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ABSTRACT

Detailed investigation of wind-generated water waves in a 5S-m-long wind wave flume facility is reported.
Careful measurements were carried out at a large number of locations along the test section and at numerous
airflow rates. The evolution of the wind wave field was investigated using appropriate dimensionless pa-
rameters. When possible, quantitative comparison with the results accumulated in field measurements and in
larger laboratory facilities was performed. Particular attention was given to the evolution of wave frequency
spectra along the tank, distinguishing between the frequency domain around the spectral peak and the high-
frequency tail of the spectrum. Notable similarity between the parameters of the evolving wind wave field in
the present facility and in field measurements was observed.

1. Introduction

Sea surface waves generated by wind are random and
thus have to be described in statistical terms. Modern
theoretical analysis of wave statistics was initiated by
Longuet-Higgins (1952) who showed that if the tempo-
ral variation of the surface elevation can be described by
a narrow-banded Gaussian frequency spectrum, the
wave heights follow the Rayleigh distribution. One of
the first field studies of sea waves by Kinsman (1965)
showed that the distribution of surface elevation, al-
though skewed owing to the wave nonlinearity, have
shape that is close to Gaussian, while the waves’ heights
have exceedance probabilities that approximately fol-
low Rayleigh distribution. It was also demonstrated that
the probability distribution of the highest waves may
deviate notably from the predictions based on the
Rayleigh distribution. The knowledge of probability of
steepest waves for a given wave state is of great practical
importance for marine traffic and offshore engineering.
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Forristall (1978) reported that Rayleigh distribution
overestimates the probability of high waves owing to
their nonlinearity, while Tayfun (1980) attributes this
discrepancy to wave breaking. For more recent statisti-
cal studies of wave height distribution in nonlinear wave
field see, for example, Forristall (2005), Tayfun and
Fedele (2007), and references therein.

Extensive experimental studies of statistics of mechan-
ically excited unidirectional random water waves carried
out in large wave tanks by Socquet-Juglard et al. (2005),
Onorato et al. (2005, 2006), Mori et al. (2007), Shemer
and Sergeeva (2009), and Shemer et al. (2010a,b), dem-
onstrated significant deviations from the Gaussian be-
havior that were shown to be dependent on wave
nonlinearity and spectral width. In these studies the
evolution along the tank of the statistical parameters
characterizing the wave field was investigated. The ef-
fect of the directional spreading was in the focus of large
wave basin experiments by Onorato et al. (2009). In all
these studies no wave energy was introduced to the wave
field once the waves were generated by the wavemaker.
Since the effects of dissipation were of relatively minor
importance, the waves in those experiments constituted
an essentially conservative system. Spatial evolution of



66 JOURNAL OF PHYSICAL OCEANOGRAPHY

the wave field statistics thus resulted nearly solely from
the nonlinear interactions among waves.

Wind waves in general, and in a laboratory tank in
particular, represent a qualitatively different wave sys-
tem. Not only energy and momentum are transferred
from wind to waves everywhere in the wave field, the
dissipation, mainly because of breaking, in general
cannot be neglected. The energy input and the energy
sink are distributed nonuniformly among the wave
frequencies and may be more prominent at different
spectral ranges. Thus, the evolution of the statistical
parameters in this case is very different from the con-
servative case; it is mostly dependent on wind input and
dissipation.

Dimensional analysis of an evolving wind wave field
was first presented by Kitaigorodskii (1961). The prin-
cipal statistical parameters that characterize wind wave
field are the power frequency spectrum F(w), the char-
acteristic wave heights H that are related to the zero-
order spectral momentum my = [F(w)do = (n%),
being the surface elevation, and the peak radian fre-
quency w,. Kitaigorodskii suggested that for a quasi-
steady spatially evolving wave field these parameters,
when rendered dimensionless, should satisfy the fol-
lowing relations:

S F(w)/U° = f,(Uwlg, gxIU?), 1)
g'my/U* = £,(gx/U?), and ()
Uw,lg = f;(gx/U?), (3)

where g is the acceleration of gravity, U is the charac-
teristic wind speed, and x is the measurement location
along the wind direction (hereinafter ““fetch”). Equa-
tion (1) relates power spectra obtained at different
conditions, while (2) indicates that the characteristic
wave height exhibits strong dependence on the wind
velocity U. Since for pure gravity waves the celerity
¢ = \/glk = glw, the relation (3) can be seen as repre-
senting the variation of the wave age ¢/U with the di-
mensionless fetch gx/U?. Kahma (1981) and Kahma and
Calkoen (1992) offered the following nondimensional
spectral form F(w) that contrary to (1) does not explic-
itly contain the dependence on fetch:

F(w)o’lg* = f(Ualg), (4)

arguing that it is particularly revealing for the spectral
high-frequency tail shape. The dimensional analysis
by Phillips (1958) suggested that at high frequencies
F(w) « @™ " with n = 5. Experimental results of Phillips
(1977) seem to substantiate the n = 5 spectral shape.
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However, Toba (1973) took a closer look at the avail-
able experimental results and suggested the following
expression:

w \4
FT(w, a)p,aT) = aTgu*w—4 exp [— <—p> } , (5

w

where ux is the friction velocity and a7 ~0.127 is the
Toba parameter. For saturation range, usually defined
as 1.5w, < o < 3.5w), (6) reduces to

