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WIND WAVES AND SWELL

R. L. Wiegel
Agsociate Professor of Civil Engineering
University of California
Berkeley, California

Winds blowing over the water surface generate waves. In general
the higher the wind velocity, the larger the fetch over which it blows, and
the longer it blows the higher and longer will be the average waves. Wave:
gtill under the action of the winds that created them are called wind waves,
or a sea. They are forced waves rather than free waves. They are vari~
able in their direction of advance (Arthur, 1949). They are irregular in
the direction of propagation. The flow is rotational due to the shear stress
of the wind on the water surface and it is quite turbulent as observations of
dye in the water indicates. After the waves leave the generating area
their characteristics become somewhat different, principally they are
smoother, losing the rough appearance due to the disappearance of the
multitude of smaller waves on top of the bigger ones and the whitecaps
and spray. When running free of the storm the waves are known as swell,
In Fig. 1 are shown some photographs taken in the laboratory of waves
still rising under the action of wind and this same wave system after it
has left the windy section of the wind-wave tunnel. It can be seen that.the
freely running swell has a smoother appearance than the waves in the
windy section. The motion of the swell is nearly irrotational and non-
turbulent, unless the swell runs into other regions where the water is in
turbulent motion. Turbulence is a property of the fluid rather than of
the wave motion, After the waves have travelled a distance from the
generating area they have lost some energy due to air resistance, in-
ternal friction, and by large scale turbulent scattering if they run into
other storm areas, and the rest of the energy has become spread over a
larger area due to the dispersive and angular spreading characteristics
of water gravity waves. All of these mechanisms lead to a decrease in
energy density. Thus, the waves become lower in height. In addition,
due to their dispersive characteristic the component wave periods tend to
segregate in such a way that the longest waves lead the main body of wave:
and the shortest waves form the tail of the main body of waves. Final~
ly, the swell may travel through areas where winds are present, add-~
ing new wind waves to old swell, and perhaps directly increasing or
decreasing the size of the old swell,

1. Wave Characteristics

An observer stationed high above the area in which wind waves
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pass from the fetch into an area of calm (called the decay area) would
notice that the waves in both regions vary in heights, lengths, and
breadths. If he were to follow a particular wave crest he would notice
that it would gradually disappear; he would also notice new crests form.

An observer watching the crests leaving the fetch and measur-
ing the time intervals between the successive crests as well as the
heights would have a true picture of the surface waves at a particular
point without having a true picture of the phenomenon. This is because
the surface phenomenon is a result of other complex phenomena. Be-
cause there is a spectrum of lengths (or periods) and heights present
there must be some sort of a group phenomenon; that is, there are no
permanent wave forms. Instead, wave crests and troughs gradually ap-
pear and disappear. The longer wave components of the group, travel-
ing with greater speeds than the shorter wave components, gradually
move ahead, with the shortest wave components dropping behind.
Hence, a spreading of the wave system occurs.

In order to understand what happens in an actual case, where the
generating areas vary in size, the winds vary in speed and direction and
exist for different lengths of time, it is necessary first to consider the
simplified case of a stationary storm of constant dimensions with winds
that immediately spring up to a constant speed and remain at that speed
for a short time, long enough to generate a considerable number of waves
and then die down immediately. In addition, the decay distance must be
long enough for complete segregation of wave components to take place.
Shortly after the wind starts blowing over the entire generating area the
waves will be short, but probably close to maximum steepness (H/L=1/7
in deep water). At some distance downwind from the start of the fetch
the waves will gradually grow in height and length as time increases.

The maximum wave dimensions at this point will be obtained when all of
the waves generated upwind of this point have reached it, this time de-~
pending upon the group velocity of the waves. When this has occurred
a quasi-steady state condition has been reached.

An observer traveling along with the wave system in the decay
area would notice that the long wave components would gradually move
in front of the system and short wave components would drop to the rear
of the system. The longer the wave system has traveled the greater
would be this segregation. If the group were to travel many thousands
of miles, and were there no other disturbances, this segregation and
stretching of the system would become complete. An observer at a fixed
distance from the storm would notice a steady decrease in wave period
with increasing time.
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Fig. 2. Mark V, No. 1A, record for 1915 to 2300 PST, 18
October, 1949, Camp Pendleton, Oceanside, Califarnia.
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Actually, the duration of the storm and the relatively short decay
distances (even several thousands of miles) are such that complete segre-
gation never takes place. In local storms almost no segregation takes
place and the lengths and periods are relatively short, even if the winds
were great, the fetch long and the duration long; stretching of wave sys-
tem does not occur so that the energy density is high. As the decay dis-
tance increases the segregation increases and so the long waves, often
called "forerunners of storms'', reach the coast before the main body of
waves. For a particular storm the longer the decay distance the greater
is the time between these forerunners and the main body of waves (high
energy density).

The normal case is more complicated. For example, suppose
the storm lasts for two days and that it takes only one day for the me-
dium length wave component to reach the section of coast under consider-
ation. The longer waves are being continually generated as are all the
shorter wave periods. Thus, even as the first of the shortest waves are
arriving at the coast the longer waves which were being formed after the
shorter waves have left the generating area, overtake the shorter waves
and arrive at the same time.

It can be seen then that a section of coast a considerable distance
from a storm will be subject to long, low waves first with the mean
"period" of the waves (with the "period" being defined as the time nec~
essary for two successive crests to pass a fixed point) decreasing with
time but with the period spectrum width about the mean value increasing.
The wave "heights" (with the "height'' being defined as the vertical dis-
tance between a trough and the following crest) will be increasing be-
cause the greatest energy density is concentrated in the waves with me-
dium periods. An example of such a "wave front' reaching the coast can
be seen in Fig. 2. As the last of the waves reach the coast an abrupt
decrease in wave period and height will be observed. The average peri-
od of even these short waves, at the coast, will always be longer than
the period observed at the end of the fetch because of the spreading phe-
nomenon and because the smallest waves will have been either captured
by the large waves or dissipated.

The actual phenomenon is more complex than has been described
because the winds gradually rise to a maximum speed, then decrease
again, always fluctuating, with the wind field varying in size and the
storm moving.

As an example, consider the wave spectra at Pendeen, England,
during 14 to 15 March 1945, which has been presented in Fig. 3
(Barber and Ursell, 1948)., The wave record at Pendeen, the bottom
pressure type, was analyzed by a frequency analyzer so that the com-~
ponent period spectra was obtained. It can be seen that the forerunners
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of a new wave system first appeared at 1300 on 14 March 1945, The
mean of the periods gradually decreased while at the same time the width
of the spectra increased.

