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ABSTRACT
The accurate control of wave fields generated in experiments

and numerical simulations is of great interest for the ocean en-

gineering community. In the context of wave-structure interac-

tions, the recommended practices of classification societies are

indeed based on the definition of a wave spectrum, that needs to

be reproduced. The present work intends to address this prob-

lem from the numerical point of view, using a Numerical Wave

Tank equipped with a wavemaker and an absorbing beach, based

on the High-Order Spectral method (HOS-NWT). The challeng-

ing case of the generation of 3-hours long-crested extreme sea

states is studied in details. An iterative procedure to reproduce

a target wave spectrum at a given distance from the wavemaker

is proposed. The quality of the sea state obtained is evaluated

using several criteria defined from spectral quantities. A valida-

tion is first performed with a highly nonlinear but non-breaking

sea-state. Statistical crest distributions obtained are compared

with the Forristall and Huang distributions [1,2]. Then, the Gulf

of Mexico 1,000 Year Return Period wave condition is gener-

ated. This corresponds to an extreme sea state with significant

wave breaking occurrence. The numerical solver needs to be

able to account for this phenomenon [3]. The Tian breaking

model [4, 5] is calibrated to realistically reproduce the dissipa-

tion due to breaking, with particular attention paid to the spa-

tial discretization, enlightening its significant effect on breaking

model actions. Consequences on the iterative correction process

∗Address all correspondence to this author.

are studied. The computed statistical quantities appear to be sig-

nificantly different changing the spatial discretization, while the

wave energy spectrum stands the same. It questions the relevance

of the characterization of a sea state with the sole wave energy

spectrum.

INTRODUCTION

The design of structures at sea relies on the evaluation of

their response facing a set of sea states they may encounter dur-

ing their life-time. The classification societies define the ade-

quate wave conditions that a specific marine structure should be

able to withstand. The observations of rogue waves and their

disastrous effects on offshore structures strengthen the need to

statistically reproduce real waves conditions in model tests or

numerical simulations. The common industry practice for ac-

counting waves is to consider long-crested irregular waves for

each design sea state considered and a typical storm duration of

three hours. The key in the so-called stochastic approach is to

consider a sufficient number of three-hour cases to evaluate cor-

rectly the extreme response expected during that duration. This

corresponds to emulate enough sets of three-hour waves, to con-

tain the spectral and statistical properties of a specified sea state,

representative of the wave condition at sea. Each realization is

generated using different sets of random phases inputs. The free

surface elevation can be considered as a random quantity and the

occurrences of its maxima can be studied, computing the crest
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heights probability of exceedance (POE). Both POE of single

realizations (PDSR) and POE for the ensemble of realizations

(PDER) can be studied depending the needs. The ensemble dis-

tribution is supposed to be statistically converged, allowing con-

sistent comparisons with benchmark distributions. The control

of those quantities stands crucial in the stochastic approach.

Nonetheless, the shape of the crest height POE varies with

the nonlinearity of the input conditions. If the linear theory

predict a Rayleigh distribution, the second order effects lead to

higher crests. The theoretical Tayfun [6] and the parametric For-

ristall [7] distributions have been built to account for these ef-

fects. The latter is usually given as a reference distribution for

PDER. As it has been developed using about 1000 three-hours

realizations for each sea states, comparisons with PDSR should

be carefully performed due to the vague correlation. The mathe-

matical definition using Weibull shape follows. For a given wave

crest height ηc,

P(ηc > η) = exp

(
−
[

η

αrHs

]β
)

(1)

For long crested waves, αr = 0.3536+ 0.2892S1 + 0.106Ur and

β = 2−2.1597S1 +0.0956U2
r . The Ursell number and the inter-

gral steepness are defined as Ur =
Hs

k2
1h3 and S1 = 2π

g
Hs

T 2
1

with T1

the mean wave period, k1 the corresponding mean wave number,

h the water depth and Hs the significant wave height.

A statistical departure from the second order theory is ob-

served when generating sea states characterized by strong nonlin-

earity, resulting in higher crests at a given probability level [8,9].

