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THE STATISTICAL DISTRIBUTIONS FOR THE ELEVATION,
VELOCITY AND ACCELERATION OF THE SURFACE
OF WIND WAVES*

By Tadao HONDA** and Hisashi MITSUYASU***

Water surface elevations %(¢), vertical surface velocities 7(#) and vertical
surface accelerations #%(#) of wind-generated waves have been measured in
a laboratory wind wave channel by using resistance-type wave gauges com-
bined with an electronic differentiation circuits. Probability distributions
of the values of 7(#), #(#) and #(#) have been determined from the records.

In an initial stage of wave generation, i.e., when wind waves are
generated at short fetches and low wind speeds, the observed distributions
for »(#), 7#(¢) and %(#) show good fit to the distributions given by succe-
ssive sum of a Gram-Charlier series, which has been derived following the
formulation of LONGUET-HiGcGINs (1963), by taking the weakly nonlinear
effect into account.

However, when wind waves develop with increasing wind speeds and
fetches, the observed distributions deviate gradually from the Gram-Charlier
series. Particularly, the deviations are remarkable for the distribution of
IOR

‘When the wind speed increases, the observed distributions of »(#), %)
and 7(¢) show the following characteristics: (i) the skewnesses of the dis-
tributions of %(#) and 7(¢#) decrease slightly, (ii) the skewness of 7 (¢) chan-
ges, at some wind speed, from positive small values to relatively large
negative values, (iii) the kurtosis of the distribution of %(#) decreases
slightly but that of 7(#) increases slightly and these characteristics seem to
depend not so much on fetches, (iv) the kurtosis of the distribution of #(¢)
increases rapidly.

1. Introduction

To a first approximation, random sea surface may be regarded as a linear
superposition of statistically independent free waves and can be described by
its two-dimensional power spectrum. Furthermore, it is a natural consequence

* This paper was originally presented in the Journal of the Oceanographical Society
of Japan, Vol. 31, No. 2. Some data are added at this time.
** Research Associate, Research Institute for Applied Mechanics, Kyushu University.
*kk Professor, Research Institute for Applied Mechanics, Kyushu University.
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of a random walk theory and the Central Limit Theorem that the probability
distribution of such random surface is Gaussian. In fact, the Gaussian as-
sumption for sea waves has been approximately supported by many observa-
tions in the sea (for example, RUDNICK ¥, PIERSON ?, LONGUET-HIGGINS
et al.,®). However, closer observations of the wind waves in the sea and
in a laboratory tank have shown that this assumption is not necessarily
satisfied when the nonlinear effects are not negligible (KINSMAN®, MITSU-
YASU?),

Recently, the statistical probability density function for a variable that is
“weakly nonlinear” has been derived theoretically by LONGUET-HIGGINS ®.
He has mathematically shown that the probability density for random surface
elevations of sea waves can be given by a Gram-Charlier series; not in the
form generally used as an empirical fit for observed distributions, but in a
modified form due to Edgeworth.

The main purposes of the present study are firstly to measure as accura-
tely as possible the probability density function for surface elevations »(%),
vertical surface velocities 7(#) and vertical surface accelerations 7(¢) of wind
waves which are generated in a laboratory tank, and secondly to compare
these measured distributions with the theoretical distributions derived respec-
tively from the ordinary linear theory and from the nonlinear theory given
by LONGUET-HIGGINS ®. To the authors knowledge, there are quite few
data on the statistical properties of 7(#) and #(#). Since the high frequency
components play an important role in the distributions for 7(#) and #(2),
particular attentions have been paid for measuring wind waves up to very
high frequencies (approximately 50 Hz).

The experimental equipments and techniques for measuring »(¢), 7(¢) and
7(¢) are briefly described in 2. In 3 we outline the linear theory and weakly
nonlinear theory of the statistical distribution of a random sea surface.
These theories are then applied, in 4, to the distributions of surface eleva-
tion %(¢), vertical velocity 7(¢#) and acceleration #(¢) of wind wave in a
laboratory tank.. Some discussions on the measured results are stated in 5.