Fo) = apgusow . (6)

A more general relation that accounts for energy in-
put due to the wind-wave interaction was offered by
Badulin et al. (2007). For the frequency range where
nonlinear interactions are dominant and energy ex-
change due to the wind input and dissipation can be
neglected, they suggested a n = 4 spectral shape. Janssen
(2004) presented the following parameterization of the
frequency spectrum

F(w)= FPM(w, wp,ap) X yr(“’"“p“’) 7

proposed by Joint North Sea Wave Project (JONSWAP)
group (Hasselmann et al. 1980) that is generally used to
describe ocean wave spectra, here

Fou(oaa,) = a0 exp| () 4} ®)

is the spectral shape of the high-frequency part sug-
gested by Pierson and Moskowitz (1964), y"@@») is the
shape function that mainly affects the domain around
the peak frequency, and e, =~ 0.0083 is the Phillips (1958)
parameter.

It is generally accepted that the high-frequency tail of
the wave spectrum is better approximated by a o *
shape than by the Phillips > power law; the coefficient
of proportionality is independent of the wave age.

In the present study the spectral shapes, the wave
height probability distributions, as well as numerous
additional statistical parameters, are investigated un-
der carefully controlled conditions in a laboratory wind
wave flume. The experiments are carried out at a num-
ber of wind velocities and at numerous fetches along the
test section.

2. Experimental facility and procedure

The experiment was conducted in a laboratory wind
wave flume that consists of a closed-loop wind tunnel



JANUARY 2013

over a 5-m-long test section with the cross section 0.4 m
by 0.5 m. The wind tunnel is equipped with large settling
chambers at the inlet and at the exit of the test section.
Side walls and the bottom of the test section are made
of clear glass to enable flow visualization of the wave
field from all directions. The test section is covered by
transparent removable Perspex plates with a partially
sealed slot along the center line to facilitate the sensors
positioning. Water depth in the test section was kept at
about 0.2 m, satisfying deep water conditions for wind
wave lengths observed in this study; a flexible flap con-
nects the bottom of the converging nozzle to the test
section slightly above the mean water level height to
ensure smooth airflow. A computer-controlled blower
enables maximum wind speed in the test section that
may exceed 15 m s~ '. A heat exchanger connected to an
external water chiller and controlled by a temperature
controller was installed in the system and helped to
eliminate excessive water evaporation because of air
heating in the closed system. The chiller was set to keep
the air temperature independent of wind velocity and
constant at 22°C.

Capacitance-type wave gauge made of 0.3 mm tan-
talum wires was used for measuring instantaneous sur-
face elevation, while a 1 mm ID Pitot tube connected
to a sensitive pressure transducer (MAMAC Systems,
INC 2 PR274) with a resolution of 2.5 - 107> Pa deter-
mined for the local mean air velocity. The sensors were
supported by a carriage that was manually positioned
at a desired fetch along the test section. The wave gauge
was mounted on a computer-controlled vertical stage
to enable its static calibration. At any given fetch and
wind velocity, the calibration of the wave gauge was
performed by a computer and covered the expected
range of surface elevation variation. The Pitot tube was
mounted on a separate accurate computer-controlled
vertical stage that enabled its positioning at any pre-
scribed height above the water surface. Temperature in
the test section was monitored using the PT-100 re-
sistance thermometer.

A high level of automation requiring minimum human
intervention in conducting the experiment was achieved
by the means of a LabView program that enables con-
trolling the wind speed in the tunnel, calibration of the
wave gauge before and after each measurement session,
and data acquisition. For more detailed description of
the experimental facility, the available instrumentation
and the calibration and data acquisition procedures
employed see Liberzon and Shemer (2011).

At each fetch and airflow rate characterized by the
maximum wind velocity in the test section, Up,.x, the
instantaneous variation of the surface elevation was
continuously recorded for 90 min at the sampling rate
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TABLE 1. Experimental conditions.

Unax (ms™") 33 44 55 66 77 89 100 112 123
e (ms™') 017 022 032 041 050 0.57 0.66 084 128

120 Hz, thus enabling to accumulate a very large en-
semble of experimental data. Measurements were car-
ried out at 8 fetches (x = 100, 140, 180, 220, 260, 300, 340,
and 380 cm), and at 9 airflow rates in the test section.
Values of U,,.x and of the corresponding friction ve-
locities, uy, are summarized in Table 1. Methods used to
determine the friction velocities from measurements of
wind velocity profiles are described in Zavadsky and
Shemer (2012).

3. Results

The frequency spectra of the surface elevation varia-
tion with time 7(f) were calculated by dividing each re-
cord into windows that contained 8192 points (duration
of each window about 70 s), with 50% overlap, resulting
in 94 data segments for each fetch and airflow rate.
Variation with fetch of the surface elevation power
spectra averaged over all windows is presented in
Figs. 1a,b for two representative airflow rates.

Growth of the total wave energy along the channel is
observed for all wind velocities. At each wind speed, the
peak frequency decreases with fetch; comparison of
Figs. 1a,b demonstrates the shift of the peak toward
lower frequencies with increasing wind speed, so that for
every given fetch the wavelength increases with in-
creasing wind speed. The results of Fig. 1 are in agree-
ment with Liberzon and Shemer (2011).