The role of the modulational instability, assessed through the so-

called Benjamin Feir Index (BFI) has been studied extensively

in past years, focusing on its effect on the probabilities of occur-

rence of extreme waves, characterized by the kurtosis of the free

surface elevation [10]. For long crested waves, narrow-banded

and steep sea states lead to the development of high-order ef-

fects, increasing the number of extreme waves.

A reference distribution accounting for those phenomena

is still needed. As the establishment of a consistent PDER

needs a significant number of realizations, a fully experimen-

tal benchmark cannot be easily built, leading to the develop-

ment of several semi empirical distributions using both simu-

lated and experimental data. In [2], using fully nonlinear simula-

tions together with calibration tests, Huang proposed new semi-

empirical PDER and PDSR (mean, 99% upper bound, 99% lower

bound) formulas of crest height distributions for long crested

waves, giving a new benchmark to develop an efficient wave

statistical quality-check procedure for wave basin model tests,

especially in case of large and steep wave fields. Similarly to

the Forristall distribution it uses the Weibull shape. A complete

mathematical description of the coefficients can be found in [2].

Historically, the waves used in the design process were gen-

erated as the sum of linear contributions and the quality assess-

ment of the generated sea state was performed measuring the

spectral quantities. But nonlinear waves simulations are needed

to accurately reproduce long-term statistics and improve the cou-

pling with fully-nonlinear Computational Fluid Dynamics (CFD)

solvers [11]. In this nonlinear context, normalized procedure and

established criteria assessing the quality of the sea state are still

missing, especially for very harsh conditions. The need of stan-

dardized wave input for CFD solvers is grounded in a more gen-

eral effort to normalize the entire CFD modeling process for off-

shore applications. This is the main objective of the currently

running Joint Industry Project (JIP) ’Reproducible CFD Model-

ing Practice for Offshore Applications’ [12].

In the present study a particular attention is given to the ex-

treme sea sates. Indeed, the accurate reproduction of realistic

severe conditions stands a crucial step in a sea keeping or sta-

tion keeping test. This is awaited that the wave input containing

the strongest events are needed when particular interest is put on

the extreme responses. Specific procedures need to be developed

when those specific wave conditions are generated in numerical

or experimental wave tanks. Such harsh conditions exhibit very

large steepness ε = Hs

λp
, with λp standing for the peak wave-

length. This induces complex physical processes during the wave

generation and propagation, such as nonlinear wave interactions

or wave breaking. The latter is not naturally solved in nonlin-

ear wave models at use in ocean engineering [13]. However,

wave breaking models have been recently implemented in such

wave solvers to mimic the energy dissipation of this process, al-

lowing the generation of the strongest wave conditions observed

from in-situ measurements [5, 14]. In this context, when gener-

ating waves in a wave tank equipped with wavemaker, a spatial

evolution of both spectral and statistical quantities is observed,

depending of the distance from the wavemaker. They are the re-

sult of nonlinear wave interactions as well as wave breaking. An

iterative procedure, compensating the latter energy changes has

been developed to ensure the reproduction of a given sea state in

a target zone.

In the framework of the JIP [12], a new set of criteria have

been developed to assess the quality of the sea state reproduction.

The present study uses a Numerical Wave Tank (NWT) based on

the High Order Spectral method (HOS-NWT) implemented with

a dedicated breaking model [5, 14, 15]. The main objective is to

test the wave qualification criteria in extreme conditions, gener-

ating at a given position the target sea states through an itera-

tive correction process. At first, for validation purpose, a highly

nonlinear but non-breaking sea state is generated and analysed,

comparing crest height POE with Huang distributions. The influ-

ence of changing the target distance from the wavemaker during

the iterative process is discussed. The iterative procedure is then

tested with a strong breaking case using the 1000-year Return
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Period Gulf of Mexico (GOM) condition. A particular atten-

tion is given to the influence of breaking models depending of

the spatial discretization. The spatial evolution of statistical and

spectral quantities is also studied. Several set up leading to the

same spectrum but different statistics are tested, questionning the

relevance of the characterization of a sea state with the sole wave

energy spectrum.