2. Experimental data

The experiments were carried out in a long narrow wind wave channel
illustrated in Figure 1. The glass-enclosed test section of the channel is 80
cm high, 60 cm wide and 850 cm long. The water depth was set to be 38 cm
and wind speeds U, which were mesured by a Pitot-static tube at the en-
trance of the test section, were varied over the range from 5 to 15 m/sec
in 2.5 m/sec step. Waves were measured, along the centerline of the test
section, at the following fetches; F = 105, 225, 345, 585, and 825 cm. The
surface elevations of wind waves %(¢) were measured by two different kinds
of resistance-type wave gauges. Three of these gauges were single plati-
mum wires 0.1 mm in diameter located at fetches of 105, 225 and 345 cm
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Fig. 1. Wind wave channel.

respectively. The other two gauges were parallel platinum wires, 0.1 mm
in diameter and separated by 1 mm, which were set at fetches of 585 c¢m
and 825 cm.

The frequency responses of these wave gauges were tested carefully. The
amplitude response factor was approximately unity up to 40 Hz for the paral-
lel-wire wave gauge and up to 80 Hz for the single-wire wave gauge. There-
fore, it can be said that the wind-wave records measured in the present
study cover the very wide frequency ranges up to capillary wave range.

At fetches, 105, 225, and 345 cm, the surface vertical velocities %(¢)
were measured by sending the output signal from the single wire wave gauge
to an electronic differentiation circuit, after passing through a low-pass fil-
ter (cut-off frequency = 56 Hz) in order to remove higher frequency electric
noise. Similarly, the surface vertical accelerations 7(¢) were measured at
the same fetches by sending the signals from first differentiation circuit to
second differentiation circuit (cut-off frequency = 56 Hz). The differentia-
tions by these electronic circuits were almost complete in the frequency range
below the cut-off frequency.

All these signals of 7(#), 7(¢) and %(¢) were recorded simultaneously on
a magnetic tape of 14-channel data recorder. The wave data recorded on the
magnetic tape were reproduced and digitized by using a high speed A-to-D
converter and the statistical analysis of the data was done on a FACOM 270
-20 computer.

The experimental conditions and the conditions relating to the statistical
data analysis are summarized as follows: water depth d = 38 cm

Ur: 5, 7.5, 10, 12.5, 15 m/sec

F om 105 225 345 585 825
Recorded i | vnd | 0 7 7

sampling frequency of the data: 200 Hz
number of digitized data: 20480 (102.4 sec)

More detailed descriptions of the equipments and techniques may be refer-
red to the previous paper (MITSUYASU and HONDA 7»®),
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3. The outline of the theory

Let p(y) be the probability density that a variable such as the surface ele-
vation in random sea, 7%, falls to the interval between % and »+dy. Taking
the Fourier transform of (%), one has

8(it) = jlp(we“’/dv

ey

where un(n =1, 2, 3, +++)is the n-th. moment of the distribution. If we de-
fine K(it) as

K(it) = log.¢(it) = (zt)+ (zt) Foen, (2)

we have
Ky = fh, Ky = fp— W% K3 = p3—3u+2u° ’
= pty—4p s — 3" + 120 % 11, — 6 1, ,
— Sty pey— 1028525+ 2028, 28+ 30 28, 22,2 — 60 22,3 11, + 24 11,

By taking the inverse Fourier transform of ¢(i¢) and substituting ¢ = s/k,'
27—k = fr,'”?, we have

) = g | exo(—J(st42ife) fexo §2iorlas

where
ln = xn/mznlzv (” = 37 4y ¢ ")'

The second exponential term can be expanded, giving

expl 3 2x(is)) = 1+-R-(is)+ g (is)?
o Ko
and we have identically
(znl)l,zj exp(—2(s742if9) )(i)"ds = e SPH() )

where H, denotes the Hermite polynomial of degree n, Substituting (4), (5),
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into (3), we have finally the probability density function in the form

A A 2
) = (Zm)w[u S H+ i H, 3 H+

T+ (F35+ 72)H+"‘ )

3-1. Linear theory

The linear spectral representation of the sea surface elevation at a fixed
place and time can be expressed as the sum of more than a finite number
of simple sine waves;

N
M = Eazm 2 acos(kx—at+0;) N

where a; and 6, are amplitude and phase constants, chosen randomly so that
a; cos 0; and a; sin 6; are jointly normal, with 6; uniformly distributed,
position vector x and time ¢ are fixed, and k; is vector wave number. Later,
we shall make N—oco, The amplitude a; are such that in any small but fixed
region dk, ;55/2 = E(k)dk, say. Here E(k) is the directional wave spec-
trum.

