
DEPARTMENT OF THE ARMY CORPS OF ENGINE 

BEACH EROSION BOARD 
OFFICE OF THE CHIEF OF ENGINEERS 

MODEL ST UDY OF OVERT OPPING 
OF WIND - GENERATED WAVES' 

o LEVEES WITH S LOPES 
OF 1:3 AND 1:6 

TECHNICAL MEMORANDUM NO. 80 



. ., . 
, •• ••• "'1 1 

~_.. l _ ~... _.'::..' ~ . 
BRRATA SHIll' 

Technical Meaocu4U11 II 80 of Be&eb 1II'08ion 80uCl 

"Model Stucly of OVertopPilli of wiftd~l'atecS 
Waves on ~ees With"Slopes of 113 • 1.6" 

'rASLJ IX - hie J.J.. 
ClIuIe latrie., ill ColUIID 12 for aUG No •• 44. 45. &II'S 46 fl'. 9,0011, 0.9915. a 0'0013 
'to 0,,,. ~ .• ~ I'e.pectively.' 

~',;(., .. , ,';, - -

,. • • • I" 1~ 
". " 



MODEL STUDY OF OVERTOPPING 
OF WIND-GENERATED WAVES 

ON LEVEES WITH SLOPES 
OF 1:3 AND 1:6 

DEPARTMENT OF THE ARM Y 
CORPS OF ENG INEERS 

TECHNICAL MEMORANDUM NO. 80 

APRI L 1956 



RlRE\'tQRD 

A need for more adequate design data on wave overtopping of 
shore structures has long been evident. The quantity of wave 
wash overtopping a structure is important not only for the design 
of a safe structure (prevention of rear face erosion), but also 
for adequate design of f lood protection and drainage behind the 
struct ure. In the past few years several series of tests on wave 
over topping have been i nitiated -- but all deal with mechanically 
generat ed waves. In nature however , the wave breaking and runn
ing up the face of the st ructure may receive an added boost from 
the wind, thereby increasing the amount of overtopping. The 
tests r eported here in were designed to give an indication of the 
relative importance of the wind force in increasing overtopping 
over that wh ich might be observed under calm conditions. 

This report was prepared at the University of California 
in Berkeley in pursuance of contract DA-49-055-eng-31 with the 
Beach Erosion Board which provides in part for research and 
investigation on wave action in shallow water . The authors, 
Osvald Sibul and E. G. Tickner, are research personne l at that 
institution working primarily in t he Wave Research Laboratory. 

The work done on this study was supported j ointly by the 
Jacksonville Distr ic t of the Corps of Engineers, and the Beach 
Erosion Board. The funds were allotted from the Civil Works 
Investigation Program of the Office , Chief of Engineers under 
projects CW 166 and Qtl 167 , "S tudy of Waves and Wind Tides in 
Shallow Water", and from project funds under the Central and 
Southern Florida Project for Flood Control and Other Purposes. 

Views and conclUsions stated in this report are not necessarily 
those of the Beach Erosion Board or the Jacksonvil le District . 

Thi s report is publ ished under authority of Public Law 
166 , 79th Congress, approved July 31 , 1945. 
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,. D TUDY OF OVERTOPPING OF WIND-GENERATED 
A ES 0 LEVEES WITH SLOPES OF 1:3 AND 1:6 

by 
Osvald J. Sibul and Ernest G. Tickner 

Unive sity of California, Berkeley 

ABSTRACT 

T e overtopping of wind-generated waves on l evee 
with of 1:3 and 1: 6 was studied in a laboratory wind-
wave nnel The results were compared with experiments 
comp d at the Waterways Experiment Station, Vicksburg, 
Miss1 1 Pl , where the tests were accomplished with mechan i c
a l l y-g ated uniform waves which were not affected by wind. 
For l ow "nd velocities the r esult s from the present tests 
were . ilar t the Vicksburg tests. For higher win 
ve loc s , however, an additional overtopping occurs due t 
t he w action, so that the total overtopping could be 
separ into two parts; t hat is, 

1 . Overtopping due to the wave action (based on 
the WES* experiments). 

2. Overtopping due to the wind action (based on 
wind-wave tunnel experiments) . 

The 1 r atory tests showed that the wind starts to affec t 
the "L It s f or wind speeds above 10 mph for the 1:6 slope 
levee above 20 mph f or the 1:3 slope le vee . It is 
expe tha t for t he prototype this critical wind speed 
probaLl ould be considerably higher. Froude' s similarity 
law pro bly is not applicable in predicting critical pro-
totype d speeds. For example, the critical speed at the 
give lear scale ratio of 1:67. 5 is 80 mph for the 1:6 
slope 1 vee and 160 mph for the 1: 3 slope levee. The 
additlon 1 overtopping due to the wind depends upon the 
slope f the l evee , and the slope remains the same regard
less nf t .e scale-ratio. The volume of overtopping, however , 
depen! the intensity of the wind, and requires a 
higher ' nd shear stress to achieve the rate of f low f or t he 
prototyp ieh would be predicted from the model discharge . 
The dir . effect of wind on the overtopping of waves should 
therefo e regarded as qualitative and give only the trend 
for ove op ing effects when the wind speed i s increased. 

INTRODOCTION 

Waves r e k " ng on a levee may I\Dl up and f low over the l eve rown . 
Thus, very l ar e quantities of water may be "pumped" over t e s ru ture, 

*Waterways Exp r iment Station 
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thereby creating a flood condit ion in the area intended to be prot ected. 
Hence, the elevation of the levee crown must be such as to eliminate 
this danger. In most cases any increase in levee elevation is rela ted 
t o an enormously high expendit~r e, r eaching mil lions of dol l ar s for each 
f oot of rise. In the light of this, it is impe ra tive that accurat e 
design data be available to permit a · reduction in the construction and 
maintenance costs while giving the required amount of protection. The 
avai lable information indicates that wave rU~I~~ might amount to twt~, the 
wave height or(~~metimes even -more (Granthem, Sibuland Tickner , 
Hall and Wat ts ) . This information means that an addit ional increase 
in levee elevation of 30 feet or more above the storage a!'ld wind tide 
elevations is necessary fo r some localities to prevent Wave overtopp ing. 
On the other hand, it might be more economical not to bu i ld the levee 
for the max~um run-up, but to let some of the waves overtop the strocture 
and control the water passing over t he levee by building storage pool s 
or pumping it back over the levee. The design of the system to be used 
r equires information on the amount of water t o be handled. There are 
no fie ld data available which could be utilized by the engineer in such 
design work. The complex nature of the waves and the great number of 
var i ables involved make the theoretical development of the problem 
dif f icult, if not impossible. Even th ough a theory is developed, after 
making various a ssumptions , this theory would have to be verified before 
it could be used with conf idence. Considering these difficulties, the 
m~st logical so~utio~ ap~ears .to be to resort to ~abor atory exper~~~ts. 
F1r st attf~~ts 1n th1S d1rect10n were made by Sav1l le and Caldwell 
and Sibu1 • Each levee cross-section must be invest i gated separately 
to cover a wide range of water depths and wave steepnesses, for t hese are 
the factors affect ing the wave breaking, which again is of prime importance 
in wave r un-up and overtopping. If the wave break ing occurs away from 
the structure , the run-up is r elatively small. If , however , the breaking 
occurs on the structure, the overtopping is relatively large. 

