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Abstract

As it strongly impacts the design of offshore structures, the realistic reproduc-
tion of sea states in experimental and numerical wave tanks is of great interest
to the ocean engineering community. The vast majority of wave qualification
procedures rely on the accurate control of 1) the wave energy spectrum and ii)
the wave crest statistics at a target location in the domain. However the con-
trol of the wave field is strongly challenged by nonlinear phenomena such as
breaking and high-order nonlinearities, which are at the origin of significant
variations of the wave properties along the tank. Considering this issue, the
most common industry methodologies focus on reproducing the wave energy
spectrum at the target position. The wave crest statistics are compared to
reference distributions. The present study aims to explore the limitations of
such a practice, investigating in detail the wave field properties for various
target locations over a long domain. We address the problem within the
framework of deep water long-crested irregular waves. In this respect, using
the Ecole Centrale de Nantes (ECN) experimental facility, a specific sea state
is consecutively generated at three positions of the wave tank using a dedi-

cated procedure based on wave maker motion iterative corrections. For such
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nonlinear wave conditions the wave crest statistics are known to be enhanced
along the tank by high-order nonlinearities. As a result, configurations char-
acterized by identical wave spectra lead to the generation of different wave
crest distributions, revealing an increasing number of extreme events as the
spectrum is generated farther from the wave maker. The data yielded by the
study provide convincing evidence that controlling the wave field at a target
location by correcting the sole energy spectrum is insufficient. Particular
attention must be paid to the nonlinear spatial dynamics of the wave field in

order to control the wave crest statistics.

1. Introduction

The response of offshore structures or ships to waves is an important part
of assessing their safety in facing the design environmental conditions. The
control of irregular wave fields in numerical or experimental wave tanks is
thus of great interest to the ocean engineering community. The seakeeping
tests are performed either at model scale (in an experimental or numerical
wave tank) or at full scale (usually possible in a numerical domain only). The
waves generated for such tests should i) represent realistic wave conditions
and ii) contain the events leading to the extreme responses of the structure.

Wave conditions are defined through the notion of design sea states, es-
tablished with methodologies given by the classification societies generally
through a spectrum shape and a set of parameters (significant wave height
H, and peak period 7},) (Det Norske Veritas, 2010; ITTC, 2011). They de-
pend on the location of the ship or infrastructure and its life expectancy. The

meteocean data will then provide the set of sea states that defines together
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with the wind and current, the environmental conditions that the ship or
structure needs to sustain typically for the duration of a storm. For a com-
mon duration of 3 hours, and typical peak period values, the floating body
will encounter around 1000 waves; and consequently the most extreme event

to be considered will occur with a probability Pjesign = 1073,

On those grounds, two main approaches are used in engineering to account
for the design sea sates.

First, deterministic procedures consist in generating a design wave, which
is a short sequence of waves representative of the sea state. Each design wave
is associated with a given probability level Pjesign. The shape of the generated
wave packets is built using rare event probability tools. They depend on
the sea state considered and the desired Pyesign (Jensen and Capul, 2006;
de Hauteclocque et al., 2012).

The second approach is stochastic: the power density spectrum of the
design sea state is used to build long random free surface elevation time-series.
The classical approach in wave physics is to use random phases (Zakharov
et al., 2012), the amplitudes of each frequency component being defined by
the design spectrum. The sequences of free surface elevation are characterized
by wave or crest height statistics that depend on the distribution of the
random phases.

The duration of the time series is usually equivalent to 3 hours at full
scale. Each 3hr-long generated wave sequence is called a "realization” and
is sometimes referred to a "run”. To evaluate the extreme events occurring

with a probability level Piegign, the total number of waves should be large
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enough to be statistically reliable. For example, if the chosen criteria impose
to ensure the safety of the structures for an event occurring at the probability
Paesign = 1073, the convergence of the crest height distribution until Piesign
(evaluated for example using Jeffrey confidence intervals (Brown et al., 2001))
imposes the generation of at least 20 realizations.

In a wave tank configuration, the free surface elevation time-series are
generated by a wave maker, whose motion is controlled. Note that the off-
shore structure model is positioned further in the basin. Therefore, the wave
field should be qualified in this area of interest, located at several wave-
lengths from the wave maker. However, complex nonlinear phenomena such
as breaking, or high-order nonlinear wave interactions deeply affect the prop-
agation of the waves (see Sec. 2.2). Consequently, the quantities of interest
(spectrum and, crest height distributions) vary from the wave maker to the
target position. It is therefore necessary to assess if the wave spectrum gen-
erated at the location of interest corresponds to the target design spectrum.
Improvements should be considered if the deviations are too great. More-
over, wave statistics should be at least analysed to quantify the severity of
the wave field generated.

On those grounds, with a stochastic approach a comprehensive wave qual-
ification procedure relies on the control of i) the measured wave energy spec-
trum and ii) the wave crest statistics, both at the position of interest in the
domain. A procedure is proposed in Det Norske Veritas (2010); NWT Prepa-
ration Workgroup (2019); Fouques et al. (2021). It focuses on the control of
the spectrum at the target location, through wave maker motion correction

processes. Complementary, the wave crest statistics are evaluated using the
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crest height probability of exceedance (POE). To this aim both the distri-
butions of single realizations (PDSR) and the ensemble distribution (con-
sidering all realizations) (PDER) are computed and analysed (Huang and
Zhang, 2018). The PDER are compared to the reference distributions (see
Sec. 2.1). The present study is based on this wave qualification procedure
and the scope is limited to the stochastic approach.

It is worth noting that the procedure presents some limitations. Mainly,
the influence of the target location is not taken into account and it relies on
the arguable assumption that the generation of the qualified energy spectrum
constrains the wave statistics. Numerical studies have led to the observation
of configurations exhibiting the same wave energy spectrum but different
crest height statistics, depending on the numerical model and the distance
from the wave maker (Canard et al., 2020).

In this respect, the aims of the present study are i) to experimentally im-
plement a corrective procedure ensuring the generation of a target spectrum
at a specified location of the wave tank, ii) to evaluate the influence of the
target location on wave statistics and iii) to study the mechanisms at the
origin of the different statistical behaviours that can emerge from a single
wave spectrum. The data collected show a significant influence of the target
location on the wave statistics, namely kurtosis of free surface elevation as
well as crest and height PDER.

This paper is organized into four sections. The first section gives an
overview of the physical phenomena that affect the propagation of the waves
from the wave maker to the area of interest. It includes the description of

theoretical tools developed to characterize and predict the evolution of the
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stochastic quantities of interest (spectrum and wave statistics). The second
section is dedicated to the experimental framework, including details about
the geometry, the wave conditions, the wave generation procedure and the
experimental uncertainties. Then, the third section summarizes the first
step of the experimental study which consists in generating the target wave
spectrum at three different locations in the tank. The final section focuses

on the statistical properties of the waves depending on the target location.

