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Extensive experimental results on propagation of unidirectional nonlinear random waves in a 
large wave tank are presented. In each experimental series, a different shape and/or width of the 
initial spectrum was considered. Every series contained sufficient number of realizations to 
ensure reliable statistics. Evolution of various statistical parameters along the tank was 
investigated. It is demonstrated that the initial shape of the spectrum plays an important role in 
the evolution of a random wave field and affects strongly the deviation of wave field statistics 
from that corresponding to the Gaussian distribution. 

 
1. INTRODUCTION 

Ocean waves are both nonlinear and stochastic in nature. Although wind serves as a major wave-
excitation factor, once generated, ocean waves are strongly affected by nonlinear interactions among 
many elementary waves that have random amplitudes and phases. While valuable information on the 
random wave field statistics was accumulated in numerous previous wave tank studies, many 
questions regarding the evolution along the tank of the statistical wave parameters remain unresolved. 
In particular, it is unclear to what extent the spectral shape far away from the wavemaker depends on 
the initial conditions, and whether some uniform spectral shape is eventually attained. The relation 
between the wave height probability distributions, higher moments of the surface elevation, etc., away 
from the wavemaker, and the initial conditions at the wavemaker is yet to be established.  

In the present study we extend the results previously obtained in GWK by Shemer snd Sergeeva 
(2009), referred to in sequel as S&S, and consider several initial spectral distributions S(ω). Variation 
of statistical wave parameters along the tank is obtained for a number of initial spectral shapes S(ω). In 
particular, the dependence of the probability of appearance of extremely steep (freak) waves is 
investigated as a function of initial conditions and of the wave field evolution stage. 

 
2. EXPERIMENTAL PROCEDURE 

Experiments were carried out in the Large Wave Channel (GWK) in Hannover, Germany. Water depth 
in the present experiments was set to be h=5 m. The instantaneous water height was measured using 
28 wave gauges at distances from the wavemaker ranging from of x=3.6 m to x=240 m. The distance 
between two consecutive probes did not exceed 10 m. The static calibration of the wave gauges was 
performed covering the range of surface elevations relative to the undisturbed level within ±0.5 m. The 
linear calibration curve for each wave gauge was obtained by best fit procedure.  

To enable direct comparison with S&S, in all experiments the dominant wave period T0=1.5 s was 
selected, corresponding to the wave length λ0=2π/k0=3.51 m, the dimensionless water depth 
k0h=8.95>>1, and the wave group velocity cg=1.17 m/s. The deep-water dispersion relation is satisfied 
for all significant harmonics in the spectrum. Output voltages of all wave gauges, as well as the output 
of the wavemaker position potentiometer that provides information on the instantaneous piston 
displacement, were sampled at the effective sampling frequency of 40 Hz. For reference purposes, the 
wavemaker driving signal was also sampled.  

The initial spectra considered differed by both their shape and width. The dimensionless 
characteristic spectral width ν is defined as  
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where the jth spectral moment is defined as 
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the free waves' frequency domain only.  
The following initial free wave spectral shapes were considered: i) rectangular spectrum with fmax-

fmin=0.0942 Hz; ν=0.045 identical to the width of the Gaussian spectrum in S&S; ii) Gaussian 
spectrum with ν=0.091; iii) Gaussian spectrum with ν=0.16; iv) JONSWAP spectrum (see e.g. Goda 
2002) with ν=0.20. The peak frequency for all spectral shapes was identical to that in S&S (2009), 
f0=ω0/2π=0.67 Hz. The amplitudes were also adjusted so that the r.m.s. values of the surface elevation, 
η', in each realization were close to 0.03 m, again as in S&S, resulting in constant initial nonlinearity 
parameter defined as 0 'kε η= ≈0.054. 

To compute the required amplitudes for each spectral harmonic of the wavemaker displacement in 
every realization of the random wave field, the linear transfer function appropriate for a piston-type 
wavemaker was applied (Dean and Dalrymple 1991). Minor empirical corrections appropriate for the 
GWK facility were introduced to the theoretical transfer function. In each realization, a random phase 
in the range [-π, π] was prescribed to every energy-containing spectral harmonics. The wavemaker 
driving signal for a given realization was then computed from the resulting complex amplitude 
spectrum using inverse FFT. The basic unit of the wavemaker driving signal had the duration of 
81.92 s, corresponding to 4096 data points at the wavemaker driver frequency of 50 Hz, and was 
repeated twice in each realization, yielding two initially nearly identical wave groups with the duration 
of the signal of 163.4 s. This corresponds to about 110 waves at the dominant wave frequency in each 
realization. About 50 to 70 runs of random-phase realizations for each one of the 4 spectral shapes 
considered were performed, resulting in the total ensemble of about 5,000 to 7,500 individual waves 
for each shape of the initial spectrum. The computed driving signal was extended by few additional 
seconds, where windowing was applied to eliminate large displacements of the wavemaker from its 
neutral position at the beginning and at the end of the wave excitation period and thus piston velocity 
and acceleration beyond the mechanically acceptable limits.  
 
3. EXPERIMENTAL RESULTS 

Variation along the tank of the frequency spectra averaged at each location separately over all 
realizations is presented in Fig. 1. Note that the gray level scheme in Fig. 1 is logarithmic. The spectra 
are presented in the order of the increasing initial width. The effect of the initial spectral shape on the 
subsequent spectral evolution along the tank is clearly seen in this Figure. For narrow spectra (Figs. 1a 
and 1b), the frequency domains corresponding to free and bound waves are clearly separated, thus 
making distinction between those waves relatively simple. For wider spectra (Figs. 1c and 1d), 
however, the free and the bound waves may have overlapping frequency domains, and the separation 
between the two requires more attention. Spectral moments computed over free waves only are 
required to determine the spectral width according to Eq. (1). To extract free wave field from the wave 
gauges records that apparently contain bound wave as well as free waves, an iterative procedure was 
used. The algorithm is based on the Zakharov (1968) equation and the related expressions for bound 
waves given in Stiassnie and Shemer (1987). This procedure was originally presented for deterministic 
wave fields with wide spectrum in Shemer et al. (2007). In the present study, only bound waves of the 
2nd order are considered.  

