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FarnW~D 

The mechanism of the generation by wind of initial waves, that 
is, the first waves that appear on a smooth water surface, is l ittle 
understood. Then too, ~ile much work has been done on wave genera
tion as a ~ole, the individual waves have generally been treated 
as long crested, although some spectral analysis work treat i ng long
crested waves in a statistical sense has approached a determination 
of short-crested waves (that is, waves having a horizontal distance 
along the crest less than several wave lengths) . However, little 
has been done on short-crested waves as such. The present report 
presents the results of an experimental study in a ripple tank of 
short-crested initial waves. 

The authors of this report, G. C. Ralls, Jr. and R. L. Wiegel , 
are Research Engineers in the Institute of Engineering Research at 
the University of California in Berkeley. The work described in this 
paper was carried out in connection with work supported by the Office 
of Naval Research and the Beach Erosion Board. Because of its applica
bility to the general research and investigation program of the Beach 
Erosion Board, particularly as concerns the understanding of wave 
generation and propagation, and through the courtesy of the authors, 
the report is being published at this time in the Technical Memorandum 
series of the Beach Erosion Board. 

Views and conclusions stated in the report are not necessarily 
those of the Beach Brosion Board. 

This paper is published under authority of Public Law 166, 
79th Congress, approved July 31, 1945. 
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SYl<ffiOU> AID NOI'ATION 

Cm measured wave velocity - feet per second. 

Clc wave velocity computed by Stokes' theory - feet per second. 

Csc wave velocity computed by Fuchs ' theory - feet per second. 

Co deep water wave velocity - fee t per second. 

d water depth - feet. 

D short-crestedness factor - dimensionless. 

F fetch - feet 

g gravitational constant - feet per second2• 

L wave length - feet. 

Lm measured wave length - feet. 

L'ro measured crest length - feet. 

T wave period - seconds. 

U wind velocity - feet per second . 

a characteristic angle - degrees . 



A lABffiATffiY STUDY CF SHCRT-CRESTED WIND WAVES 
by 

G.e. Ralls Jr., and R.L. Wiegel 
Research Engineers, Inst. of Engineering Research 

University of California. Berkeley 

ABSTRACf 

A three-dimensional study was made of some fundamental 
characteristics of short-crested waves in a wind-wave tunnel 
20 feet l ong, 4 feet wide and 0.5 foot deep. In this paper 
are presented the results of the study and a detailed discus
sion of t he experimental apparatus, its design, calibration 
and use. General characteristics of the waves are shown for 
varying wind speeds, water depths, and fetch lengths. Several 
methods of anal yzing short-crested waves to obtain quantitat ive 
data on wave parameters are discussed, and t he results of t he 
methods are compared. It was found that the crest length as 
well as the wave length could be described by a Gaussian dis
tribution. 

I Nl'RODUCrION 

Wind blowing over water generates waves which vary in height, 
length and "breadth" . A qualitative description of the phenomenon of 
waves is difficult ; from a quantitative standpoint the difficulty is 
even greater . The simplest approach has been to describe them in terms 
of characteristic height and period (or length) (SVERDRUP and MUNK, 1947). 
Although this approach has many disadvantages, as well as advantages . it 
is adequate for many problems. Measurements of waves at sea (BARBER and 
URSELL, 1948; SEIWELL, 1948; WIEGEL, 1949; MUNK and ARTHUR, 1951); of 
waves on ponds (JOHNSON, 1950; and VAN DffiN, 1952); and of waves in the 
labor atory (STANl' ON , MARSHALL and HOUGHl'ON, 1932; KEULEGAN, 1951; FRA~IS, 
1951; and JOHNSON and RICE, 1952) led to an extension of this simple 
description by introducing the concept that waves should be r epresented 
by statistical means. As a result i t was possible to develop a more 
precise formulation to describe surface gravity waves (purz, 1952 ; 
PIERSON and MARKS, 1952 ; and LONGUET-HIGGINS, 1952). 

The data upon which these developments were based were two dimen
sional . With the exception of a few data obtained by means of stereo
photography (SCH~~HER, 1952), measurements were made either of the 
t ime history of wave motion at a point , or the height-length of a wave 
in a narrow laboratory channel. Some data have become available 
r ecently which extend our knowledge by measuring the slopes of waves 
in directions other than the direction of wave advance (DUNl' LEY, 1954 ; 
CGK and MUNK, 1953, 1954). These measurements were made in th~ field, 
and as such the waves were the result of winds which fluctuated both in 
magnitude and direction. 



The crests of ocean waves do not extend to infinity. The breadth 
or "crest length" (that is, their dimension in the horizontal direction 
at right angles to the direction of advance) may be nearly the same as 
the wave length (the horizontal distance between two crests in the di
rection of wave advance), or it may be many times as great. The 
physical principles upon which the ratio of crest length to wave length 
depends are not understood . Apparently the magnitude and fluctuation of 
winds in the generating area, the magnitude of the generating area, the 
distance waves travel after leaving the generating area, diffraction, 
and refraction, are important parameters . In addition, in large bodies 
of water there are often waves from more than one source. 