Let p,(¥) be such a probability density that »™ falls on the interval be-
tween y and y+dy. By taking Fourier transform of p,(y), we have

a(it) = [~ p.yersdy

Now we consider the probability density p~(») which is defined as the pro-
bability density that the sea surface elevation %’ composed from N inde-
pendent wave components falls on the interval between % and »+dy. The
probability density px(y) can be obtained as follows; the sea surface eleva-
tion ¥ can be consider as

I =y =D

The probability density p~ (%) is such the probability density that, when the
first term »® takes the value A, say, the second term 7"~ takes the value
p—A. Since 3® and »¥ Y are statistically independent, the joint probability
density is given by p,(A) py_.(3—4), so that px(y) can be obtained by inte-
grating p,(2) px-.(A—%) with respects to 4 from —co to oo;

v =[5 W ps —Dd2

From the convolution theorem, ¢x(it), the inverse transform of pnx(%), is
given by

on (@) = ¢,y (@8) = [, GHHIY . ®

Comparing now Equations (2) and (8), py(») can be expressed in the form,
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by substituting 1,/N*/?"* for 4, in (4),

_fz/
bu ) = eyl 1+ garath g ot )

If we consider the limiting case N—oo, we have

lim py(p) = e/ Qur)? . ©

Equation (9) shows that the probability distribution of the sea surface eleva-
tion expressed as the sum of more than a finite number of linear random
wave components is given by the Gaussian distribution.

3-2. Nonlinear theory

The nonlinear spectral representation of the sea surface elevations » can
be expressed mathematically in the form,

7= zi]aiﬂi"';;aiiﬂﬂj’l" iEjE;amnmmﬁ ’ (10)

where a;, o5, o €tc., are constants and %;, %; 7 etc., are independent
random variables symmetrically distributed about 0 with variance V,, V; Vi
and so on (LONGUET-HIGGINS ®)., With each values of ¢ is associated
a vector wave number k;. We define each V, in such a way that over any
small but fixed region dk

>V, = E(k)dk
k=dk .

We can obtain each term in (10) by solving the nonlinear wave equations
using perterbation method (see LONGUET-HIGGINS ®), The first term in (10)
corresponds to the first order solution and the second term to the second
order solution and so on.

If let p() be the probability density for % and ¢(ét) its Fourier transform,
from (1), (2), (4), (6) we have (6) as the expression for the probability
density p(y). Since 4, is order V™' (LONGUET-HIGGINS ©), we rearrange
(6) in the ascending powers of V7% so that we have finally

o

b = (2 1/2[1 +—

A ‘
g Hit 72H6 12011“r ] . D

Equation (11) shows that the probability distribution for the surface elevation
of weakly nonlinear random waves is given by successive sum of a Gram-
Charlier series. Comparing (9) with (11), it can be seen that the successive
terms that follow the second in (11) express the effects of nonlinearities.
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4., Comparison of the theory with experiment

The probability distribution p(y) of random sea surface 7(x, ¢) can be, to
a linear approximation, given by Equation (9). This equation is the well
known Gaussian distribution. Taking the weakly nonlinear effect into ac-
count, the probability distribution p(3) for random sea surface can be repre-
sented by Equation (11).

The distribution (11) corresponds quite closly to Edgeworth’s form of the
type A Gram-Charlier series. Equation (11) differs from the theoretical
distribution used by LONGUET-HIGGINS ® by the term

e As
72*772 . mHg . 12

As will be shown later, this term improves the agreements between the
theory and experiment for the case of the surface elevation y but not for
the cases of % and 7.

The Gaussian distribution (9) and the Gram-Charlier series (11) are com-
pared with observed distributions of the laboratory wind waves which were
measured very accurately up to high frequency (approximately up to 50 Hz).