There are two routinely used definitions of the char-
acteristic frequency of the wind wave field, the spectral
peak frequency f, and the dominant frequency fiom.
The dominant frequency is based on the spectral mo-
ments computed as

m; = J:mﬂx o' F(0) do 9

and is defined as

Y
. (10)

f dom

Since fqom 1s an integral quantity and thus less subject
to fluctuations in the experimentally estimated wave
power spectra; it represents the most robust character-
istic frequency at each fetch and airflow rate. Note that
in (9) the integration is carried out over the free waves
domain only; in the present study this domain for each
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FIG. 1. Variation of surface elevation spectra along the test section:
(@) Upax = 5.5 m s 'and (b) Upax = 123 m s

spectrum wp,in < @ < @nay 1S taken within =60% of the
peak frequency.

More often, however, the frequency of the spectral
peak f,, is chosen as the characteristic of the wave field
rather than fyon, since it constitutes a more intuitively
straightforward physical and visual parameter. To miti-
gate the inevitable scatter in the experimentally de-
termined power spectra, see Fig. 1, the value of f, is
defined here as the frequency of the peak of the para-
bolic fit performed for £20 data points (about =0.3 Hz)
of the measured spectra around the corresponding max-
imum values.

The peak frequencies measured at all fetches and
wind velocities in the present experiments are summa-
rized in Fig. 2. As expected, the values of f,, decrease at
each fetch with wind velocity; for any given wind flow
rate, the peak frequency decreases with fetch.

The comparison of the values of f4om and f, is pre-
sented in Fig. 3. Although the difference between these
two parameters is small, the dominant frequency is
consistently larger than f, owing to higher weight of
higher frequencies in the computation of the spectral
moments my, see (9). The linear fit that has a slope of
0.96 does not contain data points corresponding to two
lowest wind flow rates; for those wind velocities the
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FIG. 2. Variation of the peak frequency f, along the tank.

waves in the test section are characterized by small
amplitudes and wide spectra without well-defined peaks.
The peak frequency at these conditions cannot be de-
termined with sufficient accuracy and the results exhibit
considerable scatter.

The results of Fig. 2 can be presented as relations
among dimensionless groups. In the present experi-
ments the wind is steady at each fixed blower setting, the
wind wave field is stationary, so that the statistical pa-
rameters depend on fetch only. The friction velocity
is the quantity directly related to momentum transfer
from air to water and for a given airflow rate in the test
section is essentially independent of fetch (Zavadsky
and Shemer 2012; Liberzon and Shemer 2011). The
values of u,. given in Table 1 were therefore selected as
characteristic wind velocities. Equations (2) and (3) can
be rewritten in a more convenient form as

14 : :
v U _=33mis o
A Umax=4.4 mis ,/
121 & U__=55m/s ’/ 1
o VU =66m/s /
max //
10! + Umax=7.7 mis %5
o U =89mis 4
max 4 A v
x U =10.0 mis /%
&% g ¢ U . =11.2mis {é N
T x U =123 mis . &
max '
% ——equality line
Y= Bf ---linear fit ’ R
4 L =
2 L 4
0 1 1 1 1 1 1
0 2 4 6 8 10 12 14
f ,Hz

d’

FI1G. 3. Comparison of fyom and f,.
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FIG. 4. Dimensionless peak frequency fp vs dimensionless fetch x.

(11)

71 = g(P) i ~ gmi i = f(gxhii), and

1, = usf I = fy(gxhik). (12)

Note that the characteristic wave amplitude can be
presented in (11) either by the rms value of the surface
elevation (?)1/2, or as based on the zero spectrum mo-
mentum mo, see (9). The definition based on the spectral
momentum seems to be advantageous as it contains free
wave components only, in agreement with most non-
linear wind waves theories—see, for example, Badulin
et al. (2007). The comparison of the values of (n2)"? and
of m{? for all experimental conditions demonstrate that
wave energy is mainly contained in the spectral range
around the peak frequency; the values of m{/? are smaller
than the corresponding rms values of the surface elevation
by less than about 3%.

Figures 4 and 5 present the measured dependence of

the dimensionless peak frequency f ,» and the characteristic
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dimensionless wave amplitude 7 on ¥ = gx/u%. Note that
for a given dimensional distance from the inlet x, the di-
mensionless fetch X decreases strongly with increased air-
flow rate in the tank.

The majority of points (denoted by open symbols) in
Figs. 4 and 5 fit a linear dependence in log-log co-
ordinates and thus exhibit power-law behavior. The
dimensionless frequency fp decreases with the dimen-
sionless fetch as )270'27, while the dimensionless wave
amplitudes 7 grow as £*°!. The scatter of data repre-
sented by open symbols around the fit line can be at-
tributed in part to local variations in the friction velocities.
The power dependencies presented in Figs. 4 and 5 are in
agreement with wind wave channel measurements at
comparable range of dimensionless fetches by Mitsuyasu
and Honda (1974) and Mitsuyasu (1968) who suggested the
following relations:

(13)

(14)

faom = 1.00(%) ", and

ml? =131 1072(%)"30%4
where (> = (gm}/?)/i. Similar results were obtained
in field measurements by JONSWAP group (Hasselmann
et al. 1980) and by Kahma (1981).

