
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for waves considerably larger than 15 ft. Thus, unless there is a large
error associated with the friction term, there is little reason to ex-

pect a marked increase in error for wave heights in excess of 15 ft hind-

cast with the present model.
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PART IV: THE ANALYSIS OF EXTREME WAVE HEIGHTS

i 39. In Part III, a capability to reproduce wave heights from in-
' dividual storms was demonstrated. Th’- information is valuable, but it
is the statistical synthesis of this information into the estimation of
probabilities of extremes that is most important in design and planning

applications. The analytical treatment of extremes is well developed
(Jenkinson,l‘l Gumbel,l‘2
tively for values not extrapolated too far beyond the total length of

and Gringortenh3) and can be used very effec-

record.

40. A major facet of this study has been to obtain long records
of reliable wind data. For this purpose, several problems had to be
addressed. First, only about 26 yr of the wind data were available on
magnetic tape; the remainder were handcopied from autograph forms avail- | :
able at the National Climatic Center, Asheville, North Carolina. Second, ‘
i wind data are not available at a consistent height or a consistent loca-
tion for the entire period of record; thus a detailed analysis of the
wind profile, as discussed in Appendix A, is necessary. Results of these
analyses are transformations of the wind from one height to another.

For the simple case in which the wind to be transformed can be con-
sidered totally within a boundary layer characteristic of land, the one-
seventh power law can be invoked. These winds are reduced to a common

anemometer height (20 ft) and transformed, using the empirical results

obtained in Part II, into winds over the lake. For stations located

within a mile or so of the lake shore, winds blowing off the lake still

Bl 2 retain characteristics of the marine boundary layer (particularly for
anemometer heights typical of older Great Lakes weather stations, 200-

* 300 ft). These winds are transformed directly to winds over the lake
using a theoretical treatment of meteorological boundary layers. In this
way, a single, quasi-homogeneous population of winds estimated over the

lake is obtained. Appendix A details the techniques used to formulate

i these transformations.
b 4l. 1In order to obtain design information for all directions of

i wave approach for coastal structures, the wind data were stratified by
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a 45-deg direction class (i.e., N, NW, W, etc.). They were further sub-
divided by separating the winds into seasonal categories (January-March,
April-June, July-September, October-December). This was accomplished to
facilitate treatment of seasonal variations in water level and icing con-
ditions on the Great Lakes. Seasonal wind-speed maxima (in each direc-
tion) for each wind station were determined; the storms during which
these wind speeds occurred were keypunched.* To reduce computer time,
only the larger half of these storms (in terms of the wind-speed crite-
ria) was input into the numerical model. For each storm (at l-hr inter-
vals), two-dimensional spectra for all grid points adjacent to shore
were written onto magnetic tapes and saved. Maximum wave heights** by
direction are output in the form of punched cards. It is the latter
information which is used in the calculation of wave height recurrence
intervals.

42. Since only seasonal maxima were computed for wave heights,
the appropriate method to use in estimating recurrence intervals is

taken from the asymptotic theory of extremes. In their texts, Gumbelhe

gives an excellent discussion of these techniques, and Gringortenh3 pre-
sents a good demonstration of the application of these techniques.

Basically, the asymptotic forms are solutions to the equation

F(x) = F(anx + bn) (4)

* A minimum of 6 hr before the maximum and 3 hr after the maximum were
included in the storm to ensure that the peak wave conditions were
calculated.

*#* GSignificant wave heights for nearshore conditions are estimated from
the two-dimensional spectra at the grid points by the relationship

1/2
5193
Hy 5 = bo0L f f F(£,0) af ae
6 T

where f7 and fp are the lowest and highest frequencies considered
in the numerical model, 6; and 6p are limiting angles for waves
propagating toward the shore, and F(f,0) is the two-dimensional
spectrum.
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where a and bn are constants, which are functions of sample size
n, and F is the cumulative probability function of x . This theory
is based on the premise called the Stability Postulate, which states
that the distribution of the largest value in Nn observations will

approach the same asymptotic expression as the distribution of the
largest value in N samples of size n . The only three solutions
possible for Equation 4 are termed the Fisher-Tippett Types I, II, and
IIT distributions. Each solution is derived from different constraints
on a, and bn 3 however, Jenkinsonhl showed that all three of these

distributions could be written in a common form as

-ky
x=xo+a(l—-ke——) (5) 1

where
x, = parameter of extremal distribution
a = parameter of extremal distribution
e = Napierian base (2.71828...)
k = parameter denoting curvature in extremal distribution
¥ = reduced variate in distribution of extremes

Figure 19 shows the form of Fisher-Tippett Types I, II, and III dis-

tributions when k=0, k<0, and k > 0 , respectively. It is also

important to note in this figure the bounds on the different types:

(a) Type I is unbounded; (b) Type II has a lower limit; and (c) Type III

has an upper limit. Unfortunately, there is no reliable, objective 3
method for determining which distribution one is dealing with when given

only a single set of sample characteristics. Arguments based on the

stability of extrapolations and the ease of application usually favor

the Fisher-Tippett Type I distribution when curvatures are relatively

low.
43. 1In the analysis of wave height extremes, the first step was
to plot the wave heights computed in the wave model against the log-

arithm of recurrence intervals* estimated from the formula

* The terms "recurrence interval" and "return period" are used inter-
changeably in this report.
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where

T
H
F(H)

X
] TYPE @ k=-03/A  THE SCALE OF X IS IN UNITS

OF THE PARAMETER &, TAK~
ING Xo AS ORIGIN. & IS THE
SLOPE OF THE X, Y CURVE
AT Y=0, WHERE X=X,

GENERAL| EQ_:JATDN

X=X+ a(lz0"ty
)

