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Statistical Characteristics of Individual Waves
in Laboratory Wind Waves
1. Individual Wave Spectra and Similarity Structure*

Masayuki TOKUDA**T and Yoshiaki ToBa**

Abstraet: Statistical characteristics of individual waves in laboratory wind waves have been
studied by use of a wind-wave tunnel. The individual waves are defined by actual undulations
of the water surface at any instant, and are characterized by concentrated shearing stress and
strong vorticity at their crests. A conspicuous self-similarity structure is found in the in-
dividual wave field. The similarity manifests itself as a simple spectral form, and as the
statistical 3/2-power law between nondimensional wave height and wave period, and further
as the —1/2-power relationship between nondimensional phase speed and frequency, for
waves of the high frequency side. The normalized energy spectrum, specially defined for
individual waves, has a form practically equivalent to the traditional spectrum for component
waves in the main frequency range from 0.7 to 1.5 in the frequency normalized by the peak

frequency, but does not have secondary peaks at harmonics. The phase speed of individual
waves also coincides with that of component waves in the main frequency range.

1. Introduction

Wind waves are the basic phenomena through
which various phases of the interactions between
the atmosphere and the ocean develop. How-
ever, many problems involving the phenomenon
of wind waves are not yet fully understood
physically, Quantitative treatment of the com-
plicated phenomena of wind waves was initiated
by SVERDRUP and MUNK (1947) who introduced
the concept of significant waves. Since the
concept of energy spectrum was introduced to
the study of wind wave by PIERSON (1952) and
NEUMAN (1952), a model of the wind-wave
field that consists of freely traveling component
waves has been widely accepted.

In the seventies, YEFIMOV ez al. (1972),
KATO and TSURUYA (1974) and RAMAMONJI-
ARISOA (1974), reported that the dispersion
relation of the linear wave theory was not
satisfied by the one dimensional component
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waves of wind waves, and RIKISHI (1978)
reported that the dispersion relation also broke
down for the two-dimensional component waves
of laboratory wind waves. This has stimulated
recent studies of strongly nonlinear wave models,
in which the dominant waves are considered
as the main carrier of wave energy, accompanied
by their bound harmonics. LAKE et al. (1977),
LAKE and YUEN (1978), MOLLO-CHRISTENSEN
and RAMAMONJIIARISOA (1978) proposed such
models. MASUDA ez af. (1979) and KUO et al.
(1979) have shown that the peculiar behavior
of the phase speed of the component waves
may be explained mainly in terms of forced
waves which have twice the frequency but
travel with the same speeds as the dominant
waves. Lhe forced waves may be interpreted
as a mathematical expression for the effect of
the non-sinusocidal shape of the dominant waves,
and the present article presents direct evidence
of this.

Wind waves under direct action of the wind
have many features very different from mere
irregular wave trains mechanically generated on
a water surface. First, the air flow over wind
waves has a specific pattern with respect to the
dominant individual waves, as brought to light
by the studies of e.g. CHANG et al. (1971) and
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BANNER and MELVILLE (1976). In the present
article, the term ‘‘individual waves” is used as
expressing actual undulations of the water sur-
face at any instant, in contrast to ‘“‘component
waves’’, which correspond to Fourier compo-
nents of surface undulations. Secondly, there
is the local wind drift caused by the shearing
stress of the wind. BANNER and PHILLIPS
(1974) and PHILLIPS and BANNER (1974) con-
sidered a shear flow at the surface to formulate
the condition for wave breaking. Visualization
of water flow near the surface has revealed
unexpected features of wind waves. TOBA et
al. (1975), OKUDA et al. (1976, 1977) and OKUDA
(MS) have found that the shesaring stress of the
wind is concentrated at the crest and its wind-
ward face, consequently, extremely strong vorti-
city is concentrated near the crest, causing
forced convection. This was partly reviewed
by ToBa (1979). The traditional model of
component waves regards the individual waves
as a result of superposition of component free
waves in random phases. However, the indivi-
dual waves are accompanied by ordered motion
other than the mere superposition of the orbital
motion of irrotational component waves. These
local distributions of stress and drift, air-flow
separation (as studied by KAwaAI, 1981) and
wave breaking are all characteristics of individual
waves under the action of the wind. There is
a possibility that the mechanism of energy in-
put from the wind to the wave is related to
these near-surface phenomena that are associated
with individual waves. In a wind-wave tunnel
individual waves, though fluctuating, propagate
for a considerable distance without losing their
identity, while they are noticeably stretched in
wavelength and amplified in wave height.
From the view point that this ordered motion
may be represented by the individual waves,
we will investigate the statistical characteristics
of individual waves in the present paper. In
particular, it will be shown below that the
individual-wave field has a conspicuous self-
similarity structure, and there are self-consistent
relationships among their characteristics. As
to the similarity structure, one of the authors
(ToBa, 1972, 1978) already proposed a 3/2
power law between the nondimensional wave
height and period of energy-containing waves
and some associated relationships. ToBA (1978)
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proposed the concept of individual waves, point-
ing out that the 3/2 power law may be extended
to individual waves, by use of some field data.
The present experiments are a detailed investi-
gation of this matter.