JEFFREYS (1925, 1926) indicated the importance of short-crested 
waves when his mathematical studies showed that relatively strong winds 
would generate short-crested waves. Recently FUCHS (1952) studied the 
problem of short-crested waves idealized as the resultant of two trains 
of periodic uniform waves traveling at an angle to one another. Limited 
observations of short-crested waves have been made by KEULE~N (1951) . 
ROLL (1951), and VAN DORN (1952). 

From a study of the papers cited above. it appears that except 
perhaps under exceptional circumstances, waves generated by winds are 
not long-crested . If one considers the primary mechanism of r ipple for
mation, this should be evident. Once ripples form on the water surface, 
the mechanisms of drag and pressure can be assumed to explain the transfer 
of energy to the water in the form of increased wave height and length. 
However, in order to explain the initial disturbance, one must fall back 
upon the mechanism of turbulence . ROLL (1951) and ECKART (1953) advanced 
the theory that gusts ~ center of either high or low pressure) moving with 
the mean wind speed act as the source of ripple formation. Another source 
could be the normal components of the small random fluctuations in the 
turbulent flow of air. SurrON (1953) has argued that the flow of air 
(wind) must always be turbulent to some degree close to the surface, as 
the distance over which it has blown is always large. Thus, there must 
always be small-scale pressure fluctuations at the boundary between air 
and water when there is wind. Whether or not these minute disturbances 
at the boundary grow from surface tension waves into gravity waves probab
ly depends upon the velocity of surface current induced by drag. 

Advances in understanding the mechanism of wave formation appear to 
be dependent upon observations of wave characteristics during the early 
stages of formation under well-controlled conditions. In order to per
form such studies, the 4-foot by O. 5-foot by 20-foot ripple tank at the 
Fluid Mechanics Laboratory, University of California, Berkeley, was 
modified by adding a top, an intake section, and a suction fan. in such 
manner as to prevent both variation in wind direction and large-scale gusts. 
The equipment was designed so that the effect of water depth, fetch. and 
wind velocity on wave characteristics could be studied in detail. 
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lABOOATOR Y EQUIPMENr 

The general set-up 15 shown in Figure 1. The basic unit was a 
r ipple tank (CHINN, 1949) 4 feet wide by 0.5 f oot deep by 20 feet 
l ong, with a 45-inch by 72-inch by 3/8-inch glass plate section located 
at the middle of the tank bottom. Sections of 3/4-inch plywood, coated 
with a water resistant material, were placed on top of the tank to form 
a rectangular duct. A 44-inch by 39-inch by 3/8-inch glass section was 
pl aced directly above the glass section in the tank bottom. The top 
was mounted flush with the inside of the tank to prevent generation of 
disturbances in the air stream, and was fabricated in sections, permit
t ing the air intake unit to be placed at several positions to vary the 
f etch. Gaskets at the joints made the sections airtight. and the whole 
top was fastened to the tank with C-clamps. Modeling clay placed at 
the joint prevented air leakage. 

A mirror, oriented at 45 degrees with respect to the vertical, 
reflected light from a point source through the glass section, and the 
waves focused the light on a piece of opaque paper used as a shadow 
screen. A carbon arc lamp was the source light. 

Intake and exhaust units were made of 18 gauge galvanized iron 
according- to NACA specifications (McLELLBN and BARTLETT, 1941). As 
recommended by PRANDTL (1933), a piece of strainer cloth was installed 
on top of the intake unit to help prevent irregularities in velocity 
distribution. It was found that 100 mesh strainer cloth, as suggested 
by DRYDEN (1947) was effective. A honeycomb section was placed inside 
the tank just downstream from the intake unit as an air-straightening 
section. This also was recommended by PRANDTL (1933 ) to ensure the air 
entering the test section parallel to the walls. A suction fan was con
nected to the development piece of the exit unit by a piece of flexible 
rubber which prevented fan vibrations from being transferred to the walls 
of the tank. 

Many trials were run and minor modifications made to ensure air 
flowing over the water at low turbulence level . free from circulation. 
and at even velocity distribution across the channel . 

PRELIMINARY OPERATION 

Wind velocity was regulated by choking the fan at its exit . Using 
a pitot tube, velocity distributions inside the empty tank were obtained. 
'wvhen all the improvements cited above had been made it was found that 
there was a turbulent velocity distribution with no apparent irregular i
ties, either in the vertical or lateral directions ( see Fig . 2). The 
upstream to downstream velocity change along the test section was found to 
be less than 0.2 foot per second. 
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In order to determine whether there was circulation in the tank, 
titanium tetrachloride was injected into the air-stream through a pitot 
tube hole (using a hypodermic needle ) just ahead of the glass section. 
The resulting smoke stream as observed through the glass indicated no 
circulation and a low degree of turbulence. 