In a first step, higher order terms, A% and 2;, are neglected in Equation
(10), leaving only A; and Z,, so that p(») is given by

_rtr2
po) = o1+ H g H) (13)

This form will be denoted by Gram-Charlier (I). In the next step, only 4,
is neglected. Thus,

e

() = o

which will be denoted by Gram-Charlier (II).  The probability distribution

with full terms explicitly given in (11) will be denoted by Gram-Charlier
(D).

The Gaussian, Gram-Charlier (I), (II) and (III) are compared in Figure 2
with the probability density histogram for an example of the distribution of
the surface elevation »(¢#) measured at fetch F = 825 cm for wind speed U,
=15 m/sec. In Figure2 x-axises are normalized by ¢, that denotes the
standard deviation of the distribution of %(¢#). It can be seen from Figure 2
that the observed distribution fits quite well to the Gram-Charlier (III) as
compare to the other theoretical distributions, and that the departure of the
observed distribution from the Gaussian distribution is very large. This fact
suggests that the higher order approximation of the Gram-Charlier series
can fit the distributions of the surface elevation of wind waves with appre-
ciable nonlinearity, though the sum of %% are not so small as will be shown

A g ke g, B
(14 G- Hot i Hoot75- ) )
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7] (Ur=15m/s,F=825cm)
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Fig. 2. The comparisons of the measured distributions for the surface elevation
%(t) with various theoretical distributions, Gaussian, Gram-Charlier
M, Iy and (III). Wave data (F = 825 cm, U, =15 m/sec).

later.

Similarly, in Figure 3 is shown the comparison of theoretical probability
distributions with the histogram for a surface vertical acceleration 7(¢) mea-
sured at F = 345 cm for U, = 15m/sec. In Figure 3, x-axises are normalized
by ¢; that denotes the standard deviation of the distribution of #(¢). It can
be seen from Figure 3 that in a strict sense none of the theoretical distribu-
tions fits to the observed distribution for #(#). The sum of y? for the Gaus-
sian, the Gram-Charlier (I), (IT) and (III) are shown in the following table.

7 7
Gauss 1782 3443
Gram-Charlier (D) 607 858
Gram-Charlier (II) 450 899
Gram-Charlier (III) 195 2261
Experimental (U, =15 m/sec) (U, = 15m/sec)
conditions F =825 cm F = 345cm

It is rather curious that the higher order approximation, Gram-Charlier (III),
which has shown the best fit to the observed distribution of »(%), is not good
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T (Ur=15m/s,F=345¢cm)

14000 _- 4000 - ~
N Gauss N Gram- 1
Charlier(Il) ]\
3000 3000
2000 |+ N 2000
1000 F 1000 F
7.7./0"7 77/0':,
4.0 -2.0 0.0 2.0 4.0 -4,0 -2.0 0.0 2.0 4.0
4000 e 4000 _—
Gram— N Gram—
N Charlier(I) N Charlier (IL)
3000 F 3000
2000 ¢ I 2000 f 1
1000 - I 1000 b
)/ 04 7/ 0%
-4,0 -2.0 0.0 2.0 4.0 -4)g0 -2.0 0.0 2.0 4.0

Fig. 3. The comparisons of the measured distributions for the vertical surface
acceleration (#) with various theoretical distributions, Gaussian,
Gram-Charlier (I), (II) and (III). Wave data (F =345 cm, Ur=15
m/sec).

for the distribution of #(#) as compared the lower order approximation Gram-
Charlier (I) and (D).