2. Experimental methods

The wind-wave tunnel used has a length of
8.10m, a cross section of 0.15mx0.70m and
a water depth of 0.51 m, and is equipped with
a multiblade fan at the head, and a permeable
wave absorber at the end of the tank.

Experiments were performed for three wind
conditions. For each wind condition, the wind
profiles which were measured with a Pitot-static
tube at three selected fetches of 1.70m, 3.10m
and 5.45m (Fetch Nos. 2, 4 and 7 in the lower
part of Table 1) correlated well with the loga-
rithmic form as shown in Fig. 1. Since the
slopes of the profiles were similar to one an-

Wind conditions and observation fetches.

U3

Table 1.

Wind No. Ul uz2
Mean friction velocity

of air ux (cms™)

46. 4 67.8 102.0

Fetch No. 1 2 3 4 5 6 7 8
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Fig. 1. Wind profiles for three wind conditions
at three selected stations.
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Fig. 2. An example of wind speed distribution
in the cross section of the tunnel: Wind Ul
at Fetch No. 8 (as in Table 1). The contours
are drawn for every 0.2ms™%.

other for respective wind conditions, we adopted
the mean friction velocity u,, which was esti-
mated from the mean slope of the profiles, as
a measure of the respective wind conditions,
and it is listed in the upper part of Table 1.
We use Wind Numbers Ul, U2 and U3 here-
after to represent the three wind conditions,
whose #, ranges from 46.4cms™ (Ul to
102cm s (U3). Fig. 2 shows the wind speed
distribution in the tunnel cross section at a
fetch of 5.87 m (Fetch No. 8, Table 1) for the
case of the Wind No. Ul. It can be seen that
the wind is nearly uniform laterally within 5cm
of the mean water level.

Wind generated waves were measured at eight
fetches ranging from 1m to 5.87m (hereafter
use Fetch Numbers 1 to 8 in the order of fetch
as listed in the lower part of Table 1) by means
of a pair of capacitance-type wave gauges placed
A4l apart in the wind direction. The distance
4l was set within the range of 0.11- to 0.50-
times (usually less than 0,3-times) the wave
length of the spectral peak wave for each Fetch
Number. A single pair of wave gauges was
used for all Fetch Numbers successively on the
basis of the assumption of stationarity of the

wind wave field.

The traditional power and cross spectra were
obtained as ensemble averages of 5 and 3 sub-
samples, respectively, for a frequency range up to
100 Hz with a resolution band width of 0.25 Hz.
Each spectrum was smoothed using Hanning’s
spectral window. The time interval of sampling
4t was 0.02 s. Each consisted of
2048 data points (40.96 s).

sample

3. Energy spectrum for individual waves

The individual waves are defined in the follow-
ing two ways: zero-crossing trough-to-trough
(ZCTT) and all trough-to-trough (ATT), as
illustrated in Fig. 3(B) and (C), respectively.
In the following discussion, however, analysis
is made mainly of the ZCTT-type, and data are
that of the ZCTT type analysis unless other-
wise specified,