After calibration of the empty tank, it was filled with water to the 
desired level. A 35-ruil1imeter motion picture camera was used to take 
pictures of the patterns on the shadow screen. 

It was suggested that waves reflecting off the side of the channel 
might be causing an irregular pattern. As a precaution, steel wool pad 
absorbers were placed along the sides of the tank and pre1tminary runs 
were repeated. Results showed no apparent change in either the general 
pattern or the measured values, indicating no important side wall reflec
tion. 

An irregularity was noted in the wave pattern just downwind from 
the honeycomb section (see Fig. 12 for Fetch = 0.42 foot ). This might 
have been due in part either to water on the upwind side of the section 
being blown through the section, or to irregularities in the size of the 
holes in the honeycomb, with resulting small differences in wind velocity. 
Pitot tube readings indicated these velocity disturbances were s oon damped 
out as the air continued downstream. Examination of photographs taken 
with water depth, fetch and wind velocity held constant, and with the 
straightening section both in place and removed from the system, showed 
no apparent change in the wave pattern. To further check the possibility 
of waves being influenced by this irregularity, a thin strip of wood ex
tending the width of the channel was f loated on the water surface and 
anchored to the straightener. A few runs were duplicated and an inspec
tion of the f ilm indicated no apparent change in the pattern. Photo
graphs of all cases for the 105-inch fetch have been shown in Figure 3 for 
comparison. 

lABORATffiY PROCEDURE 

In order to observe the general behavior of short-crested waves , a 
laboratory program was undertaken with the following objectives : 1) to 
determine the variation of wave length, crest length and wave velocity 
with f etch, water depth and wind velocity; 2) to compare measured wave 
velocity with theory: and 3) to compare the results with those of two
dimensional laboratory studies. The system was designed to permit 
variation of fetch, wind velocity, and water depth. Water depths fr om 
0.5 to 2. 5 inches, wind speeds from 17 to 30 feet per second and fetches 
from 0.5 to 10 feet were used. Por each run the still-water depth was 
checked, the fan was turned on and the wind speed adjusted. After waiting 
f or steady state wind conditions to be reached, the maximum wind velocit y 
was recorded (see Fig. 4). Motion pictures were then taken of about 
twelve successive waves crossing the field of view of the camera. 
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RESULTS AND DISCUSSION 

As can be seen from the photographs presented. there appears to be 
no definite pattern to the short-crested waves generated in the wind 
tunnel . It was observed that the pattern was continually changing, with 
crests shifting forward and backward while moving along. often merging 
with a preceding or f ollowing wave to form a larger wave. The short-cEested 
pattern apparently is instantaneously unique and statistical means must be 
used to descr ibe the system. In Figure 5 are presented a sequence of 
photographs taken under "steady state" con:1itions which show both the 
change in shape of one wave crest as it travels down the channel. and the 
dif ference between it and the following wave. 

If one were to describe the short-crested pattern in terms of geo
metrical figures . it might be best described as a system of irregular 
hexagons with we l l defined angles at the ends of the hexagon pointing 
t oward the sides of the tank. "Hexagon" described the pattern best when 
the relative depth. d/L. was large (d/L ~ 0.4). which was the case for a 
water depth of 2 inches and a wind velocity slightly greater than neces
sary to induce wave formation. As the wind velocity was increased, thus 
increasing L. and the water depth was held constant . hence decreasing d/L, 
the axis of the hexagon parallel to the wave crests became longer and the 
pattern of the water surface had more the appearance of long-crested 
waves (see Fig. 6) . 

A quantitative representation of the phenomenon was difficult to 
obtain. No measurements of amplitude were made; instead, efforts were 
directed toward presenting information regarding the relationships among 
the crest length, wave length, wave velocity. wind speed, fetch length , 
and water depth. 

Short-crested Characteristics. Three methods were developed in an 
att empt to describe the short-crested characteristics of the wind waves. 
These were: Method 1, the characteristic angle; Method 2, the grid 
approximation! and Method 3, the l ine-intersection distribution. 

As can be seen from Figure 7, there often appears to be a character
istic angle, a • in the short-crested wave pattern. Several readings of 
this angle were made to establish an average and the values are presented 
in Table I. This angle had a wide variation (. 10 deg.) with no particu
lar distribution about the average . In addition, the angle was found to 
change continually due to crest shifts. 