NUMERICAL WAVE MODEL AND DATA ANALYSIS
This section is dedicated to the presentation of the numeri-

cal wave model at use in this study, together with some details

relative to the methods used to process the data.

High-Order Spectral - Numerical Wave Tank
A complete description of the solver can be found in [16].

We consider a 2D rectangular NWT with horizontal dimension

Lx and h the water depth. A wavemaker is located on x=0. The

walls stand perfectly reflective and a numerical absorbing beach

is implemented at the end of the domain. The latter is designed

so that no reflexion is expected to occur in the simulations. The

fluid is assumed homogeneous, incompressible and inviscid. A

velocity potential φ(x,z, t) is introduced verifying the Laplace

equation in the entire domain, ∆φ(x,z, t) = 0. Dynamic and kine-

matic free surface conditions are expressed introducing the sur-

face velocity potential φ̃(x, t) = φ(x,z = η , t), with η the free

surface elevation. Those two conditions read, on z = η(x, t)

∂η

∂ t
=
(
1+ |∇η |2

) ∂φ

∂ z
−∇φ̃ .∇η (2)

∂ φ̃

∂ t
= −gη − 1

2
|∇φ̃ |2 + 1

2

(
1+ |∇η |2

)(∂φ

∂ z

)2

(3)

η and φ̃ are the two quantities of interest and ∇ stands for the

horizontal gradient. Time stepping is achieved solving Eqs. (2)

and (3). The only unknown is the vertical velocity on the free sur-

face
∂φ
∂ z

. This quantity is computed with the High-Order Spectral

(HOS) method, using Taylor expansions and power series devel-

opments [17, 18]. The order of nonlinearity M can be specified

arbitrarily. Spatial discretization is performed through spectral

decomposition, using wave-tank modes.

η(x, t) = ∑
i

∑
j

A
η
i j(t)ψi j(x) (4)

φ̃(x, t) = ∑
i

∑
j

A
φ̃
i j(t)ψi j(x) (5)

with ψi j(x) = cos(kx
i x) and kx

i = iπ
Lx

. The number of mode Nx

controls the spatial discretization.

Note that the original HOS model was dedicated to the prop-

agation of a prescribed initial free surface elevation η(x, t = 0).
The present NWT starts from rest and the waves are generated

thanks to a wavemaker with a prescribed motion. An additional

potential accounting for wavemaker motions is added, resulting

in forcing terms modifying the free surface conditions.

φ = φspec +φadd (6)

φadd and φspec verifying respectively the wavemaker and the free

surface boundary conditions. We refer to [16] for more details

about the HOS-NWT model, which is released open-source1.

Breaking model
The previous HOS-NWT model is based on nonlinear po-

tential flow formalism and consequently neglects vorticity and

viscous phenomena. This enables an efficient and accurate wave

propagation model. However, these assumptions prevent the use

of such models in the case of breaking waves. To overcome

this limitation, a methodology has been recently implemented

in HOS-NWT to take into account those breaking events. Note

that the breaking models implemented only emulate the wave

spectrum modification due to breaking, dissipating energy in the

relevant frequency range.

The Tian-Barthelemy model used for this study is detailed

in [5, 15]. It is based on the definition of a breaking onset crite-

ria, to detect the individual breaking event, prior to the effective

breaking. This criterion compares the water particle velocity at

top of the crest Ux to the crest speed Cx, following Barthelemy’s

approach [19]

Bx =
Ux

Cx

=
∂φ

∂x

1

Cx

> threshold (7)

Cx is computed through a complex procedure using Hilbert trans-

forms. For the present study a threshold value of 0.85 is chosen

as advised in [5]. The criterion is computed for each time step in

the entire domain.