The power spectrum for individual waves has
been defined and calculated according to the
following procedure. Let 4z denote the sampling
interval, and a region of frequency between
zero and the Nyquist frequency (24¢)~! is divided
into », then the resolution band width J4f is
df=2ndt)*. Now, all the individual waves
contained in the frequency band from f: to
Si+4f, the subscript 7 being 1 to #, are picked
up from the wave gauge record of length =,
the number of waves = is counted, and the
period T+ and the wave height Hy/ G=1, -,
my) for each wave are determined according to
the definition shown in Fig. 3(B) or 3(C). The
mean period T; and the mean height H; are
then determined by

Tim 25 T and H=———%Hs 31
mi i=1 mi j=1

K

The spectral density of individual waves ¢:
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Concept of component waves (A), and
ZCTT-type

Fig. 3.
two types of individual waves:
(B), and ATT-type {(C).
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is defined for the frequency band f: as
1 )
¢,Af: —2*4112 (l:.l, 2, cees n) (32)

where a; is the virtual mean amplitude defined

by

aingmi (H1/2>2 (33)

and where Rn; is the rate of occupation or the
proportion of time occupied by the waves of
the i-th frequency band to the total length =;:

i1
Rypy= (3.4
Ty
Of course
7n
=% md: (3.5)
i=1
where T, is virtually equal to f;7!. In the

present case, t; is around 204.8s, corresponding
to five sub-samples. The concept of component
waves is one of superposition, whereas the
individual waves are side-by-side.

Regarding the spectrum as continuous, we

omit the subscript ¢ hereafter, and consider the
energy density ¢ as a function of frequency f.
It may be recognized that the energy density
is the product of the rate of occupation and the
squared wave height of individual waves in the
respective frequency bands.

In order to compare the energy spectra of
individual waves with those of the component
waves, we use the normalized energy density.
The normalization of the spectrum of component
waves is made in the same way as HIDY and
PLATE (1966) and MIiTSUYAsU (1968):

on=1p9/E, E=3¢df (3.6)

where E is the total energy and f, the fre-
quency of the spectral peak.

10‘_ T T T —TT T A "\T T T T
; \ |
L A B | ¢ ]
L : .
: & &
= . s
o A
¢ ; o
§ - 2 % Wind No.U2
10° | P L V Fetch No. J
L Lok % .1
L . b . \ p
L =L ;j' o 2 4
z 0 ' L. S
= | . <% -
TS - 2 s 4 -
. . e - 6 ]
’ ‘\ o 7
° %e ® g8
107 ) éjﬂ - 1
- . } : '2‘ :
: ¢ ! ]
s £
. ks
*% ] 8
L ) 5 ﬂ:;‘; ]
L - A
o 2
10-1 N PR B ERrar | by [ T S A | k. P S W |
05 1.0 20 05 10 20 5.0 10.0
fu
Fig. 4. Comparison of normalized energy spectra for the component waves and the individual
waves.

A: Traditional energy spectra.

of Eq. (3.10).

Data is shown for eight fetches in the case of Wind No. U2 (ux=67.8cms™).

B: Energy spectra for individual waves of ZCTT-type.
C: Energy spectra for individual waves of ATT-type.

Solid lines indicate the lower part
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In the same way, the spectrum of individual
waves is normalized as

On=RmnHN?, Hy=H/H), 3.7

where

Ruy=(Hy/HPm.fx™, fu=f/fo H=(8E)'"
3.8

and where
my=m/{(z.4f) 3.9

The subscripts N and p denote the normalized
quantities and the ones corresponding to the
spectral peak, respectively. The Rpy and H
in (3.8) will be called the characteristic rate of
occupation and the characteristic wave height,
respectively., The above normalization makes
the total energy of the spectrum equal to unity.