As noticed above, not all data points fit the power law
pattern. Notable deviations from relations (13) and (14)
were also observed by Mitsuyasu (1968) and Mitsuyasu
and Honda (1974). The points in Figs. 4 and 5 that do
not fit the general trend and marked by filled symbols
generally correspond to the lowest wind velocities in the
present experiments (and thus higher dimensionless
fetches x). The factors related to this abnormal behavior

10 ————

/g = 0.0124(%)0-506
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FIG. 5. Dimensionless wave amplitude 7) vs dimensionless fetch x.
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FIG. 6. Variation of the phase velocities of dominant waves along
the test section.

can be identified in Fig. 2 as well as in Fig. 6, where the
peak wave phase velocity ¢ is shown as a function of
fetch. The peak frequencies at lower wind velocities
mostly exceed 5 Hz at all fetches; the celerities of the
corresponding short waves are strongly affected by
the surface drift current (Liberzon and Shemer 2011). In
these cases the wave celerities are only weakly dependent
on the wave lengths and on the fetch; they are notably
higher than the phase velocities of gravity—capillary
waves in the absence of the current and become compa-
rable with phase velocities of considerably longer waves
characteristic for higher wind velocities. The combination
of higher effective celerities with relatively low friction
velocities at low flow rates results in higher wave ages
c/ux; therefore waves generated at low wind velocities
appear as more mature. The variation of the wave age
c/ux with the wind velocity Up.x in the test section is
presented in Fig. 7. A moderate increase of the wave age
along the test section indeed occurs at every given wind
velocity. The more pronounced feature of this Figure is
however the decrease of the wave age with increasing
Unax; this decrease in wave age is mostly notable at
mean wind velocities below about 6-7 m s~ ' where the
wave age decreases twice when the maximum wind ve-
locity increases from about 3 m s~ ' to 6.5 ms™'. The
strong dependence of wave age on wind velocity at low
airflow rates seems to cause the deviation from the power
law of the energy growth and peak frequency variation
along the test section; these values therefore were not in-
cluded in data fits of Figs. 4 and 5. In this respect it is worth
mentioning that large values of wave age at low wind
speeds were also obtained in radar altimetry-based
field measurements by Fu and Glazman (1991), although
in this case the effect is attributed to the presence of swell.

The following relation between the dimensionless
wave amplitude nh(l)/z and dimensionless peak frequency
f » is obtained by combining the relations given in Figs. 4
and 5.
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FIG. 7. Wave age vs mean wind velocity.

g =0.026 X f, 157 (15)

This result differs somewhat from the generally ac-
cepted %> power law H, = BT>? proposed by Toba
(1972) that is based on extensive empirical data; here H
is the significant wave height and 7§ defined by the peak
frequency. It is customary to define H; as the average
value of /3 of the highest waves in the wave heights
probability distribution (see, e.g., Goda 2000). The sig-
nificant wave heights in the present experiments are
summarized in Table 2.

The characteristic steepness of random waves & may
be defined as the product of the representative wave
amplitude calculated as an rms value of the surface
elevation, and the peak wavenumber k, = k(f,);
e=(1%) kp. Note that the wave amplitudes grow along
the test section and with the wind velocity, while the
values of k, decrease with those parameters, see Figs. 4
and 5. The characteristic wave steepness ¢ is plotted as
a function of the dimensional fetch in Fig. 8a, and as
a function of the wave age in Fig. 8b. Figure 8a dem-
onstrates that at lower wind flow rates the values of &
tend to increase with fetch; the dependence of € on fetch
subsides with the increase in Uy, At any constant
fetch, the characteristic wave steepness increases with

TABLE 2. The significant wave height H, (mm).

Fetch (cm)
Unmax (ms™!) 100 140 180 220 260 300 340 380
33 040 0.66 081 070 127 1.62 1.61 1.98
44 145 195 209 172 267 336 3.10 4.14
55 255 3.07 365 331 516 673 6.84 8.07
6.6 402 528 652 651 886 11.19 11.39 12.86
7.7 6.11 7.71 9.62 9.79 11.81 14.56 14.95 16.36
8.8 7.81 9.78 11.59 12.28 14.17 16.96 17.92 19.19
10 9.45 9.12 13.26 14.35 16.37 19.63 20.87 22.91
11.2 12.55 15.94 18.17 21.63 23.66 26.66 30.42 30.91

12.3 16.68 22.09 24.27 28.59 31.86 34.48 37.16 42.90
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FIG. 8. The characteristic wave steepness: (a) as a function of fetch;
and (b) as a function of wave age.

Unnax, the growth of ¢ is initially fast and slows down at
higher wind velocity. The results of Fig. 8a suggest that
the wave steepness at all wind velocities and fetches
does not notably exceed ¢ = 0.2; this value may consti-
tute the highest possible characteristic wave steepness in
a naturally evolving young wind wave field. Additional
increase in wave steepness is most probably constrained
by microbreaking due to appearance of short ripples as
characteristic for wind waves shorter than about 30 cm—
see, for example, Caulliez et al. (2008). A snapshot of the
typical wave field at the far end of the test section under
the strongest wind in the present experiments is shown
in Fig. 9. The white-capping that characterizes breaking
of longer wind waves is virtually absent, and dissipation
of wave energy occurs by microbreaking that is ran-
domly spread over the entire surface.