Once it is verified a dissipative term is added to the free sur-

face (Eqs. (3) and (2)), following the Tian model [4]

∂η

∂ t
= (1+ |∇η |2)∂φ

∂ z
−∇φ̃ .∇η +2νeddy∇.∇η (8)

∂ φ̃

∂ t
= −gη − 1

2
|∇φ̃ |2

+
1

2
(1+ |∇η |2)

(
∂φ

∂ z

)2

+2νeddy∇.∇η (9)

1https://github.com/LHEEA/HOS-NWT
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The eddy viscosity νeddy is defined as νeddy =α HBRLBR
TBR

with HBR,

TBR and LBR depending on the wave geometry profile just prior to

breaking. Their definition can be found in [4], the recommended

value being α = 0.02. νeddy stands the same on the entire spatio-

temporal activation zone defined thanks to TBR and LBR.

Data analysis

Spectral and statistical analysis are performed using the free

surface elevation time series obtained with numerical probes at

several locations in the NWT. For the sake of brevity, only the

main elements of the data analysis are recalled here, noting that

it has been carried out following the JIP procedures [12].

Spectra are obtained from the Fourier transform of the tem-

poral free surface elevation. They are computed for each numeri-

cal probe and smoothed by convolution, process dependent of the

convolution window length. To gain consistency while changing

the sea state conditions or the simulation time, smoothing have

been adapted to the spectral width controlling the ratio
δ f
ν with

ν the spectral width and δ f the frequency length of the convo-

lution window. It is fixed for the present study to 0.4. Spectra

obtained for each realization are then averaged and the spectral

parameters are extracted.

Third- and fourth-order moments of the free surface prob-

ability density function (skewness and kurtosis) are computed

along the wave-tank. Those are widely used to characterize the

nonlinearity of the wave field. Skewness is an indicator of verti-

cal asymmetry (dominated by second-order). Kurtosis is classi-

cal in the study of rogue waves as a simple measurement of the

occurrence of unexpected large waves in a sea state. PDSR and

PDER of the crest height are also computed at the target location.

A crest height is here defined as the maximum free surface eleva-

tion between an upward and a downward zero crossing. The crest

heights values are listed and sorted allowing POE computation.

A 95% Jeffrey interval is computed for each value of the POE to

evaluate the statistical uncertainty [20]. This is a binomial pro-

portion confidence interval that can be evaluated assuming that

for every given ηc the number of wave crest verifying η > ηc

follows a binomial law B(N,POE(ηc)) with N the total number

of wave crests. POE obtained are compared with Forristall [7]

and Huang [2] distributions described in Introduction.

CORRECTIVE PROCEDURE & QUALITY ASSESSMENT

The main objective of this study is to generate in a NWT a

prescribed long crested wave spectrum at a given distance from

the wavemaker. As a reminder, the classical procedure is to de-

duce the latter temporal motion from the wave spectrum and the

linear transfer function of the wavemaker. The wave generation

as well as the propagation are subject to nonlinear processes that

modify the spectral shape at the target location and needs to be

corrected. The most important phenomena are the modulational

instability as well as the wave breaking. Wave qualification cri-

teria must be defined to assess the quality of the sea state after

correction. Note that the complete procedure can be applied to

experimental wave tanks.

Iterative correction

For each sea state, the wavemaker motions are corrected

through a linear iterative process. To characterize accurately

the energy content of the wave field, each iteration requires 10

realizations, varying the random phases inputs. The first iter-

ation uses the target wave spectrum to deduce the wavemaker

motion. Then, the Fourier amplitudes of the input are cor-

rected using the spectrum obtained at the target location. For

each amplitude Ainput( f ) a linear coefficient C1( f ) =
Atarget ( f )

A1
simu( f )

is applied (with Atarget( f ) and A1
simu( f ) the Fourier amplitude

of the target and simulated spectrum). The correction is per-

formed iteratively. The corrective coefficient of the step n+ 1

is Cn+1( f ) =
Atarget ( f )
An

simu( f ) Cn( f ). To avoid noise, corrective coef-

ficients are smoothed by convolution. The process ends when

the simulated spectrum at target location matches the target sea

state, as detailed in the next paragraph. Once the sea state is con-

verged (using 10 realizations per iteration), the final data-set for

this configuration is obtained with a total of 100 realizations.

Wave qualification

The wave qualification criteria used in the present article

have been developed in [12]. Both spectral and statistical quanti-

ties are checked using averaged values (mean on all 100 realiza-

tions).