Fig. 4 shows the comparison among normalized
spectra for component waves (A), individual
waves of ZCTT-type (B) and those of AT T-type
(C), for the case of Wind No. U2 (u,=67.8
cms ™). From the figure, the following features
may be pointed out. First, the distribution of

¢x is independent of the fetch for the case of
individual waves, which corresponds with Mitsu-
vasu’s (1968) report for component wave spec-
tra. Secondly, ¢n>>0.1, there is no practical
difference between the component waves and
the individual waves. However, the second
peak of the former at fw=2 is completely
absent in the latter. The second peak of the
spectrum (A) is interpreted as a manifestation
of the distortion of the form of dominant in-
dividual wave from the sinusoidal form as first
suggested by TOBA (1973), and it corresponds
to the forced wave discussed by MASUDA ez al.
(1979). Thirdly, in the regions between the
peak frequency and its first harmonics, the
ATT-spectrum is in better agreement with the
component wave spectrum than the ZCTT-
spectrum is, whereas for the low frequency side
of the peak, the ZCTT-spectrum is in better
agreement. This is reasonable considering the
definition of individual waves illustrated in Fig.
3. The form of the ATT-spectrum depends
on the sensitivity of the wave gauge. If we
are interested in individual waves of much

10 T 1 ] 1 1 r T
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Fig. 5. As in Fig. 4 for A and B except it includes all wind conditions. Bs is a B-spectrum
smoothed using Hanning’s spectral window. Solid lines represent Eq. (3.10),
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higher frequencies, we think that it is necessary
to use a much more sensitive wave gauge, and
make a stepwise extension of the ATT-spectra
for several successive frequency bands up to the
higher frequencies. In this case, a normali-
zation using the peak spectral density will be
more appropriate than (3.6) which is based on
the total energy.

It has been ascertained that the above obser-
vations are applicable to all wind conditions, as
shown in Fig. 5. Moreover, Fig. 5 shows that
if the spectral density for the individual waves
is smoothed using Hanning’s spectral window
because the data length is finite, the resulting
spectrum shows better agreement with that of
the component waves, especially in the vicinity
of the spectral maximum.

For the region of higher energy density of
é»>0.1, which corresponds to the normalized
frequency range 0.7<fv<1.5, the effect of
forced waves is negligible. We will call this
range the main frequency range. Within this
range, the normalized spectrum for the individual
waves may be adequately approximated by the
following simple forms,

¢Nﬁ{4'4fN9 for fw<<l

4.4 /%% for fazl (3.10)

For wind waves in the ocean, the spectrum
on the high frequency side of the main frequency
range was formerly believed to be proportional
to ¢g°f® as proposed by PHILLIPS (1958), while
it has been pointed out by ToBa (1973),
KAWAI et al. (1977) and ToOBA (1978) that it
should rather be proportional to guyf™!, where
g is the acceleration of gravity. For the
case of our laboratory wind waves, the spectral
form has a slope of f*° Using data from a
larger wind-wave tunnel, ToBa (1973) showed
that the spectrum in the main frequency range
had a slope of f*!%, which is essentially the
same as the present f*°. The dynamical re-
asons for the difference in spectral forms for
the sea and for the laboratory tank are yet to
be clarified.

The fact that the spectral form of the indi-
vidual waves has a simple form as expressed
by (3.10), independent of the fetch and the wind
speed, strongly suggests that the individual
waves in wind waves are controlled by some
principle of similarity, presumably as a con-

sequence of the strong nonlinearity inherent in
wind-wave phenomena under the direct action
of the wind.

Mathematical conversion from the newly
defined individual wave spectra to the traditional
component wave spectrum and vice versa is
left for future study.

4, The 3/2-power law for individual waves
and experimental details of the similarity
The upper part of Fig. 6 shows the wave

height distribution with respect to the frequency,

for Wind No. U2 {x,=67.8cm s7!). The ex-
istence of a kind of equilibrium range as to the
height distribution which develops with the
fetch is clear. The wave height in the equi-

librium range may well be represented by a

curve proportional to /~*2. To make this clearer,

we make use of the following dimensionless

forms,

H*=gH/u,®, T*=9T/uy (4.1

For the significant wave height and period,
ToBA (1972) already proposed the 3/2 power
law,