2. Irregular sea state characterization
2.1. Reference statistical distributions

The qualification of the crest PDER relies on comparisons with reference
distributions. The shape of the latter depends on the considered spectrum.
Over the years, a set of benchmarks has been consecutively developed to
account for the different degrees of wave nonlinearities.

At first, the linear prediction was established using the concept of Gaus-
sian wave field, which means that the free surface elevation and its temporal
derivation are considered as independent Gaussian random variables. The
associated predicted crest distribution is based on the Rayleigh formulation

(see Longuet-Higgins (1952)). For a given crest height H, (height from mean

level),
2
P(H.>n) =exp <_8HQ> (1)
H, = 40 corresponds to the significant wave height and ¢ the standard

deviation of the free surface elevation n. The latter is defined such that its

mean value 7 is equal to zero.
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Nonetheless, the bound waves emerging from second-order nonlinearities
are known to break the vertical symmetry of the waves, making the troughs
smaller and the crests larger. Theoretical (Tayfun, 1990) and semi-empirical
(Forristall, 2000) distributions have been developed to consider those effects.
The latter, built with a large number of simulation results, is generally given
as a reference by classification societies, see e.g. Det Norske Veritas (2010).

The mathematical definition follows. For a given crest H.,

P(H, > 1) = exp (— [aqu]ﬁ) @)

For long-crested waves, a, = 0.3536 + 0.28925; 4+ 0.106U, and 8 = 2 —

2.1597S; + 0.0956U2. The Ursell number and the integral steepness are de-
fined as U, = k?ﬁ and S; = 2?”%5 with 77 the mean wave period, k; the
corresponding mean wave number obtained from the linear dispersion rela-
tion and A the water depth. The mean wave period is defined thanks to
spectrum moments (m; = [J™ f'S(f)df) as Ty = mo/m1. [ and S(f)
respectively stand for the frequency and the energy spectrum. fua. is the
highest measured frequency of the wave field.

However, several consecutive studies in wave tank environments found
that with high nonlinear wave conditions, the second order references fail
to predict the tail of the distributions (Onorato et al., 2006, 2009; Buchner
et al., 2011; Latheef and Swan, 2013; Shemer et al., 2010). With no or
limited breaking phenomena, the third order nonlinearities appear to strongly
increase the number of extreme events, as a result of nonlinear processes such

as modulational instabilities or third-order near-resonant interactions. The

effects of directionality have also been explored, revealing the limitations of
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high-order effects for short-crested waves. Note that the conclusions have
been established under the assumption of deep water waves, which is the
framework of the present study. As a matter of completeness, a reduced
water depth is associated with smaller departure from Gaussianity due to
third-order effects (Tang and Adcock, 2021). To account for the high-order
effects, Huang and Guo (2017); Huang and Zhang (2018) provide a set of
semi-empirical crest height benchmark distributions including PDER and
PDSR upper and lower bounds. These are assumed to be a realistic statistical
description of long-crested wave fields. The distribution is based on a Weibull
formulation. The exact definition can be found in Huang and Zhang (2018).

Nevertheless, this distribution was built assuming spatial ergodicity, which
is not ensured in a wave tank environment. Its use consequently presents
some limitations associated to the spatial evolution of statistical properties

detailed in the following section.

2.2. Propagation of waves in a wave tank environment

As mentioned in the Introduction, to develop consistent wave qualification
procedures for a wave tank configuration, it is of great importance to account
for the physical phenomena that affect the propagation of the waves from the
wave maker to the area of interest. This subsection presents an overview of

the mechanisms affecting the spectrum and the wave height statistics.

Evolution of the wave spectrum. First, the energy spectrum evolves along
the wave tank. For deep-water unidirectional nonlinear conditions, third-
order wave interactions and more particularly Benjamin Feir instabilities
(Benjamin and Feir (1967)) tend to modify the spectrum shape. In order

to quantify this phenomenon Janssen (2003) carried out theoretical studies

8
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relying on the Zakharov equations as well as the NonLinear Schrodinger
(NLS) equations for water waves. The theory mostly predicts a broadening
of the wave spectrum along the domain and a downshift of the peak. These
phenomena have been observed in a large number of experimental studies
Onorato et al. (2006); Shemer et al. (2010); Fadaciazar et al. (2020).
Furthermore, during the wave propagation in a tank, the wave spectrum is
also modified by dissipation mechanisms. Different sources can be identified
(Deike et al., 2012). They are due to the effect of viscosity in the: 1) fluid bulk,
ii) bottom boundary layer, iii) side wall boundary layer, and iv) free surface.
In the present study, using a configuration of a deep water towing tank (see
Sec. 3.1) and non breaking wave conditions (see Sec. 3.2), the observed
dissipation is dominated by viscous phenomena acting on the lateral side
walls of the towing tank. A theoretical framework, considering the energy
losses of non breaking progressive waves along a tank is described in Kit and
Shemer (1989) and Deike et al. (2012). Each Fourier component A(f,z) of
the wave field at position z (distance from the wave maker) is expressed as

A(f, ) = A(S,0) exp (—Lff)) 3)

with f the frequency of the Fourier component, A(f,0) the initial Fourier
amplitude at frequency f, and L the dissipation length, dependent on wave
frequency. The latter is defined as,

B 2 sinh(2kh) + kL,
V) = k\/; sinh(2kh) + 2kh (4)

Re =2nf Li /v stands for the Reynolds number of the considered frequency

component, v is the kinematic water viscosity (v = 1.10"°m.s?) and L, is the
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wave tank width. Computing the exponential dissipation for all the frequency

components, the theoretical wave spectrum S(f,x) at position z is then:

S(f,x) =0.5A(f,2)*/df (5)

with df the sampling frequency. The associated significant wave height H(x)
at position x can be deduced with the spectrum integration over the entire
frequency range. Note that those predictions have been established under
the assumption of a linear wave field with deep or intermediate water depth.

For extreme sea states, which are not studied in the present paper, the
occurrence of breaking events also affects the significant wave height and
the spectrum shape, especially for high frequency ranges (Latheef and Swan
(2013); Onorato et al. (2006)). However, complex energy cascades limit the
accuracy of the predictions (Dommermuth (2021)).

Evolution of the wave height statistics. Concomitantly, the spatial evolution
of wave height statistics in a wave tank environment is an intricate phe-
nomenon. The wave maker motion is built from a free surface elevation se-
quence which corresponds to the linear superposition of the input spectrum
components with random phases. Therefore, the wave height statistics of this
input sequence are Gaussian. However, the generated waves are affected by
nonlinearities and as a consequence the statistical properties of the wave field
differ from the Gaussian input sequence. The deviations strongly depend on
the sea state characteristics and the distance from the wave maker.