In Figures 4 and 5, typical examples of the measured distributions are
compared with the Gaussian distributions (light curves) and the Gram-Char-
lier (III) distributions (heavy curves). The figures show the statistical
distributions of %(¢) (upper curves), 7(¢) (middle curves) and 7#(#) (lower
curves) at F =105 cm and 345 cm; for U, =5, 10, 15 m/sec. In Figure 6
are shown the statistical distributions of 7(¢#) at F =585 cm and 825 cm for
the above wind velocities. The values of various quantities relating to the
measured distributions, i.e., variance ¢%, skewness +/B; (=4,), kurtosis 8,
(=4, and sum of ¢ are summarized in Tables 1, 2, and 3. These tables
includes the data on the statistical distributions which are not shown in
Figures 4, 5 and 6. In Figures 7 and 8 the skewness /B, and the kurtosis
B, of the measured distributions for »(#), 7(¢) and 7%(#) are plotted against
the reference wind speed U,.
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Fig. 4. The measured distributions of the wind-generated waves with theore-
tical distributions, Gaussian (light curve) and Gram-Charlier (III)
(heavy curve). From top to bottom; surface elevation 3(#), vertical
surface velocity 77(¢) and vertical surface acceleration 7(#). Wave data
(F =105 cm, U, =5, 10, 15 m/sec).

5. Discussions

5-1. The distribution of the surface elevation 7 (#) and the vertical velocity
7t '

The following characteristics of the distributions for 7(#) and 7(¢) can be
seen from the results shown in Figures 4 through 8 and Tables 1, 2 and 3.

When wind waves are generated at very short fetches and low wind speeds,
the distributions for »(¢) and %(¢) are given fairly accurately by both the
Gram-Charlier (III) and Gaussian. The empirical fit is a little better for the
Gram-Charlier (III) than for the Gaussian, but there are no appreciable dif-
ferences. This indicates that the nonlinear effects are very weak. at the in-
itial stage of the generation of wind waves. With increasing fetches and
wind speeds, the deviations of the observed distribution from the Gaussian
distribution increase gradually, and the distributions can be better expressed
by the Gram-Charlier (III).

However, the range over which the Gram-Charlier (III) is effectively
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F=345 c¢m
uooo Ur=50m/s w00 Ur=10.0 m/s 4000 - Ur=15.0 m/ss
N P(n) N N
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7
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Fig. 5. The measured distributions of the wind-generated waves with theore-
tical distributions, Gaussian (light curve) and Gram-Charlier (III)
(heavy curve). From top to bottom; surface elevation % (¢), vertical
surface velocity #(¢) and vertical surface acceleration 7(¢). Wave data
(F =345 cm, U, =5, 10, 15 m/sec).

applied is not so wide as would be expected. With increasing fetches and
wind speeds the distributions deviate gradually from the Gram-Charlier (III).
It should be mentioned here that the values of 3%® for the Gram-Charlier
(II) increase greatly at U, = 10 m/sec except for the case of relatively long
fetches (F: 585, 825 cm).

The distributions for %(#) show the similar characteristics as those for
(). The variances of the distributions for %(#) and 7(¢) increase with
increasing wind speeds and fetches. In our previous paper (MITSUYASU and
HONDA™®) it has been shown that the increases of %? follow to the unive-
rsal fetch relations except for the data corresponding to very low wind spe-
eds. With increasing wind velocity, the skewness +/B8, of the distributions
for (¢) and 7(¢), and the kurtosis B, for 7(¢), increase slowly, but the
kurtosis B, of »(¢) decreases slightly. The skewness 4/3, and the kurtosis
B, of the distributions for »(#) and %(¢#) seem to depend not so much on
fetch. As shown in Figures 7 and 8, both /B, and B, for 7(f) are larger
than those for 7»(¢#). Approximate ranges for the values of /B, and B, are
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F=585cm
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Fig. 6. The measured distributions for surface elavation % (¢) of the wind-gene-
rated waves with theoretical distributions, Gaussian (light curve) and
Gram-Charlier (III) (heavy curve). Wave data (F =585 cm (upper)
and F = 825 cm (lower), U, =5, 10, 15 m/sec)..

summarized as follows:

/B B:
(%) —0.1~0.5 2.4~3.3
7(t) 0.3~0.9 3.2~5.1

5-2. The distribution of the surface vertical acceleration # (%)

The distribution for #(#) shows slightly different characteristics as com-
pared with the distributions for »(#) and %(¢).

At the initial stage of the generation of wind waves, i.e., for the cases
of low wind speeds and short fetches, the skewness /B, of the distributions
of 7(¢) shows positive small values and the distributions can be well appro-
ximated by the Gram-Charlier (III). When wind speeds and fetches are
increased, however, +/B; changes at some wind speed from positive small
values to relative large negative values as shown in Figure 11. The kurtosis
B. for () increases sharply with increasing wind speeds.