HG*—“:BGTg*S/Z (42)

where the subscript G stands for significant
waves. He has also shown that (4.2) may be
extended statistically to individual waves of wind
waves in the sea (ToBa, 1978). Fig. 7 repre-
sents, in dimensionless form, wave height in
the upper part of Fig. 6, for comparison sake
with (4.2). It is seen that the same law as
(4.2) holds for the individual waves of {requencies
greater than fp, namely,

HY=BT*" for f=f, (4.3

especially in the main frequency range. The
value of the universal constant Bg is 0.062
according to ToBa (1972) and 0.062+0.010
according to KAWAI et al. (1977). In the case
of individual waves in the laboratory, the value
of B is smaller for shorter fetches and it attains a
quasi-equilibrium value at Fetch No. 4 (3.10 m),
expressed by

B=0.043+0.002 4.4

where +0.002 is the standard deviation of the
values listed in Table 2 for Fetch Nos. 5 to 8.
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tunnel satisfy the 3/2-power law of Eq. (4.3). The case of U2 (#4=67.8 cn s™1).
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Table 2. Characteristic values for individual waves of the spectral peak,
Hp is determined from the wave record of the down stream gauge of the pair of wave gauges
in the wind direction, and its location is indicated by the Fetch Number {as in Table 1).
_I—Tp indicates the mean wave height determined from the wave records of the pair of wave
gauges. B is estimated from the best fit of the 3/2 power law to the observed distribution
as shown in Fig. 7 on the high frequency side of the spectral peak, and B, is determined
from Bp==Hp(gus)™"/*Tp %%, 8 is determined from dp=kpHp/2r.

Wind No. Ul (ux=46.4cms™).

Fetch No. 1 2 3 4 5 6 7 8
op (rads™1) 44.4 38.5 30.8 26.9 25.6 23.1 21. 4 20.4
kp (rad cm™) 1.188 0.931 0.635 0.515 0.451 0.378 0.343 0.322
Cp (cms™) 37.4 41,4 48.5 52.2 56.6 61.0 62.4 63.4
8 0.0393  0.0565  0.0736  0.0746  0.0815 0.0757 0.0779  0.0766
Hp (cm) 0.18 0.37 0.71 0.97 1.09 1.30 1.49 1.51
Hp (cm) 0.21 0.38 073 0.91 1.14 1.26 1.42 1.49
B 0.017 0.027 0.036 0.041 0.043 0. 045 0.045 0. 045
Bp 0.016 0.026 0.036 0. 040 0. 042 0.043 0.044 0.042
E (ecm?) 4.03%107% 1.48x107% 5.33x 1077 9.46X 1072 1,.23x 107 1.76 X 10! 2.21X 107 2.49x 10~

Wind No. U2 (#4=67.8cms™").

Fetch No. 1 2 3 4 5 6 7 8

op (rads™) 33.6 27.5 24.3 22.7 20,4 19.7 18.1 18.0

kp (rad cm™) 0.675 0. 480 0.377 0. 336 0.270 0.254 0.223 0.220
Cp (ems™ 49.8 57.4 64.5 67. 4 75. 4 77.5 81.1 82.0

p 0.0646  0.0807  0.0786  0.0803  0.0829 0.0821  0.0786  0.0782
Hp (em) 0. 59 1.01 1.20 1.53 1.99 2.02 2.24 2.28
Hp {cm) 0.60 1.06 1.31 1.49 1.93 2.03 2.20 2.24

B 0.029 0.036 0.038 0.041 0. 043 0.043 0. 044 0. 045
Bp 0.028 0.036 0.035 0. 041 0.045 0.043 0.043 0.043

E (cm? 3.67X1077 9.67X 107 1.65x107! 2.38X 107! 3.61 X107 4.01 X 107" 4.93X 107" 5.42% 10~

Wind No. U3 (ux=102.0cms™).

