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Nonlinear Properties of Laboratory Wind Waves
at Energy Containing Frequencies

Part 1. Probability Density Distribution of Surface Elevation*

Mitsuhiko Hatorit

Abstract: Nonlinear properties of wind waves in a wind-wave tunnel are investigated by
measuring the probability density distribution of surface elevation. The surface elevation
distribution of raw records are found to have a positive skewness (K3=0.21 to 0.43) and a
negative kurtosis (K4=—0.74 to —0.41) with magnitude depending of fetch and wind speed.
The values of skewness are in qualitative agreement with a prediction of the weak interaction
theory for a random wave field incorporating the effects of second harmonics (Tayfun, 1980),
but the values of kurtosis are different in sign from the prediction.

To examine the nonlinear properties of energy containing components, higher harmonic
components are excluded from the wave records by using a kind of a band-pass filter. The
surface elevation distributions of the filtered waves show a sharp decrease in skewness
{Ky’=0), but the distributions remain highly non-Gaussian with a large negative kurtosis
almost independent of the fetch and wind speed (Ki'=--0.66). It is concluded that the
negative kurtosis is due to the non-random character of the phase and amplitude among the
energy containing components, and that ponlinear interactions occur amongst the energy

containing frequencies.

1. Introduction

Wind waves have long been regarded as a
sum of linear irrotational waves with random
phases to a first order approximation. Higher
order nonlinear corrections to such a random
wave field were first made by Tick (1959),
Phillips (1960), Hasselmann {1962) and others.
They calculated the spectral energy of bound
waves and nonlinear energy transfer among
component waves through resonant interactions.
Further studies on wind wave dynamics along
the lines of the above spectral approach have
been intensively made, and it has been suggested
that nonlinear energy transfer plays a dominant
role in the growth of wind waves (Hasselman ez
afl., 1973), and that bound waves are dominant
at higher frequencies (Masuda ez al., 1979;
Mitsuyasu et al., 1979).

Recently, however, several new characteristics
of wind waves have been found, and some
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authors have attempted to develop nonspectral
models in which the effects of nonlinearity
dominates. After the finding that the phase
velocity of spectral components does not follow
the linear water wave theory (Yefimov et
al., 1972; Ramamonjiarisoa, 1974), Lake and
Yuen (1978) proposed a model based on the
dynamics of a coherent nonlinear water wave.
In this model, the spectral components other
than a single carrier wave are regarded to be
non-dispersive bound waves of the carrier wave.
After the finding of a strongly vortical region
at individual wave crests (Toba et al., 1975;
Okuda et al., 1977; Okuda, 1982), Toba (1978)
considered that the wind wave is strongly non-
linear phenomenon coupled with the wind induced
rotational flow.

As to the higher frequencies, say f>1.5fp
where fp is a spectral peak frequency, it has
been confirmed by various approaches that
spectral component waves are bound waves cor-
related with energy containing components. On
the other hand, in regard to the energy con-
taining components, several distinct view points
have been proposed as outlined above: linear
waves (spectral approach), nonlinear coherent
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waves (Lake and Yuen, 1978) and strongly non-
linear waves coupled with the wind induced
rotational flow (Toba, 1978; Tokuda and Toba,
1982). In this paper, I examine the nonlinearity
at energy containing frequencies of wind waves
in a wind-wave tunnel by measuring the pro-
bability density distribution of surface elevation.

If the wind wave is made up of a sum of
an infinite number of component waves with
random phases, the surface elevation probability
distribution satisfies the Gaussian distribution
under the central limit theorem. For a stationary
process, a deviation of the measured distribution
from the Gaussian implies that the component
waves are not independent of each other but
have non-random character of phase and ampli-
tude, as shown briefly in Appendix A. Because
nonlinear wave-wave interaction is the most pro-
bable cause of interrelations among components,
the measured distribution is discussed under the
assumption that the deviation from the Gaussian
gives a measure of the nonlinearity of wind
waves.

It is well known that the surface elevation
distribution is asymmetric due to the existence
of bound waves, or second harmonics, of the
energy containing components. This was first
shown by Kinsmann (1960) in field observations
and recently by Huang and Long (1980) in
laboratory measurements. Using the weak inter-
action theory in a random wave field, Phillips
(1961) and Longuet-Higgins (1963) showed that
the skewness of the surface elevation distribution
is proportional to the wave slope and also depends
on the spectral form. The dependence of the
skewness on the wave slope was confirmed
recently by Huang and Long (1980).