With a domain of typical size (propagation length below 60 wavelengths),
experimental observations show that the statistical quantities of the wave

field vary with the distance from the wave maker (Onorato et al., 2006;

10
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Shemer et al., 2010; Cherneva et al., 2009). This is especially observed for
nonlinear narrow-banded spectra. This property of the wavefield can be char-
acterized by the Benjamin Feir Index (BFI), the ratio between the steepness
and the nondimensional spectral width, introduced in Janssen (2003). The

definition used in the present article was suggested in Serio et al. (2005) as
BFI = 11 v/2 /v, (6)

with 1y = k0 the mean steepness and v, the nondimensional spectral width

defined with the peakedness method,

1
QT

(7)

Vo

mg

fmax
with Q, = 2 / fS%(f)df. It should be mentioned that this definition
0
of the BFI leads to smaller values that the one used in Onorato et al. (2009)
and Onorato et al. (2006), the spectral width being defined in these papers

using the half width at the half maximum.

2.3. Predictions of the evolution of wave statistics

Some theoretical tools have been developed over the years to predict
the spatial evolution of wave statistics and to quantify the emergence of
extreme events, known as rogue waves, along the tank. One of the most
relevant approach uses the NLS framework for water waves. Janssen (2003)
established an analytical evolution of the wave statistics from a Gaussian
to a nonlinear converged wave field. It considers the influence of i) the
wave conditions, ii) the water depth and iii) the directionality. The quantity
studied is the kurtosis of the free surface elevation, Ay = /o, mainly used to

characterize the severity of the wave field. It is found that for unidirectional

11
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waves, A\ increases along the tank before reaching a converged value, after a
transition area which can reach dozens of wavelengths. The theory has been
established under the assumption of deep water waves and narrow banded
wave spectra. A complete description can be found in Fedele (2015) and
Fedele et al. (2016). Here follows a brief presentation of the main results.

The kurtosis of the free surface elevation can be decomposed into 3 terms,
A =3+ g+ (8)

with 3 the Gaussian prediction, A}, the bound (Stokes) harmonic contribution
and A%, the dynamic component enhanced by nonlinear quasi resonant wave-
wave interactions.

A, can be directly linked with the vertical asymmetry of the wave field,
which is characterized by the skewness of the free surface elevation A3 =
o = \/m. The evolution of A3 and A4, depends on the steepness
of the waves. Their asymptotic value can be predicted as A3 = 3u; and
Ao = 1843,

The dynamic excess kurtosis A%, characterizes the third order nonlinear
effects. Its accurate prediction is as a crucial step for the tracking of ex-
treme events. The theoretical framework presented in Janssen (2003); Fedele
(2015); Fedele et al. (2016) includes an analytical formula. For unidirectional

fields, starting from a Gaussian wave field at the position x = 0,

Mo(r) = 6BFI* S ( (9)

v2wiz/cq 1
——da
0 V1 — 2t + 32
with ¢, the group velocity at peak frequency and w; = 27 /T;.
Fig. 1 presents \4, spatial evolution along the ECN towing tank used for

the present study (see Sec. 3.1), using the characteristics of the sea state of

12
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Figure 1: Predicted Excess Kurtosis of the free surface elevation along the tank. Target
locations are marked with dotted lines.

interest (see Table 2 in Sec. 3.2). The theoretical excess kurtosis increases
monotonically towards an asymptotic value directly linked with the BFI of
the wave spectrum,

e
Mo aw = BFIP— (10)
,max \/g

The locations of interest X; of the present study (see Table 2 in Sec. 3.2)
are indicated in Fig. 1 with dotted lines. For X; = 4\, and 16A,, the
spatial convergence of the kurtosis is still not reached. Different statistical
behaviours are then expected depending on the target position. Note that

those predictions do not consider dissipation phenomena.

3. Experimental set-up and methods

For the present study, an experimental procedure was implemented, al-
lowing wave generation targeting a design spectrum (whose characteristics
can be found in Sec. 3.2) at three positions of the Ecole Centrale de Nantes

(ECN) towing tank. This section gives an overview of the set-up and methods

13
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Figure 2: Sketch of the ECN experimental facility with resistive wave probes arrangement
(top view).

adopted, including the geometry, the measurement system, the wave condi-
tions, the wave generation procedures and the estimation of the experimental

uncertainties.

3.1. Ezperimental set-up

The experiments were conducted in the ECN towing tank. Figures 2
and 3 present the facility as well as the measurement set-up. The tank is
140m-long and 5m-wide. An absorbing beach beginning at x.,q = 134m
limits the reflection. Considering the peak frequency of the generated waves
fp = 0.88Hz, the constant depth h = 2.9m ensures a dispersion parameter of
kyh = 9.4, which is large enough to verify the deep water assumption. The
tank is equipped with a monoflap wave maker, with the hinge at 0.47m from
the bottom. An optical sensor constantly measures the wave maker motion
allowing comparisons with the desired input. Nineteen probes are located
all along the domain, allowing an evaluation of the spatial evolution of the
wave field see Fig. 3. They consist of resistive gauges measuring the free
surface elevation time-series with a 100Hz sampling frequency. The three

target positions for the sea state generation are x = 8, 32 and 104m from the

14
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Figure 3: Picture of the experimental set-up in the ECN towing tank.

wavemaker. At these locations, four probes are implemented on the plane
perpendicular to the propagation direction in order to measure the lateral
homogeneity of the wave-field and to identify and quantify the transverse
modes excited by the small interstices existing between the lateral vertical

walls and the wave maker.

3.2. Wave conditions and target locations

The wave conditions were carefully chosen considering the need for a re-
alistic sea state of use in ocean engineering, which exhibits spatial dynamics,
to possibly enlighten the influence of the target location. Breaking condi-
tions were excluded so as to focus on nonlinear effects. Such a wave field
is characterized by an intermediate BFI value. As the steepness is limited
by the non-breaking condition, a small spectral width must be adopted to

increase the BFI. As a result, a moderate steep narrow banded JONSWAP

15
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Table 1: Sea State Characteristics.

Experiments Full scale

o 5.0 5.0
H, 0.05m 6m
T, 1.13s 12.25s
T 0.97s 10.63s
Ap 2m 234m
€= ’j— 2.5% 2.5%
Ve 0.144 0.144
BFI 0.51 0.51
0.25
0.2
gjo.w
3
S 01t
0
0.05
0 L T
0.5 1 1.5 2 2.5
Il

Figure 4: Target wave spectrum.

spectrum was selected (see Komen et al. (1996)). Its shape is defined by

2 —4
S(f) = (;’”)ﬂ 75 OXP [_2 <fip) ] P (f=17)?/ (257 £2)] (11)

with f, the peak frequency, a,, the Phillips parameter, v the peak enhance-

ment factor, and s = 0.07 for f < f, and 0.09 for f > f,. The parameters
are specified in Table 1 and its shape is presented in Figure 4. Note that

16
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345

wave conditions correspond to a typical "ss6” design sea state (see NWT
Preparation Workgroup (2019)) generated at the scale 120, using the Froude
similitude. The small frequency bandwidth is ensured by a significant v = 5,

representative of swell conditions (Det Norske Veritas (2010)). A moderate

Hs — 9 5% was adopted, which limits the presence of breaking

steepness € = N

events (Shemer and Alperovich, 2013). The different target positions X; of

the waves generated are listed in Table 2.