In an attempt to measure directly the crest lengths (as defined in 
Puchs' short-crested wave theory summarized in the following section) a 
gr id was devised which approximated two wave trains traveling obliquely 
to one another (see Pig. 7) . This grid forces a diamond pattern on the 
true pattern. Average values Obtained by this method are presented in 
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TABLE I 

RESUL TS OF METHOD I - CHARACTERISTIC ANGLE 
Fel ch = B.75 f t 

Cse-Cm Clc-C m 
Run ct U d/L m <;)( Lm Lc' L.",/Le' 0 Cm Csc Cle -c;- -c,;;-

fl. II./see . deg ft. II. fUsee fUsee. fUsee. % % 

119 0.209 15.9 0.991 37. C 0.211 0.279 0.754 1.25 1. 17 1.16 1.04 -0.9 - 11.1 
120 • 20 . 0 0.676 38.5 0. 309 0.388 0,795 1.28 1.46 1.42 1.26 -<1.7 -13 .6 
121 • 22 .6 0.547 40.6 0 . 382 0. 444 0.859 1.32 1.3 6 1.61 1.40 16.7 1.5 
122 • 25.0 0 ,*61 36.7 0.463 0.806 0. 747 1.25 1. 60 1.70 1. 52 6 . 3 -5. 0 
123 • 27.6 0.~2 36. 0 0.484 0.691 0. 700 1.22 1.66 1.74 1. 67 4.8 -5.4 
125 0. 167 17.8 0. 652 38. 0 0. 258 0.327 0. 781 1.27 1. 25 1. 29 1.14 3.2 -8. 8 
126 20.0 0.528 38.5 0. :U6 0.397 0 . 796 1.28 1. 38 1. 44 1.27 4.4 - 8.0 
127 • 22.6 0.4.23 35.0 0.395 0.5114 0 . 100 1.22 1.62 1.57 1.42 -3.1 -12.3 
128 • 26.0 0.357 39.3 0.*68 0.572 0 . 817 1. 29 1.69 1.75 1.55 4.2 -8.3 
129 27.5 0.3t:! 35.0 0.487 0.695 0. 700 1.22 1.67 1.74 1. 58 4.2 - 5.4 

TABLE IT 

RE SUL.TS OF METHOD n ·· GRID APPROXIMATION 
Felch = 8 . 75 ft . Csc - Cm Cle-Cm 

d U d/Lm Lm Lm Lm/Lm' D Cm Csc Cle -c;;;- Cm 
Run ft. fUsee . fl . fl.lsec fUsee. fllsee. % % 
119 0.209 15 . 9 0.881 0.237 0.728 0.3 25 1. '17 1.17 1.14 1.10 -2.6 -6.0 120 20 . 0 0.584 0.358 0.724 0 .494 1.11 1. 46 1.43 1.35 - 2.1 -7. 5 121 27 . 5 0.549 0. 365 1.0lD 0 .381 1. 07 1.38 1. 45 1. 40 ,' .1 1.5 122 25.0 0,453 0.461 l.150 0.401 1.07 1. 60 1.59 1. 53 - 0.6 - '1.4 123 27.5 0 . 402 0.523 0 .°46 0.553 1.15 1.66 :< .75 1. 63 5.4 -1. 8 125 0 ,167 17.8 0. 488 0.32 2 0.94.2 0.3 42 1. (15 1.25 1. 32 1.28 5.6 2.4 126 20. 0 0. 442 0 . 347 L090 0 .31 6 1. 1)5 1.38 1.38 1. 33 0 . 0 - 3.6 127 22.5 0 . ~84 0 . 396 1.100 0. 360 1. 06 1. 62 1. 47 1. 41 -9 .3 -13. 0 128 25.0 0.316 0 .528 L 060 0 .498 1.12 1.69 1. '12 1. 61 1.8 -4.7 129 27.5 0.315 0.531 0 . 983 0. 540 1. 12 1.67 1.72 1. 62 3.0 -3 . 0 130 30.0 0.298 0. 560 1. 010 0.656 1. 14 1.82 1.79 1. 66 -1.7 -B. 9 132 0. 125 20.0 0 .335 0. 373 0.633 0.689 1.11 1.31 1.44 1.36 9.9 3.8 133 22.5 0 . 247 0. 507 1.050 0.483 1.11 1.40 1.64 1.54 17.1 10.0 134 25. 0 0,313 0 .39 9 0. 906 0 .440 1.09 1. 51 1. 47 1.40 -2.7 -7.3 135 27 .5 0.239 0.523 0. 980 0. 53 4 l. 13 1. 63 1. 69 1.56 3.7 -4.3 136 30 . 0 0.224 0.558 1. 040 0.53 7 1. 14 1. 68 1.74 1.59 3.6 -5.4 138 0 . Q83 20.0 0.235 0. 354 0.717 0. 494 1. 11 1. 25 1.36 1.28 8.8 2.4 139 " 22.5 0.205 0.407 0.757 0. 538 1. 13 1. 28 1.45 1.34 13. 3 4.7 140 25 . 0 0 , 190 0. 438 0. 853 0. 513 l.12 1.39 1. 48 1. 36 6. 5 - 2.2 141 27.5 0.187 0. 446 1. 150 0.3 88 l.07 1.44 1.44 1. 37 0.0 - 4.9 142 30.0 0.200 0. 416 0.848 0.491 1 . 11 1.37 1.46 1.35 5.8 - 1. 5 144 0.042 20. 0 G,193 0.218 0.470 0 . 464 1.10 l. 06 1· 03 0 . 97 -2.8 - 8. 5 145 22.5 0 .171 0 . 245 0.800 0.306 1. 05 1.15 1.0< 1. 00 -10.4 -13 .0 146 25 . 0 0 .148 0.283 1.000 0 . 283 1. 04 1. 20 L Ot 1. 03 -11.7 -14.2 147 27.5 0.143 0.293 0.763 0. 38 9 1. 07 1.20 1.1C 1.03 - 8.3 - 14 .2 148 30 , 0 0 .131 0 . 321 1.290 0 .249 1. 03 1.25 1. 08 1. 05 -13.6 -16.0 

