Journal of the Oceanographical Society of Japan
Vol. 33, pp. 137 to 150, 1977

Field Data Support of Three-seconds Power Law and
gu,o~'-spectral Form for Growing Wind Waves*

Sanshiro KAwAr**, Kozo OKADA*** and Yoshiaki ToBA**

Abstract: Observational data on air-sea boundary processes at the Shirahama Oceanographic
Tower Station, Kyoto University, obtained in November, 1969, was analyzed and presented as
an example representing the structure of growing wind-wave field. The condition was an ideal
onshore wind, and the data contained continuous records of the wind speed at four heights,
the wind direction, the air and water temperatures, the tides, and the growing wind waves,
for more than six hours. The main results are as follows. Firstly, in both of the wind
speed and the sea surface wind stress, rather conspicuous variations of about six-minute
period were appreciable. Secondly, the three-seconds power law and its lemma expressed
by H*=BT*¥? and 6=2zBT* '/?, respectively, are very well supported by the data, where
H*(=gH/us®) and T*(=9T/ux) are the dimensionless significant wave height and period,
respectively, 6 the wave steepness, ux the friction velocity of air, g the acceleration of gravity,
and B=0.062 is a universal constant. Thirdly, the spectral form for the high-frequency side
of the spectral maximum is well expressed by the form of ¢(¢6)=asguxs™!, where ¢ is the
angular frequency and @(o) the spectral density. The value of a; is determined as 0.062+
0.010 from the observational data. There is a conspicuous discrepancy between the spectral
shape of wind waves obtained in wind-wave tunnels and those in the sea, the former con-
taining well-defined higher harmonics of the spectral peak, and consequently there is an
apparent difference in the values of as; also. However, it is shown that the discrepancy of
as may be eliminated by evaluating properly the energy level of the spectral form containing

higher harmonics.

1. Introduction

Studies on the growth of wind waves have
experienced remarkable developments up to the
present, since SVERDRUP and MUNK (1947) first
introduced the concept of significant waves as
an idealization of the complex state of wind
waves, and treated the problem based on an
energetic consideration and empirical facts.
They succeeded to a certain extent in predicting
the growth of wind waves. PIERSON (1952)
and other investigators introduced another
treatment of irregular wind waves by means of
energy spectrum, although the concept of energy
spectrum is also an idealization as was pointed
out by ToBA et al. (1975). Since then many
observational data of wave spectra have been
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accumulated, and some standard forms of the
spectra, including two-dimensional spectra, have
been proposed empirically, for example, by
PIERSON and MOSKOWITZ (1964), HASSELMANN
et al. (1973), MiTsuyasu (1973), and MiTsu-
YASU et al. (1975). For the essential part of
the one-dimensional spectra for high frequency
side of the spectral peak, they assumed the
form proportional to g%s~%, since PHILLIPS (1958)
proposed the g%3-form on the basis of a
dimensional considerations, where g is the
acceleration of gravity and ¢ the ~angular
frequency.

In recent years, one of the authors treated
macroscopic structure of the growing wind-wave
field from dimensional considerations, and pro-
posed some functional relations, such as the
three-seconds power law between the dimension-
less wave height and period of significant waves,
and a relation between the wave steepness and
dimensionless wave period (ToBa, 1972, 1973,
1974). Also, combining the three-seconds power.
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law with the concept of similarity of wind-
wave spectra, he proposed a guixo~*form for
wave spectra (TOBA, 1973a). These proposed
relations, especially the spectral form, were sup-
ported mainly by his data from wind-wave tunnel
experiments. In the present article, we will
present a strong support to these relations and
the spectral form, on the basis of field data
obtained at the Shirahama Oceanographic Tower
Station of Kyoto University in a former year.

The outline of the observation and some
preliminary results of the analysis were reported
by TOBA et al. (1971). However, a short
description of the conditions of observation is
given below in the present section, especially
concerning the fields of wind and wind waves,
although the observational project was more
extensive including those of breaking waves
and sea-salt particles.

The oceanographic tower station is located
at the mouth of Tanabe Bay, Wakayama pre-
fecture, as shown in Fig. 1. The tower is

SHIRAHAMA
OCEANOGRAPHIC
TOWER STATION

Fig. 1.