On the other hand, the reason for the occur-
rence of a symmetrical deviation measured by the
kurtosis has not yet been clariied. Huang and
Long (1980) reported a large negative kurtosis

which is independent of the wave slope. Ac-
cording to Tayfun (1980), the contribution of
the bound waves to the kurtosis is positive and
nearly proportional to the square of the wave
slope. The negative kurtosis measured by Huang
and Long (1980) contradicts this prediction in
sign and in its dependency on the wave slope,
so that the measured negative kurtosis is not
caused by bound waves of higher frequencies.
This fact suggests that the negative kurtosis is
associated with the energy containing component
waves. To confirm this idea, an artificial time
series of the dominant waves was made by
excluding the higher harmonic components from
the raw wave records by using a band-pass
filter, and the surface elevation distribution of
the dominant wave was compared with the
One of the main purposes
of this paper is to determine whether the energy
containing component waves are linear waves or
nonlinear correlated waves.

Gaussian distribution.

In order to conclusively prove the conclusions
of this paper, it is necessary to examine the
higher order spectra, such as bi- and tri-spectra.
However, it requires tedious work to calculate
and illustrate the higher order spectra. In the
present analyses, therefore, surface elevation
distribution is used because of its simplicity.

2, Experiments and data analyses

2.1. Experiments

Experiments were conducted in a wind-wave
tunnel 20m in length, 0.6 m in width and 1.2m
in height, with a constant water depth of 0.6m,
as illustrated in Fig. 1. "The surface elevation
n was measured with capacitance type wave
gauges located at six stations, F=1.85, 3.85,
5.85, 7.85, 10.90 and 13.85m, where F is the
fetch. The amplitude response of the wave
gauge is approximately unity up to 8 Hz
and reduces to 0.9 at 10 Hz, and the phase
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Fig. 1. Schematic picture of the wind-wave tunnel. 1, blower; 2, fine mesh
screens; 3, honey comb; 4, coarse mesh grids; 5, transition plate;

6, permeable wave absorber;

7, wave generator.
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lag of the wave gauge output is less than 10
degrees up to 8 Hz. Three wind conditions,
U=5.0, 7.5 and 10.0 m sec!, were used, where
U is the wind speed at the center of the air
inlet. The friction wvelocities estimated from
vertical wind profiles by a Pitot-static tube at
F=7m were 27.2, 45.9 and 63.5 cm sec™!, re-
spectively.

Power spectra were calculated by the Fast
Fourier Transform (FFT) technique, using 2,048
digital data sampled every 0.02 sec and averag-
ing 80 individual raw spectra. The degrees of
freedom are 160 and the resolution of frequency
is 0.024 I1z. From the spectral peak frequency,
JS», the wave number of the spectral peak k,
was estimated by using the linear dispersion
relation. The wave number %k, was used to
calculate the representative wave slope ky +/72,
where /7% is the r.m.s. amplitude.

According to recent studies by Ramamon-
Harisoa (1974), Lake and Yuen (1978), Tokuda
and Toba (1982) and others, the phase velocity
of wind waves is slightly larger than that pre-
dicted by the linear water wave theory. There-
fore, the wave slope calculated by using the
linear dispersion relation does not correspond
exactly to a real wave slope. The values of the
representative wave slope must be slightly larger
than the real ones. However, the difference
does not greatly affect the results of the present
study.

2.2. Probability density distribution of sur-
Sace elevation
The probability density distribution function of
surface elevation, p(»), and its normalized form,
PO (= vTp()), were calculated from 163,840
digital data sampled every 0.02sec {length of
data is 54.6 min), where {=7/ «/?2. The p(p)
was defined as the probability of finding a digital
data point between 7;——12—427 and 7+ EAU’ where

the increment of surface elevation 47 is selected
to be v7/10.