The main criteria concerns the difference between the tar-

get and the simulated spectra obtained at the calibration wave

gauge. This difference must be within 5% for the frequencies in

the range f ∈
[

3
4

fp; 3
2

fp

]
with fp the peak frequency of the corre-

sponding spectrum. This frequency range is represented in Fig-

ure 1 between the 2 vertical dashed lines. This criteria is used as

convergence criteria for the iterative correction process described

in the previous section.

Complementary, the crest height distributions are checked at

target location. PDSR crest distributions should lie between the

99% lower and upper bounds of the Huang distribution while the

PDER should agree with the Huang ensemble distribution within

5% for POE values higher than 10−3.

Spatial stability of the sea states is also evaluated close to the

target location. In this region, the spatial variations of Hs, peak

period (Tp), kurtosis and skewness should be minimized.
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FIGURE 1: PART OF THE WAVE SPECTRUM CONSIDERED

FOR QUALITY ASSESSMENT.

PROBLEM SET-UP
Wave conditions

The unidirectional sea states generated are represented by

JONSWAP spectrum [1]

S(ω) =
αpg2

ω5
exp

[
−5

4

(
ω

ωp

)−4
]

γexp[−(ω−ωp)
2/(2σ2ω2

p)] (10)

with ω the wave angular frequency, αp the Phillips parameter,

ωp = 2π fp the peak wave angular frequency, γ the peak enhance-

ment factor, σ = 0.07 for ω < ωp and σ = 0.09 for ω > ωp.

Two target sea states have been generated. Their character-

istic are described in Table 1. The Benjamin-Feir Index (BFI)

is defined as BFI = µm

√
2/ν with µm = kmσ , km obtained from

ωm = m1
m0

, σ the standard deviation, and ν the spectral width.

The BFI is an important parameter regarding the stability of a

sea state [10].

Regarding the nonlinearity of the wave fields, characterized

by the steepness ε , Case 1 is the mildest condition. Breaking

events should not occur, allowing the verification of the proposed

procedure, free from the influence of the breaking model. Case

3 corresponds to the Gulf of Mexico 1000-year Return Period

sea state. It is expected that this extreme case involves severe

breaking. Several target locations and spatial discretizations have

been tested (the target location is controlled by Xt the position

from wavemaker). The simulations presented in this article are

summarized in Table 2.

Numerical set-up
The simulations have been run at 1/100 model scale (Froude

similitude) to easily compare the results with possible experi-

TABLE 1: SEA STATES CHARACTERISTICS (ORIGINAL

FULL SCALE).

Case 1 Case 3

γ 1.0 2.6

Hs 6m 17m

Tp 12.25s 15.5s

λp 234m 375m

ε = Hs

λp
2.5% 4.5%

BFI 0.3 0.7

TABLE 2: WAVES GENERATED.

Case Nx (kmax/kp) Xt α

1 1024 (25) 7m (3λp) /

1 1024 (25) 15m (6,2λp) /

3 400 (15) 7m (1,9λp) 0,04

3 256 (10) 7m (1,9λp) 0,04

3 256 (10) 17m (4 ,5λp) 0,04

3 184 (7) 7m (1,9λp) 0,04

3 184 (7) 17m (4,5λp) 0,04

mental measurements conducted in the ECN facilities. The di-

mensions of the numerical domain are those of the ECN wave

tank, length Lx = 50 m, depth h = 5 m. ECN wavemaker geome-

try is also reproduced and numerical probes are placed along the

wave tank every meter.

The spatial discretization of the HOS-NWT is controlled by

Nx, the number of points in the domain. In this pseudo-spectral

model, Nx is also linked to the maximum wave number kmax =
Nxπ
Lx

solved. For irregular sea states, the discretization at use is

chosen with respect to the ratio kmax/kp, with typical values in

the range 20−30 for non-breaking cases. In the results presented

here, it varies from 7 to 25 to enlighten its effect on the breaking

model.