In connection with the proposed Lake Okeechobee levee des i gn (6, 7, 
8, 9) a comprehensive te st progr am for wave run-up and overtopping was 
conduct ed at the Waterways Exper ime nt Station, Vi cksburg. In these ex
per iments waves were generated mechanically and were uni form in height 
and periOd. Various le vee cross-sections were tested, such as constant 
slopes of 1:3 and 1:6 on a 1:10 bot tom. Also tested wer e: (a) l evee 
sections with slopes intersected by level berms, and ( b) levees with some 
kind of underwater barriers to make the waves break and dissipate the 
energy in turbu lence before they reach the main structure. This tatter 
levee section may be the best in protecting the main part of t he levee, 
but, on the other hand , the const ruction cost s are re lative ly high. 
Further, it was found that the var iation in run-up and overtopping f actors 
between levees with constant slope and those which include a shor t berm 
is re latively small. Estimat ion of construction costs indicates that 
long berms are not economically feasible*: The most feasible solution 
economically was found to be a levee with a constant slope . For the 1:3 
and 1:6 slopes as tested the run-up on the 1:3 slope was found to be abou t 
twice that of the 1:6 slope. 

2 
* For numbers in Parentheses see Re ferences. 
**Letter from Jacksonville District, Corpstt Engrs., Jacksonville, Florida, 

30 March 1955. 
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IABORATORY EQUIPMENT AND PROCEDURE 

Experiments were performed in a channel 1.0 foot wide , 1. 28 feet deep, 
and 60 feet long as shown in Figure 2a. The channel was constructed of 
wood. with one side made of plate-glass for observation purposes. The 
wind was g~nerated by a motor-driven blower mounted at one end of the 
channel. The wind velocities could be varied from 0 to approximately 
50 ft/sec by varying the air intake area of the blower . To straighten 
the wind flow upon entering the channe • a honeycomb was set between the 
blower and the channe l. To guide the wind gradually on and off the water 
surface, a s loping beach (slope approximately 1 : 10) was set at the beginn
ing and end of the channel, as shown in Figure 2a . The discharge bf air 
""as measured by a Venturi section at the entrance end of the channel . The 
Ventur i meter was used to obtain approximately the desired wind velocity. 
Final wind velocity measurements were made, however , by using a Pitot tube 
mounted to permit a vertical traverse of the tunnel to be made. 

The wave heights and periods were measured at the toe of the bottom 
slope (Figs I and 2) by parallel-wire resistance elements connected to 
Brush recorders. A sample of the wave record is given in Figure 3. 

Piezometer openings were installed on the top and the bottom of the 
channel at five locations along the centerline . They were connected to 
micropiezometers, ~s shown in Figure 2b. This arrangement was made so 
that the piezometers could be read against the inside pressure ( the actual 
MWL ) and against the atmospheric pressure. The difference between these 
two readings indicated the inside pressure relative to the atmosphere 
pressure; therefore, the pressur e drop between successive piezometers 
could be determined. T check his latter measurement , three draft gages 
were connected to the piezometer openings at the top of the channel at 
the locations of piezometers 1, 3 and 5, as shown in Figure 2a. Pressure 
readings with the draft gages ere made simultaneously with those of the 
manometers. The readings from the two devices always agreed very closely . 
Any difference indicated a f aulty connection or a clogged piezometer 
opening , and corrections were made at once. 

The Model : It was decided to build the model geometrically similar 
to levee designs which in preliminary studies were found to be the most 
feasible from the teChnical and economical standpoints, for Lake Okeechobee 
conditions*. Run-up and overtopping experiments were completed at the 
Waterway Experiment Station, icksburg , Mississippi, on models with a 
linear scale of 1: 30, using mechanically-generated uniform waves. Prom 
these experiments it was found that the most economical levee design should 
have uniformly sloping sides r i s "ng above the sloping botto of 1: 10, as 
shown in igs. l and 2c . Further, i t was found that the run-up and over-
t pping on a : 3 s op was considerab y higher than on a 1: slope. To 
determine if a- similar t rend a l so exists with wind-generated waves ( under 
wind action), tests ere made using these two slopes . 

5 
, Ope cit 
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The maximum expected wind t ide on Lake Okeechobee will result in a 
maximum depth of 25 feet at the toe of the beach (dl in Fig. 1), and 10 
f eet at the toe of the levee (d

2
). The expe ime~t~ at W~terway s Experi

ment Station indicated that the depth of watf ~ a~ 2 oe f the 1 :10 
beach slope (d

l
) haS l ittle e f fect on the height of the ~ -up . On the 

other hand, the depth of water at the toe f the levee slcpe ( dz) has con
siderable effect on the height of run-up . It was found that tfie decrease 
in depth ( d ) result s in a decrease in r un- u.* Consequently, to cover 
the most crttical condition, the model was constructed for prototype con
ditions of d = 25 f eet and d = 10 fee t. The maximum depth of water 
which could ee used successfu~1Y in the avai able wind channel was 0.37 
foot (d

l
) , so that the linear scale was determined to be 0.37/25 = 1:67 . 5 . 

The Waves : Considering the size and geometrical shape of Lake Okeechobee 
as well as the expe cted wind intensities , the prototype wave conditions 
as given in Table 1 were recommended for the experiment s. It is relat i vely 
easy to obtain all the desired combinations of wave heights and periods 
when mechanical ly-operated wave generators are used . Wind waves, however , 
are a function of numerous var i ables such as the wind velocity, fetch, 
depth of water , etc.; consequently, the heights and periods cannot be 
varied as convenient ly as with a wa~ machine. This is particularly true 
where the depth of wat er and the fetch are fixed at a certain value ( the 
f etch is limited by the length of channel) , and the only means of changing 
the wave condition is to change the wind velocity. 