Table 2: Target locations.

X (m)  Xi(Ap)

8m 4\,
32m 16,
104m 92),

For the present work the duration of each realization was 900s which
corresponds to 2h45 at full scale. To consider only fully developed sea state
data, the analysis time window was set for each measured time-series to
[Timaz/Cq(2.2f,); 900s], with 2,4, the position of the last probe and ¢,(f) the
group velocity at the frequency f. The upper limit 2.2f, corresponds to
2H,, which is the shortest wave generated due to a mechanical limitation of
the wave maker. However, as seen in Fig. 4, the energy content past this
frequency is very small. Note that before each run, at least 20min of calm

water are ensured to limit the residual waves and currents.

3.83. Wave generation

In order to generate the sea state of interest described in Sec. 3.2, a num-

ber of 3-hour full scale realizations were conducted. This section summarizes

17
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the procedure used to build each of these runs.
Each realization is associated with a set of input amplitudes Ainput(f;)
and phases @iput(fj), related to a free surface elevation time-series ninput ()

defined as

Nlnax
Minput (f) _ Z Ainput(fj)ei(%rfjt+¢inpuc(fj)) (12)
§=0

with (f)je[1;Nma] the frequencies of the waves to be generated. As mentioned
in the Introduction, the phases are random and the amplitudes are built using

the input spectrum Sinput(f;),

Ainput (f]) = 2Sinput (fj)df (13)

and,

Ginput (f7) = 27U,y (14)

with Ujp,1) a random variable following the uniform probability law between
0 and 1. df is the frequency step, chosen for the present study as df =
1/1024H,. The wave maker transfer function is used to convert ni,put(t) into
wave maker motions. Then, at a position x (distance from the wave maker),
the generated free surface elevation n(z,t) can be expressed as

Nmazx

nw,t) = A(fy,w)elErhrteta (15)
j=0

with A(f;,z) and ¢(f;, z) the Fourier amplitude and the phase at position

and frequency f;. n(z,t) is the quantity measured and analysed. The linear

theory predicts A(f;, ) = Amput(fj) and &(fj, ) = —k(f;)x + Gimput(fi)s

with k(f;) the wave number at frequency f;. However, the nonlinear effects,
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Figure 5: Wave maker motion correction iterative process ensuring the generation of the

target spectrum at the location of interest.

the wave maker transfer function uncertainties, the dissipation and the spu-

rious waves result in significant deviations from the linear theory. Therefore,

to ensure at the area of interest A(f;, X;) = Ainput(f;) the corrective proce-

dure introduced in 3.4 adapts the input amplitudes with a calibration factor

C(fjaXt>a

A (f) = Asmpue (£7) - C (5, X)

3.4. Iterative procedure

(16)

The present study relies on the accurate reproduction of a target wave

spectrum at specific locations in the wave tank. Nonetheless, as already

mentioned in Sec. 2.2 and 3.3 the spectrum evolves along the tank due

to nonlinear wave interactions and dissipation mechanisms.
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procedure is needed to ensure the generation of the sea state at a given
position. In this respect, the wave maker motion is corrected through a linear
iterative process, already successfully tested numerically (Canard et al., 2020)
with the open-source wave solver HOS-NWT (Ducrozet et al., 2012). Figure
5 provides a reasonably comprehensive overview of the procedure used to
control the quality of the wave field generation in the experimental wave
tank.

The first series of runs use the target spectrum as input for the wave
maker motion. Then, the Fourier amplitudes are iteratively corrected using

the spectrum measured at the target location X;. At iteration n + 1, each

input amplitude A%;Lt( f) is expressed as
n n A arge (f)

measure

with Asgrget(f) and A7

measure

(f) the Fourier amplitude of the target and mea-
sured spectrum at iteration n. Note that for the present study each itera-

tion test consists of six realizations. A ..
STL

measure

(f) is built using the spectrum
(f) obtained at X; and averaged over the six realizations. This en-
sures a large enough number of waves to obtain converged Fourier amplitudes.
The estimation of the spectra is performed with the Welch method applied
on the measured free surface elevation time series, using time windows of
approximately 507, (Welch, 1967).

The process ends when the spectrum measured at the target location
matches the target sea state. Verification is performed using the wave qual-
ification criterion detailed in NWT Preparation Workgroup (2019) and Ca-
nard et al. (2020). It evaluates the difference between the target and the

measured spectra. The deviation must be within C' = 10% for frequencies
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in the range f € [% I % fp] with f, the peak frequency of the corresponding
spectrum. The significant wave height is also used to qualify the wave field.
Deviations below 5% are accepted. Note that the typical wave qualification
criteria used in numerical frameworks are more restrictive (Det Norske Veri-
tas, 2010; NWT Preparation Workgroup, 2019; Canard et al., 2020). Indeed
spurious events such as reflection or transverse modes together with mea-
surement uncertainties alter the efficiency of the process. After convergence
of the spectrum, 30 realizations of the corrected sea states are generated.
The results presented in Sec. 4.2 and 5 use the corresponding 17,000 waves
at peak period (considering the analysis time window). The procedure is

repeated for the three target locations (Tab. 2).

3.5. Uncertainties

Particular attention was paid to the measurement and generation un-
certainties during the experimental campaign. The quality of the results
is mainly affected by i) the reliability of the measurement system (wave
gauge uncertainties), ii) the mechanical defects affecting the generation (wave
maker transfer function uncertainties), and iii) spurious waves affecting the
propagation (transverse modes, reflection, residual waves present when launch-
ing a run). Note that the relevance of the measured stochastic quantities of
interest is also challenged by a statistical reliability. The method adopted for
the present study considered only the the most critical uncertainties. First,
uncertainty ranges were estimated, taking into account i) wave gauge un-
certainties, ii) repeatability issues and iii) statistical reliability. Then the

influence of spurious waves (reflection and transverse modes) was examined.

21



OCO~NOOOA_WNE

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

Uncertainty ranges. The reliability of resistive wave gauges was explored
throughout the experimental campaign. These sensors, which rely on wa-
ter conductivity, are very sensitive to temperature, resulting in significant
changes in the calibration factors during experiments lasting for several
days/weeks. Repeatability tests were therefore performed at least once a
day to monitor the quality of the measurements. These dedicated experi-
ments were used to adapt the calibration factors of the wave gauges daily.
A calibration bench was also used to re-calibrate the gauges in the event of
strong variations.