Fetch No. 1 2 3 4 5 6 7 8

ap (rads™") 23.6 22.5 19.4 18.0 16.6 16.6 16.1 15.3

kp (rad cm™) 0. 360 0.333 0.242 0. 209 0.173 0.173 0.167 0.157
Cp (ems™) 65.5 67.5 80.1 86. 4 96. 1 96.0 96.2 97.1

Jp 0.0778  0.0860  0.0852  0.0896  0.0918  0.0900  0.0859  0.0923
Hp (cm) 1.31 1.67 2.29 2.62 3.32 3.44 3.41 3.73
Hy (cm) 1.34 1.62 2.19 2.68 3.32 3.25 3.22 3.67
B 0. 032 0.036 0.040 0.041 0.046 0. 046 0.045 0.046
By 0.030 0,036 0.039 0.040 0.045 0.047 0.044 0.045
E (cm?) 1.63X 1071 2.67% 107 5.29% 107! 6.59x 107 1.07x10* 1.17X10° 1.18x10° 1.45X%10°

The difference of the values of Bz and B is The value of Bs corresponding to (4.4) thus

partially due to the fact that the significant becomes 0.048, which is to some extent closer
wave height is always higher than the level of to 0.062. The variation of the value with fetch
the height of individual waves. at shorter fetches will be discussed in Part II

Actually, the following relationships hold very of the present series of papers on individual
well for our data, waves.

Fig. 8 shows the distribution of the normalized

Te=Tp, Hs=112Hp (4.5) wave height Hy vs. f, revealing the applicability
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Fig. 8. Another representation of the 3/2-power
law for individual waves of ZCTT-type for
three wind conditions, and of ATT-type, for
the case of U2 (ux=67.8cms™Y). The solid
lines indicate the lower part of Eq. (4.6).

of the 3/2-power law over the main frequency
range on the high frequency side. This distri-
bution can be approximated by

HNZ{fN for fa<l

fN-S/Z for ﬂv}l <46)

although for the range of fy<1 the scattering
of the points is rather large. Further, the
relatively small number of individual waves for
much higher frequencies deviate from this law.
This range of large deviation, fw>>1.5, corres-
ponds to the range where the —9 power law

(3.10) deviates in Fig. 4.

4 T Y T

O 1 i 1
0 1 2 3 4
Hp
Fig. 9. Relation between the height of spectral
peak wave Hp and the characteristic height
H=(8E)'/2 for three wind conditions. Solid
line represents Eq. (4.7),

The lower part of Fig. 6 indicates the distri-
bution of the number density of individual
waves for the case of U2 (u,=67.8cm s, It
is seen that the frequency of the peak of the
number density corresponds to that of the
spectral maximum, and also that the number
density has a similar distribution around the
peak frequency. The similarity in the spectral
form suggests that the ratio, H,/H, between
the height of the peak wave and the character-
istic height (8E)"/2is constant. This is supported
by experimental results as shown in Fig. 9,
giving

H,/H=9/8 (4.7

Substituting (3.10}, (4.6) and (4.7) in (3.7), the
number distribution m,, defined by (3.9), may
be given by

mu={3'5fN8 fa<l (4.8)

35fn% fazl

This also has an experimental support as
evidenced by Fig. 10.

From the figure, the following facts become
clear. First, the normalized number distribution
is independent of the fetch as well as of the
wind speed. Second, the distribution has no
second peak corresponding to the harmonics of
the peak of component waves. Third, since
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Bel: ZCTT-type for three wind conditions.
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Solid lines represent Eq. (4.8). Different

symbols stand for different fetches as in Fig. 4.
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Fig. 11. Total number of individual waves per
unit time versus the frequency of spectral
peak wave for three wind conditions.

there is no large difference between the forms
of Hy shown in the upper and the lower parts
of Fig. 8 for ZCTT- and ATT-types, respec-
tively, the difference between the energy spectra

for the above two types of individual waves
shown Fig. 4 is mostly a consequence of the
difference in the number distribution. For a
constant wind, the first fact mentioned above
requires that the individual waves grow with
the fetch without changing the normalized
number distribution. This characteristic growth
process is not easily expected from the stand-
point of the traditional treatment of component
waves. From (4.8), the total number M, per

unit time is expressed by

M, = So mudf:fpgo mudfy=13f, (4.9)
As shown in Fig. I1, (4.9) has good experi-
mental support, except that the proportionality
constant is 1.10. The discrepancy in the co-
efficient is mainly due to the disagreement of
experimental values with (4.8) in the neigh-
bourhood of fx=1.