In the present study, we examine the third
and fourth order cumulants which give measures
of the deviations of a distribution from the
Gaussian distribution, Z.e., the skewness

1 (=,
Ko=) 7emdr (1)

and the kurtosis

— 1 = 4 —
Ki=ze] " a3 ()

The skewness K; gives a measure of asymmetry
of a distribution, while the kurtosis K, gives a
measure of the peakedness of a distribution.
For a Gaussian distribution, K3=0 and K;=0.
As shown in appendix A, non-zero skewness and
kurtosis indicate that the component waves are
not independent each other but have a definite
phase and amplitude relation among the com-
ponents. The skewness corresponds to the inter-
action among a triad of component waves, and
the kurtosis to the interaction among a tetrad
of component waves,

The waveheight distribution of zero-up-cross-
ing individual waves is also examined to supple-
ment the results of the surface elevation distri-
bution. The waveheight of an individual wave
was defined by the average height of the crest
relative to the forward and backward trough,
as illustrated in Hatori and Toba (1983).

2.8. Calculation of the dominant waves

In order to examine the nonlinearity at the
energy containing frequencies, an artificial time
series is made composed of only spectral com-
ponent waves at energy containing {requencies,
and it is calculated in the following manner.

(i) Digital data are divided into 80 sub-

samples, each of which contains 2,048 data

points and is 40.96 sec long.

(ii) Complex Fourier coefficients are calcu-

lated by the FFT for each sub-samples.

(ili) Fourier coefficients for the frequencies

out of range, fp—0f<f<f»+9df, are assigned

the value of zero.

(iv) These modified Fourier coefficients are

inversely transformed by the FFT and a time

series composed of the energy containing com-
ponents are obtained for each sub-sample.

Hereafter, the calculated time series are called
the dominant waves, and the skewness and the
kurtosis of the surface elevation distribution of
the dominant waves are designated as K3’ and
K/, respectively.

The frequency band width &F is selected in
order to meet the requirement that the effects
of the second harmonics be excluded but most
of the energy be retained in the range f,— /<
F<fp+df. Figure 2 shows (a) the normalized
power spectrum and (b) the relation of K3’ and



K{ to a normalized frequency band width under
the condition of /=10.0 m sec™* and F=13.85 m.
The values of K3’ and K4 are almost totally
unaffected by the selection of the band width
df/fp in the range 0.3<<3f/f»<<0.7. When 3f/fp
is greater than 0.7, the energy of the harmonic
hump in the spectrum is included in the calcu-
lation of the dominant waves, and the values
of Ky’ is affected by the second harmonics. As
a result, K3’ is not zero. When &f/fp is less
than 0.3, a large amount of the total energy is
excluded. From these results, we set the value
of 0f at 0.5fp. The energy contained in this
frequency range is 93 to 98 % of the total energy.

A time series of the dominant waves under
the same conditions as in Fig. 2 is shown by a
dotted line in Fig. 3. The effects of the second
harmonics on the wave forms, sharp crests and
rounded troughs, disappear from the wave forms
of the dominant waves. As seen in the small
waves, high frequency ripples also disappear from
the records of the dominant waves.

2.4. Simulation of random waves

In addition to the non-random charactet of
the phases among component waves, the limi-
tation of the number of component waves and
of the data points also produces deviations of
the surface elevation distribution from Gaussian.
To examine whether these statistical errors have
an influence on the surface elevation distribution
of the dominant waves, a numerical simulation
of random waves was made whose power spec-
trum is equal to that of the dominant waves
shown by the shaded area in Fig. 2a. The
random waves are evaluated by the same method
as that used for the dominant waves, (i) to (iv)
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Fig. 2. Normalized power spectrum (a) and re-

lation of skewness K3’ and kurtosis Ki' to the
frequency band width of the filter d7/f» (b). The
values of K;" and K, indicated by the arrows
are for the distribution of the raw wave re-
cords. The shaded area in (a) and the broken
line in (b) represent the band width employed,

af/fp=0.5

in section 2.8, except that the random phases
distributed uniformly over (0, 2z) are given to
each Fourier component between steps (iii) and
(iv). The number of Fourier components and
of data points are equal to those of the dominant
waves in Figs. 2 and 3.