WHICH SIMPLIFIES, FOR k=0
TO X=Xgtay (TYPE I)

LOWER' X=x5 g @

Figure 19. Schematic representation of the three
Fisher-Tippett asymptotic distributions on x-y
diagrams (after Jenkinsonl¥)

1

T(H) = T—Fm)y : (6)

= return period
= wave height
= cumulative probability function of H

A typical result of such plots is shown in Figure 20. The curvature at

the bottom of these graphs is due to the inclusion of samples from

storms cther than the seasonal maxima for each direction and the in-

clusion of

hindcasts.

only the larger half of the annual maxima in the numerical
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Figure 20. Sample plot of log T versus ! 3
significant wave height as calculated from 1 3
Equation 6 3

LY. The upper portion of these graphs represents a region iden-
tical to that which would be calculated from an analysis of all of the @
annual maxima. As discussed in Appendix D, this section of the curve
can be used to reconstruct estimates of parameters for the entire
curve. These results are based on calculations designed to optimize the
estimation of large return periods and hence should not be used to
estimate return periods of less than a year. Another factor to consider

in applying asymptotic methods to small recurrence intervals is empha-

sized by Dalrymple.hs In a series of annual maxima, the recurrence
interval is defined as the average interval in which a wave height
greater than or equal to a given size will recur as an annual maximum.
A partial-duration series must be used to define the average interval
between wave heights of a given size regardless of their relationship to
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other storms of the same year. Relationships between recurrence in-
tervals defined by the two different techniques have been derived by
Langbeinh6 and Chowu7 (Table 5).

45. Figure 21 shows the locations of grid points used to define
"deepwater"* wave heights along the U. S. shoreline of Lake Michigan.
These points were chosen to be sufficiently removed from the effects of
shallow water and local coastline geometry to permit them to be represen-
tative of the segments of coast in which they are centered. Also, the
effects of storm surges, seiches, and other fluctuations in water level
become increasingly important as the coast is approached. Whereas sta-
tistics specified off the coast can be considered independent of small
changes in lake level, waves and water levels closer to shore must be
superimposed in order to obtain calculations of wave heights. For storm
waves calculated during this study, the two-dimensional spectra can be
retrieved from magnetic tape and input into shallow-water wave routines
along with detailed specifications of water levels during the storm.
Although this is adequate for individual storms, it might be more ad-
vantageous to investigate the covariance between the wave spectra and
short-term fluctuations of the lake level. Thus, a statistical model
could be derived which could provide nearshore wave information at
minimal cost.

46. Ice cover significantly influences winter wave climates on
all of the Great Lakes with the possible exception of Lake Ontario. Two
factors must be considered in examining the effect of ice cover on re-
ducing wave heights incident on shores or structures: (a) reduction of
fetch lengths for wave generation; and (b) protection from waves af-
forded by ice cover near the shore. Since ice typically forms around
the periphery of a lake before extending toward the center, the second
of these two factors is more important for most nearshore sites. As a

reasonable first approximation, meteorological conditions which generate

* These depths are not greater than one-half the wavelength of some of
the waves on the Great Lakes, but they are in locations where refrac-
tion and frictional effects would be minimally affected by changes in
the water level of up to several feet.
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Figure 21. Locations of grid points for which two-dimensional
spectra are retained on magnetic tape and for which design
wave information is listed in Appendix E
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large waves in the winter (individual extratropical cyclones) can be

considered independent of meteorological conditions responsible for ice
formation (long-term, large-scale circulation patterns). A much more
detailed study would be required to establish relationships between
storm probabilities and large-scale circulation patterns, and the in-
crease in the accuracy of estimates of recurrence intervals could very
well be marginal. Consequently, the assumption of independence seems
Justifiable in this study. With this assumption, the probability of a
particular wave height (p(H)) occurring at a site can be written as the
product of the probability of its occurence estimated from hindcasts not
considering ice cover (p'(H)) and the probability of there being no ice
at the site (p(e))

p(H)= p'(H) p(e) (7)

47. Thus the recurrence interval for conditions with possible ice
cover can be expressed as
T'= T ¢ (8)

where T 1is the recurrence interval for waves with no ice cover (as

determined by the computer program) and ¢ is defined as

1

¢ = e~ s 3 (9)

Equation 9 provides a simple method of converting the generalized wave
statistics into statistics applicable to specific locations around a
lake.

48. If the effect of fetch reduction appears necessary for rea-
sonable wave height estimates at a particular site, a transformation

can be applied such as
H = g(H, F, F) (10)

where

HL = actual wave height as affected by fetch reduction due to
ice cover

L1

o




g = function of H, F , and FL
F = land-bounded fetch
FL = fetch during partial ice cover

Since the original wave height is calculated with the complete numerical
program, a simple relationship based on dimensional considerations can
be applied to reproduce the approximate variation of wave height with
fetch without introducing too much error. Hence, the curves given in
SPM5 for wave growth with fetch (ignoring the duration of winds) can

be used to scale wave heights predicted with no ice cover into wave

heights with reduced fetches. Figure 22 presents these curves for
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Figure 22. Growth of significant wave height as a function of wind
: speed and fetch (after SPM?)

fetches from 20 to 200 miles. For example, if the original fetch were
100 miles, these curves indicate that a wind velocity of approximately
28 knots would be required to generate a significant wave height of

10 ft. If ice cover reduced the fetch to 50 miles, the significant
wave height for this veloc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>