5. Experimental determination of phase speed
and steepness of individual waves
The phase speed C of individual waves was
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determined from records of a pair of wave gauges
placed close to each other in the wind direction.
We define C by 4l/4¢t where 4Jt is the time
required for the center of the wave to travel
the distance 4/ between the pair of wave gauges.
The center of an individual wave is represented
here by the center of the points at which the
wave record crosses the mean level. Since A
used is smaller than 1/3 of the wave length of
the spectral peak wave, except for cases of
Fetch Nos. 1 (1.00m) and 2 (1.70 m) for Wind
No. Ul (uy=46.4cm s™Y), each individual wave
can usuzlly be identified easily on the pair of
wave records. However, since the wave height
and period determined in the two wave records
are not exactly coincident, the average values
are adopted as H and T. The phase speed of
one-dimensional component waves was estimated
from the cross spectra of the same records.
An example of phase speeds for individual
waves and component waves is shown in Fig.
12 for Wind No. U2 (u,=67.8cm s7!), Fetch
No. 4 (3.10m). In the region of high energy
density in the vicinity of £, the two kinds of
phase speed agree well with each other, although
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Fig. 12. An example of the comparison of phase
speeds between the component waves determin-
ed from cross-spectra and the individual waves
for ZCTT-type at Fetch No. 4 (3.10 m) for the
case of U2 (u4=67.8 cm s™!). The point without
standard deviation indicates that the number
of individual wave was only one. The co-
herence of the cross-spectra is shown at the
bottom.

these values are considerably greater than the
value estimated from linear theory, which is
shown by a thin curve.

While the phase speed of individual waves has a
distribution which decreases with the frequency,
that of the component waves tends to be nearly
constant, in a similar manner to the results
reported by RAMAMONJIARISOA (1974), for
frequencies above 1.4 f,. This is explained as
being a consequence of the influence of the
bound harmeonics, or the shape effect of energy
containing waves as already indicated in the
spectral distribution. Close inspection shows
that the phase speed of component waves in
the vicinity of 2f, seems to repeat the value
found in the vicinity of f», and at higher
frequencies it is eventually constant. MITSU-
YASU et al. (1979) have recently explained these
characteristics of component wave phase speed
in terms of forced waves, namely, bound harmo-
nics of energy containing waves, by use of
random gravity waves free from the wind,

In the main frequency range, where the phase
speeds of component waves and individual waves
coincide with each other, the coherence of the
cross-spectra is close to unity. Cox (1958)
pointed out using a wind-wave experiment that
when the distance between the pair of wave
gauges becomes large compared to the wave

100 o ' 1
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-~ i O A
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8o .w’! : 'ﬁi‘iga PSS . No. o
g 1 Sk g, 3 eepeten 0 |
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20t s E
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4] 2 4 6 8 10 12
f(Hz)
Fig. 13. Original values of the phase speed

distribution for the component waves, for eight
fetches for the case of U2 (#x=67.8cms™),
before the normalization shown in Fig. 15.
Peak frequencies for Fetch Nos. 1 (1.00 m) and
8 (5.87 m) are indicated by arrows, other cases
lie between these. The phase speed of linear
water waves is shown by the full line.
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length, the coherence becomes small, and the
obtained component wave phase speed becomes
unreliable. In our experiment, however, since
Al used was usually 0.1- to 0.3-times the wave

TOKUDA and Tora

length of the spectral peak wave, our measure-
ment of the phase speed in the main frequency
range fx from 0.7 to 1.5 is considered reliable,
and is of course reliable for that of individual
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Fig. 14. Normalized wave steepness and phase speed of individual waves as a function of

normalized frequency for the case of U2 (ux=67.8cm s™¥).

The dispersion relation for

linear water waves is also shown by the dotted line in the lower diagram.
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Normalized phase speed of component waves as a function of normalized frequency for
same case as Fig. 14. The coherence of the cross-spectra is shown in the upper part.
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waves.