TABLE ill 

RESUL. TS OF METHOD ill - LINE INTERSECTION 

Fetch = 8 .75 fl 
Csc - Cm Cre- Cm 

U d/Lm Lm Lm 
, 

Lm/Ln: i) Cm Csc Cle ----c,;;- c;;;-
Run ft. fUsee fl. t !.lsee It Isee. f Use c % % 
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Table II. It was found that such a gr id could be established wit hout 
difficulty for many cases (usual ly for l arge water depths and low wind 
velocities) ; however , at other times it was apparent that large errors 
were being introduced. 

The third me thod used was near ly anal ogous to the procedure used 
to determine the wave length distribut ion in two-dimensional studi es. 
A line was drawn between the two sides of the photographs at right angles 
to the direction of wave t rave l. The length of t his line was divided by 
the number of times a wave crest intersect ed the line (see Fig. 7). This 
yielded an average val ue of cres t length, L' ln- In addition , the wave 
length, 1m, was measured within the isolated section at random and an 
average value was t aken. Measurements were made of about 20 successive 
waves passing the section. The results are given i n Table III. The 
values of L' , and L for a particular set of conditions are plot t ed in 
Figure 8 on ~robabil~ty paper. It can be seen that both L'm and Lm have 
Gaussian dist ributions. It would appear f rom this that the crest l ength 
can be descri bed in a manner similar to that now being used to describe 
the wave length. 

Short-crested Wave Theory. A short-crested wave theory has been de
ve l oped by FUCHS (1952) whi ch can be considered to be a f irst approxilllation 
to the phenomenon observed in t Qe laboratory. In this t heory a vel ocity 
for short-crested waves is obtained by t reating them as the result of two 
trains of waves travel i ng at an angle. In this theory it is assumed that 
the l inear theory appl ies. I t should be emphasized that the waves 
generated in these exper iments were not the result of the intersection of 
two wave trains, and t hey were hexagonal in shape rather than diamond. 
However , if the linear t heory i s appropriate , Fuchs' theory should be of 
considerable help in understanding t he wave motion. 

Fuchs sho.\'cd that 

c2 = (gL/2 n ) D tanh (2ndDIL) , 
sc 

where D = Vl+ (L/L,)2 and L' is the crest length. 

(1) 

Us ing this equation, a short-crested veloci ty, esc was computed. Lm was 
measured directly from t he film, taki ng an average val ue obtained by 
consider i ng a ser ies of six to ei ght waves per run. Cm was also obtained 
frOlll the fi lm by measuring the time required for a wave crest to travel 
a known distance. Aver age values were used. The short-crestedness factor, 
D, was the subject of controversy , and it was not clear just how t he value 
of L'm used i n comput ing it should be taken . '{'he three methods f or obtain
i ng L'm have been discussed above. In t he characterist ic angl e method, 
use was made of the relationship tan ~a = LmlL'm. Knowing the wave len~ 
Lm. the still-water depth, d. and the short -crestedness factor, D, 
2 n dD/l,n was computed and tanh (2n dD/Lm) was obtained from published 
tables (WIEGEL, 1954) . The deviation of e sc fr om em was computed in 
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percentages to give an indication of the applicability of Fuchs' approxi
mation. For further comparison, the wave velocity was computed using 
the long-crested formula for wave velocity: 

Cfc = (gI./2 11' )tanh (211' d/L) (2) 

This calculation was carried out in the same manner as for Csc . Again 
the percentage deviations were computed. The result s are presented in 
Tables I-III . 

It was found that of the three methods used in determining the 
short-crestedness factor, D, Method 3 yielded a value which, when used in 
Fuchs ' theot'y f or short-crested wave velocity, compared most f avorably 
with the measured wave velocity. Use of Fuchs' theory led to predictions 
of wave velocity which were generally within ten percent (see Tables I-II I , 
and Fig . 14 ). 