TABLE I 

Waves r ecommended for this study 

Wave Height 
H ( ft.) 

12 
12 
10 
10 

8 
8 
6 
6 

Wave Period 
T (sec.) 

6.0 
7.0 
5.5 
6. 5 
5 .0 
6.0 
4.5 
5.5 

Because of the limited length of the channe l, the wind ve locitie s 
\'-ere considerably higher than those pr escribed by t he Froude law (velocity 
scale equals square root of l inear scale) to generate the _desired wave 
heights with the gi ven scale ratio. The wind speed in these experiments 

)nsequently was more of a meansto gene r ate wa es than t give quantitative 
-a. The direct effect of wind on the overtopping of waves should there
~ be regarded as qual itative and so give only the trend for r un-up 

e s when the wind ve l ocities are incr eased. 

8 
* Letter by Director , Waterways Experiment Station to istrict Engineer , 

Jacksonville District, Corps of Eng i neers, Jacksonville, Florida, 
Dec. 28, 1954. 



7. Wind velocity gradient was measured by the use of a pitot tube 
at Station 30.60 (Figure 2a), and the data were used to determine average 
wind velocity U f or the run. 

av 

8. The temperatur e of air and water was measured and recorded. 

9. The barometr ic pressure was measured and recorded. 

10. The wet-bulb and dry-bulb temperatures were measured by the 
use of a sling psychrometer , and these data were used to determine the 
unit weight of air. 

The experimental set-up and typical photographs of wave action are 
shown in Figure 4. 

EVALUATION OF mE DATA 

The reduced data are summarized in Table II for the 1: 6 levee slope 
and in Table III for the 1:3 levee slope. The depth, d , at the t oe of 
the bottom slope was kept very close to 0 .37 (±O.OOS) f~ot for all of 
the experiments. The corresponding value f or the prototype was given as 
25 feet for the worst flood condition. So the linear scale was determined 
as 0.37:25 = 1:67.5 . 

Another basis of predicting the characteristics of a given structure 
on the basis of model experiments is by the use of dimensionless ratios. 
A consideration of the variables shows that the following dimensionless 
groupings can be used to represent the elationship between the water 
passing over the structure and the other variables: 

2 
TQ/H = f(h/H; d/L ; HIL i 9) 

where 9 is the slope of the face of the structure ~nd the other terms are 
as defined under ·'Definitions" . 

The dimensionless ratio keeps a constant value regardless of the 
scale, provided the model and the prototype are geometrically similar 
and that the effect of molecular forces can be neglected. The advantage 
of this method is ~hat it can be applied for different-sized ·geometrically
similar condition without recomputing the scale ratios or even knowing 
the accurate size of the model used in the original experiments. 

As pointed out above, it is relatively simple to obtain al l the 
desired wave conditions when mechanically-operated wave generators are 
used. Wind-generated waves, however, are irregular and so the measure
ment of only a few waves would not be sufficient to give reliable data. 
To evaluate the characteristics of wind-generated waves, a much more 
elaborate statistical method probably should be used (10,11,12,13) . Such 
methods, however , are complicated and time-conslUlling. In coastal 
engineering problems a somewhat simpler statistical evaluation method has 

10 
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PROCEDURE 

Due to the wave overtopping on the levee, water i s continuously 
lost in the test section; consequently, the depth would decrease . To 
compensate for this water loss, a constant head tank was connected to the 
windward end of the channel, as shown in Pigure 2b. The tank was set 
to give the required depth, d = 0.37 foot at the toe of the bottom 
slope. The blower then was slarted and the wind speed was adjusted so 
that the Significant wave height at d had approximate l y the desired 
value. Then the depth, d , was check~d continuously at piezometer 5 
(Pigure 2a) unti l it remaIned constant, which meant that the equilibrium 
condition between the wind force and the water surface slope , and 
between the overtopping and the supply from the constant head tank, 
was established. When the depth, I ' for the equilibrium condition was 
close to the required 0.37 foot (±0.005 foot), no changes in MWL were 
made. When there was a larger discrepancy , however , the elevation of the 
constant head tank was changed until piezometer 5 indicated the desired 
MWL at dl • The procedure was somewhat time-consuming because after 
each change in water-surface elevation, time had to be allowed in order 
that an equilibrium condition between the various forces could be 
established. When d was close to the prescribed value and no changes 
in MWL could be dete!ted, all the required measurements were made. These 
measurements included: 

1. An accurate determination of depth d at the toe of the bottom 
s lope. This depth is defined as the distance ~etween the horizontal 
bottom and the MWL, and so includes the still-water depth , the increase 
in depth due to the wind tide, and any changes due to the variability 
of pressure along the Channel. 

2. An accurate determination of the levee-crown elevation, above 
the MWL . 

3. 
topping 
minutes 
topping 

The wave overtopping on the 
the levee was collected for a 
(with the average being about 
determined as cfs per foot of 

levee. For this the water over
t~e interval of from ODe to seven 
4 minutes) and the rate of over
levee. 

4. The waves were recorded at the toe of the bottom slope at the 
same time the overtopping was determined. A continuous record of a 
group of at least 200 waves was obtained for each run, of which a group 
of 100 waves was evaluated for data on wave characteristics. 

S. The average water-surface profile throughout the channel was 
measured by the use of piezometers 1 to 5 (Fig . 2a) . 

6. Pressure gradient was measured along the centerline of the 
channel by the use of draft gages and piezometer s 1 to 5. 
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Examples of the exper imental set-up for 1:6 levee slope: 
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FIGURE 4 . EXPERIMENTAL SET- UP AND TYPICAL PHOTOGRAPHS OF WAVE ACTION 



As mentioned above, all the Vick sburg experiments were completed with 
mechanical ly-generated uniform waves. The question naturally arose as to 
whether the re sults would correspond to t he case of waves under direct 
wind action in t he vicinity of the levee . To provide a parti~l answer to 
this que stion the pre sent t ests were made to repeat some of the previous 
experiments using wind-generated waves in a wind-wave tunnel. The ex
perif~jts f or wave run-up were completed first and summar i zed in report 
form • The results of the overtopping exper iments are given below and 
compared with the Vicksburg tests. 