When plotted against the wave age, Fig. 8b, the
characteristic steepness values decrease following a lin-
ear trend for the range of parameters investigated. Note
the variation of the slope of the pattern for each wind
flow rate in the test section, from a nearly vertical at low
wind velocities, corresponding to considerable change in
steepness coupled with a nearly independent of fetch
wave age at these conditions, to close to horizontal for
stronger winds, where the steepness remains practically
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FIG. 9. Water surface state at the most severe experimental
conditions (fetch around 340 cm, Upax = 112 m s ).

constant while the wave age increases along the test
section.

The surface elevation power spectra are now exam-
ined in greater detail in Fig. 10. In Fig. 10a the spectra
obtained at a constant airflow rate are plotted in a log-
arithmic scale as a function of the dimensional fre-
quency, whereas in Fig. 10b the power spectra for a wide
range of wind velocities are normalized by their peak
values and presented as a function of f/f,,. The line cor-
responding to the power law with n = 4 is also plotted in
Fig. 10.

The spectra in Fig. 10 are characterized by clearly
visible peaks at the second and the third harmonics of
the peak frequency. At low wind velocities even weaker
peaks corresponding fourth harmonic can be identified.
Those peaks signify the bound waves contribution to the
nonlinear wave field. At frequencies exceeding the third
or the fourth harmonics of the peak frequencies, the
bound waves’ contributions cannot be distinguished; those
frequencies correspond to the so-called quasi-saturated
high-frequency tail. The normalized power spectra of
the surface elevation for a range of wind flow rates in
Fig. 10b seem to collapse on a single curve, as long as the
frequency is below about 3f,,. The tail behavior is only in
a qualitative agreement with the n = 4 slope; notable
spread of the tail slopes is clearly visible in Fig. 10b.

The dimensionless spectral width v identified by the
spectral moments given by (9) as

mym,

2
my

Y=

1 (16)

constitutes an integral characteristic of the shape of the
free wave part of the power spectrum. The values of v
calculated for all airflow rates and fetches in the present
experiment are plotted in Fig. 11. For each airflow rate,
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FIG. 10. The power spectrum of the surface elevation for (a) different fetches at
Upax = 6.6 m s~ ! and (b) various wind velocities at x = 260 cm.

the spectral width decreases with x, the rate of decrease
is higher at lower fetches and wind velocities. The values
of the spectral width at wind velocities Upax > 5.5 m st
and fetches exceeding about 200 cm seem to be less
dependent on the airflow rate and decrease somewhat
with fetch from around » = 0.17 at x = 220 c¢m to about
v = 0.145 at x = 380 cm. The process of generation of
water waves by wind is thus characterized by decrease in
both the peak frequency f,, and the spectral width v. As
discussed by Liberzon and Shemer (2011), waves at
various frequencies are excited by wind at lower fetches;
the lower frequency harmonics grow in amplitude under
the action of wind along the test section, while waves
with higher frequencies attain their maximum satura-
tion amplitudes faster and then decay gradually. Higher
winds cause a more rapid evolution of the wave field

manifested by significantly smaller spectral widths at
shorter fetches.

The values of v characterize the spectral shape at
lower frequencies around f),. A closer look at the power
law behavior of the high-frequency spectral tail is pre-
sented in Fig. 12 that is plotted in normalized coor-
dinates as in Fig. 10.

The high-frequency ““tail” of the spectra shows the
power-law dependence on frequency:

-n
PP, = C(f/fp) . 17)

The power n defined by the slope of the linear fit in
Fig. 12 increases with fetch from n = 3.1 for x = 100 cm
to n = 3.74 for the longest fetch, x = 380 cm. The solid
line representing the ““—4 power law”’ is also plotted for
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FIG. 11. Variation of the spectral width v along the tank.

comparison. The fit range was chosen as from 3 < f/f,, <6,
as the spectra in this part are free of noticeable higher
harmonic peaks which can affect the slope.

The values of C and n of the high-frequency tail part of
the spectrum retrieved from the fit (17) are summarized
in Fig. 13. Only measurements performed at airflow
rates corresponding to Up.x = 6.6 m s~ were consid-
ered. The values of n plotted as a function of wave-age in
Fig. 13a seem to follow a common trend growing
monotonically with wave age from n = 3 to aboutn = 4
for more mature waves at larger fetches and relatively
low wind velocities, thus attaining the typical value for
the fully developed sea (Toba 1973; Badulin et al. 2007).
The coefficients C in (17) presented in Fig. 13b are
scattered around the value of 0.1, the scatter of data
seems to decrease with wave age.

The deviation of the random wind wave field from
Gaussianity can be characterized by coefficients of
skewness A3 and kurtosis A4 defined as
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= IPy2, A =mh?) (18)
For a normally distributed random wave field, A3 = 0
and A4 = 3. The calculated from the measured data
values of A3 and A4 for all cases are presented in Figs. 14
and 15. The skewness coefficient A3 characterizes the
vertical wave asymmetry; it is positive for all records and
demonstrates a general trend to increase with fetch and
with wind velocity, attaining values close to 0.5 at larger
fetches and wind velocities. These results are in agree-
ment with measurements of wind waves in a laboratory
tank by Huang and Long (1980). The second-order
bound waves that cause effective increase in wave crests
and decrease in troughs constitute the dominant con-
tribution to A; (Shemer et al. 2010a). According to
Tayfun (2006), the skewness coefficient in a narrowband
wave field due to second-order bound waves has an
upper limit that equals to wave steepness multiplied by
3. Comparison of Figs. 14 and 8a indicates that the
measured values of A3, while indeed increasing with the
wave steepness ¢ as expected, tend to exceed somewhat
the Tayfun’s limiting values of 3¢. This observation is in
agreement with the results of Shemer and Sergeeva
(2009) for a narrow-banded unidirectional wavemaker-
generation random wave field.