The order of non linearity M of the HOS method is fixed to

3 in this study. This ensures an accurate and efficient solution

of the problem. The simulation time is 3 hours real scale (1080s

model scale), corresponding to approximately 750 waves at peak

period for the sea states considered. The effective simulation
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time is slightly larger to take into account the transitory stage

(the NWT starting at rest at t = 0). The numerical time step is

adjusted during the course of the simulation thanks to the use of

an adaptative Runge-Kutta scheme, specifying a tolerance value.

RESULTS AND DISCUSSION

This section presents an overview of the results obtained for

the reproduction in a NWT of two different spectra at different

locations in the tank. At first, the case of an irregular sea state

without breaking is studied, followed by a particular focus on the

case of an extreme sea state with significant breaking.

Non-breaking case

The iterative procedure detailed in previous section is first

applied to the irregular nonlinear sea state described as Case 1 in

Tab. 1. This wave field is assumed free from breaking events and

two different locations for the reproduction in the wave tank are

tested, Xt = 3λp and Xt = 6λp. The spatial discretization chosen

is kmax = 25kp allowing an accurate resolution for frequencies

lower than 2.5 fp.

Independently of the target location the corrective process

converges with only one iteration. Figure 2 gathers the spectrum

and the associated shape criteria obtained at the target location.

As the results stand independent of Xt , only the case Xt = 3λp

is presented. The wave qualification criterion on the spectral

shape is verified, the simulated spectrum follows the target sea

state at the target location within 5% in the relevant frequency

range. Even without correction the spectrum deviations stand

below 10%. This is a direct consequence of the fact that, i) the

sea state considered is not highly unstable (BFI = 0.3) and ii) the

propagating distance is limited (Xt = [3;6]λp). For the two target

locations, the corrective coefficients stand close to one in all the

frequency range. Subsequently the sea state in the entire domain

is nearly independent of the target location. The maximum spec-

trum deviation in the range f ∈
[

3
4

fp; 3
2

fp

]
computed all along

the wave tank is presented in Fig. 3 for the two configurations.

The target location is pointed out with the red marker, indicating

where the iterative procedure is conducted. As expected, this is

the location of the minimal value of the criteria. It is worth noting

that the spectrum shape is correct over the entire computational

domain, except for a short transition zone between x = 0 and

x = 2λp probably altered by the presence of wavemaker evanes-

cent modes. Consequently the spectral parameters (Hs, Tp) are

stable along the wave tank, as required by the wave qualification

criteria.

The 100 3-hours single realizations crest height distributions

at target location are presented on top of Fig. 4 for Xt = 3λp.

Large variability of the statistics are clearly noticed, even for

simulations of significant duration (3-hours). The vague corre-

lation with ensemble benchmark realizations such as Forristall

(a) Spectrum deviation at each frequency

(b) Spectrum

FIGURE 2: CASE 1 - SPECTRUM SHAPE VERIFICATION -

Xt = 3λp.

stands evident. The 99% bounds built by Huang [2] appears as

appropriate analysis tools, surrounding most of single realiza-

tions. The ensemble crest distribution at target location are com-

pared with Forristall and Huang POER distributions in Fig. 4

and 5 for target locations Xt = 3λp and 6λp respectively. As ex-

pected a departure from the second order theory is observed for

POE values below 10−1, following Huang PDER distribution.

Strong events are then underestimated by the Forristall distribu-

tion, testifying the presence of nonlinear processes that could be

due to the modulational instabilities (BFI = 0.3). Nonetheless
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FIGURE 3: CASE 1 SPECRTUM MAXIMUM DEVIATION

ALONG THE WAVETANK.

shapes of probability tails diverges from Huang distribution for

POE values below 3.10−3. This phenomenon, observed for the

two target locations tested, is stronger for Xt = 6λp. In this con-

figuration, the Huang semi-empirical distribution underestimates

the POE obtained with direct simulation in a wave tank configu-

ration.

Complementary to the study on probability distributions,

Fig. 6 presents the spatial evolution of the skewness and kurtosis

of the free surface elevation. The kurtosis evolution along the

wave tank shows an increasing transition zone before reaching a

standstill after x = 5λp. Skewness, measuring in some area sec-

ond order effects on statistics, stands similar in the entire domain.