Figure 4 shows the surface elevation distri-
bution of the simulated random waves. The
Gaussian distribution is satisfied fairly well.
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Raw wave records (solid line) and wave records of the dominant waves

(dotted line) under the conditions of U=10.0m sec™' and F=13.85m.
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“Therefore, if we find the surface elevation distri-
bution of the dominant waves to be non-Gaus-
slan, it can be said that the deviation from
‘Gaussian is not due to statistical errors but
rather due to the non-random character of the
phase and amplitude of the energy containing
components,

3. Results and discussion
8.1. Surface elevation distribution of raw
wave records
A typical surface elevation distribution of the

K,=-0.001
K=-0.043

Fig. 4. Normalized surface elevation distribution
of simulated random waves. The solid line
shows the Gaussian distribution.

raw wave records is shown in Fig. 5, where
U=10.0msec™! and F=13.85m. Open circles
are for the experimental results and the solid
line shows the Gaussian distribution. The distri-
bution is highly non-Gaussian and has a positive
skewness, K;3;=0.462, and a negative kurtosis,
Ky=—0.409. The values of K; and K, for all
the runs are summarized in Table 1. Every
distribution has a positive skewness and a nega-
tive kurtosis.

The positive skewness is clearly due to the
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Ky=0426 104
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Fig. 5. Normalized surface elevation distribution
of the raw wave records under the conditions
of U=10.0msec™ and F=13.85m. The solid
line shows the Gaussian distribution.

Table 1. Statistical characteristics of wind waves. fp, spectral peak frequency; ‘/02;
root-mean-square amplitude; 4f/fp, normalized 1/10 holding spectral band width;
kp\/;f, representative wave slope; Ks, skewness; K, kurtosis; Ky/, skewness of
dominant waves and K, kurtosis of dominant waves.

g Fetch Jp Af/fo ‘/;772' kp‘/azr K; K, K’ K/
cm sec™t m Hz cm

63.85 1.85 4.61 0,635 0.27 0,233 0.297 —0.633 0, 001 —0,645
3.85 3.47 0. 542 0,47 0,227 0. 347 —{. 506 0. 001 —0.643

5,85 2.93 0.533 0.62 0.215 0.418 —0. 442 0. 002 —0.652

7.85 2.66 0. 468 0. 81 0.231 0.425 —0.412 0.001 —{). 656

10. 90 2.25 0. 456 1.01 0. 205 0.401 —0. 440 —0.001 —{. 691

13.85 2.05 0. 440 1.24 0.210 0.426 —0.409 0. 001 0,705

45,9 1.85 6. 27 0.603 0.12 0.196 0. 149 —0.737 — (. 004 ~0. 629
3.85 4.47 0. 508 0.27 0.214 0. 324 —0, 588 0. 000 —0.707

5.85 3.81 0.474 0.40 0.235 0.417 —0.451 0. 000 —0.700

7.85 3.20 0.443 0.53 0.219 0.392 —0.505 0. 001 —0,708

10. 90 2,69 0. 409 0.67 0.194 0. 3563 —0.530 0. 000 —0.739

13.85 2.44 0. 430 0.79 0.190 0.375 —0.479 0, 001 —0.715

27.2 1.85  — — — — — — —
3.85 6.18 0. 577 0. 09 0.146 0.217 —0.549 —0. 000 —0.516

5.85 5.25 0. 456 0.16 0.173 0.213 —0.605 0. 000 —0.612

7.85 4.47 0.443 0.23 0.188 0. 340 —(.554 —0.000 —0.655

10.90 3.59 0. 456 0.31 0.163 0. 378 —0. 453 0. 000 —0.625

13.85 3.27 0. 440 0,42 0. 180 0,342 —0.458 —0.000 —0.661




6 Hatori

second harmonics of the energy containing com-
ponents, and this was confirmed in the previous
section by the fact that the exclusion of the
energy hump at 2, in the spectrum leads to a
decrease in the skewness (see Fig. 2). According
to the weak interaction theory in a random wave
field, K3 is proportional to the wave slope and
depends on the spectral form (Phillips, 1961;
Longuet-Higgins, 1963), and is approximately
given by

The values of K; at the first or second value
of fetch are smaller than the nearly constant
values at larger fetches when the wind condition
is fixed. Since the wave slope ky v7? under a
fixed wind condition does not vary so much,
this tendency may be due to the fact that the
normalized spectral band width, 47/f, in Table
1, at short fetches is larger than those at larger
fetches, where 4f is the 1/10 holding spectral
band width.