The kurtosis coefficient A4 plotted in Fig. 15 is below
the Gaussian value of 3 for all wind velocities and at all
fetches, except for the low wind velocity at moderate
fetches where it is slightly above that value. For wind
velocities exceeding about 7 m s~ !, the kurtosis co-
efficient seems to be nearly constant, with A4 being in
the range 2.4-2.6 and essentially independent of both
the fetch and the wind velocity. These values of A4
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x=180 cm, n=3.5
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FIG. 12. High-frequency part of the surface elevation power spectrum for Up,.x = 8.9 m s

frf
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indicate at a relative deficit of large amplitude waves
in the distribution. The values of kurtosis in Fig. 15 are
in qualitative agreement with Huang and Long (1980),
as well as with the experimental results of Shemer
et al. (2010a,b) obtained for mechanically generated
unidirectional random waves at comparable values of
the spectral width v. They disagree, however, with the
results of wind wave simulations by Annenkov and Shrira
(2009) based on the Zakharov equation who reported on
A4 > 3.

The conjecture regarding the relatively low proba-
bility of very steep waves in the present experiments,
deduced from the results of Fig. 15, is further validated
by plotting the probability distribution of the wave
height along the flume in Fig. 16. The results presented
for the extreme values of the airflow rate in these ex-
periments are representative also for all other wind
velocities. For linear narrow-band Gaussian waves,
Longuet-Higgins (1952) demonstrated that the distri-
butions of the wave heights H tend to follow the Ray-
leigh exceedance distribution

F(H) = exp<—H_2) . (19)

8n?
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Longuet-Higgins (1963) also has shown that non-
linearities can cause the deviation of surface elevation
distributions F(H) from the Gaussian statistics and ap-
proximated F(H) by a Gram-Charlier expansion. Huang
and Long (1980) carried out a comparison of the ex-
perimentally measured wind waves’ height distributions
with the Longuet-Higgins (1963) model and obtained
a reasonable agreement between their results and the
theory, although some problems in application of the
Gram-Charlier approximation called for additional stud-
ies. Later, Tayfun and Fedele (2007) suggested coupling
of the Gram-Charlier expansion with the Tayfun (1980,
2006) model for narrow-banded sea.

In Fig. 16 the exceedance distributions obtained in the
present experiments are compared with the Rayleigh
distribution as well as with the 3rd order Tayfun and
Fedele (2007) model (TF3). For all experimental con-
ditions, notable deviations from the Rayleigh distribu-
tion are indeed clearly visible in this Figure. For the
Rayleigh distribution, the significant wave height H ~
4(m?)"%. The probability of small and moderate waves
with heights H < H, is higher in Fig. 16 than that cor-
responding to the Rayleigh distribution. The probability
of waves higher than Hj, however, is overestimated by
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FIG. 15. The kurtosis coefficient A4.
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(19). These deviations from the Rayleigh distribution
are stronger for the higher wind velocity in Fig. 16b as
compared to the weaker wind case in Fig. 16a. The ex-
perimental data obtained here compare qualitatively
well with the TF3 model for all examined wind speeds,
especially for small and moderate heights. The quanti-
tative agreement improves with the increase in wind
speed and at longer fetches as the waves become longer
(Fig. 16b). No dependence of the measured F(H) on
fetch can be clearly identified in Fig. 16. Several extreme
waves recorded at the low wind flow rate appear exclu-
sively at short fetches characterized by very small wave
heights. Extremely steep (the so-called freak) waves are
usually defined as waves with heights exceeding 2H or
8(?)” 2. It thus follows from the present results that the
probability of such waves is considerably overestimated
by (19). The freak waves are totally absent in all en-
sembles accumulated at the high wind velocity, Fig. 16b.

4. Discussion and conclusions

A random quasi-steady wave field evolving in a small-
scale wind wave flume was studied. Compared to field
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studies, laboratory experiments offer an obvious consid-
erable advantage of accurate control of flow conditions,
repeatability, and possibility of detailed and extended
measurements under steady conditions. To assess the
relevance of experiments in a small flume, the extent of
similarity between waves excited in such laboratory facility
and wind-generated waves in the sea was examined. For
that purpose extended and statistically significant tem-
poral records of instantaneous water surface fluctua-
tions under variety of steady wind forcing conditions and
at numerous fetches along the flume were accumulated.
Statistical and spectral parameters of the wave field
evolving along the test section were compared with the
available theoretical and experimental data accumu-
lated during both laboratory and field studies. Spectral
integral moments were used to calculate the character-
istic wave amplitudes and frequencies, as well as the
spectral widths. The appropriate dimensionless param-
eters governing wind water waves’ excitation and evo-
lution were considered to enable comparison between
the results obtained investigating wave fields in labora-
tory and in the sea, as those differ notably by their
spatial and temporal scales. Relations between such
parameters in the present experimental facility were
obtained and compared with available data derived on
the basis of laboratory and field studies. Finally, a sta-
tistical characterization of wave heights distribution was
evaluated by calculating skewness and kurtosis co-
efficients, as well as the wave height exceedance distri-
butions.