In the literature on ocean waves the terms gaussian and random
are often used when referring to the heights and periods of wind waves
and swell. These terms must be used with caution as they oversimplify
the true nature of waves and they are not descriptive to the layman of the
many groups of nearly periodic waves that exist. That these groups
exist can be seen in Fig, 4 in which records of waves in the generating
area are presented for laboratory, lakes and ocean conditions. The
statistical techniques used in obtaining the information that will be pre-
sented in the following sections neglect the time sequence of the phe-
nomena. Thus, one entire class of information is often thrown away in
the analysis of waves. From an engineering standpoint it is the groups
of several periodic waves, which are almost always the highest waves
in a wave system, that are the most effective in causing structural
damage, Donn and McGuinness (1959) report that the waves they meas-
ured in a relatively open ocean area occurred in striking sinusoidal
groups in contrast to the far more irregular patterns observed in the
shallow water off coasts in the area.

One of the main problems connected with describing waves is
that of defining what we will call a wave. Should every small bump be
considered a wave”? For some purposes, such as scattering of radar or
the reflection and scattering of light, the answer should be yes. For
many purposes the answer should be no. One concept that is useful in
this respect is to neglect the very small waves and to measure the high-
est one third of the remaining waves, the average of the highest one
third being called the significant or characteristic wave height. This
concept was developed during studies of landing craft operations in the
surf in World War II, It was found that the wave height estimated by
observers corresponded to the average of the highest 20 to 40 percent of
the waves (Scripps Institution of Oceanography, 1944), Originally, the
term significant wave was attached to the average of these observations,
the highest 30 percent of the waves, but has evolved to become the aver-
age of the highest 33-1/3 percent (designated as Hg or Hi/3).

It can be seen in Fig. 4 the higher waves often occur in groups
which are nearly periodic. The average period of these high groups in
a record was termed the significant period (designated at T§ or TH1/3).

In order for the concept of significant wave height and period to
be of more value studies were made of the distribution of wave heights
and periods about their mean values (Ehring, 1940; Seiwell, 1948;
Wiegel, 1949, Rudnick, 1951; Munk and Arthur, 1951; Darbyshire, 1952;
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MEASURED STATISTICAL RATIOS FOR OCEAN WAVES

Statietical Ratios

Location and Hmax | Buax | Huax H}QQ H! 29 H ngg
Type Wave Recorder HJ/J.D Hl/) Hn»m. 31/3 Hoean ﬁ - Remarks

la. Davenport, Calaif. 1.40 | 1.90 |1.19 [ 1.61 | 1.37 11 mos., 12-20 min. nterval every 12 iws
eurface rec'dr water depth 46' MLIW (#IHGEL & KUKK, '57)

1b, Davenport, Calif. L.64 | 2464 |1.32 | 2,09 | 1.48 5 mos., 12-20 wan. interval every
bottom-pressure 12 nre., water aepth 46! MLLn
recorder (WILGEL & KUKK, 1957)

2, N. Atlantic Qcean 2.40 1.60 138 recorde, 26-1<l wavee per
NIO ehip-borne record ( mean of 49 wavee) every
recorder 3 hrs. (UARLINGTUN, 1954)

3. Pt.Arguello, Calif. |1l.42 [1.85 1.30 3 wos., <0 nan. every 8 nrs.;
bottom-pressure figures refer to dully eve. & max.,
recorder recorder 1n 75' of water AMLLW

(WIRGEL, 1949)

4. Pt. Sur, Calif. 1.46 |1.85 1.7 1 mos., 20 mn. interval every 8
bottom-preseures hre.; figures refer to daily ave.
recorder & max.; recorder in 68! of water

MLIW  (wIEGEL, 1949)

5. Heceta Head, Ore. 1.47 |1.91 1.30 14 mos., 2 mn. interval every 8
bottom-preseure hrs.; figuree refer to daily ave.
recorder & max.; recordaer in 50' of water

LLa {(wIRGEL, 1949)

6. Cuttyhunk, Mass. 1.57 10 moe,, 20 min. interval every 4
bottom-preseure hrs., wave recorder in 75' of
recorder water (ShInkLL, 1948)

7. Bermuda 1.57 4 mos., 20 mn, interval every 2
bottom=-pressure hrs., recorder in 120' of water
recorder (ShIaELL, 1948)

8. Cape Cod, Maee. 1.56 | 1 record, l4i wavee; 1 record, 28

wWaves, Wavee only 2~3 eec. period
(GIBSON, 1944)

9. LaJolla, Calif, 1.63 1.49 46 wavee (MUNK & ARTHUR, 1951)
bottom-preesure
recorder

10. North Sea 1.85 688 waves (every bump counted ae a
preesure recorder wave); wind waves (EHRING, 1940)
hanging on cable 1.5 1.58) 517 waves (neglecting all waves
below float lese than 14.8 cm hagh in above

ewnple (HARWLY, SAUR & ROBINSON,
1949)
11. Pacific Coast, U.S.A. 1.63 25 records, 2V min. interval
& Guam, M.I., bottom- (PUTZ, 1952)
preseure recorder
12. Greymouth, N. Z. 1.24 [1.94 [1.58 109 recorde, 17 min. interval,
bottom preseure every < hrs. (WATTERS, 1953)
recorder
13. Hachijo I. Japan 2.0 1.5 11 records, 10 min. interval,
(eurface 7?) varioue locatione (YOSHIDA,
KAJIURA & HIDAKA, 1953)
14 Long Branch, N.J.
BEB eurface recorder 1.29 |1.93 1.50 1 record of 102 waves (PIERSON,
NEUMANN & JAMES, 1955)
15. Bermuda, NIO 6 recorde, 12-18 min. interval
ehip-borne recorder 1.24 1.61 (FARMER, 1956)
16, Oceaneide, Calif. 1.25 1 mo., 20 min. i1nterval every 8
bottom-preseure hre. (WIEGEL & KUKK, 1957)
recorder
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Putz, 1952; Pierson and Marks, 1952; Watters, 1953; Yoshida, Kajuira,
and Hidaka, 1953; and Darlington, 1954). These papers advanced the
concept of the "statistical nature' of bcean waves. Many of the data were
summarized by Longuet~Higgins (1952) in his paper on the statistical dis-
tribution of heights of ocean waves.