The location of the Shirahama Oceano-
graphic Tower Station (cited from HAYAMI

made of steel angles, with a small instrumen-
tation room at the height from 6.8 m to 9.0m
and a working floor at the level of 4.5m above
the mean sea level, the total height of the tower
being 13 meters above the mean sea level.
The observation for the present analysis was
performed in the period from November 3 to
10, 1969. This period was selected expecting
the out-burst of the winter monsoon, whose
direction was northwest (onshore), affording a
fairly long fetch of the sea to the tower station.
The anemometers and the wave gauge were
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Fig. 2. Weather map at about 6 hours before

et al., 1964). the start of the continuous observation.
Table 1. Main items of observation and instruments used.
Item Sensor Remarks
Wind speed Small 3-cup anemometer with a photo- Nominal heights: 13 m

‘Wind direction

Surface elevation

Breaking of waves
Air temperature
Sea surface temperature

Sea level

electric device
Wind vane

Capacitance-wire type wave gauge manu-
factured by Denshikogyo Co., Ltd., type

VM-105. Diameter of sensor 1 mm
Visual marker on wave records
Thermister

Thermister

Pressure-type tide gauge

6m, 3m and 1.5m
Nominal height: 10 m

At the site of wave gauge
Nominal height: 6m
Mounted on a small float
Nominal depth: 3m
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Table 2. Main characteristic values for the continuous 26 runs of the observation.
15-min Friction Wind _— Spectral Air  Water
lit(x’n Time w;\éer;gezd velocity  direction Significant wave frelc);iz:a];cy temp. temp.
10 ux H T m
(ms™) {ems™) (em) (s) (s™) (°C) (°C)
1 09:50-10:00 7.0 48.0 WSW 17.0 2.4 — 18.3 21.9
2 10:00-10:15 6.9 34.2 WSW 15.3 1.5 — 18.7 21.9
3 10:15-10:30 6.5 28.9 WSsSWwW 12.7 1.3 — 18.8 21.9
4 10:30-10:45 6.3 30.6 WSW 13.8 1.3 — 18.8 21.9
5 10:45-11:00 6.5 28.2 WsSWw 16.7 1.5 — 18.9 21.9
6 11:00-11:15 6.8 26.3 WSW 16.8 1.7 0.45 19.0 21.9
7 11:15-11:30 6.4 19.1 WSW 16.1 1.5 0.50 18.9 21.9
8 11:30-11:45 7.0 24.0 WSW 21.4 1.9 0.375 18.8 21.9
9 11:45-12:00 7.3 35.8 WNW 21.8 1.6 0.35 18.0 21.9
10 12:00-12:15 6.5 30.6 WNW 25.4 1.8 0.40 18.0 21.9
11 12:15-12:30 5.9 27.8 WNW 25.9 1.9 0.35 18.0 21.9
12 12:30-12:45 4.8 23.4 WNW 23.8 1.9 0.35 18.1 21.9
13 12:45-13:00 4.9 22.7 WNW 25.3 1.8 0.30 18.2 21.9
14 13:00-13:15 5.8 25.5 WNW 26.1 2.0 0.30 18.2 21.9
15 13:15-13:30 7.1 32.8 WNW 31.3 2.0 0.35 18.0 21.9
16 13:30-13:45 6.8 31.0 WNW 29.6 2.0 0.30 17.8 21.9
17 13:45-14:00 7.9 33.3 WNW 33.9 2.1 0.35 17.7 21.9
18 14:00-14:15 8.8 37.2 NW 35.3 2.1 0.35 17.3 21.9
19 14:15-14:30 9.4 37.6 NwW 34.5 2.1 0.30 16.8 21.9
20 14:30-14:45 11.3 45.4 NW 42.9 2.2 0.35 16.2 21.8
21 14:45-15:00 10.9 49.5 NW 54.4 2.4 0.40 15.9 21.8
22 15:00-15:15 10.3 46.2 NW 48.1 2.2 0.30 15.8 21.8
23 15:15-15:30 10.6 47.0 NNW 44.0 2.3 0.275 15.5 21.8
24 15:30-15:45 10.9 50.3 NNW 47.5 2.2 0.30 15.2 21.9
25 15:45-16:00 10.5 44.9 NNW 51.9 2.2 0.25 15.0 21.9
26 16:00-16:15 12.0 52.5 NNW 54.9 2.4 0.30 14.9 21.9

mounted on steel pipes, and projected out about
1 meter to the west from the angle of the
northwest corner of the tower, in order to
avoid the influence of the body of the tower
to the natural conditions. The items of the
observation and instruments used are shown in
Table 1.