DEFINITIONS 

The definitions of symbols used in this report are as f ollows: 

< WIND DIRECTION 
( Veloci t y U ) 

FETCH 

Levee Crown 
Wove Gage 

---L--tt----i 

FIGURE 

dl Mean water depth ( bottom to mean water level) over the horizont al 
bottom of t he channel at the toe of the sloping section, feet. 

d
2 

Mean water depth at the toe of the levee, feet. 

F The fet ch, defined as the di stance along the channel from the 
equilibr ium shore l ine (when the 'body of water is under wind 
action) to the point where the Wave measurements were made, feet. 

2 g The acceleration of gravity, ft /sec • 

h Crown e levation of the levee above mean water level, feet. 

H The wave height in the case of mechanically-generated uniform 
waves and no wind; defined as the vertical distance between 
crest and the preceding trough, feet. 

H 
mean 
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TABLE n, SUMMARY OF EXPERIMENTAL RESULTS FOR I: 6 
LEVEE SLOPE ( Linear scale 1:67.5) 
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2 3 4 5 6 1 8 9 10 II 12 
31. 6 54.7 37.2 0.141 9. 53 0.67 5. 51 0.072 1.32 0.263 0.885 
31.7 54.8 37.3 0.147 9.93 0.66 5.43 0.077 1.23 0.273 0.833 
31.0 53.6 36.4 0.137 9.26 0.65 5. 34 0.073 1.37 0.205 0.71 
27 .4 47.4 .32. 2 0.120 8.11 0. 57 4.69 0.079 1.66 0.0.32 0~2 

27.4 47·4 32.2 0. ll3 7. 63 0.57 4.69 0.074 1.79 0.033 Q..00i5 
27.1 46.9 31.9 0.114 7.70 0. 57 4.69 0.075 1.78 u.029 ~ 
31.8 55.0 37.4 0.153 10.34 0. 69 5.67 0.076 0.863 2.79 8.23 
31.8 55.0 37.4 0.146 9.86 0. 68 5. 59 0.073 1.02 2.68 8.54 

31.7 54.8 37.3 0.139 9.39 0.63 5.18 0.077 1.07 2.65 8.65 
27.5 47. 6 .32 .4 0.117 7.90 0.60 4.93 0.071 1. 26 0.405 1.77 
27.5 47.6 32.4 0.128 8.65 0. 59 4.85 0. 079. 1.16 0.399 1.43 
27.2 47.1 32.0 0.12.3 8.31 0. 57 4. 69 0.103 0.740 0.255 0.96 

31.7 54.8 37.3 0.152 10.27 0.64 5.26 0.089 0.487 6.42 17.8 
31.7 53.8 37.3 0.147 9.93 0.64 5. 26 0.0$0 0.483 7.11 21.1 
31.8 55 .0 37.4 0. 141 9.53 0.64 5.26 0.077 0.564 5.85 18.8 
27.3 47.2 j2.1 0.133 8.99 0.62 5.10 0.077 0.654 1.50 5.25 

27 .4 47.4 32.2 0.129 8.72 0.60 4.93 0.078 0.698 1.34 4.84 
27.2 27 .1 32.0 0.123 8.31 0.57 4.69 0.081 0. 700 1.61 6.08 
26.0 45 .0 3.0.6 0. ll7 7.90 0.56 4. 60 0.079 0.795 0. 571 2.34 
26.0 45 .0 30.6 0.ll9 8.04 0.57 4. 69 0.078 0. 799 0.541 2.17 

26.0 45.0 30. 6 0.120 8.ll 0.58 4.77 0.076 0.750 0. 854 3.44 
26.1 45 .2 30. 7 0.U 4 7.70 0. 58 4.77 0.073 0.789 0.676 3.01 
31.7 54.8 37 .• 3 0.155 10.47 0.65 5.34 0.082 0.297 12.1 32.77 
31.8 55.0 37.4 0.161 10.87 0. 65 5.34 0.086 v.348 10.06 25.3 

31.6 54.7 37.2 0.151 10.20 0. 63 5.18 0.085 0. 444 10. 51 29.0 
27.5 47.6 32.4 0.126 8.51 0.58 4.77 0. 080 0.571 1.67 6.1 
27.2 47.1 32.0 0.129 8. 72 0.58 4.77 0.082 0.574 1.43 ?O 
26.9 46. 5 31. 6 0.118 7.97 0. 57 4.68 0. 083 CJ.610 1.34 5.5 

25.8 44.6 30.3 0.120 8.ll 0.56 4.60 0. 081 0.625 0.915 3.6 
26.8 46.4 31. 6 0.ll7 7.90 0.52 4.27 0.089 0.658 0.481 1.8 
26.8 46 .4 31.6 0.117 7.90 0.54 4.43 0.084 0.649 0.474 1.9 
32.0 55.4 37.7 0.152 10.27 0.65 5.34 0.081 0.184 14.2 40.0 

' 2 

0.1l-

D. IS
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I 2 

73 31.8 
74 31.9 
75 27 . 5 
76 27 .0 

3 

55 .0 
55. 2 
47 .6 
46.7 

4 

37.4 
37.5 
32.4 
31.8 

5 

0.156 
0.169 
0.130 
0.121 

77 27. 2 47.1 32.0 0 .120 
78 22.4 38.8 26.4 0. 104 
79 22.1 38 .2 26.0 0.099 
80 22.4 38 .8 26.4 0.096 

81 26.9 46.6 31.7 0.131 
82 27.0 46. 7 31.8 0.122 
83 26.9 46.6 31 .7 0.125 
84 22.4 38.8 26.4 0.103 

85 22.3 38.6 26.2 0.103 
86 22. 4 38.8 26. 4 0.067 
87 19.9 34 .4 23.4 0.097 
88 20.0 34.6 23. 5 0.087 

89 19 .8 34.3 23.3 0.088 
90 26.6 46.0 31.3 0.129 
91 26.9 46.6 31.7 0.128 
92 27.0 46.7 31.8 0.124 

93 22.4 38.8 26.4 0.098 
94 22.4 38.e 26.4 0.104 
95 22. 4 38.8 26.4 0.098 
96 22.4 38.8 26.4 0.093 