Almost all of the data were obtained from bottom pressure-type
recorders, with their inherent practical and theoretical limitations
(Folsom, 1949; Pierson and Marks, 1952; Fuchs, 1955; Gerhardt, Jehn
and Katz, 1955; Neuman, 1955), Similar studies were made with both
surface recorders and bottom pressure recorders by Wiegel and Kukk
(1957), the results of which are shown in Fig. 5. It was found that the
statistical ratios obtained by measuring the waves at the surface differed
from the ratios obtained from the sub-surface pressure recorders (Table
1), It is believed that the difference, and the sign of the difference, can
be explained by the method of analyzing the records of the sub-surface
pressure recorders combined with the fact that the sub~surface dynamic
pressures decrease more rapidly with depth for the lower period waves
than for the longer period waves. Of particular importance is the fact
that the surface measurements in the ocean of wind waves and swell of
Wiegel and Kukk (1957) resulted in nearly the same ratios as those of
the surface measurements by Sibul (1955) of wind-waves generated in a
wind-wave tunnel. Although many of the measuremerts of Sibul were
for waves in relatively shallow water the author states that no observable
shallow water effect was noticed in the wave height ratios. It should be
noted that the wave height ratios obtained by Wiegel and Kukk were for
swell with wind waves often superimposed, while the ratios obtained by
Sibul were only for wind waves. It appears then that the wave height
distribution about a mean value is abaut the same for swell as for wind
waves.

Several investigators were able to fit existing mathematical
curves to the empirical wave height data, curves of the '"random distri-
bution' type (Putz, 1952; Longuet-Higgins, 1952; and Walters, 1953),
The work of Longuet-Higging is in most general use (it predicts nearly
the same values as do the curves of Putz). It allows the prediction of
the most probable maximum wave height for a given number of waves,
providing the mean wave height (or some other measure of wave height)
is known. These values are presented in Table 2. In this table N is
the number of consecutive waves considered and iamgy) is the most
probable maximum wave amplitude (half the wave height) that will oc-
cur in N consecutive waves if the sample has a root mean square wave
height of 2 a. In order to find the most probable maximum wave to
expect in N waves if the significant height is known, rather than the root
mean square wave height, it is only necessary to divide the value
ulamax) by 1.416 (Table 3), For example, if N = 500 waves, from

9
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Table 2

Value of E (apax)/a and p (amayx)/ a for different values
of N, for a narrow spectrum (after Longuet-Higgins, 1952)

é— E (amﬁx)/ a .

N (log N) exact asymptotic ulamax)/ a
expression expression

1 0.000 0.886 0.707

2 0.833 1.146 1.030

5 1.269 1.462 1.366

10 1.517 1.676 1,708 1.583

20 1.731 1.870 1.898 1.778

50 1.978 - 2,124 2.010

100 2.146 -- 2.280 2.172

200 2.302 -— 2.426 2.323

500 2.493 - 2.609 2.509

1,000 2.628 -~ 2.738 2.642

2,000 2,757 -- 2.862 2.769

5,000 2.918 -- 3.017 2.929

10,000 3.035 -= 3.130 3.044

20,000  3.147 -- 3.239 3.155

50,000  3.289 .- 3.377 3.296

100,000 3.383 -- 3.478 3.400

Table 2, u (amax) / a = 2.509, from Table 3 a(0.333)/a = 1.416, and
the most probable maximum wave height/significant wave height =
2.509/1.416 = 1.77. If the significant wave was 10.0 ft. then the most
probable maximum wave height would have been 17.7 ft.

The entire spectrum of wave heights can be obtained by use of

Table 3.
Table 3

Representative values of a(P)/ a in the case of a narrow
wave spectrum (after Longuet-Higgins, 1952).

p alP)) 3 p aP)) 3
0.01 2.359 0.4 1.347
0.05 1.986 0.5 1.256
0.1 1.800 0.6 1.176
0.2 1.591 0.7 1.102
0.25 1,517 0.8 1.031
0.3 1.454 0.9 0.961
0.3333 1,416 1.0 - 0.886

10
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In Table 3 p = 0.1 refers to the average of the highest one tenth of the
waves, p = 0.333 refers to the average of the highest one third of the waves
p = 1.0 refers to the mean of all of the waves, etc. The ratio H1/10/Hj/3
can be obtained from Table 3 as 1.800/1.416 = 1.28; and the ratio H1/3/
Hmean 85 1.416/0.886 = 1,60, 1t is evident from a comparison of these
values with those shown in Table 1 that the wave height distribution func-
tion of Longuet-Higgins is of practical importance.

The wave height distribution function of Longuet-Higgins is for the
case of a narrow wave spectrum. For a wide spectrum the work of
Cartwright and Longuet-Higgins (1956; also, Williams and Cartwright,
should be considered.

Another important set of statistical data deals w th the wave
period (or frequency) spectrum. Putz (1952) made measurements of
twenty-five wave records (bottom pressure type), each record of approxi-
mately twenty-minute duration. He found the relationship between the sig-
nificant wave period to the mean wave period shown in Fig. 6. The com-
plete period distribution function of Putz is shown in Fig. 7. As an ex-
ample of its use, suppose the significant period was 11.5 sec., then from
Fig, 6 it would be found that the mean wave period would be 11.0 sec.
From Fig. 7 it would be found that 99.5 percent of the wave periods
would be less than 18 seconds and that only 0.5 percent would be less
than 4.5 sec. Of more importance in the consideration of waves in the
generating area is the work of Darbyshire (1959), the data on wave fre-
quency distribution being given in Fig. 14.

Darlington (1954) has made a similar study of wave records ob-
tained with the N1O shipborne wave recorder (Tucker, 1956) in the North
Atlantic. Most of the recordings reported were made with the ship
stopped. As can be seen in Table 1 his results on wave height distribu-
tion agree well with those of Putz, and the data extended the results to
a mean wave height up to 28 ft. with a maximum wave height of 42 ft.
The results of the relationship between the period of the highest one
third of the waves and the mean period are shown in Fig. 6. The results
are not the same as those obtained by Putz, but are not too different.
Part of the difference must be due to the fact that Putz's records were
obtained from a bottom pressure recorder. In addition, Darlington's
measurements were made in storm areas (with background swell in
many cases), while Putz's measurements were mostly of swell, 1t is
interesting to note that both results show that for lower period waves
T should be greater than THy /3. Darlington found that by interpo-
lating the best fit straight line that Ty > TH; /3 for Ty <6 sec, while
Putz found that Ty, > TH /3 for Ty < 9 sec. No actual measurements of
this condition were made however, Both of these findings are in conflict
with Sibul's (1955) measurements of short period waves generated in a
wind-wave tunnel, Fig. 8. 1t would appear then that the relationship

11
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between TH1$3 and Ty is a non-linear one. Part of the difference may

be that both Putz's and Darlington's wave measurements are either wholly
or partially dependent upon the prediction of surface waves from sub-
surface pressure measurements with some inherent difficulties in measur-
ing the true mean and significant wave periods.