On November 10, a few minutes past nine
in the morning, a cold front, which is shown
in Fig. 2, passed through the site, and the
winter monsoon began to blow the sea surface,
which had been very smooth but somewhat
undulated with gentle swells. As the wind
continued to blow, the wind waves grew up on
and on. We were able to take records of this
process for more than 6 hours continuously,
until it became too dark to work securely at the
sea. When we gave up continuing the obser-
vation, the wind speed was greater than 12m
s7!, and the wave height was so high, almost

exceeding the sensing limit of the wave gauge
of 1.5m. The continuous record was divided
into 26 runs of 15 minutes each. In Table 2
are shown for each run the mean wind speed
at 10-m level Ui, the friction velocity of air
1y which was determined from the wind pro-
files, the wind direction, the significant wave
height H and the significant wave period T
which were obtained by the peak-to-peak
method, the frequency fm of the spectral peak,
the air temperature, and the sea surface temper-
ature. It should be noted that the peak-to-peak
method was adopted in defining the significant
waves because the existence of swell makes it
difficult to use the zero-up-cross method, es-
pecially in the earlier runs.

2. The variation of wind and wind stress
The profiles of wind speed averaged for each
15 minutes are shown in Fig. 3. From Run 1
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to Run 8, which are shown in the upper part
(a), the points of the top anemometer deviate
apparently from the logarithmic profiles. During
these runs the wind direction was WSW. In
that direction, a small peninsula and a few
tiny islands exist within about 1km from the
tower station, as shown in Fig. 1. It is con-
sidered that by these obstacles the thickness of
the atmospheric boundary layer on the sea
surface became thin, and the top anemometer
was out of the layer; or otherwise, some organ-
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Fig. 3. Wind profiles of 26 runs.
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Fig. 4. Variation of one-minute average
wind speed.

ized eddies produced by the obstacles caused
the deviation of the wind profile from the
logarithmic ones. These phenomena were also
observed in August, 1968 at the same site, and
reported by TOBA et al. (1971). Consequently,
the data of the top anemometer from Run 1
to Run 8 is excluded in the following analysis.

.
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Fig. 5. Power spectra of wind speed computed
after filtering off the long period power by
use of two kinds of high-pass filters.
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Fig. 6. Variation of friction velocity.

Concerning the rest of the runs, the wind
profiles did not necessarily fit well the loga-
rithmic or near-logarithmic profiles. However,
the points of all of the four heights have been
used in the analysis, since the cause of the pe-
culiar shapes of the profiles is not conceived and
these data are considered equally significant.
In Fig. 4 is shown the variation of 1-minute
average wind speed of the four heights through-
out the observation. The small cup anemom-
eters used were well responsible for l-minute
variation of wind speed. It is noted from the
figure that there was a periodic variation of
the wind speeds, the period being about 6
minutes. The period of about 6 minutes is
also appreciable by the peak of the power
spectra shown in Fig. 5. The power spectra
have been computed after filtering off the long
period power by two kinds of high-pass filters.
The first one cuts off a half of power at a
period of 80 minutes, and the results are shown
by solid lines. In the second one the running-
mean values of 61 minutes are subtracted, and
the results are shown by dashed lines. It is
remarkable that the periodic variations are

seen at all heights, and that they are fairly '

well-correlated with each other. Consequently,
it should be concluded that this variation is
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Fig. 7. Power spectrum of friction velocity.
The filter used is one filtering off half
of power at 80 minutes.

real. The values of the wind stress have been
computed by the method of least squares
assuming the logarithmic profiles, by use of the
data of three (Runs 1 through 8) or four heights
(Runs 9 through 26). In Fig. 6 is shown the
variation of the computed friction velocity .
It is seen that the wind stress also shows a
variation of about 6-minute period. In Fig. 7
is shown its power spectrum. The spectrum
has been computed after filtering off the long
period power by the first type of the high-pass
filter used in the wind speed. The peak at
about 6 minutes is dominant.