Fig. 13 shows the phase speed data for com-
ponent waves at each fetch for the case of
Wind No. U2 (#,=67.8cms™t). The overall
shape of the curve is the same as Fig. 12, but
the value increases as the energy containing
waves develop with the fetch.

The phase speed has now tentatively been
normalized by that of the peak wave, and it is
shown in Fig. 14 for individual waves and in
Fig. 15 for the component waves, respectively,
for all fetches in the case of U2 (i, =67.8 cm s71).
The normalized phase speed distribution is
largely independent of the fetch, in the main
frequency range for both kinds of waves, and
is approximated by

Cy=fy Vi=gy-li2,

for fw=zl (B.1

where oy=0/6p and o=2zf, This is different
from the dispersion relation predicted by the
linear theory. The above item is also applicable
to the other two wind conditions. A possible
explanation of these experimental results will
be given in part II.

From the determined phase speed C and the

1.4
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period T, we may obtain the wavelength 2 and
the wave number k for each individual wave by

A=CT and k=2=/ 5.2

The lower part of Fig. 16 shows Cy for the
individual waves as a function of the normalized
wave number ky=k/kp, instead of fx. An
approximate relation obtained from the figure is

Cy=ky1" (6.3)
From (5.1) and (5.3), it follows that
oy =kxy?? (5.4)

The experimental support for (5.4) is shown in
Fig. 17.

The steepness of the individual waves d may
be determined from H and k of (5.2) by the
definition

0=kH /27 5.5

It should be noticed that this steepness is one
derived from the observed H, C and 7', and it
should clearly be distinguished from that esti-
mated from H and ¢ by use of the linear theory.
The upper parts of Figs. 14 and 16 show the
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Fig. 16. Distributions of normalized wave steepness and phase speed of individual waves as

a function of normalized wave number for three wind conditions.

In the lower part,

the dispersion relation for linear water waves is also shown by the dotted line.
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Fig. 17. Approximated dispersion relation of individual waves in the wind-wave tunnel.
The dotted line shows the dispersion relation for linear water waves.

normalized steepness 6y=48/6p. The figures
show that the normalized steepness is around
unity in the main frequency range on the high
frequency side, namely,

dy=1 for fy>1 (5.6)

This normalized wave steepness can be obtain-
ed by a combination of the 3/2 power law (4.6)
and the normalized dispersion relation (5.4).
Consequently, these three relationships are self-
consistent with one other. A more detailed
discussion regarding these self-consistent relation-
ships will be given in Part II.

Finally, in relation to the 3rd paragraph of
this section, we examine to what extent the
form of the peak wave is close to that of
Stokes waves. The presence of the bound
harmonics of the peak wave in the high frequency
range of the spectral density distribution for
the component waves was already shown in
Fig. 4. The form of Stokes wave up to the
3rd order is given by

n=acos kx—}-%kag cos ka-l-%k?cﬁ cos 3kx
(GN))

and the steepness & is expressed by

mszka+%<ka)3 (5.8)
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Fig. 18, Twice squared ratio of the spectral densi-
ties of the second harmonics and the peak wave
component plotted against peak wave steepness.
The straight line represents Eq. (5.9) which
corresponds to Stokes waves. Different symbols
stand for three wind numbers as in Fig. 11.

The ratio of the spectral densities, for constant
bandwidth, of the second harmonics and the
peak waves gosr/¢ro for Stokes waves should be
expressed by use of ¥ and a from (5.7) as

Goso/Pro=(1/4)Kka)? (5.9

On the other hand, the value of @osp/dsp for
actual individual waves may be estimated from
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the spectral distribution of component waves,
and the value of @ is obtained from & by (5.8).
The observed values of 2 v/@s7/d 5 for component
waves are compared with the straight line for
Stokes waves in Fig, 18. There is some devi-
ation. However, we may interpret it in an
approximate sense, and say that the irrotational
part of the motion of the individual waves may
be represented by Stokes waves, and this cor-
responds to the concept of forced waves described
by MASUDA et al. (1979).
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