Those are expected results in the context of nonlinear waves [10]

which are not influenced by the location of the target in this con-

figuration.

Even if from a spectral point of view the generated sea state

reach the wave qualification criteria, the control of statistical

quantities appears to be more complex. Their ergodicity in space,

assumed building reference distributions [2] is not verified. Vari-

ation are noticed along the wave-tank. Further studies need to

be conducted in this respect. The spatial evolution of the statis-

tics could explain the differences observed between the Huang

distribution and the POE obtained.

Breaking case

In the present section, the case 3 of Tab. 1 is generated

at Xt = 1.9λp (X = 700m real scale) using Tian model to ac-

count for breaking waves [4]. The spatial discretization taken

is kmax/kp = 15 which stands relatively coarse. Note that the

value used for case 1 was kmax/kp = 25. In this extreme condi-

tion context the robustness of the breaking model is not perfect,

(a) POE of 100 Single Realizations

(b) POE of Ensemble Realizations

FIGURE 4: CASE 1 - DISTRIBUTIONS OF WAVE CRESTS

AT TARGET LOCATION Xt = 3λp.

preventing the use of higher spatial discretizations. Indeed, as

a consequence of the spectral method used in HOS-NWT, the

high frequency terms of Eqs. (2) and (3) are subject to numeri-

cal instabilities enhanced by i) the maximum wave number kmax

and ii) the nonlinearity of the wave field. The Tian breaking

model has been built to overcome this phenomenon. Nonethe-

less a lack of robustness is observed using an accurate spatial res-

olution together with strong breaking conditions. Future works

will be conducted to avoid this issue. The eddy viscosity co-

efficient (Eq. (9)) is fixed to match the decrease of significant

wave height with respect to the propagating distance with some

reference experimental tests [21]. In order to test the sensitivity

of the procedure, numerical configurations using kmax/kp = 10
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FIGURE 5: CASE 1 - ENSEMBLE OF WAVE CRESTS AT

TARGET LOCATION Xt = 6λp.

(a) Skewness

(b) Kurtosis

FIGURE 6: CASE 1 STATISTICAL QUANTITIES ALONG

WAVE TANK.

and kmax/kp = 7 have been generated. Note that such coarse

discretizations strongly decrease the quality of the simulated

physics, the numerical solution not being converged.

After 4 iterations the spectra generated at target location

reach the target sea state. Deviations with the latter are below

2.5% in the relevant frequency range, verifying the associated

criterion. Figure 7 presents the target spectrum together with

FIGURE 7: CASE 3 - SPECTRA AT TARGET LOCATION Xt =
1.9λp, kmax = 15kp.

the one obtained without correction and the final one for the ref-

erence discretization kmax = 15kp. It is obvious that the initial

spectrum suffers from a great lack of energy, as a result of the

effect of the wave breaking model. However, after 4 iterations,

the verification criteria are fulfilled. Note that the procedure also

lead to the target spectrum for the coarser discretizations. Being

able to control the spectrum shape is consequently independent

of the quality of the numerical solution.

Spatial evolution of the spectral quantities is presented in

Figs. 8 and 9. For the reference discretization kmax = 15kp, the

significant wave height strongly decreases along the wave tank

(Fig. 8). This spectral evolution stands crucial in the physics

of the wave field studied and its realistic reproduction is neces-

sary. As a result, the spatial stability of the wave spectrum cannot

be verified and should not be requested in breaking conditions.

Maximum deviations from target spectrum presented in Fig. 9

constrain to one λp the length of the zone where the spectrum

shape reaches the demanded criterion. The additional energy

generated through the corrective compensation process only bal-

ances breaking dissipation at a given position in the NWT. The

target extreme wave condition is consequently unstable and can

only be reached at a specific location.