What is the relationship between the heights and periods of the
wind waves? In Fig. 9 are shown the relationship between Tmean (the
length of the wave record divided by the number of waves in the record)
and H1/3. These two parameters were chosen as they were the most
generally available ones. The data shown are for wind waves rather than
swell, although there may be some swell present in the records of Bret-
schneider (1954) and Darlington (1954), A line was drawn through the
wind-wave tunnel data of Sibul (1955), neglecting the smallest waves as
these probably were affected considerably by surface tension. This line
was extended through several cycles on the log-log paper. This line is
expressed by

Hi/3 = 0.45 Tryean? (1)
If we assume that for non-periodic waves L = gT2/2r

oi/s - 1 (2)
(Lmean o) i1.4

If we assume that the relationship derived by Pierson, Neumann and
James (1955) for a gaussian sea surface is correct, that is the apparent
wave length L* is about 2/3 the value of a period wave, then

H 1 3 1
= K e T mm—— 3
(L*mean o ) 11 .4 2 7 .6 ( )

which is very close to the theoretical maximum wave steepness, and
nearly identical to the maximum steepness of mechanically generated
waves. This appears to be the physical reason for the limit of the max-
imum wave heights; for a given mean wave period this is the maximum
that can exist without breaking.

The California Research Corporation (1960) has measured waves
from several oil platforms in the Gulf of Mexico using a step resistance
gage that is essentially self-calibrating in that as each electrode is
shorted by the sea water passing over it a ''step' occurs on the record.
The data shown in Fig. 9 are for four hurricanes in the Gulf of Mexico,
with the measurements being made in water 30 feet deep. Each point

shown was obtained from a sample of between 100 and 200 waves. The

13
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fact that the water was not deep should be considered as the maximum
wave steepness in transitional water is not ag great as it is in deep water
On the other hand, some of the data were for essentially deep water
waves, and these data show the same trend with respect to the dashed
line as do transitional waves.

The extension of the line through Sibul's data does not go through
all of the data taken in the field. Many of the field data were obtained
with instruments either entirely or partially dependent upon subsurface
pressure measurements. It is known that these pressure measure-
ments projected to surface values by use of the first order theory re-
lationship between wave height and sub-surface pressures, when using
an average pressure factor associated with a mean period, underpre-
dicts the surface wave by an average of about 25 percent (Folsom,

1959; Gerhardt, John and Katz, 1955). This same technique utilizes a
subjective method of determining the number of waves in a record which
when combined with rapid attenuation with distance below the water sur-
face of the short period wave components, results in a mean wave
period that is longer than would be the case in analyzing a surface wave
record. The field data, then, should be shifted in the manner indi-
cated by the arrows in Fig. 9. The data of Darlington (1954) and
Darbyshire (1959) should probably be rotated in the manner shown in
the figure as the recorder used in obtaining the data is very insensitive
to waves with periods less than about 6 sec (Marks, 1955; Marks, 1956;
Williams and Cartwright, 1957). In addition, the NIO shipborne re-
corder utilized a vertical acceleration sensing device, the output of
which must be integrated twice to give a reference for the pressure
cells, The reliability of the results of such a technique are not yet
fully understood. This would tend to make them conform to the other
data .

The data shown in Fig. 9 due to Sibul (1955), Johnson (1950) and
the California Research Corporation (1960) are for only wind waves
while these of Bretschneider (1954) and Darlington (1954) probably in-
clude swell as well as wind waves. Studies made of data largely of
swell do not show this trend, as can be seen in Fig. 10 (Putz, 1951).

Is there any clear relationship between the heights and periods

of individual waves?® For wind waves generated in the laboratory the
answer is a qualified yes. The results for this case can be seen in Fig.
11 (Johnson and Rice, 1952). In general, the longer the wave the higher
the wave. For swell, or a mixture of swell and wind waves the joint
frequency distributions are shown in Fig. 12 (Putz, 1951, 1952). There
is no evidence of a relationship between these quantities although there is
a tendency for highest wave heights to occur with near average periods.

Ocean waves can be considered to be the combination of a series

14
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WIND WAVES AND SWELL

of components of different periods, or frequencies, with a certain amount
of power being transmitted by each component. In describing waves us-
ing this concept the term wave spectrum is used. The "spectrum'" de-
scribes in some manner the distribution of the energy density present in
a wave system with respect to the wave period, or frequency. An ex-
ample of one type of wave spectrum is shown in Fig. 3.

Darbyshire (1959) has obtained the wave spectra for recorded
waves of a large number of storms in the North Atlantic using the NIO
shipborne wave recorder. The records were analyzed first to obtain
values of TH1/3, H)1/3, etc., using a wave recorder calibration curve
based upon the wave component percent associated with f5. Then the
records were analyzed by an approximate Fourier method to obtain cer-
tain information on the wave spectra, namely, the square of the wave
height components, Hf, within each frequency interval Af = 0,007
sec.”1l, f, was defined as the frequency of the class having the largest
value of Hf2 on the spectrum. The heights Hf were corrected using a
calibration curve based upon the component period associated with
each frequency f. The wave period associated with this, Tfo, was
found to be closely related to the significant wave period (Tfg =
1.14 THj3) as is shown in Fig, 13. It appears from this, and from the
relationships shown by Putz and Sibul, that the choice of the signifi-
cant wave to describe waves was a good one.

Darbyshire (1959) has found a consistent relationship between
E[?/H2 and f ~ fo (Fig. 14), where H is defined as the height of a hypo-
thetical single sine wave train which has the same energy density as the
actual wave system. The close relationship between this hypothetical
wave and other surface wave characteristics can be seen in Fig. 15,
where Hmax = 2.40 H and H = 0,604 H1/3 with very little scatter of the
data.

The scatter of data of H%/H2 vs f - {5 is considerable when com-
pared with the scatter of data for H1/3 vs Hm, TH1/3 vS T,. For ex-
ample, if H were 10 ft., Hf could be between 41 and 56 ft. at its maxi-
mum.

As pointed out by Darbyshire this empirically determined spec-
trum is inconsistent with the previous spectrum of Darbyshire (1952;
1955), the spectrum of Neumann (1953) and the spectrum of Roll and
Fisher (1956).