The fact that the skewness of the distribution for #(#) shows negative
value in constrast to the positive skewnesses of those for »(¢) and 7(f), can
be well understood when we consider the following situations. With increas-
ing wind speeds and fetches, nonlinear characteristics of wind waves increase
gradually and wave forms show the asymmetical form with respect both to
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-0 50 10.0 15.0
Ur(m/s)
Fig. 7. The skewness of the distributions for surface elevation %(z), vertical

surface velocity 7 (#) and vertical surface acceleration #(¢) of the wind-
generated waves.

still water level and to wave crest. That is, the wave crest becomes shar-
per and narrower and the wave trough becomes flatter and wider. Moreover,
wave breaking is caused at the crest of the wind wave. Such characteristics
of the wave forms make the distributions of »(#) concentrate to relatively
narrow range for negative side and widely scatter to the positive side.
Therefore, the skewness of the distribution for %(#) shows positive values.
The positive skewness of the distributions for 7(#) correspond both to the
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Fig. 8. The kurtosis of the distributions for surface elevation %(¢), vertical
surface velocity #%(¢) and the vertical surface acceleration #(#) of the
wind-generated waves.

forward inclinations of the wave form and to the irregularity of the front
face of wave crest. The former is caused mainly by the wind stress and
the latter is caused by the wave breaking. The vertical surface acceleration
7(¢) have negative values at the wave crest and positive values at the wave
trough. That is, the sign for 7(¢) is reverse of that for »(#). This is the
reason why the skewness of the distribution for #(¢) shows negative values
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Table 1. The statistical properties of the distributions for surface elevation
7(¢) of the wind-generated waves (degree of freedom=21).

Gram-
Fm | Urm/s) Hem | T sec 6, cm v B: B Clz?lrll;er Gauss
Sy 2t
1.05 5 0.02 0.06 1.06x 102 0.042 3.31 4 13
7.5 0.10 0.07 4.67x107? -0.111 2.92 9 27
10 0.22 0.10 9.65x10-2 0.116 2.58 39 203
12.5 0.38 0.13 1.57x 101 0.148 2.44 81 345
15 0.64 0.15 2.69x10-1 0.165 2.50 94 360
2.25 5 0.07 0.08 3.11x10- 0.032 2.89 7 7
7.5 0.20 0.11 9.08x10~? 0.227 2.73 11 196
10 0.59 0.17 2.39x10-1 0.294 2.44 76 599
12.5 0.75 0.19 3.12x 101 0.281 2.53 22 350
15 1.45 0.23 5.77 x10-1 0. 364 2.58 69 707
3.45 5 0.12 0.11 5.14x10-2 0. 225 2. 86 10 89
7.5 0. 46 0.18 1.83x 101 0. 257 2.59 27 301
10 0.95 0.23 3.81x10-1 0. 285 2.36 108 701
12.5 1.18 0.25 4.64x10! 0.286 2.39 146 796
15 2.18 0.31 8.18x10-1 0. 362 2.31 279 1344
5.85 5 0.30 0.12 1.46x10-1 0.346 2.71 55 386
7.5 0.93 0.22 3.87x101 0.411 2.53 85 835
10 1.43 | 0.27 5,93x10-1 0.378 2.54 105 767
12.5 1.70 0.27 7.28x 101 0. 390 2.61 63 596
15 3.03 0.34 1.22x 10! 0.524 2.50 216 1850
8.25 5 0.62 0.19 2.60x10"1 0.384 2.55 79 764
7.5 1.54 0.29 5.93x 10t 0. 370 2.36 156 1034
10 2.08 0.33 8.20x 101 0. 383 2.54 99 754
12.5 2.69 0.35 1.08x10 © 0.478 2.62 68 970
15 3.94 0.39 1.63x10 °© 0. 496 2.39 195 1781
H: The mean values of wave heights defined by the zero-up-crossing method
T: The mean values of wave periods defined by the zero-up-crossing method

in contrast to the positive skewness of those for »(¢). The above discussion
may cause some misunderstanding that the wave form of the random sea
surface is confused with that of the nonlinear wave of a single period.
However, the individual forms of dominant waves in a realized random sea
surface are very close to those of slightly deformed nonlinear waves with
corresponding periods (see for example, CHANG et al®).