If we use the conventional 10-minute average
values for the wind speed, we could not find
such a kind of periodicity. Although we do
not conceive the cause of the periodicity at
present, it should be kept in mind for future
investigation that the growth of wind waves
proceeds under the conditions of such a kind
of complicated fine structure of the wind blowing
over the sea.

3. Significant waves and the three-seconds

power law

Studiess on the growth of wind waves, by
means of significant waves as the representation
of wind-wave field, were undertaken by many
investigators since SVERDRUP and MUNK (1947).
The results have practically been used for the
prediction of wind waves as, for example, the
SMB method. One of the present authours
(ToBa, 1972, 1973) proposed a universal relation
between the dimensionless significant wave
height and period as the three-seconds power
law:

H*=BT*/*, B=0.062 (n
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and also its lemmas
uo=n%Buy (2)
and
d=2rx BT*"1/? (3)

where H¥*=gH/u,?, T*=q9T/uy, 0=H/L; H, T
and L are the wave height, the period and the
wave length of significant waves, respectively,
g the acceleration of gravity, and uo the wave
current, or the mass transport velocity by
waves at the sea surface. The value of B as
a universal constant was given empirically by
use of his wind-wave tunnel data and empirical
{formulas by WILSON (1965) and MITSUYASU
et al. (1971). He derived the relations also
through a second procedure, and got the value
of B=(2z)"%?=0.0635 (ToBaA, 1974). In our
observation we haven’t any direct information
of up, and we cannot verify the relation (2) by
the measured data. However, it is shown below
that the other two relations are very well
supported by the present field data.

In Fig. 8 is shown the first relation. In the
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Fig. 8. Support of the three-seconds
power law by various data.

figure, the solid line shows (1) with the con-
stant B=0.062. Solid circles show the present
field data obtained from Table 1 excluding Run
nos. 1 through 6, which included swells as
will be shown in the succeeding section, and
solid circles with a stem atop show the data
including swells of Run nos. 1 through 6.
Solid inverse triangles show the wind-wave
tunnel data from ToOBA (1972). Open circles
show the values computed by eliminating gF/ Uso?
from the following formulas proposed by
WILSON (1965):

12y -2
gH =o.30[1—{1+0.004(£) } ]

Uyo? Uyo®
(4)
and
L=t {rroos(F) )]
32U 1.3/[1 1+0. 008 Uz
(5)

where F is the fetch, and U, the wind speed
at]Jthe 10-m level. Open triangles show the
values computed in the same way from the
formulas proposed by MITSUYASU ez al. (1971):

gH _ _3< gF >0.504
[ =2:15x107%( = (6)

and

gT o oF )0.330 )
L =5.07%10 <Umz 7

In the computation of the values of H* and T*
from these formulas (4) and (6), and (6) and
(7), an approximate value of (Cp)'/* of 0.040
has been used where Cp is the drag coefficient
for the sea surface wind stress. Open squares
show the relation

H*=0.061 T*3-%3/2 (8)

which is the converted form, given by ToOBA
(1976), from the formulas proposed by HASSEL-
MANN et al. (1973),

gE . gF
Ut -0 g
gF _ >
< 4
(for U <10 (9)

and
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-0.33
Usefm =3.5< ng>
10

for 2E_<10-1 (10)
( )

Uie?

where E is the total energy of wind waves and
Jm the frequency of the spectral maximum.
Fig. 8 includes almost full range of H* and
T* for wind waves, and we may conclude that
the three-seconds power law is very universal,
although the data including swells deviates.