Wave energy growth with fetch was documented for
arange of wind speeds. The friction velocity ux was used
as a characteristic wind velocity being a more natural
characteristic in the laboratory facility than the U, ve-
locity often used in the field measurements. Relation
between the dimensionless characteristic surface eleva-
tion amplitude and the dimensionless peak frequency
depicted in Fig. 4 corresponds to power law with the
power value of —1.87, not very different from the em-
pirical value of —1.5 suggested by Toba (1972) on the
basis of field data analysis. The wave amplitude growth
with the dimensionless fetch observed in the present
experiments and summarized in Fig. 5 is also in good
agreement with the available laboratory results by
Mitsuyasu and Honda (1974), Mitsuyasu (1968), as well
as the field observations (Kahma 1981; Hasselmann
et al. 1980). The agreement becomes less impressive for
lower wind velocities, Upax < 7 m s~ ', where the wave
field is characterized by wide-band waves of very small
amplitudes, so the results are less reliable and exhibit
considerable scatter.

The power spectra were obtained by averaging a large
number of statistically independent estimates, taking
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advantage of steady conditions in the experimental fa-
cility. The averaged spectra for each fetch and wind
velocity covered up to 5 decades. Two spectral domains,
the high-frequency tail, and the vicinity of the spectral
peak, were treated separately. To estimate the spectral
tail behavior care was taken to consider frequencies
exceeding about 3.5f,. At those frequencies the direct
effect of bound waves on the spectral shape is not dis-
cernible anymore, see Figs. 10 and 12; it thus can be
assumed that the slope represents mainly the contribu-
tion of free waves. This distinction allows carrying out
comparison of the present results with theoretical esti-
mates based on considering free waves only—see, for
example, Badulin et al. (2007). The spectral tails de-
pendence on frequency was found to follow the power
law (17) with n about 3 at lower wave ages and then
increasing with c¢/ux, but generally remaining somewhat
below the values of n = 4 suggested by Toba (1973) and
Badulin et al. (2007). The exponents  attain the value of
n = 4 in the present study only at the largest wave ages.
It should be stressed, however, that those wave ages
correspond to the very small wind waves at shorter
fetches and lower wind velocities; as stressed above, the
results at these conditions are less accurate. Moreover,
the waves at the frequency range considered are strongly
affected by surface tension, while Badulin et al. (2007)
consider pure gravity waves. The values of the co-
efficient C in the power relation (17) presented in Fig.
13b are also close to C = 0.1 suggested by Toba. It thus
can be concluded that the behavior of the high fre-
quency spectral tail in the present experiments does not
differ significantly from that obtained in the previous
theoretical and field studies.

The frequency domain around the spectral peak fre-
quency was analyzed separately. Dimensionless spectral
width v constitutes an integral property of this part of
the spectrum, since it was calculated from spectral mo-
ments estimated for that domain, see (16). Excluding
again very small waves at low wind velocities, the values
of the spectral width decrease somewhat with fetch from
about v = 0.22 at short fetches to about » = 0.15 for
higher fetches and stronger winds (Fig. 11). It should be
stressed that for fetches longer than about 180 cm and
wind speeds higher than 7 m s~ ' the spectral width is
virtually independent of wind velocity for a given fetch,
the scatter of a few percent being within the accuracy of
measurements. The observed decrease in both the peak
frequency and the spectral width with the increasing
wind speed, or with fetch, is characteristic for random
wind-generated waves, where higher frequency com-
ponents grow initially more rapidly with their ampli-
tudes attaining saturation that is followed by gradual
decay, while lower frequency components maintain
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FIG. 17. Averaged over all fetches exceeding 100 cm normalized
power spectra as a function of Af and the fitted JONSWAP shape.

exponential growth with fetch Liberzon and Shemer
(2011), Goda (2000), and Janssen (2004). The similarity of
normalized spectral shapes around the peak frequency as
shown in Fig. 10b and the essential independence of the
spectral width of the airflow rate at a fixed fetch suggests
introduction of normalized frequency deviation from
the peak value Af defined as

A_l f_
Af—v<fp 1).

The normalized spectra for all fetches exceeding x =
100 cm and maximum wind velocities Upay > 7 m s~ !
plotted in Fig. 17 for the range of —3 < Af < 3 collapse
on a single curve. It is thus instructive to compare this
spectral shape with a standard JONSW AP spectrum based
on extensive measurements in the North Sea. Following
Goda (2000), this spectral shape can be written as

(20)

—4

_ 5 I

P =BHT,(fIf,) " exp {—Z(fi> :|yCXP[ (1, Do?]
»

eay

where v is a peak enhancement coefficient, o has sepa-
rate values o and o, for the right and the left sides of
the spectrum, B is a coefficient that defines the peak
power of the spectrum, so that the peak value

P, =BHST,. (22)

In the variables of Fig. 17, (21) takes form of
P =5 5 A —4 | _exp[—(wAfIV30))
A (1 +vAf) " exp _Z(l +vAf) T | yP .
p
(23)
The spectral shape (23) was therefore fitted to the data
plotted in Fig. 17. The coefficients vy, og, and o were
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obtained from this fit for each fetch using the corre-
sponding dimensionless spectral widths v averaged over
wind velocities, see Fig. 11. The fitted shapes are in
a good agreement with the data at both sides of the peak
value Af = 0. The values of y remain nearly constant at
about y = 3.58 for all fetches. The coefficients oz ~
0.136 and o, ~ 0.148 were also essentially independent
of fetch. In view of insensitivity of the coefficients of
(23) to fetch and wind velocity, a single dimensionless
normalized JONSWAP-type spectrum averaged over all
fetches, and using averaged value of » = 0.173, is plotted
in Fig. 17. The spectrum was then also fitted with the
JONSWAP shape presented by (23), yielding values of
y=23.573,0r = 0.133, and o, = 0.143 representative for
all included experimental conditions. The resulted fit
curves are also plotted in Fig. 17.