Next, we examine the kurtosis K;. Figure 6

Ky=3k, v7? (3)

shows K, as a function of kp v/72. These results
for a narrow band spectrum (Tayfun, 1980).

also agree with those of Huang and Long (1980),
though the magnitude of K; in the present
experiment is larger than in their results. Ac-
cording to Tayfun (1980), the contribution of
bound waves to the kurtosis in a narrow band
random wave field is approximately given by

Ka=12(ky V22 . (4>
The present results contradict Tayfun’s prediction

in sign and in dependency on the wave slope.
Thus the bound waves cannot account for the

In
Fig. 6, K; is plotted against &y +/7%, together
with (3) and an empirical relation Ks=4k, v7?
derived by Huang and Long (1980). The skew-
ness of the present experiment shows a weak
dependence on k, vp?* except at short fetches
(surrounded by circles in the figure), and the
values are smaller than those predicted by Eq.
(3) and by the Fluang and Long relation.

1.0 ! ! ! v measured negative kurtosis.
0.8 Ky Kgq Ulm gl 0 Another interesting feature is that the absolute
' c e 50 /’, values of K; increase with decrease of Kj as
o 0.6F a 4 795 7 i shown in Fig. 7, where the results of Huang
x o = 100 .7 and Long (1980) are also included. This relation
K 0.4 ° O@Aﬂgﬂ— between K; and K, differs from Tayfun’s pre-
u &G diction,
Z 60 o .
4
% & Ki= oK (5)
A 00
Z Huang and Long (1980) derived from Egs. (3) and (4).
-0.2F 7
< Skewness K3
2—0.4- e, Ta % 00 O.TS ; 1.0
7 @ ¢ /‘.@ 00 4
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Fig. 6. Measured skewness Kj; and:kurtosis K, x . o 5’?‘0s )
plotted against the wave slope Icp‘/nz. Solid and s 183
dashed lines show Eq. (3) and an empirical o Hulong and
relation by Huang and Long (1980), respectively. -10 | Long (1980)

The rectangle shows the range of K4 observed

by Huang and Long (1980). The data surrounded
by dashed circles indicate those at the first and
second fetches.

Fig. 7. Relation between skewness K and kurtosis
K.. The broken curve represents Eq. (6) with
K4/—_— —0.66.
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In the present experiment, we obtained values
of K; and Ky which differ in magnitude from
the results of a similar laboratory experiment by
Huang and Long (1980). The reason for the
differences is not clear at present, but may be
due to a difference in experimental conditions.
The data of Huang and Long (1980) were meas-
ured only at a fixed fetch and partly include
data under extremely high and low wind speed.

8.2, Surface elevation distribution of the

dominant waves

Figure 8 shows the surface elevation distri-
bution of the dominant waves under the con-
ditions U'=10.0m sec™! and F=13.85m. The
distribution is almost symmetrical, and the skew-
ness is very small and Ky=0.001. This is
clearly due to the exclusion of second harmonics.
However, the distribution remains highly non-
Gaussian. The distribution is concentrated in
the range ]{|<3.0, the probability density is
smaller than the Gaussian in the ranges |{|<1.0
and || >2.0 and it is larger than the Gaussian
in the range 1.0<|{]|<2.0. The kurtosis is
negative and K, =—0.705.

Figure 9 shows the surface elevation distri-
bution of the dominant waves for all the runs,
and the skewness K3’ and kurtosis Ky are listed
in Table 1. The distributions are almost inde-
pendent of the wind speed and the fetch, though
the surface elevation distribution of the raw
wave records depends on them. The mean value
of skewness is K3/ =0.000-+-0.011 and the mean
value of kurtosis is Ko =—0.662+0.051. The
magnitude of Ky is greater than the skewness
K; and the kurtosis K; for the raw wave re-
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Fig. 8. Normalized surface elevation distribution
of the dominant waves under the same con-
ditions as in Figs. 3 and 5. The solid line
shows the Gaussian distribution.

cords.

From the above results, it is concluded that
the energy containing components have non-
random character of phase and amplitude among
the components, and this produces a negative
kurtosis, Thus, the random phase approximation
is not valid and nonlinear processes occur in the
energy containing frequency range. As shown
in appendix A, non-zero kurtosis implies the
existence of the nonlinear interaction among a
tetrad of component waves.