In Fig. 9 is shown the relation (3). The
meaning of symbols is the same as in Fig. 8.
As is seen from the figure, the functional
relation (3) between the wave steepness 6 and
T*, or the wave age f, is very consistent
between the wind-wave tunnel data and the
present field data except for the data including
swells. It should be noted here that when the
zero-up-cross method is used for defining the
significant waves, somewhat smaller value of B
in (1) should be taken for the later runs of the
observation. The change of the value of B
depending on the definition of the significant
waves contains some complicated problems,
which are left as a problem to be solved in
the future.

Since the definition of the significant waves
has some indefiniteness as mentioned above,
ToBA (1976) converted the relation (1) to the
relation between the total energy E and the
frequency fm of the spectral maximum,

E*=Bfa*3, B;=2.1x10"* (11)

020 —T—r— — T
— 5:039T%7®
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+ do., including swell
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Fig. 9. Support of the relation of the wave
steepness 0 with T*, or the wave age.

where E*¥*=¢?E/u,* and fa*=uwusfm/g. In the
conversion, he used two relations among the
quantities of spectrum and those of significant
waves, namely,

Sfm=@.05T)"* a2
after MITSUYASU (1968) and ToBa (1973a), and
E=H?/16 a3

after LONGUET-HIGGINS (1952). Approximately
the same relations as (11) are derived from
original empirical relations proposed by MITSU-
YASU (1968, 1971):

gF

Uy ?

IYE _y 31 % 10-2<
Ux

)0.504 (14)

and

(b)

n 1
10°
fm*.a

Fig. 10. Minus-third power law, (a) the present
field observation, (b) Toba-Pierson wind-wave
tunnel data (ToBa, 1973).
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—0.330
%:L 00( oF > (15)

u*"’
from which
E*=1.72x 10" 4fn*"%0% (16)

is derived. From (9) and (10), we may also
obtain

E*=2.0%10"4f,*308 an

In this conversion, the value of Cp=1.0%x10"3,
which was used by HASSELMANN et al. (1973),
has been used.

In Fig. 10(a) is shown the relation (11) for
our field data and in Fig. 10(b) for Toba-Pierson
wind-wave tunnel data (see ToBA, 1973). The
method for the computation of the spectral
values for the present field data will be explained
in the next section. In both of the two figures,
at least the statistical proportionality of E* to
Sf=*% is evident, but the coefhicient of pro-
portion is

B;=(1.17+0.37)x 10~* as)
for (a) and
B;=(1.414-0.33)x 10~¢ a9

for (b), and these values are somewhat different
from the value given by (11). The discrepancy
is explained mainly by the fact that the relation
(12) and (13) are not always satisfied by these
observational data. For our field data,

f=T=0.683+0.093 (@0))]
and
E/(H?/16)=1.67%0.39 @D

and these values are ordinary values as observed
in the sea, as discussed by IWATA et al. (1970,
1971). For the wind-wave tunnel data, the
relation (12) is satisfied, but the relation (13) is
not, and for those data

E/(H?/16)=0.78540.231 22)

At this point, it should be noted that the
significant wave height H for those data was
presented by use of the relation H=1.6H
after LONGUET-HIGGINS (1952), where H was

the average wave height, which was given as
the original data by ToBa (1972). In Fig. 9,
very high values of § for the wind-wave tunnel
data, shown by inverse solid triangles for small
T*, stem from this fact. It should also be
noted that the inverse solid triangles plotted in

‘Figs. 8 and 9 also represent those values of

H. The delicate problem of the value of
numerical factors included in the above equations
is yet to be investigated.

4. Spectral form

It is well known that the energy spectrum
of growing wind waves has a conspicuous peak
and the spectral form of the high-frequency
side of the spectral maximum is expressed by
a negative power law. PHILLIPS (1958) pro-
posed, on the basis of a dimensional considera-
tion, the existence of an equilibrium range
expressed by

#o)=apg’o" @3

where ap is a constant. Since then much
observational data has been accumulated, and
at present it is recognized at least that ap is
not a constant but depends on other factors,
such as uy, which was neglected in the Phillips’
analysis.