97 22.4 38.8 26.4 0. 101 
98 22.4 38.8 26.4 0.097 

100 14.3 24 .7 16.8 0.061 
101 13.6 23.5 16.0 0.069 

102 
103 
104 
105 
106 
107 

13.7 
14 .3 
14.2 
22 . 5 
22 . 6 
22. 6 

23.7 
24.7 
24 .6 
38.9 
39.1 
39.1 

16.1 
16.8 
16.7 
26. 5 
26.6 
26.6 

0.062 
0.067 
0.058 
0.110 
0.092 
0.094 

6 

10.54 
11.42 
8.78 
8.18 

7 

0.60 
0.64 
0.57 
0.58 

8 

4.93 
5.26 
4.68 
4.77 

9 

0.093 
0.092 
0.085 
0.077 

10 

0 . 2Ll 
0.160 
0.354 
0.413 

8.11 0.58 4.77 0.077 0.467 
7.03 0. 50 4.11 0.085 0.635 
6. 69 0. 51 4.19 0.077 0.697 
6. 49 0.49 4.03 0.081 0.708 

8.85 0.58 4.77 0.084 0. 344 
8. 24 0. 55 4.52 0.085 0.352 
8.45 0.55 4.52 0.087 0.352 
6.96 0. 50 4.11 0.084 0.515 

6.96 0.49 4.03 0.087 0.495 
5. 88 0.50 4.11 0.071 0.586 
6.55 0.47 3.86 0.088 0. 557 
5.88 0.47 3.86 0.079 0. 644 

II 

18.1 
20.2 
6.95 
7.04 

4. 55 
0. 216 
0.308 
0.277 

6.98 
6.6$ 
6. 84 
1.44 

1.69 
1.34 
0.237 
0. 217 

5.95 0.45 3.70 0. 080 0.648 0. 210 
8.72 0.54 4.44 0.093 0. 209 11.0 
8.65 0. 56 4.60 0.086 0. 203 12.1 
8.38 0. 58 4.77 0. 078 0.210 11.0 

6.62 0.49 4. 03 0.083 0.347 3.84 
7.02 0.49 4.03 0.088 0.327 4.59 
6.62 0.51 4.19 0.077 0.347 4. 22 
6.28 0.48 3.95 0.082 0 . 12~ 12.7 

6.82 0.51 4.19 0. 079 0.129 13.34 
6. 55 0.49 4. 03 0.082 0.124 11.66 
4.12 0.37 3.04 0. 089 0.377 1.31 
4. 66 0.38 3.12 0.093 0.333 1.34 

4.18 
4.52 
3.92 
7.42 
6.21 
6.34 

0.37 
0.38 
0.38 
0. 50 
0.47 
0.47 

13 

3.04 
3.12 
3.12 
4.11 
3.86 
3.86 

0.089 
0.091 
0. 078 
0. 0<]0 
0.084 
0.085 

0. 097 
0.045 
0.086 
0.073 
0.065 
0.064 

4.63 
6.09 
5.74 

19.7 
1<) .0 

121.4 

12 

44.7 
45.1 
23. 4 
27.9 

18.3 
1.00 
L60 
1.50 

2].6 
24 .6 
24.1 
6.79 

7.35 
8.85 
1.21 
1.30 

1.20 
35 .8 
41.3 
41.4 

19.85 
20. 82 
22.42 
70. 88 

66 .67 
60.74 
13.10 
10.61 

45.00 
51.33 
61 •• 11 
~1.40 

105.03 
114.2 
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TABLE III. SUMMARY OF EXP ERI ~/\ ENTA L RES ULTS 
FOR I: 3 L EVEE SLOPE (Linear scale 1:67.5) 
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2 3 4 5 6 7 8 9 10 II 

0.165 (J. 65 1. 236 ' ' 31.7 54.8 37.3 ll.l 5.34 11. 78 i 0.0426 31.7 54.8 37.3 0.152 10.3 0.63 5.18 1.342 1.65 0.0450 
27.1 46.9 31.9 0.121 8.17 0.48 3.94 1.826 0.244 O.COO 
27.0 46.7 31.8 0.130 8.78 0. 595 4.89 1.53 I 0.23 0.008 

31.8 55.0 37.4 0.172 li.6 0.66 5.42 0.855 I 5.49 0.122 
31.8 55.0 37.4 0.161 10.9 0.65 5.34 0.919 6.7'd 0.170 
27.2 47.1 32.0 0.154 10.4 0.52 4.27 1.08 1.06 0.0232 
27.2 47.1 32.0 0.131 8.85 0.58 4.77 1.31 0.97 0.0328 

31.0 53.6 36.4 0.158 10.67 (;.65 5.34 0.639 li.57 0.301 
31.3 54.1 36.8 0.169 11.4 0.64 5.26 0.609 ll .82 1°.264 
26.5 45.8 31.1 0.121 8.17 0.56 4.60 0.992 2.88 i O.liO 
26.4 45.7 31.1 0 . 1Z/ 8. 58 0.58 4.77 0.850 2.87 0.103 

27.2 47.1 32.0 0.131 8.85 0.59 4.85 0. 550 8.32 0.~85 
26.6 46.0 31.3 0.145 9.80 0.6(; 4 .~3 0. 552 7.85 0.224 
19.2 33.2 22.6 0.099 6.69 0·45 3.70 1.09 0.60 r·0278 
19.3 33.4 22.7 0.091 6.15 0.46 3.78 1.08 0.55 0.0306 

27.6 47.7 32.4 0.138 9.32 0.595 4.89 0.)48 
1
15•00 

1
0

•570 
27.2 47.1 32.0 0.128 8. 65' 0. 57 4.68 0.414 14.1C 0.491 
25.9 44.8 30.5 0.100 6.76 0.455 3.74 0.480 ! 3.16 1°·144 21.0 36.3 24.7 0.095 6.42 0.48 3.95 0. 674 2.98 ,0.157 

27.3 47.2 32.1 0.li2 7. 57 0. 55 4.52 0.250 IB .40 '0.B06 
27.0 46.7 31.8 0.ll6 7. 83 0.57 4.68 0.207 ( 7.80 0.755 
20.0 34.6 23.5 0.088 5.95 0.47 3.86 0.443 6. 30 0.382 
20.0 34.6 23.5 0.094 6.35 0.47 3.86 0.436 .5. 29 0.282 

20.4 35.3 24.0 0.088 5.95 0.46 3.78 G. 2U4 13.30 0.791 
20.2 34.9 23.7 0.093 6.28 0.47 3.86 0.194 12.60 0.684 
12.4 21.5 14.6 0.065 4.39 0.36 2.96 0.446 1.86 0.159 
12.1 2.0.9 14.2 0.069 4.66 0.37 3.04 0.420 1. 70 0. 115 

19.9 34.4 23.4 0.095 6.42 11.5 • .50 
I 

0.45 3.70 0 iO.773 
20.0 34.6 23.5 0.100 6.57 0.45 3.70 0 17.60 
13.2 22.8 15.5 0.067 4.53 0.38 3.12 0.060 6.30 0.532 

139 113.4 1 23 •2 15.8 10.076 5.13 0.38 3.12 
1
0

•792 

0.013 8.25 iO•542 
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been developed which ut ilizes the definition of significant wave height 
and period (14 ,15) . The significant wave height is defined as the 
average wave height of the highest 1/3 of the waveS and is usually 
given as Hl/3~ and the significant wave period is the average period of 
the highes~ lf3 of the waves. In this study a gr oup of 100 waves was 
used a~ the basis in est ablishing the character i stic wave dimensions. 