A very good agreement was obtained for the longer
waves at the left side of the spectrum; the fit for the
higher frequency part of the spectrum deviated slightly
from the experimental data starting from about Af >
1.4. The value of vy, expressing the sharpness of the
spectral peak, is similar to y = 3.3 reported for mature
waves in the North Sea (JONSWAP) experiments
Hasselmann et al. (1980). The coefficients o obtained for
the present experimental data that characterize spectral
shape steepness, however, were somewhat higher than
those generally accepted for the JONSWAP spectrum,
that is, oz =~ 0.09 and o, ~ 0.07.

The peak power of the JONSWAP spectrum is de-
termined by the coefficient B, see (22). Values of 8
calculated from the measured spectra using significant
wave heights Hg presented in Table 2 are plotted in
Fig. 18 as a function of wave age. Calculation for the
value of y obtained in the present study according to
Goda (2000) yields B ~ 0.21. Figure 18 demonstrates
that for all experimental conditions except of high values
of X that correspond to the lowest wind velocities and
undeveloped wind wave field, the measured peak energy
coefficients 8 were found to be mostly slightly above 8 =
0.2 and very close to the computed according to Goda
value.

Next, the waves shape and the surface elevation
probability distributions were also compared with the
corresponding values characterizing sea waves. Steep-
ness of the dominant waves component, &, grew with
the increase in Upnax, While its dependence on fetch
quickly diminishes (Fig. 8). At all experimental con-
ditions values of ¢ did not exceed the apparent satu-
ration value of about 0.2, constrained by wave energy
dissipation that at the length scales characteristic for
the present experiments is mainly due to microbreaking
and the appearance of parasitic ripples, see Caulliez
et al. (2008). For stronger winds the wave steepness
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FIG. 18. The peak energy coefficient 8 in the JONSWAP spectrum
as a function of c/uy.

remained virtually constant and independent of fetch
and wave age, see Fig. 8a. Although the dissipation
mechanism in the present experiments may differ from
that in the open sea, the limiting value of the wave
steepness was found to be similar to the one observed in
field measurements.

Deviations of the surface elevation variation from that
corresponding to Gaussian were examined using higher
distribution moments of skewness A3 and kurtosis Ay,
see (20). The wave height exceedance distribution was
compared with the Rayleigh distribution. For all ex-
perimental conditions values of A; were positive and in
general agreement with the theoretical estimates of
Tayfun (2006) and the experimental results of Shemer
and Sergeeva (2009) for a narrow-banded random wave
field. Values of kurtosis coefficient A, were below 3,
indicating relative deficit in large amplitudes in the en-
semble, in agreement with the findings of Shemer et al.
(2010a) for unidirectional mechanically generated ran-
dom waves studied in a very large experimental wave
tank. The low kurtosis values suggested that the de-
viation from Gaussian distribution of wave heights pro-
bability can be expected. Indeed deviation from Rayleigh
distribution for all experimental conditions was ob-
tained for all experimental conditions (Fig. 16). While
the probability of relatively small waves was higher than
that corresponding to the Rayleigh distribution, the
probability of very high waves was vanishingly small.
The experimental results showed good qualitative agree-
ment with the TF3 model of broad banded wind waves
heights distribution. Quantitative agreement with the
TF3 model improves for higher wind speeds and at
longer fetches and thus longer waves dominating the
wave field; these conditions correspond to narrower
surface elevation spectra (Fig. 10). Results obtained
for waves driven by wind-induced stresses are again in
agreement with Shemer et al. (2010a) who demonstrated
that for surface stress-free wavemaker-generated waves
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with relatively broad spectra, the probability of the
so-called freak waves is virtually zero.

To conclude, extensive statistical characteristics of
wind-generated waves were accumulated in the present
experiments carried out in a small experimental facility.
The results are presented using appropriate dimension-
less parameters, thus enabling detailed comparison with
the available data obtained either in larger experimental
installations, mostly in the absence of wind, or during
field measurements. In particular, a dimensionless spec-
tral form for the energy containing domain around the
peak wave frequency was suggested allowing direct
quantitative comparison of numerous spectra obtained
at various conditions. Strong similarity was obtained
between the present results and those obtained in the
open sea. The presented study thus demonstrates that in
spite of certain limitations imposed by size, experimental
research on wind generated water waves in relatively small
experimental facilities may yield valuable results, appli-
cable at considerably larger scales. Experiments in small-
and midsize laboratory facilities, beyond being relatively
inexpensive, have significant benefits as they allow de-
tailed investigation of diverse processes associated with
the generation of water waves by wind under repeatable
conditions in a controlled environment and with temporal
and spatial resolutions that cannot be achieved during
field measurements.
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