On the other hand, ToBA (1973a; partly
revised in TOBA, 1974a) combined the three-
seconds power law shown in (1) with the con-
cept of similarity of the wind-wave spectra, and
proposed the guyo~*-form. It is expressed by

Sk?
HO)=asgxuxo™t, gx=g+ P

(29
w
where S is the surface tension, £ the wave
number, p» the density of water, and the con-
stant as; was given empirically as 0.020 from
his wind-wave tunnel data. For gravity wave
range the second term in g4 is neglected, and
g+ may be replaced by g¢.

Both of the formulas (23) and (24) are the
negative power law, and are expressed by the
general form

¢(o)=ao™™ (25)

where m is 5 for (23) and 4 for (24), and « is
a constant for (23) and depends linearly on uy
for (24). In comparing our observational data
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with the general form (25), two sets of wave
data series were used. The first set, or Series
A, is composed of data sampled in nearly
central 1.5 minutes of each run. However, the
data from Run 1 to Run 5 were excluded, for
in these runs wind waves were not superior
relative to swells, and wind-wave spectra were
submerged in the spectra of swells. The second
set, or Series B, is composed of 28 runs of
3-minute records sampled continuously from
Run 13 to Run 15 of Series A. The total length
of the 28 runs is 30 minutes, and each run is
overlapped by 2 minutes with the succeeding
run. In both series, the data has been digitized
every 0.1 second. The degree of freedom in
computing spectra was 18 for Series A and 36
for Series B. At the part of straight line in
log ¢-log ¢ plots for each spectral data, the
method of least squares was used for the de-
termination of m and log a, or & in the formula

log ¢=—mlog o+log a (26)

which is the logarithmic version of the formula
(25).
The value of m computed for each run is

Table 3. Characteristic values of spectra

for Series A.
1 2 3 4 5 6
Run Timeof Range

« ag

™ (10°cm?) (1072)
6 11:.06 1.0-3.0 4.27 1.41 5.47
7 11:221  .5-3.0 4.09 1.28 6.81
8 11:36 .4-3.0 3.98 1.32 5.61
9 11:51 .7 -2.0 4.46 1.81 5.15
10 12:06 .4-2.5 4.23 1.19 3.96

no. beginning (Hz)

11 12:21 .4 -2.5 4.13 1.53 5.63
12 12:36 .35-2.5 4.05 1.57 6.84
13 12:52 .55-3.0 4.35 1.24 5.57
14 13:07 .4 -2.5 3.59 1.62 6.48
15 13:20 .4-2.4 3.95 1.90 5.91
16 13:36 .35-1.5 3.97 2.16 7.10
17 13:51 .45-2.5 4.41 1.94 5.94
18 14:06 .35-2.5 4.16 2.28 6.25
19 14:21 .5 -2.4 4.36 3.02 8.18
20 14:36 .4 -1.5 4.23 3.29 7.40
21 14:51 .4-3.0 4.06 2.54 5.23
22 15:02 .45-2.0 4.67 2.94 6.50
23 15:21 .35-2.0 3.85 2.96 6.43
24 15:36 .35-1.3 3.98 3.04 6.18
25 15:51 .45-2.0 4.58 3.49 7.93
26 16:02 .35-2.0 4.18 2.84 5.51

shown in Column 4 of Table 3 for Series A,
and in Column 3 of Table 4 for Series B. The
range of frequency used in the least-square
processing was decided visually on the log ¢~
log. o plots, and is shown in Column 3 of Table
3 for Series A. For Series B the range was
from 0.55 to 3Hz, equally for 28 runs. The
mean value of m with its standard deviation is

m=4.15+0.25 @n
for Series A and
m=4.11+0.13 28

for Series B. These values show that the
formula (24) is reasonable but the formula (23)
does not correspond to our observational data.

Based on these results, values of & have been

Table 4. Characteristic values of spectra
for Series B.