The group of 100 waves to be evaluated was chosen so as to be 
repr esentative of the total length of record, including both high and low 
waves. A wave was defined as that condi t ion where a definite crest and 
trough occurred , regar dless of its height or lengt h. All the sing le 
cre sts in a given group were numbered from 0 to 99, and the wave heights 
and per iods measured, as shown in Figure 3, and· tabulated . Then the 33 
highest waves were marke d and an arithmetic average computed for the 
mar ked 33 Wave heights and periods belonging to these he ight s. 

Recommended wave heights and periods for the tests are given in 
Table I. Because of t he limitations of the con trol of t he variables, as 
already described, these exact values could not be realized when wind 
wave s were used in the experiments. However, a comparison of Table II 
and I II with Table I shows that the significant wave heights for wind 
waves are well within the range as recommended in Table I . The wave . 
heights representing the prototype l2 - foot waves could not be achieved, 
for any further increase in wind ve loc ity would blow off the wave tops, 
thereby generating excessive spray in t he channe l without any increase 
in wave heights. In such conditions, the wave height s might even be 
decreased compared to those generated by somewhat l ower wind veloci ties. 
To obtain a wider range of data, the experiments were expanded to in
c lude 4- foot prototype waves. 

Further comparison of data in Table I with the data in Tables II 
and III demonstrates that the wave per iods for l ower wave heights are 
somewhat shorter than t he specified periods, resu lting in s teeper wave s 
than desired. The wave steepness in the experiments var ied between 0 .071 
and 0.100 with an average of about 0.Q82. Table I specified wave steep
nesses between 0.031 and 0.082. Consequently , the WES data* were arranged 
accor ding to the wave steepness ( see Tabl es IV and V ) and all the com
parisons between the wind-generated waves and the mechanically-generated 
uniform waves were made for the same wave steepness for both cases. Hence , 
the WES data could be fully utilized only in the case of the steepest 
waves. It is expected, however , that the range around 0 .082 wave steepness 
is well within the range of wave characteristics which could be expected 
to occur on Lake Okeechobee under direct wind action. 

RESULTS AND DISCUSSION 

The results of the study are tabUlated in Tables II and III and 
plotted in Figures 5 and 6 where overtopping is shown as a function of 
croWD elevation of the levee . To allow comparison with the exper~nts 
where uniform mechanically-generated waves were used, the results of the 

15 
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TABLE TIl. SUMMARY OF WES EXPERIME NTS WITH 
UNIFORM \NAVES FOR I: 6 LEVEE SLOPE 
(Linear scale 1: 30, resul ts in prototype dimensions ) 

H T Lo= d, tmh 2rrd L= H 
h 

h Q QTXlO2 
512T2 La -L- Lotonh~ T H HZ 

ft. sec. ft. ft .%ec'/ft. 

12 6.0 184.3 0.136 0.1716 145 .7 0.082 1. 50 0.125 e.lO 33.8 
3.00 0.250 3.90 16.30 
4. 50 0.375 1.50 6.25 
6. OU 0. 500 0.60 2. 50 

12 7.0 250.9 u.0996 0.1410 177.3 0.u68 l.83 v.153 10. 69 51.97 
3.65 0.J04 5.27 25. 25 
5.47 0.456 1.54 7.49 
7.30 0. 608 0.51 2.48 

10.0 5.5 154.9 0.161 0.1925 1':9.8 0.077 1.28 0.128 6.71 36.90 
2.45 0.245 4.09 2~ .5 
3. 82 0.382 1.47 8.09 
5.10 0.510 0.49 2.70 

10.0 6.5 216. 3 0.li6 0.1547 161.6 0.062 1.75 0.175 7.20 46.80 
3.50 0.350 J.05 19 .82 
5.25 0.525 0.8.3 5.40 
7.00 0.700 0.28 1.82 

8.0 5.0 128.0 0.195 0. 2209 113.2 0.071 1.15 0.l44 4.68 36.56 
2.30 0.288 2.16 16.87 
3.45 0.431 0.72 5.63 
4. 60 0.575 0.00 0 

8.0 6.0 184.3 0.136 0.1716 145.7 0.055 1.70 0.213 , .85 54.84 
3.40 0 . 4~5 2. 25 21 .10 
5.10 0. 638 v.30 2.81 
6.60 0.850 U.OO 0 

6.0 4.5 103.7 0.241 0.2601 96.1 {; .062 1.05 v.17::> ~. 20 27. 50 
2.10 0.)50 1.40 17. 50 
3.15 0.525 0.40 5.00 
4.20 0.700 0. 00 0 

6.0 5.5 154.9 0.161 0.1925 121J.8 0.046 1. 50 0. 250 4.25 64.94 
3.00 0.5UO 1.64 25.06 
4.50 0.750 0.16 2. 44 
6.00 1.000 0.00 0 

4.0 4.5 103.7 0.241 0.2601 96.1 0.042 0.87 0.218 1.80 50.63 
1.75 0.438 0.80 22. 50 
2.62 0.655 0.20 5.63 
3.50 0.875 0.00 0 

4.0 5.5 154.9 0.161 0.1925 129.8 0.031 0.97 G.243 2.13 73.12 
1.95 0.488 0.98 33. 69 
2.92 0.730 0.16 5.50 
3.90 0.975 0.00 0 
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TABLE v. SUMMARY OF WE S EXPERIMENTS WITt-J. U['.lIFomvi 

WAVES FOR 1:3 LEVEE SLOPE (Linear scale 1:30, 

results in protot ype dimensions) 

H T 
Lo~ d, tCr/"/7T d L = H 

h h Q QT X02 
512T2 Lo L Lotonh2~d L H HZ 

ft. sec. ft~/sec.lft. 