The influence of these corrections was quantified to compute uncertainty
ranges. A brief description of the method follows. For each probe, the

measured free surface elevation was computed as

nwa(t) = U(t) Gwe (18)
and,
Gwa =GR Cr (19)

with ¢ the time, U the voltage given by the measurement acquisition system,
Gwa the corrected calibration factor, G, the calibration factor in meters
per volt obtained from the calibration bench and Cg the non-dimensional
correction factor estimated from repeatability tests. G4 and Cg were kept
constant during a run. Then, the uncertainties of the corrected calibration

factor 0Gwg can be quantified as

5Gwa 5GB.\°  [(6CR\?
= — ) = 2. 2
e \/ < ar ) e, 5% (20)
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Besides, variations in the quantities of interest (Hs and spectrum) were
observed by comparing several repeatability runs generated the same day.
The associated standard deviations of the Hy was 1%. Considering the short
duration between these runs, the deviations of the wave gauge calibration
factors cannot explain the variations observed. The former are likely to come
from the residual waves and currents (van Essen and Lafeber, 2017) that are
still present at the beginning of the runs and the unavoidable perturbations
of the measurement acquisition system.

Lastly, it should be remembered that the H, and the wave spectra pre-
sented in this article are mean stochastic quantities, averaged over several
realizations. Consequently, the sampling variability (i.e. the statistical un-
certainties) limits the accuracy of the results. This can be quantified through
the use of the standard deviations of the quantities of interest over all the re-
alizations. Note that the former also includes the effects of the repeatabilitiy
issues previously described.

Then, considering wave gauge uncertainties and grouping the influence of
repeatability and statistical issues by the use of the standard deviations over
all the realizations, the total uncertainties of the mean H and spectrum can

be estimated as

real

?s B Fs V Nreal GWG

Hs
(SHS 1 o + 5GWG (21)

0S(f) _ 1 ol | p0Gwa (22)

S(f) S(f) \% Nreal GWG

with X, the standard deviations of a stochastic quantity X over all the

realizations and N,.., the number of realizations. Note that §H,/Hs < 3.5%
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Figure 6: Mean spectrum and associated uncertainty ranges (at the target location after
the iterative correction procedure described in Sec. 3.4)

and dS(f)/S(f) < 6% for the following results obtained with 30 realizations
of a 3-hour full scale sea state. As an example, Figure 6 displays the uncer-
tainty ranges for the mean spectrum measured at = 4\, after the iterative
correction procedure described in section 3.4. The magnitude of the wave
spectrum uncertainties are always similar to the ones presented here. For
the sake of clarity, in the next sections that involve comparisons of different
spectra, uncertainty ranges will only be displayed for the significant wave
height.

The non-dimensional quantities, such as the kurtosis of the free surface
elevation or the normalized crest height distributions, are not influenced by
uncertainties in the wave gauge calibration factors. Nonetheless, their qual-
ity is affected by the sampling variability which depends on the size of the
data-set (Bitner-Gregersen et al., 2020). As for the spectrum and the signif-
icant wave height, the statistical uncertainties of the kurtosis were evaluated

through the use of its standard deviation over the realizations,
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Figure 7: Crest height PDER and associated Jeffrey intervals (at the target location after
the iterative correction procedure described in Sec. 3.4)

(5)\4 = :\:al/ V Nreal (23)

For the PDER, the sampling variability can be estimated by computing
95% Jeffrey confidence intervals (Brown et al., 2001). As an example, Figure
7 presents the crest height PDER at o = 4\, after the iterative correction
of the spectrum, gathering data from 30 realizations. The associated 95%
Jeffrey intervals are displayed in pink. The uncertainties are relatively greater
for the smallest probability of occurrence. Note that the confidence intervals
depend only on the length of the data-set. Hence, their magnitude does not
vary significantly among the configurations analysed in the present article.
On these grounds, in the following sections, only the probabilities greater
than 1072 will be considered. This limits the relative errors on the wave crest

height to approximately 5%. For the sake of clarity, the Jeffrey intervals
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will not be displayed in the following sections where different PDER are

compared.

Spurious Waves. Reflection is limited by the absorbing beach located at the
end of the experimental wave tank. Its performance has been assessed by
an analysis of the remaining waves after the runs and using experimental
studies in regular waves estimating the efficiency of the absorbing beach for
frequencies close to the peak frequency of the spectrum. The amount of
reflection was estimated to 5% of the incident wave height. Note that it was
checked thanks to numerical simulations that this amount of reflection has
no influence on the results presented hereafter (spectrum, kurtosis, PDER,
groupiness factors).

Transverse modes, excited by the gaps between the wave maker and the
side walls were also observed. In particular, modes 2, 4 and 5 were identified.
To reduce their influence, the positions of the four gauges installed at each
area of interest were carefully chosen to be on Mode 4 nodes (see Fig.2).
As shown in Figure 8, with such a set-up, the sum of the amplitudes of the
identified modes at measurement points vanished. Then, when taking the
average of the 4 free-surface elevation time series, the lateral symmetry of
the flow erases the influence of modes 5 and 2. Noise analysis after the runs
showed that the amplitudes of the transverse modes are limited to 5% of the

generated wave field.

4. Controlled irregular wave generation

This section presents the first step of the experimental study, which con-

sists in generating the sea state characterized in Tab.1 at three locations in
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Figure 8: Outline of the identified transverse modes along a transverse line in the tank.
Amplitudes of the modes at measurement points are marked with circles

the wave tank. First, the need for a correction procedure is demonstrated.
Then, the chosen iterative procedure is applied and the corresponding results

provided.

4.1. Wave propagation in the tank

The sea state described in Sec. 3.2 was created in the ECN towing
tank using the first step of the generation procedure (see Sec. 3.3). Ten
900s-realizations were generated, without any correction applied to the in-
put spectrum. The corresponding analysed data contained 5,500 waves at
peak period per wave gauge. This ensures the statistical convergence of the
wave spectra obtained.

Figure 9 presents the spatial evolution of H, along the tank. As expected,
the wave field is characterized by the target significant wave height at the
wave maker location. This is followed by a 10% decrease of H, over the long-

distance (around 54)\,) propagation in the experimental tank. Note that
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Figure 9: H, along the tank without correction of the wave maker motion

no breaking events were observed. Therefore, the dissipation is likely to be
dominated by viscous phenomena acting on the lateral side walls of the tank.
The linear predictions presented in Sec. 2.2 for the spatial evolution of
the significant wave height along the tank have been included in Fig. 9. In
view of the uncertainty ranges, the dissipation theory slightly underestimates
the decrease of H, especially at the end of the tank. This behaviour of the
model was also observed in Deike et al. (2012) focusing on regular wave cases.
The differences with the experimental results were explained by the effects of
viscosity over the free surface, which are not taken into account in the theory.
In the present study, where nonlinear irregular wave fields were observed, the
inaccuracy of the predictions can also be due to nonlinear mechanisms.
Concomitantly, Figure 10 presents the spectrum at x = 4, 16 and 52),,
giving an overview of the spectrum evolution along the tank. As expected,
close to the wave maker (x = 4),) the spectrum lies almost exactly on the

target shape. Then, as the distance from the wave maker increases, energy
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Figure 10: Spectrum along the tank without correction of the wave maker motion

dissipation significantly affects the peak and the tail of the spectrum (re-
spectively f/f, € [0.95;1.05] and f/f, > 1.2). As mentioned in Sec. 2.2,
a broadening of the spectrum along the tank is predicted, due to nonlinear
wave interactions (see Janssen (2003)). However, this phenomenon was not
observed here. Dissipation mechanisms seem to counterbalance the broaden-
ing.