Burling (1955) computed the spectra associated with various
fetches and meteorological conditions on a reservoir (fetches from 1200
to 4000 feet and wind speeds from about 15 to 25 ft/sec. The results are
shown in Fig. 16a, where w is the circular wave frequency component

(27/7T) and
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©
P (v) = 27}[ E(X, t+ 1) E(X, t+ )4y (4)
©

Eq. 4 is given in the form of Phillips (1958b) where & (x,t) is the surface
displacement at fixed point, and 7 is a time displacement. & (v) has the
dimensions of ft2 - sec, (or crp2 - sec) and the area under the curve

® (w) versus w is related to the energy per unit area being transmitted
by the wave system. It is important to note that Burling's data seem to
lie along a single curve for circular frequencies greater than about 6
radians/sec (wave periods smaller than about 1 sec). The curve in this
region has been developed theoretically by Phillips (1958b),

® (W) =~ ag?w® =constant/wd (5)

The solid curves in Fig. 16 are  $(w) = 7.4 x 1073 g2 =5 in cgs units.
In Fig. 16b the results of Project SWOP (Chase, et al, 1957) are shown
compared with Eq. 5 (Phillips, 1958c). This extends the relationship
shown in Fig. 16a to ocean conditions, and it appears that the 'fully
developed sea' extends only to wave components down tow = 2; i.e.,
wave period components up to about 3 seconds. The physical signifi-
cance of this limiting curve is that a wave of a given frequency can in-
crease in energy only up to a certain limit (H/L = 1/7 in deep water

for a uniform periodic wave). Hence, if the fetch and duration are long
enough & (w) must have a unique value which depends only upon the
frequency.

Some of the differences between the spectra of different investi-
gators have been explained by Pierson (1959a) based upon a random non-
linear model of waves (Tick, 1958). An additional spectrum plus a dis-
cussion of the above cited spectra have been presented by Bretschneider
(1959).

Directional spectrum have been measured by Chase et al (1957),
but their results are difficult to interpret. Phillips (1958¢) and Cox
(1958) offer conflicting interpretations of the results. The major diffi-
culty, aside from experimental errors is that the measurements were
made of ocean waves, and it is not possible to be sure of the level of
wave action with respect to the local winds.

Wave are short-crested: that is, they have a dimension in the
horizontal direction normal to the direction of wave advance. This
dimension has been termed the crest length of a wave. There are very
few measurements of this wave dimension. The average ratio of crest
length to wave length (1.'/1) of some waves measured on aerial photo-
graphs was from 2 to 3. Johnson (1948) made some measurements on
waves in a lake and found (L.'/L) = 3. Yampol'ski (1955) found that the
distribution curves for wave lengths and crest lengths were nearly
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identical in appearance, the measurements being made from aerial photo
graphs of the sea surface.

A three-dimensional laboratory study was made by Ralls and
Wiegel (1956) of wind-generated waves in which the crest length was mea:
ured as shown in Fig. 17 (notice surface tension waves also in this fig-
ure)., The results of measurements of crest lengths and wave lengths
are shown in Fig. 18. In deep water the ratio is approximately 3.

2. Relationships among Wave Dimensions, Winds, and Fetches

The relationships among the wave dimensions, wind speeds and
direction, atmospheric stability, fetch length, and wind and fetch vari-
ability are not well established, It is not surprising, considering the
extreme difficulty in obtaining reliable measurements in the open ocean
combined with the near impossibility of obtai ning sea conditions con-
sisting of only wind waves, with no swell present. To these difficulties
must be added the problems of determining the wind fetches and dura-
tions. Because of this the data obtained will be presented, but ideas
from studying data obtained in the laboratory and in lakes will be used to
interpret the ocean data.

First, let us consider waves from the standpoint of wave spectra.
The data of Burling (1955) has already been covered. The remaining
data will pertain to ocean waves,

In deep water the average power, averaged over a complete cycle,
transmitted per unit area of surface is proportional to the square of the
wave height and inversely proportional to the wave period. The energy
per unit area, the energy density, is proportional to the square of the
wave height. Darbyshire (1952; 1955) used the equation

1 T+% 1 2
Er = 3 pg?r_lﬁ =g PgHL
3

where ET is the energy per unit area of horizontal sea surface in a wave-
period interval from T-L to T + 5= and HT is defined as the equivalent
wave height for waves & period between T - L and T + 3 (thatis, ina
one-second interval) as obtained by a Fourier analysis and taking the
square root of the sum of the squares of the peaks within each one-second
interval of wave period. The results, plotted in terms of HT/T versus
T/U, where U is the gradient wind speed, are shown in Fig. 19, The
solid line curve shown in the figures is the gaussian function that Darby-
shire states expresses the relationship between HT/T ard T/U. It is
evident that the scatter is extreme, and that the relationship between the
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data and the curves practically non-existent. Darbyshire has found a much
more reliable spectrum, leaving out the relationship of the spectrum to the
wind (Fig. 14).

Other data for which a spectrum equation has been developed are
shown in Fig. 20 (Neumann, 1953). The relationships among wave height,
wave period and wind speed, as given by Neumann, is stated to be an
exponential curve, and that this curve forms the upper envelope of the
data in Fig. 20. The values of H and T used in this figure refer to the
height and period of surface waves, many of them visual observations from
a ship. They do not refer to data obtained by a Fourier analysis or simi-
lar method. This upper envelope is considered by Neumann to repre-
sent the '"fully arisen sea,'' where the term refers to the case where no
more energy can be added to the wave system regardless of the length
of time the wind blows or the length of the fetch (Pierson, Neumann and
James, 1955). This means that the waves, at all frequencies, are dis-
sipating energy and radiating it from the storm area at the same rate
that wind is transferring wave energy to the sea surface. It is doubtful
that this condition exists in the open ocean for all frequencies although it
does exist for the higher frequency components (Fig. 16). It is, in fact,
contradicted by the tendency for wave steepness to decrease with increas-
ing values of T/U,

Some actual measurements of ocean wave spectra have been made
by Ijima (1957), but these are for cases so complicated that it is difficult
to compare anything but their gross characteristics with the simple ex-
pressions of wave spectra (Fig. 21). The spectrum for a relatively
simple case is shown in Fig. 16b (Chase, et al, 1957).