Dimensional Relationships. The relationshi ps of crest length, wave 
length, and wave velocity with water depth are shown in Figure 9. The 
values presented were obtained by use of Method 3. Photographs of exam
ples of the corresponding wave patterns are shown in Figure 6. The data 
in these graphs are for constant fetch; the wind speed is used as a para
l'le ter. It can be seen that the crest length, L'm' decreased with 
increasing water depth, and increased, with increasing wind speed. There 
was a considerable amount of scatter of the data, but the trends appear 
to be valia (see also Fig. 6). Both wave length and velocity increased 
nearly proportionately with increasing depth, for depths up to 0.167 foot, 
and then decreased with increasing depth within the limits of the experi
mental conditions. It should be emphasized that the authors do not 
believe the curves can be extrapolated beyond the l imits of the experiment . 
Although not shown, the variation of these variables with d/Lm exhibited 
the same trend. 

The reasons for the reversal in the trend of increasing wave length 
and velocity with increasing water depth are not known. However, as the 
water depth increases, the pattern becomes more short-crested, with the 
accompanying increase in crest intersections . This probably results in 
energy losses due to turbulence . It would mean a less efficient energy 
transfer process between the air and the water, which would probably 
result in shorter (hence slower moving) waves for a given fetch and wind 
speed. 

In Figure 9 are also plotted the graphs showi ng the relationships of 
crest length, wave length and wave velocity with wind speed for a constant 
fetch for relatively deep water conditions. Examples of the wave patterns 
are shown in Figure 10. It can be seen that the crest length inc~eases 
with increaSing wind velocity, and apparently at an inc~easing rate. How
ever, the scatter of data is such that no definite conclusions can be 
drawn in regard to the rate at which the crest length increases with 
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i ncreasing wind speed. Both the wave length and velocity increase 
with increasing wind speed, with the rate of increase decreasing with 
decreasing wind speed. 

The rel ationships of crest l ength, wave velocity, and length with 
fetch for a constant wind speed far relatively deep water conditions 
are presented in Figure ll(the values plotted were obtained by Method 3); 
and examples of the surface patterns are shown in Figure 12. few data 
were available through which to draw curves ; however, it appears that 
crest length, wave velocity , and wave l ength all increase with increasing 
f etch. 

Dimensionless Relationships. In order to compare the results of 
this investigation, wherever possible, with those of the two-dimensional 
studies of other investigators, the dimensionless relationships presented 
by SVERDRUP and MUNK (1946) were used. The data are ShCMn in Fi gure 13. 
One curve, Crr/U versus gF/u2, has been taken from the paper by BREl'SCH
NEIUER , (1952) as it was constructed from mare data t han the original 
curves of Sverdrup and Munk. The second curve gr/U versus gF/U2 , has 
been t aken from Sverdrup and Munk' s original paper as it was not given 
in Bretschneider's paper . It should be pointed out that T was not 
measured in the data presented in this paper, but rather YCm• This 
has been indicated in Figure 13 by writing gl,gltmU under gr/u. 

The data obtained from the three-dimensional studies presented in 
this paper agree closely with the curves deve l oped from the two-dimensional. 
studies, although they do not lie on the curves. The results are shown 
for both constant f et ch with varying wi nd speed, and for constant wind 
speed with varying fetch. 

The change in wave velocity in shallow water, as predicted by Fuchs ' 
theory (for the case of L1L' = 1) and STOKES ' (1847) theory (LlL' = 0) 
are shown in Figure 14 . The velocities measured in this study were com
pared with the curves using Fuchs ' theory for computing deep-water 
velocity Co. As can be seen from the figure , the data often exceed 1.0 
(t hat i s, the measured velocity exceeded the predicted deep-water velocity). 
It is believed that this might be attributed to the measured value of LV 
being used in the calculations. Fuchs' theory shows that a low value of 
L' would increase the computed value of Co and hence cause high values of 
Cm/Co• It should be pointed out that the value of L1L' for measures waves 
was between that used for the two curves shown. 

"Mach Number" Effect. It has been suggested that due to the smal l 
water depths the data were not similar to waves generated in deep water . 
I t was suggested that a "Mach Number" should be considered , based upon 
the analogy used in towing rigid bodies in shallow water . In this case 
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the "Mach Nwnber" is VI vgcr • where V is the velocity of the towed 
body, g is the acceleration of gravity and d is the water depth. It 
was then pointed out that the "Mach Numbers" for the conditions re
ported herein were greater than 1. with the calculations being made 
using the maximum wind speed (see Figure 4). 