In a range of relatively low wind speeds the variance of the distribution for
4(t) is approximately proportional to the wind speed but increasing rate
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Table 2. The statistical properties of the distributions for vertical surface
velocity 7 (¢) of the wind-generated waves (degree of freedom =27).

Gram-
Fm | Urm/s |0;/2z(cm/sec) | /F, B Ch(‘}lilf)er Gauss
Sy 2x?
1.05 5 9.24%10-2 0.279 3,48 14 67
7.5 | 6.10x1071 0.575 3.70 33 316
10 9.13x 10~ 0. 809 3.89 51 682
12.5 | 1.24x10 0 0.890 3.93 62 1065
15 1.85%10 0 0.617 3.75 38 458
2.95 5 385101 0. 466 3.64 47 202
7.5 | 7.43x10~ 0. 655 3.55 12 470
10 1.35%10 © 0. 660 3.44 41 543
125 | 1.68x10° 0.575 3.52 7 349
15 2.70%10 0.677 4.27 70 343
3.45 5 4.67x107 0.567 3.65 24 230
7.5 | 1.03x10 0 0.532 3.19 20 374
10 1.72%10 0 0.703 | 3.66 58 627
12.5 |  1.98x10 0 0.745 4.03 101 - 558
15 3.13%x10 0 0. 904 5.08 359 536

Table 3. The statistical properties of the distributions for vertical surface accele-
ration #%(¢) of the wind-generated waves (degree of freedom=41 (*=21)).

Gram-
Fm Ur m/s |o3/(@m)2(cm/sec?)| /B, B ChaIrIIIlf T G;;S
x2
1.05 5 2.37x10 © 0.118 2.77 51* 131*
7.5 1.75x10 * 0.118 3.65 22 108
10 2.12x10 ! —0.007 3.94 12 124
12.5 2.43x10 1 —0.214 4.78 888 1595
15 3.37x10 1 —0.424 4.42 216 589
2.25 5 9.70x10 © 0. 264 4,35 51 195
7.5 1.51x10 1 —0.073 4.36 83 350
10 1.74x10 1 | —0.620 6.21 703 1880
12.5 2.27x10 1 —0.502 5.92 721 1646
15 4.35%x10 * —0.898 7.94 2054 2127
3.45 ) 5 1.03x10 0. 050 5.05 23 334
7.5 1.31x10 1 —0.834 7.48 1314 2188
10 1.79x10 1 —1.044 7.97 2087 3079
12.5 2.30x10 1 —0.758 7.48 1360 2266
15 4.57x10 —0. 899 9.17 2260 3443
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becomes gradually smaller and shows a tendency to saturate for high speed
wind. The kurtosis B, of the distribution for 7(¢) is exceedingly larger than
that of the Gaussian. The skewness /B, seem to depend not so much on
fetch, but the kurtosis B8, increases remarkably with increasing fetch,

6. Concluding remarks

General conclusions of the present study are as follows. For the wind
waves generated at short fetches and low wind speeds, in other words, for
the wind waves with weak nonlinearity, the higher order approximation of
the nonlinear theory of LONGUET-HIGGINS® can be effectively applied for
the statistical distribution of the wind-wave surface.

The following question will be naturally arisen: Whether or not the higher
the order of approximation is the better the agreement between the theore-
tical distribution and the observed one ? To answer this question we have
tried to compare the measured distributions with theoretical ones in which
the order of approximation is higher than in (11). However, the agreements
between the theory and experiment have not been improved. The results
are considered to be due to the following reasons. The higher order approxi-
mation includes the higher order moments of the distribution. But the
accuracy of the measured higher order moments are not so good. Further-
more, the measured distributions of the elevation of the wind waves with
fairly strong nonlinearity are affected by the wave breaking, particularly
when the wind speed is relatively high. The effects of wave breaking on
the statistical distribution of wave surface can not be treated by such a
theory as presented by LONGUET-HIGGINS®,
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