12 6.0 184.3 0.1.356 0.1716 145.7 0.082 .3.05 0.254 11.10 46.25 
6.10 0.508 5.40 22.50 
9.15 0.762 1.95 8.1.3 

12.2 1.017 0.90 .3.75 

12 7.0 250.9 0.0996 0.1.410 177 • .3 0.068 3.80 0 • .317 lG.80 52.49 
7.60 0.6.33 6.4.3 31. 25 

11.40 0.9)0 2 • .32 11.28 
15.20 1.267 0.51 2.48 

10 5.5 154.9 0.161.4 0.1925 129 .8 0.077 2.92 0.292 7.21 .39.66 
5.85 0.585 4.42 24.31 
8.77 0.877 1..31 7.20 

11.70 1.170 0.65 3.58 

10 6.5 216 • .3 0.1156 0.1547 161.6 0.062 .3.65 0.)65 8.88 57.72 
7 • .30 0.7.3G 5.00 .32.50 

10.95 1.095 1.).3 9.95 
14.60 1.460 0.14 0.910 

B.O 5.0 128.0 0.195.3 0. 2209 11.3.2 0.071 2.97 v.)71 5.94 46.45 
5.95 0.74.3 2.52 19.71 
8.92 1.115 1.08 8.45 

11.90 1.487 0.18 1.41 

8.0 6.0 184 • .3 0.1.356 0.1716 145.7 0.055 3.57 0.446 6.60 61.90 
7.15 v.89.3 3.45 .32 • .36 

10.72 1..340 1..35 12.66 
14 • .30 1.787 0.45 4.22 

6.0 4. 5 10.3.7 0. 2410 0.2601 96.1 0.062 2.27 0 • .378 4.20 52.50 
4.55 0.758 1.80 22.50 
6.82 1.1.37 0.40 5.00 
9.1 1.517 0 0 

6 5.5 154.9 0.1614 0.1925 129.8 0.046 3.00 0.500 4.58 70.07 
6.00 1.000 1.80 27.54 
9.00 1.500 0.3.3 5.05 

12.00 2.000 0 0 

4 4.5 103.4 0. 241 0.2601 96.1 0.042 1.67 .v • .392 2.60 7.3.06 
.3.15 0.788 1.60 44.96 
4.72 1.180 0.20 5.62 
6.30 1.575 0 0 

4 5.5 154.9 0.1614 0.1925 129.8 0.0.31 1.98 0.495 2.62 90.13 
.3.95 0.988 1.15 .39.56 
5.93 1.482 0.16 5.50 
7.90 1.975 v 0 

17 

~----



Waterways Exper Lment Station tests for s imilar condit ions are tabulated 
in Tables IV and V and plotted in Pigures 7 and 9. 

The uniform wave data covers a wide range of wave steepnesses between 
HIL = 0.031 and 0.082; the wind wave data are limit ed , however , into a 
comparat ively narrow range of very steep waves (H!L between 0.071 and 
0.100). To establish the relat i onship' between the overtopping and the 
wave steepness, average curves for uniform waves in Figures 7a and 9a were 
used to plot the ove r t opping as a function of wave steepness using the 
crown elevation ( hI") as a parameter ( Figures 7b and 9b) . The points 
so obtained indicate some scatter, but establish smooth cur ves. The 
curves in Figures 7b and 9b yield the first conclusion that: 

1. The over topping of waves on a levee is very sensitive to wave 
steepness; the steeper the waves, the less is the over topping. 

It is well-known t hat a wave breaks after it reaches a critical 
steepness. This critical steepness is given theoretically as 0. 143 for 
deep water . In nature the waves never reach this steepness but break 
at a value of about 0. 10 or before . A wave which is near the critical 
s teepness can be easily "tripped" and made to break by any outside 
disturbance. A decrease in depth (shallow water ) causes the Wave length 
to decrease and the wave height to increase, which means an increase in 
wave steepness. So a very steep wave approaching the levee breaks at a 
sl ight decrease of dep th and dissipa t es its energy before reaching the 
structure. The resu lt is that the wave wou ld not run very high up on 
the levee . Approaching waves of smaller steepness travel closer to the 
struct ure before they break and have so much more energy left to push 
the water up the slope. If the breaking occurs just over the edge of 
the structure the over topping is at a maximum. The above discussion is 
supported by the data in Figures 7b and 9b •• The overtopping in Figure 9b 
f or the 1 : 3 slope is much larger than for the 1: 6 slope' in Figure 7b. 
This is especially noticeable for the range of steeper waves. Steep waves 
can approach the levee of 1: 3 slope closer without breaking than that 
of 1:6 slope. On the other hand. one should not assume fr om this that 
the vertical wall should give the highest run-up . Only a par t of the 
wave energy is used to push the water up the slope . Another part is re
flected and carried away as a re f lected wave. The steeper the slope, the 
larger the por t i on of energy reflected and the l ess would be used for 
run-up . Hence, there Should be a critical slope for a giyen structure 
which would give the highest run-up . In some laboratory experiment s 
this critiCal slope was established at about 28 to 30 degrees ( 1) . 

For better comparison of experimental results the curves of Figures 5 
and 6 were superimposed i n Figure 8a for the 1:6 levee slope and in 
Figure lOa for the 1: 3 slope . The average wave steepness is indicated 
for each curve together with the wind ve locitie s involved.* The wave 
steepness does not vary appreciably (between 0. 081 and 0.088 ). The wind 

* 
20 

The wind velocities are given in mi l es per hour where not stated otherwise 
and are the ve locities which are expected to occur according to the loga
rithmic velocity distribution l aw at the elevation of 30 ft. above the MWL 
if the channel were unlimited in height. The relat ionship bet ween the 
average wind velocity in the channe l and the ve locity a t 30 ft. elevat ion 
waS established in Reference 2 as U3 ) = 1 .73 U ( av 
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velocity is changed, however , from 16 mph for the lowest curve to 37 mph 
for the highest curve. Hence, Figures 8a and lOa demonstrate clear ly 
that the wind intensity affects the amount of overtopping so that we 
can separate the total overtopping to: ( a) due to the wave action, and 
(b) due to the wind action. 

To obtain the additional overtopping due to the wind action, curves 
in Figures 7b and 9b were used to predict the overtopping for the wind
wave tunnel experiments. For the lowest wind velocity of 16 mph the 
agreement between the predicted and the actual result s are very close. 
For higher wind velocities the wind tunnel experiments yield higher rates 
of overtopping. It is assumed that the increase in overtopping ,is directly 
related to the wind action, and so the additional overtopping is plotted 
in Figures 8band lOb as a function of wind velocity . All the experimental 
points fit smooth curves fairly well . 