1 2 3 4 5 6

. m « u a
Run ’I];Lnglien?f (Range . * » :
no. ning 0.55Hz- (10°cm?) (ecms™!) (107

3.0Hz)

1 12:51 3.95 1.45 23.3 6.37
2 12:52 4.28 1.31 24.6 5.43
3 12:53 4.24 1.28 23.8 5.49
4 12:54 4.15 1.26 22.8 5.64
5 12:55 4.18 1.19 19.2 6.30
6 12:56 4.04 1.38 17.2 8.17
7 12:57 4.18 1.35 19.7 6.98
8 12:58 4.12 1.40 19.6 7.30
9 12:59 4.13 1.51 19.0 8.13
10 13:00 4.21 1.43 17.5 8.35
11 13:01 4.05 1.62 17.9 9.22
12 13:02 4.19 1.43 20.2 7.22
13 13:03 4.11 1.37 21.9 6.39
14 13:04 4.03 1.47 25.0 6.01
15 13:05 4.03 1.52 28.7 5.39
16 13:06 3.77 1.86 27.5 6.88
17 13:07 3.91 1.72 28.5 6.15
18 13:08 4.05 1.73 24.4 7.24
19 13:09 4.20 1.73 25.4 6.95
20 13:10 4.43 1.57 26.1 6.13
21 13:11 4.21 1.85 32.0 5.88
22 13:12 4.08 1.90 34.9 5.55
23 13:13 4.07 1.89 34.7 5.55
24 13:14 4.23 1.73 33.2 5.33
25 13:15 4.22 1.85 30.8 6.11
26 13:16 4.07 1.96 30.3 6.60
27 13:17 4.08 1.82 30.8 6.03
28 13:18 3.95 2.06 33.0 6.38
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computed with the method of least squares
under the condition that the value of m was
fixed to be 4. Computed values of o are shown
in Column 5 of Table 3 and Column 4 of Table
4 for Series A and B, respectively. In Fig. 11
is shown the relation between a and uy, where
the values of wuy for Series B are 3-minute
average values, which are listed in Column 5
of Table 4. It is concluded from the figure
that « is proportional to u4, and the formula
(24) is satisfied. The values of as have then
been computed and shown in Column 6 of Table
3 and Column 6 of Table 4 for Series A and
B, respectively. The mean value of a: with
its standard deviation is

a,=0.062+0.010 29
for Series A, and
a;=0.065+0.010 €0))

for Series B. In Fig. 11 the line is drawn with
the a, value of Series A, since it contains a
range of u4 wider than Series B.

In Fig. 12 is shown the power spectrum of

(o]
a, =0.062 °
3l o SerA o ]
e SerB
(o)
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o °
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& 2¢ ° * b
Ng [ : o
@
ng O. * ..
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g 1} . ]
o} R R N .
o) 10 20 30 40 50 60
ux (cm sec™!)

Fig. 11. Relation between a of Eq. (25) and uy.

Run 18 of Series A, as an example. In the
figure, the solid line shows (24) with «.=0.062
and the broken line shows (23) with a;=0.0074.
In Fig. 13 are shown power spectra of the first
several runs of Series B, which have been
extracted as examples from the entire figures
drawn by an automatic drafter. The left part
of the figure shows the power spectra normalized
by (23) with a,=0.0074, and the right part of
the figure shows the power spectra normalized
by (24) with «,=0.062. It is seen from Figs.
12 and 13 that the gu4o~*form of wind wave
spectra is in agreement with our present field
data, except the range of higher frequencies
than 3 Hz, apparently better than the Phillips’
g*c~5-form. The power spectra of the rest of
the runs show almost the same tendency.

The two values of as shown by (29) and (30)
for Series A and B are nearly the same with
each other, but not equal to 0.020, that was
proposed by TOBA (1973a) by use of his wind-
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10" 10’ 10! 102
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Fig. 12. An example of power spectrum
for Run no. 18 of Series A.
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wave tunnel data. The discrepancy is inter-
preted as follows. The spectra of wind waves
in wind-wave tunnels are generally characterized
by some zigzag pattern, which corresponds the
phenomena of overshoot and undershoot. In

the spectra of wind waves observed in the ocean,
the zigzag pattern is less pronounced. This
fact was noticed by TOBA (1973a) and also by
RAMAMONJIARISOA (1973), and the situation is
shown schematically in Fig. 14. ToOBA (1973a)
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Fig. 13. Some examples of power spectra for Series B. Left; normalized by (23) with
ap=0.0074. Right; normalized by (24) with «:=0.062.
for frequencies greater than 3 Hz is not significant, since, for this range, the accuracy

in digitizing the record and the frequency response of the wave gauge will not be

enough, and also there will be the folding effects.