The spectrum is not qualified in most parts of the tank. For the present
study, we tolerate H, and spectrum shape deviations up to 5 and 10% re-
spectively. This is clearly not satisfied here for « > 16),. Therefore, the
corrective procedure introduced in Sec. 3.4 is needed to ensure the genera-

tion of the target sea state at any specified location in the tank.
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4.2. Results after correction

Then, using the corrective procedure introduced in Sec. 3.4, three wave
series were successfully generated, after 2, 3 and 3 iterations for X; = 4\,
16X, and 52\, respectively. This means that at the location of interest, the
target spectrum was measured within the accuracy range of 10%. Note that
hereafter, converged wave series will refer to a set of realizations generated
with the corrective procedure. Each series is then associated with a target
location Xj.

Figure 11 presents the spatial evolution of Hy along the tank for the
three converged series. As already observed for the waves generated without
the correction (Fig. 9) H, decreases significantly during wave propagation.
However, the corrective procedure ensures a value close to the target H,

(H

starger) D€AT the positions of interest. It compensates the energy losses

with an increased energy level delivered by the wave maker, dependent on

the target location.
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Figure 13: Energy wave spectrum at target location for the three generated wave series.
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Table 3: Spectrum Parameters at Target Locations.

X, 4, 16N, 52X,
H, (% Hy,..) | 97 97 98

Ty (% Ti,.,.) |103 103 103
Ve 0.136 0.132 0.135

Figure 12 presents the converged wave maker input spectra. As can be
seen in Fig. 11, the significant wave height of the input spectrum increases

with X; to ensure H, ~ H, at x = X;. As expected from dissipation

target
observations in Fig. 10, the energy added by the corrective procedure is
mainly located around the peak frequency and in the high frequency domain.
Note that the above-mentioned mechanical limitation of the wave maker
motions at f = 2Hz = 2.2f, is clearly seen. The procedure also induces a
slight increase in the input spectra BFI with X;: BFI = 0.50, 0.54 and 0.61
for X; = 4X,, 16), and 52\, respectively.

As the final result of the iterative procedure, Fig. 13 presents the con-
verged spectrum at the three target locations. The deviations from the target
sea state observed in Fig. 10 have all been corrected. The corrective pro-
cedure ensures the generation of a converged spectrum lying on the target
shape (with a 10% tolerance). Table 3 presents the main parameters of the
spectrum at the target location. The values are almost independent of the
target location.

The first objective of the present study has therefore been achieved, i.e.,
the target sea state can be accurately generated anywhere in the tank. The

corrective iterative procedure, already numerically tested and validated (see
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Canard et al. (2020)) has been successfully implemented in an experimental
configuration that is more complex than the one used in the numerical simu-
lation due to the dissipation and the measurement uncertainties. From this
point, it is of great importance to remember that for each converged series

the target spectrum is accurately controlled at its target location.

5. Wave Statistics at different locations

The sea state described in Tab. 2 was successfully generated in the ECN
towing tank at consecutively 4, 16\, and 52\, from the wave maker. This
section presents the second step of the experimental study, which consists
in comparing the statistical characteristics of the converged series depending

on the target location.

5.1. Higher order statistics: kurtosis

The first quantity of interest is the kurtosis of the free surface elevation
A4, commonly used to easily estimate the probability of occurrence of ex-
treme waves (see for example Kirezci et al. (2021); Annenkov and Shrira
(2009); Christou and Ewans (2014)). As a reference, \y = 3 corresponds to
the Gaussian wave fields (i.e. linear superposition of independent frequency
components). However, the nonlinear effects are known to increase the kur-
tosis values (see Sec. 2.2 and 2.3).

The measured A4 evolution along the experimental wave tank is presented
in Fig. 14 . The red line corresponds to the theoretical results predicted by
the theory described in Sec. 2.3. As expected, for the three converged series
the kurtosis is around 3 near the wave maker (signature of the imposed

Gaussian wavefield) before increasing along the tank. The observed order of
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Figure 14: Kurtosis of the free surface elevation along the tank. Target locations are
marked in red.

magnitude corresponds to the theoretical prediction. As a consequence, the
four-wave near-resonant interactions considered in the latter are likely to be
at the origin of the measured increase in kurtosis. No significant changes
of behaviour were observed when changing the target location X;. Note
that a larger X, leads to larger values of kurtosis at a given position. This
observation can be explained by the properties of the converged input spectra,
the initial BFI of the latter being slightly larger for larger X; (see Sec. 4.2).
At the end of the domain (z > 30),), the value of the kurtosis stabilises in
agreement with the theoretical predictions.

The target locations are colored in red in Fig. 14. The same spectrum
generated at X, = 4),, 16, and 52),, is associated with kurtosis of 3.1, 3.3

and 3.7 respectively. The different kurtosis values observed at X; depending
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on the converged series demonstrate that a single wave spectrum can be
associated with clearly different statistical behaviours. The influence of the
spectrum corrective process is significant only for the spectrum shape, and
does not deeply interfere with the nonlinear mechanisms responsible for the
kurtosis increase along the tank (Fig. 14). Consequently, the target spectrum
can be easily generated at a specified location but its associated kurtosis (or
equivalently probability of occurrence of large waves) is strongly dependent
on the distance from the wave maker. While the theory is an interesting
framework to easily obtain a first estimate of the kurtosis dependence on X,
these predictions assume narrow banded weakly nonlinear waves and do not
account for the spectrum evolution along the tank; which limits the scope of

applications.
5.2. Wave crest probability of exceedance

As mentioned in the Introduction, the ensemble distribution considering
all the realizations (PDER) is a crucial quantity, typically used in industry
as the statistical quantity of interest for wave qualification procedures (see
Det Norske Veritas (2010)). The study of the PDER allows for a fine analysis
of the occurrence of extreme events . The kurtosis, characterizing the whole
tail of the PDER, is less accurate in this context.