It is difficult to obtain certain data for wind waves in the ocean,
such as the wave height and period as a function of wind speed for a con-
stant fetch, the wave height and period as a function of fetch for a con-
stant wind speed. In fact it is difficult even to obtain data for either a
constant wind speed or fetch, or for even a stationary storm. It is possi-
ble to obtain these data in the laboratory or in relatively small lakes or
reservoirs, These data are presented in Figs. 22 and 23, together with
some ocean data where the fetches were not constant, nor were the fetch
limits even stated. The wind velocities were often measured at different
elevations above the water surface. However, the elevation where the
winds are measured, as long as it is fairly close to the surface, should not
affect the power relationship between H and U and T and U, although it
will affect the constant of proportionality. That this is true can be seen
from a study of the wind-speed data of Thornthwaite and Kaser (1943) for
winds at 1/2 and at 15 ft. above the ground, the data of Deacon (1949) for
winds at 1/2 and 4 inches abave the ground, and the data of Deacon,
Sheppard and Webb (1956) for winds at 6.4 and 13 meters above the sea
surface. These data show that the winds are linearly related (Fig. 24),the

23



COASTAL ENGINEERING

12 *81q

(2661 ‘ounf) Ja130)

uooydA} D JO {jams JO asDaLBP Yy Wi

wnJijoads ABisus anom Jo sabubyds duy |
;- Puodag

020 910 20 800 00

/I\hﬂy‘ o]
o < =V’
-~ 4 A
NN =g y
ucewel®” QW 1/ [} oo
U6l Wel 8- ;
|_ustwe w1~ _x .; 0008
€)1 4
Uil Wel ) // 7]
0 o
../ \ 00021 %
4ol @Dy \ g
\ Wi s
W\ \ ocosi 3
v/
il
ugt Wt (n—4 ’
ooote
00082

02 *3tg
{gG61‘uuownan Ja40)
K§100(9A puim dyp o} poiiad aADM
{usinddo ayj Jo olod 9y4 Jo alonbs ayy ysubp payyold sporsad
anDm uaipddo ayy jo aionbs ayj op syybiay anom ayy 40 ooy

mvm_.\.._zsoo x
8v6l ‘9 139010

gvel ' oW |
8v6! ‘¢ AoW

SPJ003s oM Yououg Buo ‘suonoauasqo

A/
NA 1)

ol 8'0 90 0 20 0
1

¥ T T T T

24



WIND WAVES AND SWELL

slope of the line on the log-log plot being unity.

There is scatter in the data. Some data were taken for neutral
stability winds (all of Sibul's laboratory data, for example), some of the
data for unstable winds and some of the data for stable winds. A good
deal of the scatter is probably due to the different wind types. That this
is so has been shown by Roll (1952), Burling (1955) and Brown (1955).

The data of Brown are presented in Fig. 25. It can be seen that for a
given wind speed the wave heights are higher for both stable and unstable
winds for neutral winds (essentially Tg - Ty = O, where Tg is the temper-
ature of the sea surface and T4 is the air temperature). Examples of

the three types of wind profiles over the ocean are shown in Fig. 26.

Figures 22 and 23 show that in the laboratory T1/3 « U0 -8 and
H1/3 « Ul.l, approximately (Stanton, Marshall and Houghton, 1932;
Hamada, Mitsuyasu, and Hase, 1953; Flinsch, 1946; Sibul, 1955, Ralls
and Wiegel, 1956). Studies in a lagoon and in a reservoir show that
Tmean « U?:5, Ty/3 o« U0.4to U0.5and Hy/3 o Ul.l to Ul.4
(Johnson, 1950; Burling, 1955). Studies in a lake show that T ¢ U0-39
and Hygx aul-2¢ul.5 (Dabbyshire, 1956). Most of the data
available for ocean waves do not include informa tion even as to the range
of fetches for which the measurements were made. The relationships
among T, H, and U are for a variety of fetches. The ocean data show
T aU0-3 10 U0.4and H o U0-5 to Ul-1 (Brown, 1953; Roll, 1953).

The relationships between wave period and fetch and wave height
and fetch are not as clear as the relationships among H, T. and U, The
laboratory data for constant wind velocities show approximately that
T1/3 « FO0.3 to FO.5, T o« ¥0-5, and H1/3 « FO0.5 (Hamada,
Mitsuyasu and Hase, 1953; Sibul, 1955; Ralls and Wiegel, 1956). The
reservoir measurements, for constant wind velocity (Burling , 1955)
show T1/3 o« F0.25 and H1/3 o F9-4 (Darbyshire, 1956) measure-
ments on a lough give T/Tinfinity o« F0-3 and Hmax/Hinfinity « F0-3,
for varying wind speeds, where Tinfinity and Hinfinity refer to values
of T and H for infinite fetches. It is interesting to note that Stevenson
(1886) found the wave height to be proportional to the square root of the
fetch. Because the wave height is proportional to F0.3 to ¥0.5 an in-
crease in fetch from 400 nautical miles, say, to 600 nautical miles would
cause an increase in wave height of from 12-1/2 to 22-1/2 percent which
might not be noticed in the scatter of the data.

The physical reason for the increase in height and period with wind
velocity and fetch is clear considering the way wave records are analyzed.
Waves in deep water can have a maximum steepness (H/L) of 1/7. Thus
at the end of a short fetch enough energy has been trasnferred from the
wind to the water to make only the shortest waves of any significant

height. As the fetch is increased more energy can only be added to the
25



COASTAL ENGINEERING

08—~ — - O8g--— ~-- T os o 1 os
| 1T |
osl o8 os A 0¢ o8
os v% & os / ¥ 1| os e / 0s
o4 “/c ! o4 ¥ i o4 //Z os [
Lol
. 4l (] T
Tvs 03 ‘/n Thyy LR Tvs
/ I‘ﬂ° o oz
o2 b 02 %2 02 £
/ °
01 — L a0 blo ¢l o1 l
L] 0 20 % 40 s K 3 0
v, Fm/s«mﬂ u Unaxy M/Second "]
2
° P
odd °
(] P
T 1 AT {6 o
os i
06
X1 h
200 ) % ©
u, Knots
10 0 0q7 or,
H . — P o8
8 [y
Teoon ? T? 008 0s
s o8 ) . 0s Bl
L. L | 1] | o P 3
BTTT% e % 0 0 0 40 0@ L » / LR
u, Knots u T v N Tiy F
d Wl | A ol T
AT o K .
03 o] ': 02|
> F-] ) 4 % 4 5 8 8 |0 F:) 30
L7 FETCH, Feet Upnage, M/Second
o2 i
T ot o8 *
T 04 ool 2T
o -
ol m . .
08 69 . =
FETCH, Feet
2 oz T
I e .
- s |*
T ‘\c‘p‘ml“” —
mul o)
! I = )
{ o o J i I 1
o8 ot oor « [ 111 p]
o7 T n L_ 02 03 04 08 o6 2 3 4 5 678910 )
065 ™50 &0 60 8D 000 2000 T/ Toewure FETOH FETCH, Noutical Miles
FETCH, Meters
! Q@ Fmdlte [ oo | Son Noanale] | ¥ Umi2m/sec  —ToaFobmods, Misi-
TrToer °¢ =41 91, 15 feet U | Houghton, wae 0 Tmfsec ----TaF|yona Hose, ue
2 —— T'ad™| Rells and Umax = 25 ft80c  —— T'aF*| Rails ond
% % 8% WD w0 (¢ Frmoonstont ___ prgyar| Wiegel, 1956 |™ | T femat e TfFad| Wiegel, 1956
FETCH, Nout Mies —7;:5&!2:?6 1000, | 1 ¢ ot | Burteg, mas [ :"_: I%m T« F*| Buriing, mss
Fetch or Velocity Siope | Reference A& F = 3000 feet Tau | somson w30 o T o F°* |Dorbyshwe, Is%e
8 Fu 48 feet 9le 2650 tfeet ¢ o o TP Joatyshee, wos
afe 22 feet Ty U™ | Sibut, 1955 Tau®®
® 12 feet " [ Tauos | DP9 [y (velocity) i feet/second, unless
therwise noted
& F z 35 feet — Ty ™ {for higher volues of u) of
; ° 22 feet >~ T, 0P™| Shul, 192 i Tren U™ Brown, r9s3 T (period) n seconds
8 Fx1280cm [Ty @ U* | yymoda, Mit- 31 T« u** | Roll, tos3
c|e 1060 cm L] suyows ond 4 u=30 ft/sec
” 470cm  |Twawr|roe mss [K | 0 1 /sec Tu, @F**| Sibut, mss
Fig. 22. Wave period as a function of fetch and wind speed.