It is obvious from Figures 8b and lOb that the wind starts to affect · 
the results for the laboratory condition after the wind speed is increased 
above 10 mph for the 1: 6 levee slope and above 20 mph for the 1: 3 slope. 
The question naturally arises as to what would be the critical wind veloci
ties for the prototype. Assuming the Froude's similarity law, t hese 
velocities would be at the given linear scale ratio of 1: 67.5, 80 mph for 
the 1: 6 slope and 160 mph for 1:3 slope . On the other hand, the wind 
ve'locity nece~sary to start the water to flow up the slope depends critically 
upon the slope of the levee, and the slope remains the same regardless of 
the scale ratio . The low wind velocity may be sufficient to push up a 
thin layer of water ; the rate of the flow may be negligible , however, as 
compared with high overtopping volumes for the prototype and may be of 
importance only in discussing the erosion problem on the land side of the 
levee . The rate of ' flow in this wind-activated layer of water would 
naturally be increased for higher wind velocities. The exact relationship 
is very complicated, however, as is the total problem involving the energy 
transfer at the interface of wind and water, and so cannot be predicted 
as yet . 

Considering the above discussion, we may draw the second conclusion 
that: 

2, The uniform wave data can be used to estimate the overtopping on 
levees exposed to wind and wave action. One should consider the 
possibility, however . that the wind effects a thin layer of water to flow 
up the slope . The additional volume of f low is negligible for low and 
moderate wind velocities. For higher wind velocities the volume of f low 
cannot be predicted as yet; however. a 50% safety allowance seems to be 
reasonable for this condition and one could establish an estimated rate 
of overtopping by use of Figures 11 and 12, which are the same as in 
Figures 7b, 8b. 9b, and lOb. The only difference is that the experimental 
points were left out for the convenience of an engineer who might apply 
the data to a given problem. 
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OONCLUSIUN 

1. The overtopping of waves on a levee is very sensitive to wave 
steepness; the steeper the waves, the less is the overtopping. 

2. The uniform wave data can be used to est~ate the overtopping 
on levees exposed to wind and wave action. One should consider the 
possibility, however, that the wind effects a thin layer of water to 
f low up the slope. The additional volume of water is negligible for low 
and moderate wind velocities. For higher wind velocities the volume 
cannot be predicted as yet, but a 50~ safety allowance seems to be 
reasonable for this condition and can be estimated from the relationships 
shown in Figures 11 and 12. 

A<:XNJWLEDGIEN'l'S 

This study was completed under the direction of J. W. Johnson. The 
authors express their appreciation to him and to R. L. Wiegel for many 
helpful suggestions, to J. Kukk for his help in reducing the wave data, 
to M. M. Lincoln for preparing the illustrations, and to D. A. Jenson 
for typing the manuscript. 

RBFERENCES 

1. Granthem, K. N., A Model Study of Wave Run-up on Sloping Structures, 
Trans. Amer. Geophys. Union, V. 34, PP. 720-724 , 1953. 

2. Sibu1, Osva1d J. and Tickner , Ernest G., A Model Study of the Run-up 
of Wind-generated Waves on Levees With Sl~pes of 1:3 and 1:6, 
Beach Brosion Board Technical Memorandum No. 67, 1955. 

3. Hall , J. V. and G. M. Watts, Laboratory Investigation of the Vertical 
Rise of Solitary Waves on Impermeable Slopes. Beach Erosion 
BOard Technical Memorandum No . 33, March 1953. 

4. Saville, Thorndike. Jr. and Caldwell, J. M., Bxperimenta1 Study of 
Wave Overtopping on Shore structures, Proc. Minnesota Inter
Hational Hydraulics Convention, Minneapolis, Minn., PP. a61~g~9 , 

1953. 

5. Sibul, Osvald J. , Plow Over Structures by Wave Action, Trans. Amer. 
Geopbys. Union, V. 36, pp. 61-69, 1955. 

6. Corps of Engineers, U. S. Army, Central and Southern P10rida Project 
for FloOd Control and Other Purposes, (unpublished), July 10, 1951 . 

7. Corps of Bngineers, U. S. Army, Project CW-l67, Waves and Wind Tides 
in Inland Waters, Lake Okeechobee, Plorida, Office of the District 
Bngineer, Jacksonville , Plorida, Project Bulletins Nos. 2 
through 7, Hurricane data for 1949, 1948, 1947 , 1950, 1945, and 
1952. 

26 



8. Corps of Bngineers, U. S. Army, Central and Southern Florida Project 
for Plood Control and Other Purposes, Part IV, Lake Okeechobee 
and Outlets, (unpublished), Office of District Eng., Jacksonville , 
Plorida, .Jan. 21, 1954. 

9. Corps of Bngineers, U. S. Army, Central and Southern Florida Project 
for Flood Control and Other Purposes, Part IV, Lake Okeechobee 
and Outlets , Section 4 -- Design Memorandum Wave Action Coinci
dent with Wind Tides, ( unpublished), Office District Bng. t 

Jacksonville, Fla., April 27, 1954. 

10. Putz, R. R. t Wave Height Variability; Prediction of the Distribution 
Function, Univ. of Calif. , IER, Wave Research Laboratory, Series 3, 
Issue 318, Berkeley,1950. 

11. Putz, R. R., Statistical Distributions for Ocean Waves, Trans. ABer. 
Geophys. Union, Vol. 33, No. 5, October 1952. 

12. Pierson, W. p. and Marks, W. , The Power Spectrum Analysis of Ocean 
Wave Records, Trans. Amer. Geophys. Union, V. 33-6, 1952. 

13. Putz, R. R. , Review of the Power Spectrum Analysis of Ocean Wave 
Records, Trans. Amer. Geophys. Union , V. 33-6, 1952. 

14. Sverdrup, H. U. and Munk, W. H., Winds, Sea and Swell; Theory of 
Relations for Porecasting, Hydrographic Office, U. S. Navy Dept. 
H. O. Pub. No. 601, March 1947. 

15. Bretschneider, C. L. , The Generation and Decay of Wind Waves in 
Deep Water, Trans. Amer . Geophys. Union, Vol . 33, No.3, 
June 1952, pp. 381-389. 

B 6 2 e 2 6 
27 



- ~ - ----

9622 025 
I. 