Figure 15 presents the crest PDER at x = X; for the three converged
series. As a reminder, the associated wave spectra are identical (see Fig.
13). The Forristall and Huang references were built using the target spectral
parameters. Each distribution is non dimensional and expressed with respect
to the measured significant wave height. Note that with the number of

waves used to build the distributions, the probabilities below 10~2 are not
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Figure 15: Ensemble crest distribution at target location for the three wave series gener-
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statistically converged and should not be analysed (see section 3.5).

First, Fig. 15 should be related to the red markers in Fig. 14 which cor-
respond to the kurtosis at X; for the three converged series. In the previous
subsection, we observed that the free surface elevation statistics evolve along
the tank and that this evolution is almost independent of the target location.
As a consequence, the same spectrum was associated with various values of
kurtosis, depending on X;. The study of the PDER clearly exhibits the same
trend. For a single qualified spectrum, the target position strongly affects
the tail of the crest PDER, the occurrence of extreme events increasing with
X,. As a result, the probability of exceedance POE = 1072 is associated
with the normalized crest height H./H, = 1.06, 1.13 and 1.31 for X, = 4,
16, and 52\, respectively. Note that the definition of rogue waves proposed
in Haver (2001) corresponds to H./H, > 1.25, which is associated far from
the wave maker with quite a large probability of occurrence.

Moreover, for this sea state exhibiting intermediate BFI=0.51, the For-
ristall distribution is not relevant, even in the areas close to the wave maker.
The Huang distribution, built to capture the high order nonlinear effects
also fail to predict the tail of the distribution for X, > 4),. When generating
long-crested sea states in a wave tank facility, both those reference distri-
butions can significantly underestimate the largest waves appearing in a sea
state. This has a possible significant impact on the design of model tests in
ocean engineering.

Attention should therefore be paid to the usual wave qualification pro-
cedures used in industry. The latter consist in targeting a wave spectrum

at a given position and then comparing it with the benchmark distributions.
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Nonetheless, the data yielded by this study show that in the case of moderate
BFT unidirectional sea states, the benchmark distributions are not relevant
and depending on the target location, the crest statistics are different even

if the target spectrum is qualified.

5.8. Distributions of wave heights and wave periods

In order to investigate the characteristics of the extreme events appearing
for the largest X;, the present subsection focuses on the distributions of
the wave heights and periods. To compute the crest height distributions
presented in the previous section, the free surface elevation time series are
divided into sequences of zero-crossing waves. Each of the identified events
is characterised by a crest height H., a wave height H and a wave period T

(see Fig. 16).

H/Hs ——Entire signal

Zero-crossing wave

n/H,

e

418 419 420 421
t/Ty

Figure 16: Definition of zero crossing wave parameters.

Then, complementary to Fig. 15 presenting the crest height PDER for the
three converged series, Fig 17 presents the wave height and the wave period
ensemble distributions. As expected, the shape of the wave height PDER

depends on the target location. For the more extreme events (POE < 1072),
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at a given probability level the heights of the zero crossing waves increase with
X,. As an example, the probability of exceedance POE = 1073 is associated
with the normalized wave height H/H, = 1.8, 1.9 and 2.2 for X; = 4,
16), and 52), respectively. Note that one of the usual definition of a rogue
wave is H/Hg > 2 (see Onorato et al. (2013)), a threshold which is reached
for X; = 52),. This corroborates the analysis of the crest height PDER
presented in the previous section. However, the target location does not affect
the wave period PDER. For the three converged series, the distributions are
nearly identical, which means that the period of the extreme events does not
depend on the distance from the wave maker, even if their crest and wave

height increases with X;.

100

10°
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S 13
& &4
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;g 0% T=X, =4\, <10 T =X, =4},
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=M * t 'p
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Wave Height /H, Wave Period /T}

Figure 17: Ensemble wave height distribution (left) and Ensemble wave period distribution
(right), at target location for the three wave series generated.

To complete the analysis, Fig. 18 presents the joint probability density
function of wave heights and periods for the three converged series. First,
we clearly observe that regardless of the target location, the most probable

events are located around the point (H = 0.7Hs;, T = 1.177). This is in
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agreement with the PDER presented in Fig 15 and 17, in which only the
tail of the wave and crest height distributions are affected by X;. Then,
the events characterised by H > 1.1H, exhibiting different probabilities
of exceedance in Fig. 17 are all located in Fig. 18 between 7'/7} = 0.8
and T'/T) = 1.3. Their probability of occurrence obviously increases with
X, (spreading of the probability density function towards the largest wave
height). Therefore, when targeting a spectrum at a specified location in a
wave tank, the occurrence of extreme events increases with X;. These events
are characterised by large wave heights with similar wave periods whatever
the propagating distance. In other words, the periods of the extreme waves
are not extreme. They stand close to T7, which corresponds to the period of
the most probable events. Only the height of the extreme events increases
with X,. This increase is a consequence of the nonlinear effects described
in Sec. 2.2 and can’t be predicted with a linear approach (see Forristall
(2017)). In a wave tank environment, an accurate representation of the joint
wave height and period statistics should account for the distance from the
wave maker, even if the period distributions stand linear independently of

X;.
5.4. Wave Envelope characteristics

In the previous subsections we showed that depending on the target lo-
cation, the qualified spectrum is associated with significantly different wave
statistics (kurtosis, crest and wave height distributions). The features of the
wave envelope are here studied to characterize in greater details the influence
of the target location on the wave field properties.

The properties of the envelope of ocean waves and in particular its asso-
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Figure 18: Ensemble joint probability density function of zero crossing wave heights and
periods, for © = X; = 4\, (top), x = X; = 16\, (middle), z = X; = 52\, (bottom).
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ciated wave groups have been extensively studied over the past years, as they
have a significant role in coastal and offshore engineering (Mase, 1989; List,
1991; Haller and Dalrymple, 1995; Saulnier et al., 2011; Huang and Dong,
2021). A wave group is usually defined as a sequence of waves over a given
threshold. Its properties are known to have a strong influence on offshore
structures’ stability, wave breaking, and the number of extreme events in
the wave field (Huang and Dong, 2021). To account for the number and the
severity of the wave groups in a given wave field, the notion of groupiness
has been established. A set of groupiness factors (GF) can be defined (Haller
and Dalrymple, 1995; Huang and Guo, 2017), the main idea being to quantify
the intensity of the wave groups through the use of the standard deviation
of the envelope or the instantaneous energy of the wave field. Here follows
a brief description of the two groupiness factors computed for the present
study. More detailed definitions and characteristics of those quantities can
be found in Huang and Dong (2021).

The first definition relies on the wave envelope estimation. The envelope
U(t) is computed through the use of the Hilbert transform 7(¢) of the free

surface elevation time series (Hudspeth and Medina (1989)).