26



oor

WIND WAVES AND SWELL

o, - . s
LS [ — ] /
[ i 008 ———— 3 % ; ,;__j 2 //_
0.10 3 0% of : /{/
oo~ A3 6] oo ° T M iy
——3 ,__,4r 1% / ——-1T1A —F— Cm A4
oosl- s gr—ot Fd— o0 3 10 A
v LY q 3 . —
v . | B
003 k.8 o L o—— V8517
/4 o fe ol L L a2t s A
o LN o+ o VAL L]
3 p 7y,
003 ’: .,L Hmox ° s o . /,1// ,1/
/ b Cm “ /;//‘ L 74 -
o A == 0 ) ¢ e
4 7
" R ! 0 008, B 0 & 09%%% 510 4 7// /
v °
L u, F1/Sec u, M/Sec. z_é
ool o/ 7 p
*3
N H (heght) in feet unless otherwise noted 7 so am sinsto | a0 i000
e / u, Cm/Sec
ovwof‘-:,‘ - ’
/ . ° -
0008 °aid lo,
om&_%_Lﬂ; 8 3 oy b w0
0 % | ks L / r
) LY} s §%8de - °
W s v /%4,
08 g M Honox LA ‘; /
[ o 4 10
os ° 8 _ 2
ad °0; ! h : ° & L V
o8 . 7 o
8, 08 i ¢ Pl
a ] ya L] 3 A
o4 2 o 3/ His
H ;; s s, o9 S I8 . ‘09 A hi
s a0 o 3
T i
[ [ '
5% e.| o ‘L!JO Fefch or Velocity Slope Reforence
°etp Y ® % B 0 ot sFadrdan Hiy o 0°
u, Ft/Sec N - t | —— Haav
. ! s e 20-23 Mt | —— = Hpy o gt | I 1988
7 [TT1]1 o =12 ft | ----- Hyp o W
6 4 T b Fa 2t Hmox & u*' Sibul, 1985
s 4 3 F = 1280 cm o
° c|o 1060 cm Hyy @ u'* Hamoda,
. nu;/ rd o 470 em " ond Hose, 1563
A —F = 1250, 1000, Hiy o u't
3-— : B . 4] 750, 500, 2504 | — === Hyp o u't | BXI% 199
H & F = 3000 ft
Metrs J '4%0 Ab &0 1000 aéuo ¢l 2550 ft H o« o' Johnson, 1950
2 l K FETCH, Cm f Hmax € U o U°_| Darbyshre, 1956
Vi - 4 Hemeon X U'"
0% » % 4 0| l » L4 9 = Foen @ 0™ Brown, 1953
u, Knots o1 e e Hown  1°*
o ot ¥ h Hys a u'™ Pierson, 1959
T
/é' 08| i T %s H & u Roll, 1953
4 2. = . ). 24-26 fisec Hy, « F°° Sibul, 1955
[o]] [}
b .:/ ¢+ [ 14-16 ft/5ec
0 Og - 4 u = Il m/sec Homado,
- o4 i Kl 7 m/sec. Hp @ F2° ond Hose, 1953
0 08| 4
. - . A \ -y = 000 cm/sec. H o Fo Burling, 1965
o 21 e o — — — 3C0omAec - :
- -~ m H a Fo? , 1956
004| - cm A 1
7 ozl Lt” | | | I )
003 > § 200 30 400 600 800 K000 1800
FETCM, Meters
oa
0 oef— —
[ K W
03— 5
Hiss b e oo d §
I o2 * &
001}z ]
S A
0 008|— e /{/I/ %
I . B! , s
oG TTE TR & o, ° m. |3
FETCH, Feet . F T —
o8 + —
°%z e 0ds 06 Q8 s 10 T

Fig. 23. Wave height as a function of fetch and wind speed

FETCH, Nouticol Miles

27




“H.o

COASTAL ENGINEERING

20 T T T T T
First power relationshep
UHos T UHo ——
10
8 4
/|
6 (
P "’}
3 Yo
(-]
2 /
a.
! 2 3 4 6 8 10 20 30
UHo s

Winds over lond

8

8

Ui3m, Cm/Sec.

Uy X Ugq

8. 8 8 8

Y To-Ty <-I°F

-]
400 500 600 8O

VYgam, Gm/Sec,

1000

Winds over the seo

A Ty -Tg>+I°F

0 To—T, from ~I°F to +I°F
(doto from Deacon, Sheppord and Webb, 1956)

Fig.