deciding a and m in (25).
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The values of the spectra

So, this part is not used in



148 KAwAI, OKADA and TOBA

proposed originally the form
o) =apgsus0? GL

as the gross form representing the zigzag pattern
on the log ¢-log ¢ plot as shown in Fig. 14, and
gave the value of @ of 0.020. The as in (24)
is distinguished from a, in (31), where the sub-
script g stands for the gross form of the zigzag
pattern. In order to compare the two types
of the spectral pattern, or in order to compare
as in (24) and ag in (31), it is reasonable to
consider the total energy of wind waves, or the
integral of the spectrum. The Toba-Pierson
spectral data (TOBA, 1973a) have been integrated
over the frequency range greater than the
spectral peak om, and equivalent values of as
have been obtained by use of the relation:

j ¢(a)da=§ asquyodo (32)
Om m

where ¢(o) has a zigzag pattern. For twenty-
one spectra, tke mean value of a, with its
standard deviation is,

log ¢

LABORATORY (21 runs}
ag=0.020
m=4

SEA (2] runs}

m =415 t.0.25°
a,=0.062 * 0010

]—> @, »0056¢ 00l

log. o
Fig. 14. A schematic pattern of wind wave
spectra.

a;=0.0566+0.011 33D

in fairly well agreement with the value obtained
in (29), when the values of standard deviation
are taken into account. Thus the spectral form
for very short fetches as observed in a wind-
wave tunnel and that for long fetches as ob-
served in the sea are represented consistently
with (24), when the energy-level evaluation
given by (32) is made for the zigzag pattern of
the former. In other words, the spectral form
for very short fetches transforms to that for
long fetches, with the energy level a; given by
(32) conserved.

On the basis of these results, it seems neces-
sary to reanalize old data of wave spectra.
For example, a close inspection of Fig. 4.8 of
PHILLIPS (1966) reveals that the ¢73-line drawn
in the figure represents an overall tendency of
the summation of such individual data that have
gradients near to ¢7*, as was already pointed
out by ToBA (1973a). There are many litera-
tures showing a similar situation. For example,
wind-wave spectra shown in the paper by
KONDO et al. (1973) are expressed very well
by the formula (24) as shown in Fig. 15, except
the higher frequency range of the case of
Up=12.4ms™!, although we do not conceive
the cause of the deviation. In the figure circles
and squares represent the original data, and

¢lo) (cm?sec)

DATA BY KONDO et al. {1973)
o ® Ugy=l24 m-sec!
4 o s Ug= 6.1 m-sec!

10T ¢ - 0062 gyuso .
— ua=004x124m- sec"! ) LY
——— uy=004x 6.1 m-sec' {.'\'. *
. *\‘
\q.
. b
|d L 1 " 1
10° 10’ 107
o (rad-sec)

Fig. 15. The guso™*:form and spectra observed
by KONDO et al. (1973).



Three-seconds Power Law and gusxo~3-spectral Form for Growing Wind Waves 149

lines show the formula (24) with a;=0.062 and
values of uy computed from the values of Uy,
with (Cp)'/2=0.040.

MiITsUYASU and HONDA (1974) reported that
their experimental data agrees with (24) in a
general sense. MITSUYASU (1977) considers
that there exists definitely the range represented
by (24) with a:=0.012, but there also exists a
range, nearer to the spectral maximum, rep-
resented by the g?0~%-form. According to our
opinion, wind wave field in the purely growing
stage should be expressed by (24), and as soon
as the wind becomes weak by the fluctuation
of the wind, the effect of u, drops and the
spectral shape approaches to the g% %-form,
since the waves near the energy maximum
decay slowly than the high frequency side.
Consequently, actual wind wave spectra observed
in the sea tend to have a form between (23)
and (24), and since our present data represents
the condition of approximately purely growing
stage as described in the introduction, it has
become a very good support to the wind wave
spectral form of (24).

It should also be noted that ToBA (1976) has
pointed out that JONSWAP composite data
presented by HASSELMANN et al. (1976) may
be interpreted as also giving a support to the
guyo~i-form.
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