According to the weak interaction theory,
wave-wave interaction among a tetrad of com-
ponents generally involves weakly time dependent
components, owing to resonant interaction, so
that a definite value of the kurtosis cannot be
obtained; the kurtosis weakly depends on time.
By applying the weak interaction theory to a
random wave field, Longuet-Higgins (1963) pre-
dicted that the kurtosis Ky would be of the same
order as (kp 4/7%)%, or Ki?. The measured kur-
tosis of the dominant waves K./, however, is
of the same order as the skewness K3 and one
order of magnitude greater than the above pre-
diction. In any case, the theory, which assumes
the random phases among components, does not
account for the magnitude of measured K.

38.3. Relation between Ky and K,

As shown in section 3.2, the kurtosis of the
dominant waves K, is almost constant, and
its magnitude is greater than that for the
raw wave records Ki. The difference between
Ky’ and Ky may be explained by introduce of
the contribution of bound waves. The contribu-
tion of the second order bound waves to Ky is
given by Eq. (4) for a narrow band random

Fig.9. Normalized surface elevation distributions
of the dominant waves for all the runs.



wave field. Power spectra of the present study
are, however, rather broad and the dominant
wave is not a random wave field, so that we
cannot employ Eq. (4) directly. Let us assume
that the kurtosis expressed by the skewness Eq.
(b) is also valid for the present situation, because
the skewness seems to reflect the effects of the
bound waves rather than the wave slope in the
Then, the kurtosis for the
raw wave records is approximately expressed by
a sum of the contributions of the energy contain-
ing frequencies, Ky, and of the second harmonics
Eq. (5,

present experiment.

Ki=Ki+ K. (6)
The broken line in Fig. 7 is a curve where
K, =—0.66, which was experimentally derived
in 8.2. Equation (6) coincides well with the
measured data, except for the two data points
measured by Huang and Long (1980). The
disagreement of the two points may be caused
by the fact that the data were collected under
conditions of extremely high and low wind
speeds. It is concluded from the above results
that the kurtosis of the raw wave records is
given by a sum of the contribution of the energy
containing components and a minor contribu-
tion of the bound waves.

8.4. Waveheight distribution of the dominant

waves

Figure 10 shows a normalized waveheight
distribution of the dominant waves under the
conditions of U=10.0msec™' and F=13.856m
(large circles). In the figure, small circles are
for the waveheight distribution of the simulated
random wave field as described in 2.4. The
Rayleigh distribution derived by Longuet-Higgins
(1952) for a narrow band spectrum is alsc shown
by a thin solid line. The waveheight distribution
of the simulated random waves is slightly dis-
torted from the Rayleigh distribution because of
the finite band width of the simulated spectrum
and the use of a different definition of wave-
height.

The probability density of the original domi-
nant waves is centered at the mean waveheight
and is greater than that of the simulated random
waves in the range 0.9 H<H<16 H, that is,
the individual waves are more uniform in size
than those for the random Gaussian wave field.

Hatori
1.5 T THem N
+—+ Dominant Waves 332 6735
* Random Waves 325 TNo7
— Rayleigh Distribution
1.0 7
ﬁ:_: LA
= N
o
0.5 _-" 1
0.0 | -
0 1 _ 2 3
H/H
Fig. 10. Normalized waveheight distribution of

the dominant waves in comparison with simu-
lated random waves and the Rayleigh distri-
bution for a narrow band spectrum. H represents
the mean waveheight and N the number of
individual waves.

The above features also hold for the waveheight
distribution of the raw wave records.

Huang and Long (1981) recently reported a
waveheight distribution similar to the present
one but the cause of the
random wave field was not discussed. The pre-
sent results show that this deviation arises from
some nonlinear mechanism in the energy con-
taining frequency range.

Hatori and Toba (1983) investigated the process
of transition of regular water waves to wind

deviation from the

waves under the action of wind, and found that a
regular wavetrain evolves into a strongly modu-
lated wavetrain, and the strongly modulated
wavetrain becomes a somewhat stabilized uni-
form wavetrain consisting of larger waves than
the preceding stage after the occurrence of the
mutual coalescences of waves at the troughs of
modulation. If the mechanism of these non-
linear processes holds for real wind waves, the
demodulation by the mutual coalescence of waves
can be a cause for the concentration of the
waveheight distribution, and this concentration
necessarily leads to the deviation of the surface
elevation distribution from the Gaussian as found
in 8.2.