The spectra in Figs. 1a, 1b exhibit clear widening (more pronounced for a narrower rectangular 
initial spectrum), with the spectral width attaining its maximum value νmax≈0.09, twice its initial value, 
in Fig, 1a and νmax≈0.11 in Fig. 1b, at the distance of about 80 m (about 25 λ0) from the wavemaker. 
For initially wider spectrum in Figs. 1c, the variation of ν along the tank becomes less pronounced. For 
all Gaussian shapes considered, as well as for the initially rectangular free wave spectrum the spectral 
width seems to attain a quasi-equilibrium value at distances exceeding about 170 m (about 50 
dominant wave lengths) from the wavemaker. Those quasi-equilibrium spectral widths are different for 
all spectral shapes considered. For initially very narrow spectra with ν=0.045, the quasi-equilibrium 
width corresponds to about ν≈0.08, while for the initially widest Gaussian spectral shape employed in 
the experiments, as well as for the JONSWAP spectrum, the far-field value of ν is nearly twice larger, 
attaining ν≈0.15.  
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a)       b) 

 
     c)          d) 
 

Figure 1. Evolution of the frequency power spectra along the tank: 
a) initial rectangular spectrum with initial ν=0.045; b) initial Gaussian spectrum, ν=0.091; c) initial 

Gaussian spectrum, ν=0.16; d) initial JONSWAP spectrum, ν=0.20. 
 
The evolution of the spectral width of random wave field with the initial JONSWAP spectral shape 

is nevertheless somewhat different. The initial width of this spectrum is larger than that of other cases 
considered, and the values of ν seem to decrease along the tank, so that at x > 200 m the values of ν 
fall below those corresponding to the initially narrower Gaussian spectrum. 

The effect of the initial spectrum width on variation along the tank of the probability of 
appearance of extremely high waves is further examined in Fig. 2. Two initial spectral shapes are 
considered in this Figure: the very narrow rectangular initial spectrum in Fig. 2a, and the much wider 
JONSWAP spectrum in Fig. 2b.  

The patterns of variation along the tank of the normalized by η' wave heights probabilities are very 
different in Figs. 2a and 2b. From examination of Fig. 2a it is obvious that the wave height probability 
distribution differs significantly from that of Rayleigh throughout the whole length of the tank. The 
probability of waves exceeding about 4η' is higher than the Rayleigh predictions at all distances from 
the wavemaker, except for the immediate vicinity of the wavemaker. The probability of extremely high 
waves, in some occasions exceeding 10η' and thus falling within the range of "freak" waves, is the 
highest at the distance of about x=80 to 100 m from the wavemaker, where it exceeds by orders of 
magnitude the predictions based on the Rayleigh distribution. Note that at these distances the spectral 
width also attains maximum, see Fig. 1a. Similar wave field behavior was reported in S&S. 

Fig. 2b presents a qualitatively different picture. The range of variation of the wave heights in the 
case of the initial JONSWAP spectrum is narrower than that in Fig. 1a; furthermore, the deviations of 
the wave height distribution from that corresponding to the Rayleigh distribution are much smaller 
than in the case of a very narrow rectangular spectrum. 
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a) b) 

Figure 2. Normalized probability distribution function at various distances from the wavemaker: 
a) initial narrow rectangular spectrum; b) initial wider JONSWAP spectrum 

 
The results of Figs. 2 thus demonstrate that highest waves are mostly associated with narrow 

initial spectra. An example of a single realization of the initially rectangular spectrum where extremely 
high waves were measured in presented in Fig. 3. Two nearly identical wave groups are visible in this 
record; in each group a very steep wave was observed, with the height of the steepest wave exceeding 
11η'.  

 
Figure 3. Record of an extremely steep waves obtained for the rectangular initial spectrum at x=80 m 

 
 
ACKNOWLEDGEMENT 

This work has been supported by European Community's Sixth Framework Program through the grant 
to the budget of the Integrated Infrastructure Initiative HYDRALAB III within the Transnational 
Access Activities, Contract no. 022441. 

 
REFERENCES 

Goda, Y., 2000. Random seas and design of marine structures, World Scientific, Singapore. 
Dean, R.G., and Dalrymple, R.A., 1991, Water wave mechanics for engineers and scientists, World 

Scientific, Singapore.  
Shemer, L., and Sergeeva, A., 2009, An experimental study of spatial evolution of statistical 

parameters in a unidirectional narrow-banded random wavefield, JGR 114, C01015. 
Shemer, L., Goulitski, K., and Kit, E., 2007. Evolution of wide-spectrum wave groups in a tank: an 

experimental and numerical study, Eur. J. Mech. B/Fluids 26, 193-219. 
Stiassnie, M. and Shemer, L., 1987, Energy computations for coupled evolution of Class I and Class II 

instabilities of Stokes waves, J. Fluid Mech. 174, 299 - 312. 
Zakharov, V.E., 1968, Stability of periodic waves of finite amplitude on the surface of deep fluid, J. 

Appl. Mech. Tech. Phys. (English transl.), 2, 190-194.  
 