{ data from Thornthwaite and Kaser, 1943)

Velocity ot 2m /
o |-2 m/feec
8 2-3 4
v 3.4 P
IS— *» 4-5 ,
s 5.7 /
Usm/Uosm 4
v
vﬂ
14
o
Y
[}
|
13 o 1
-0.4 Vooe -004 [s] 004 008
vy Ri

4:05 m wind ratia reloted to Rich-
ardson number; short grass surfoce

24

28

(otter Deacon, 1949)




WIND WAVES AND SWELL

22} o Ts-Tg 3 6°F or greoter
e Tg-To O1° 10 359
20 5 T4-To 0O° 1 -50°F

MEAN OF WAVE HEIGHTS, feet
)

Ts = Sea Surface Temperature
To=Air Temperature

— Y A L
20 30 40 50 60
WIND SPEED, knots

N

o

1
o
el d

g

Ts - To -50° ©00°F
Ts - To OI1° 1035°F
Ts - Tg 3.6°F or greater

[
=T

Station J
Beoufort force 4

(4]

Percentoge frequency (smoothed volues)
<}

(=]

- S—" 8 Q4+ 0 " 3
8 10 12 14 16 18 20 22 24
WAVE HEIGHT, feet

(o]
N
rS
»

13+
©  Legufort force 6
|2r X Beoufor! force 5}‘,:,‘,’,es g .
e Beaufort force 4 ® x
Numbers refer to
n ( number of observations » ]
- lsﬁ
! 138 40
e 2 2 200 % o
4 2 3 ¥ ) ¥
& S 204 *
2, ® I I
2
g ,l(z 309 %R x ¢
8 -
= ® e 33 * 4 *
& * . o 22 X "
z 2} x XX [ 30 &
L oo 21
¥ .
61 » ke
L 4
s AL o
5r 7]
*
4 1 1 i L 1 1 e — J (ofter Brown, 1953)
-4 -2 o} 2 4 6 8 10 12 14
SEA-AIR TEMPERATURE DIFFERENCE, °F
Fig. 25

29



COASTAL ENGINEERING

longer waves as the short ones have reached their maximum steepness;
the longer waves then dominate the wave system as far as the eye is
concerned.

If the wave height and wave period depend upon wind velocity,
fetch, duration of wind, air temperature and sea surface temperature,
then by dimensional analysis

gT _ gF t  Ta

R R el SR (7a)
gH LT R | b
) 2 (57 - U Ts) )

The functions f and fy cannot be determined by dimensional analysis;
they must be determined either empirically or theoretically. Effective-
ly then, after quasi-steady-state conditions are reached (gt/U large),
the wave height and period depend upon the stability of the wind blowing
over the water surface and a Froude number based upon the linear di-
mension of the Storm, as long as the waves are in ''deep water." The
wave height and period should depend critically upon the turbulence of
the air flow, and a logical criteria for this would be a modified Froude
number based upon the mean horizontal length of the eddies in the air,
such a criteria would be useful in studying coupled wave effects. A
more complete analysis would show that in deep water the wave height
and period would also depend upon Reynolds number (damping), Webers
number (surface tension effects), Richardson number rather than
simply T4/ Tg, the ratio of fetch length to fetch width, and a boundary
roughness parameter H/L (which of course would be a function of the
wind speed, etc., again). The air~sea boundary process is one of fluid
flow and thus the dimensionless numbers controlling all other fluid flow
processes should be the ones used in describing it, neglecting the ones
which obviously are not important in this such as Mach number and the
cavitation number. In Fig, 27 are shown the empirical relationships
between gT/U and gF/U2 and gF /U2 with the effect of Ty/Tg being
lost in the scatter of data. The empirical relation ship between gT/U
and gt/U and gH/U? and gt/U are shown in Fig. 28. In some refer-
ences curves have been drawn through the data in such a manner that
they leveled off in the region of gt/U and gF/U?2 greater than about 105,
This is because the lines are drawn through the averages of all of the
data. A close inspection of the data show that this leveling off did not
occur for any of the individual sets of measurements, with the exception
of Darbyshire's (1959) data for gH’1/3/U2. The best curves through
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these individual sets of measurements giving approximately §T [ 27T

« (gF/U2)0.3 o0 (gF/U2)0+4, or T A U0.2t0 U0-4, T a FU-3 to FO-4,
and gH/U2 « (gF/U2)0:25 o0 (gF/U2)9-35 or H qUl-3to UL-5, H «
F0.25 to F0.35, These data seem to indicate that the "fully developed
sea' does not occur in the open ocean for winds of any importance.
Fig. 28 can be treated in a similar manner. Here, gT/27U0 « (gt/U0'3,
or Ta U0.7, Tar t0-3, and gH/U2 o (gt/U)0-4 to (gt/U)0.5, or
Haul:d to Uyl.6, H atf-4to t0.5

It is clear that these data are in conflict with the original em-
pirical spectrum of Neumann, where H C U2.5 (Neumann and Pierson,
1957). In order for H € UZ2.5 the curve relating gH/U2 and gF/ U2
would have to have a negative slope, which would also mean that H &
F-0.25 which is in obvious conflict with the physical situation. How-
ever, the original spectrum is apparently in the process of being
modified to include recent findings (Pierson, 1959b).

There is evidently still a pressing need for a large number of
reliable measurements of waves in the open oceans.

The data shown in Fig. 27 are for the case described by
Sverdrup and Munk (1947) as '"fetch-limited", the other condition being
"duration-limited',(Fig. 28). Phillips (1957; 1958) developed a
mathematical model that predicted that the mean square wave height
is proportional to the square root of time for the duration limited case
and to the square root of fetch for the fetch limited case. What is
meant by these two terms? Consider an infinite fetch, with the wind
suddenly starting with a given velocity and then remaining at this veloc-
ity. At any point in the fetch the significant wave height and period
will increase with time. The significant waves moving past this point
will have travelled a distance equal to the product of the group velocity
of the significant waves and the length of time the wind has been blowing.
Power will have been added to the wave system by the wind during the
entire time. Now real fetches are finite, so eventually the significant
waves reaching a given point will be associated with the component wave
periods that originated at the beginning of the fetch. The time for this
to occur will be the distance divided by the group velocity (Sverdrup
and Munk, 1947; Phillips, 1958a), After this duration has been reached
the waves are said to be fetch-limited.

It is possible for a third case to exist, the fully developed sea.
This case would require a storm duration and fetch both long enough that
energy is being dissipated and radiated at the same rate that it is being
transferred from the wind to the water in the form of waves.

Some measurements in the laboratory of Sibul (1955) show the
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effect of duration-limited and fetch-limited conditions on the wave heighi
as can be seen in Fig. 29.

In Fig. 27 are shown the data for C/U vs gF/U2, There are a cc
siderable number of measurements that show C/U in excess of unity. TI
is not surprising, nor is it a paradox. The flow of air over water is a
boundary layer phenomenon and the phase speeds of the waves should be
related to the free stream wind speed (the geostrophic wind speed) which
is in considerable excess of the wind speed at anemometer height, which
is the wind speed given for the ocean data of Figs. 27 and 28.
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