U(t) = [n(t) + in(t)] (24)

Then, the groupiness factor is computed as

GF = \/?;“’ (25)

with ¥ and oy the mean and the standard deviation of the wave envelope.
Through the use of the smoothed instantaneous wave energy history ap-

proach (hereafter STIWEH), another definition of the groupiness factor was

42



O©CO~NOOOAWNPE

749

750

751

752

753

754

755

756

757

758

13 1.3
X, =4, T X, =4),
120 3 X, =16}, L2} | & X, =16},
X, =52), X, =52),

—
—

GF
—
[ —
i |
i
K
-t
— ey
GFsiwen
I
=} —
HE
e
i |
H——+
i
|

0.9 i%
0.8 0.8

0 20 40 60 0 20 40 60
z/Ap z/Ap

Figure 19: Groupiness factor computed with the envelope method (left) and SIWEH
method (right). Target locations are marked in red.

established in Funke and Mansard (1980). The procedure relies on the com-

putation of the instantaneous wave energy

Bs) =7 [ o+ 0@ (26)
with
Q(f) _ 1- |§/Tp| if§ € [._Tvap] (27)
0 otherwise.

Similarly to the envelope method, the groupiness factor is then obtained

by computing the standard deviation of Es(t).

1 1 Tend —
GF == / Es(t) — Es(t))2dt 28
SIWEH Es() \/ Tond — Theg Tt (Es(t) s(t)) (28)

with Ty and T,,q defining the time window analysis of the considered free
surface elevation time series. The groupiness factors GF and GFspwgn were
computed for each realization and for each wave gauge.

Figure 19 present the GF and GFspwgn along the tank for the three

experiments. The presented quantities are the means of all the realizations.
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Uncertainty ranges correspond to the associated standard deviations. Lastly,
note that the target locations are marked in red. Obviously, the two differ-
ent groupiness factors lead to similar results, the values of GFsrwen being
slightly larger than GF values. On the two figures, for each converged se-
ries, GF increases along the tank which means that large and clear-cut wave
groups appear as the waves propagate. This increase can be directly corre-
lated with the kurtosis evolution (see Sec. 5.1). The enhanced occurrence
of extreme waves with propagating distance is associated with the increased
existence of wave groups. Note that these results should be compared with
another experimental study carried out in the ECN towing tank (see Michel
et al. (2020)). In the latter, the evolution of regular waves slowly modu-
lated in amplitude and phase was associated with the emergence of coherent
structures (Peregrine solitons) during the propagation, as a direct result of
near-resonant wave interactions (self-focusing). This phenomenon appears
to be strongly related to the spatial kurtosis evolution and is likely to be
connected to the GF increase measured in the present study.

The influence of the corrective process is once again limited. The evolu-
tion of the groupiness factors does not depend on the input spectrum varia-
tions that correct the spectrum at target location. Therefore, for each con-
verged wave series, the groupiness factors are mainly dependent on the dis-
tance from the wave maker, the wave groups being more defined at the end of
the tank. Hence, a single wave spectrum can be associated with wave fields
characterised by different groupiness.

Figure 20 illustrates the influence of the target location on the wave

groupiness. It presents typical free surface elevation time series at = X; for
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Figure 20: Typical free surface elevation time series extracted from the 3 converged series.
Local H values are indicated with dotted lines.
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Table 4: Mean Parameters at Target Locations.

X, (\) 1 16 52
GF 0.89 0.96 1.09
GFsiwen 0.92 099 1.12
A 3.1 33 3.7
H./H, for POE =10"% | 1.06 1.13 1.31
H/Hs for POE =10"3 | 1.8 1.9 22

the three converged series. Visually, the wave groups are more clear-cut for
the larger X;. Concomitantly, it results in a larger number of extreme events.
Indeed, the time series extracted from the X; = 52\, converged wave series
exhibits 3 events verifying H./H, > 1 while for the other two series, no crest
is higher than the significant wave height. Note that for this small time win-
dow (duration of 500s = 4407},), no rogue waves (defined as H./H, > 1.25)
are observed.

Lastly, Tab. 4 summarizes the main statistical parameters at the target
location for each converged series. The presented values are averages of all
the realizations. The kurtosis, the crest height at POE = 1073, the wave
height at POE = 1072 and the two groupiness factors significantly increase
with X;. Therefore, the target location directly influences the severity of
the wave fields. This has major consequences for the design tests of offshore
structures. However, this phenomenon is only partially considered in usual
industry practices (Det Norske Veritas, 2010; ITTC, 2011; Fouques et al.,
2021).
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6. Conclusion

The work presented in this paper deals with the generation of sea states
at specified locations in experimental wave tanks, the main objective being to
study the statistical properties of the waves depending on the target location.

First, a wave maker motion correction procedure was experimentally im-
plemented to consecutively generate a typical not breaking sea state at three
target locations of the ECN towing tank.

For the three experiments, high order non linear phenomena such as mod-
ulational instabilities and four-waves near-resonant interactions have been
identified. The number of extreme events and the groupiness of the wave
field significantly increase with the distance from the wave maker, resulting
in 1) a strong departure of crest and wave height distributions from reference
benchmarks at the end of the tank and ii) a free surface elevation kurto-
sis increase along the domain. The latter can be partially modelled and
predicted using a theoretical framework based on NLS equations for water
waves (Janssen, 2003). Note that the distribution of wave periods is not
influenced by the propagating distance. The periods of the extreme waves
observed far from the wave maker are not extreme. They stand close to 77,
around to the most probable periods of the measured zero-crossing waves.

The variations of the input spectrum, resulting from the correction pro-
cedure, mainly correct the spectrum at the target location but do not signif-
icantly affect the wave statistics and the wave field groupiness. Thus, wave
fields associated with the same qualified spectrum but different statistics and
groupiness have been generated. Depending on the target location, even if

the spectrum is qualified the severity of the wave field significantly differs.
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The emergence of a larger number of extreme events for larger X; cannot be
detected by focusing only on the quality of the wave spectrum. However, the
consequences on offshore structure design tests are likely to be significant.
Consequently, offshore engineering wave qualification procedures need to in-
corporate the influence of the target location and to adapt the criteria on
wave height statistics, taking into account the existence of large departures
from usual crest height reference distributions. In this perspective, groupi-
ness factors appear as useful tools to qualify the severity of the wave field.
Note that the influence of both breaking and directionality, not studied in
the present paper, should also be explored.

The control of both spectral and statistical properties of the wave field in
a wave tank environment is an intricate challenge, as the control of the spec-
trum at a target location is insufficient. Note that two approaches have been
recently suggested to tackle this issue. First, some work has been recently
carried out to add pre-designed extreme events in the wave field in order to
artificially ensure the emergence of stronger crest distributions (Lu et al.,
2019). Then, work in progress aims at controlling the shape of the crest
height distribution for a given target location, through the use of adapted

nonlinear wave maker motions.
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* Non breaking sea states can be generated at any specified location in a wave tank
¢ In wave tanks the wave height statistics depend on the distance from the wave maker

¢ A single wave energy spectrum can be associated with various wave height statistics
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