Finally let us refer briefly to wave breaking
as a possible cause of the non-Gaussian distri-

bution. Inthe present experiments, wave break-
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ing was observed in the case of U=10.0 m sec™!
and Fz27m. Judging from the similarity of the
surface elevation distributions of the dominant
waves regardless of the existence or absence of
wave breaking, we can conclude that the distri-
butions are scarcely affected by wave breaking
in the range of the present experimental con-
ditions. Under extremely high wind conditions,
however, there is the possibility of wave break-
ing distorting the distributions. Observations
under such conditions were not carried out in
this study.

4. Conclusions

The surface elevation distribution of raw wave
records and of dominant waves in which the
higher harmonic components are excluded were
examined in a wind-wave tunnel, and led to the
following conclusions. (1) The positive skewness
of the measured distributions is due to the higher
harmonic components of the energy containing
components, as already shown by many authors.
(2) The negative kurtosis of the measured distri-
butions is mainly due to some nonlinearity of
the dominant waves themselves, or to nonlinear
interaction among a tetrad of energy containing
components.

The non-Gaussian nature of the dominant
waves found in this paper shows that the com-
ponent waves at energy containing frequencies
cannot be considered as linear free waves. This
fact indicates that the spectral model cannot be
applied to wind waves, or, at least, must be
modified considerably, since the spectral model
assumes that the wind waves are expressed by
the sum of linear free waves to a first order
approximation, or that the component waves in
the energy containing frequency range are com-
posed of linear free waves. The wind waves
must be modelled by using a new and more
appropriate approach which attaches weight to
the nonlinearity at energy containing frequencies,
such as in the model of Lake and Yuen (1978).
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Appendix A

Relation of skewness and kurtosis to the inter-
action among component waves

When the surface elevation 5(t) is a stationary
process and can be represented by a Fourier
Stiertjes integral

n<t>:g°° dZ(@)e»,  (A-1)

—00

the skewness is given by

1

Ky= 2

Hf (AZ(@)dZ(@)dZs)>
(A-2)

w1t w2+ w3z=0

where { } is the ensemble average and {9(z)> =0.
For the Gaussian precess, K;=0, because the
components are independent of each other.
When a triad of component waves, satisfying

@1 +wy+w;=0, has a definite phase and amplitude
relation independent of ensembles, they contri-
bute to the non-zero skewness. The most pro-
bable cause for a definite phase and amplitude
is the nonlinear interaction among a triad of
component waves. A well known example is
the second harmonics,

In the same way as the skewness, the kurtosis
is represented by

| IR
K==t (AZ{,)d Zw)d Z(s)
<77 > a)1+w§+w3;2:o4"0
X dZ(wy)>—3= ﬁ
X Sjgo_c {dZlw)dZ(we)dZ(ws)d Z(ws)> .

o1+ wz+oeztewi=0 and
wi1twex0, w1tegs
and watwax0

(A-3)

The contribution from the power spectrum on
the planes, @1+ @:=0, v+ ;=0 and w:+w®1=0,
is excluded from the integral by a factor of 3.
When a tetrad of component waves, satisfying
wi+w:t+o;+oi=0 and o+ 0:%0, ©1+ ;%0 and
ws+wy3x0, has a definite phase and amplitude
relation, they contribute to the non-zero kurtosis.
The most probable cause for a definite phase
and amplitude relation among the components
is the nonlinear interactions among a tetrad of
component waves. One example of this is the
third harmonies.

Appendix B

Relation between the waveheight and surface
elevation distributions of the dominant waves

The probability density of the waveheight
distribution shown in Fig. 10 is centered at the
mean waveheight and is limited in the range
H<2.1H, and is greater than that of the simu-
lated random waves in the range 0.9 H<H<
1.6 H. This inequality is converted into 2.2 \/?
< H<4.0 VFZ, where we use an empirical re-
lation derived from the present data H=2.5 J?y_z
Since the contribution of individual wave forms
to the surface elevation probability density is
large at peaks and troughs, it is inferred from
the above inequality that the surface elevation
distribution probability density is larger than the
Gaussian distribution in the range 1.1<|{|<C2.0.
This range agrees with the range of excess
values found in section 3.2.
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