It is well that th is point has been raised; however . i ts validity 
is questionable. The air f lowing over the water forms a boundary of 
its own; hence , the speed of the air adjacent to the water surface is 
much lower than the "free stream" speed. Keulegan (KEULEG\N. 1951) 
found that the speed of the water surface under the stress of wind was 
approximately 1/30 the free stream wind speed. Assuming no slippage at 
the interface between the two fluids, this would indicate a "Mach 
Number" much lower than the number computed from the free stream value 
(the maximum value would be 0.85 for the tests described herein). 

one observation should be cited in particular ; if the characteristics 
of the waves under discussion were closely associated with the "Mach 
Effect" their phase velocities should be in the vicinity of -{iiI • that 
is. they should be shallow water waves. That this is not the ca~e is 
readily apparent from Pigure 14. Furthermore, the values of d/Lo were 
always much greater than would be the case for shallow water waves. 

COf'CLUSIONS 

~hort-crested waves were generated in a combination wind-wave tunnel 
under conditions of constant wind velocity and uniform water depth. 
There appeared to be no definite pattern to the waves which were formed. 
The pattern changed continually. with crests shifting forward and back
ward, often merging with a preceding or following wave. In terms of 
geometrical figures, it appeared that the pattern could best be described 
as consisting of irregular elongated hexagons . 

Three methods were introduced with which to obtain quantitative 
information on the short-crested pattern. It was found that the method 
analogous to the statistical method now used to describe wave length in 
the two-dimensional model was most useful . Both crest lengths and wave 
lengths had Gaussian distributions . 

The short-crested wave theory of Fuchs was found to predict the 
measured wave velocities with a maximum deviation of fifteen percent and 
an average deviation of ten percent when the line intersection distribu
tion method was used to determine the crest and wave lengths. 

For constant fetch , it was found that the wave length and wave 
velocity increased with increasing water depth up to a depth of 0.167 foot 
and then decreased with increasing depth within the limits of the experi
mental conditions. It is emphasized that the curves should not be 
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extrapolated beyond the limits of the experimental data. This decrease 
may have been caused by energy l osses in the wave system due to the 
turbulent intersection of the wave crests. T~ crest length decreased 
with increasing water depth. Crest length, wave length, and wave 
velocity increased with increasing wind speed. 

For constant wind velocity, and for relatively deep water condi
tions, it was found that crest length, wave velocity, and wave length 
increased with increasing fetch length. 

Canparison of the data obtained in these three-dimensional experi
ments with the data obtained in two-dimensional experiments by use of the 
dimensionless parameters gF/u2 , Cm/U, gr/U and gLmlcmu2 showed that data 
agreed closely with the two-dimensional data, but that they were on a line 
parallel to them. 

The suggestion that the waves generated in the ripple tank were a 
"Mach Number" effect is refuted by their phase vel ocities; that is, the 
velocities were always much greater than the shallow water velocity 
( ViiI) • Furthermore, the values of d/Lo were always much greater than 
would be the case for shallow water waves . 

ACKN~LEDGmNI'S 

The authors wish to express their appreciation to Professors J.W . 
Johnson, A.D.K. Laird and U.K. Todd for their helpful comments. They also 
wish to thank R.A. FUChs, R.R. Putz and O. Sibul for their suggestions 
regarding experimental results and the analysis of the data. The generou ~ 
assistance of W.F. Penberton. W.A. Hewitt and W.J . Ferguson in the con
struction of the laboratory equipment is acknowledged, as is the work of 
M. Lincoln in the preparat ion of the illustrations. 

The work described in this paper was performed in partial fUlfillment 
of the requirements of the degree of Master of Science in Mechanical Engi
neering, University of California, Berkeley, by G.C. Ral ls, Jr . Part of 
the work was supported by the office of Naval Research. 

25 



REF EREt<CES 

N.F . am F . URSELL BARBER, 
1948 The generation and propagation of ocean waves and swell. I. 

Wave periods and velocities. Phil. Trans., Royal Soc. of London, 
Series A., Vol. 240. pp. 527-560. 

BRETSCHNEIDER, C. L. 
1952 The generation and decay of wind waves in deep water . Trans. 

Amer. Geophys. Union, Vol. 33, No. 3, PP. 382-389. 

CHINN. A. J. 
1949 The effect of surface tension of wave velocities in shallow water . 

M.S. Thesis in C.E. , Univ o of California, Berkeley. 

COX, C. and W. H. MUNK 
1953 The measurement of the roughness of the sea surface from photographs 

of the sun's glitter. pt. II, Scripps Inst. of Oceanography SIO 
No. 53-53. 

COX, C. and \'1. H. MUNK. 
1954 The measurement of the roughness of the sea surface from photographs 

of the sun's glitter, Ft . III, Scripps Inst. of Oceanography, SIO 
No. 54-10. 

DRYDEN, H. L. 
1947 The use of damping screens for the reduction of wind tunnel tur

bulence, Jour . of Aero. Sci., Vol . 14, No. 4, pp. 221-228. 

DUNl'LEY, SEIBERT Q. 
1954 M~asurements of the distribution of water wave slopes, Jour. of 

the Optical Soc. of America, Vol. 44, No. 7, pp. 574-575. 

ECKART. CARL 
1953 The generation of wind waves on a water surface, Jour . Applied 

Physics, Vol. 24, No. 12, pp. 1485-1494. 

FRANCIS , .J. R. D. 
1951 The aerodynamic drag of a free water surface. Froc. Royal Soc . 

of London, Sere A. Vol. 206, PP. 387-406 . 

FtCHS, R. A. 
1952 On the theory of short-crested oscillatory waves, Nat . Bur . of 

Standards, e ire No. 521, pp. 187-200. 

JEFFREYS, HAROLD 
1925 On the f ormation of water waves by wind. Proc. Royal Soc. of 

London, Series A, Vol. 107. pp. 189-206. 

26 



JEFFREYS , HAROLU 
1926 On the formation of water waves by wind, (second part). Proc. 

Royal Soc . of London, Sere A, Vol. 110, pp . 241-247. 

JOONSON, J. W. 
1950 Relationships between wind and waves, Abbot ts Lagoon, California. 

Trans. Amer. Geophys. Union, Vol . 31, No. 3, pp. 386-392 . 

JOHNSON, J. W. and E. K. RICE 
1952 A laboratory investigation of wind-generated waves. Trans. Amer. 

Geophys. Union, Vol. 33 , No. 6, pp . 845-854. 

KEULEGAN, GAABIS H. 
1951 Wind t ides in small closed channels. Jour. of Research of the 

National Bu. Standards, Vol . 46 , No. 5, pp. 358-381 . 

LONGUET-HIGGINS, M. S. 
1952 On the statistical distribution of the heights of sea waves. 

Sears Found. Jour . of Marine Res. , Vol. XI, No. 3, pp. 245-266. 

McLELLEN, C. H. am W. A. BARTLEIT, JR. 
1941 Investigation of air flow in right angle elbows in a rectangular 

duct , NACA Wartime Report L-328, 7 pp. , 10 plates . 

MUNK, W. H. and R. S. ARTHUR 
1951 Forecasting ocean waves, Compendium of Meteorology Amer. Meteorolo

gical Soc. pp . 1082-1089 . 

PIERSON, WILLARD J . and WI LBUR MARKS 
1952 The power spectrum analysis of ocean wave records . Trans. Amer. 

Geophys. Union, Vol . 33, No. 6, pp. 834-844. 

PRANI1l'L, L. 
1933 Attaining a steady air stream in wind tunnels. NACA Tech. Memo. 726. 

purz , R. R. 
1952 Statistical distribut i ons f or ocean waves . Trans. Amer . Geophys . 

Union, Vol . 33 , No. 5, pp. 685-692. 

ROLL, H. U. 
1951 Neue Messungen zur Entstehung von Wasserwellen durch Wind, Ann. 

der Meteorol., Vol . IV, Heft 1/6, pp. 269-286. 

SCHUMACHER, A. 
1952 Results of exact wave measurements (by stereophotogrammetry ) with 

special reference to more recent theoretical investigations, Gravity 
Waves, Nat. Bu. of Standards eire No. 521, pp. 69-78. 

27 



SEIWELL, H. R. 
1948 Results of research on surface waves of the western North Atlantic , 

Papers in Physical Oceanography and Meteorology, Vol. 10, No. 4, 
56 Pp. 

STANI' ON , T. H., D. MARSHALL and R. HOUGtl'ON 
1932 The growth of waves on water due to action of wind. Froc. Royal 

Soc. of London, Ser e A. Vol. 137, pp. 283-293. 

STClalS, G. G. 
1847 On the theory of oscillatory waves. Trans. Cambr idge Phil. Soc. , 

Vol . 8, pp. 441-457. 

S urTON, O. G. 
1953 Micromet eoro10gy. McGr aw-Hill Book Co. , Inc ., 333 pp . 

SVERDRUP, H. U. and W. H. MUNK 
1947 Wind, sea and swell : theory of relations for forecasting. U. S. 

Navy Hydrographic Office, H. O. Pub. No. 601, 44 pp. 

VAN DCRN, WILLIAM G. 
1952 Wind stress over water, Scripps Inst. of Oceanography, SIO Ref. 

WIEGEL, 
1949 

No. 52-60, 23 pp. 

R. L. 
An analysis of data from wave recorders on the Pacific Coast of 
the United States. Trans. Amer. Geophys. Union, Vol. 30, No. 5, 
PP. 700-704. 

WIEGEL, R. L. 
1954 Gravity waves : Tables of functions, Council on Wave Research, 

The Engineering Foundation, Berkeley, Calif ., 30 pp. 

L 

9622 027 
28 