The degradation of the discretization appears to minimize

the energy dissipation. With kmax/kp = 7 the phenomenon is

quasi non-existent. Tian breaking model action is clearly altered,

reminding that its dissipation rate has been calibrated for the ref-

erence discretization kmax = 15kp. The spatial discretization nat-

urally filters frequencies larger than f =
√

kmax
kp

fp, modifying the

physics of the solution. A significant part of the extreme events

leading to breaking are then already erased due to the high en-

ergy cut-off. Tian breaking model is consequently less active
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FIGURE 8: CASE 3 - SIGNIFICANT WAVE HEIGHT ALONG

THE WAVETANK - Xt = 1.9λp.

FIGURE 9: CASE 3 - SPECRTUM MAXIMUM DEVIATION

ALONG THE WAVETANK - Xt = 1.9λp.

using coarse discretizations, preventing energy dissipation along

the NWT. As a result the spatial stability of the wave spectrum in-

creases with coarse discretizations. The zone verifying targeted

spectral wave condition covers nearly 5λp for kmax/kp = 7 (Fig.

9). It is important to note that this stability is totally unrealistic.

The quality of such a wave field is strongly questioned.

Statistical quantities should also be affected by the extreme

wave condition and the induced modulational instability. Fig. 10

presents the PDSR and PDER crest distributions computed at tar-

get location, for the reference discretization kmax/kp = 15. Per

construction the breaking model is active on the most extreme

events of the sea state. Consequently crest heights distributions

computed at target location stand lower than those observed for

non-breaking condition (Case 1), even if steepness and BFI are

larger. A significant part of PDSR lies out of Huang 99% bounds,

unsatisfying the associated wave qualification criterion. Comple-

mentary the PDER follows Huang distribution for POE values

above 10−1 before reaching the Forristall predictions.

PDER obtained at target location with coarser discretiza-

tions are presented in Fig. 11 and 12. Distributions lie above the

PDER computed for kmax/kp = 15. With the coarser discretiza-

tion kmax/kp = 7kp, the PDER nearly reach the −5% Huang dis-

tribution, verifying the ensemble distribution criterion. The num-

ber of extreme events appears then to increase while kmax/kp is

decreasing, testifying again the coarse discretization alienating

effect on breaking model actions. Note that those PDER, vary-

ing from one configuration to an other, are associated with the

same wave energy spectrum. The latter is therefore insufficient

to fully characterize a sea state.

Figure 13 presents the spatial evolution of the skewness and

kurtosis of the free surface elevation along the wave tank for this

breaking sea-state. The skewness stands larger than for Case 1,

as a result of the larger steepness. This is indeed known as the

primary parameter influencing the skewness in an irregular sea

state [10]. The evolution of the kurtosis also appears enhanced in

this configuration, with larger departure from Gaussian theory at

the end of the tank. However, the present target location is fixed

closed to the wavemaker (Xt = 1.9λp). Crest height PDER com-

puted at x = 9λp for the discretization kmax/kp = 15 stands closer

to Huang distribution (cf Fig 14). Note that x = 9λp is far from

the target position. The zone considered implies large spectrum

deviation from the target sea state (Fig. 9). Huang distribution is

nearly reached but at the expense of the spectrum quality. Larger

target location should be generated in order to stand closer to

both spectral and statistical criteria. Nonetheless stronger con-

ditions emerge from the larger correction coefficients needed.

Consequently the insufficient robustness of the breaking model

regarding the induced numerical instabilities prevents the gener-

ation of those sea states without decreasing the spatial discretiza-

tion kmax/kp = 15, already relatively coarse. Finally, it is re-

minded that the previous study inducing non-breaking sea states

questioned the possible relevance of the Huang distribution in

the present configuration of a NWT. This enlightens the need of

experiments able to extract the statistical features of those kind

of sea states.

CONCLUSION

The main objective of the study was to propose a procedure

based on an iterative process targeting a wave spectrum at a target

location, using spectral and statistical criteria to assess the qual-

ity of the sea state. For mild conditions (case 1) the spectra gen-

erated easily verify the criteria. Nonetheless, in the present NWT

configuration the statistics are not ergodic in space. Depending

on the target location the crest height PDER appears to be above

Huang benchmark. Therefore the statistical criteria based on this
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(a) POE of 100 Single Realizations

(b) POE of Ensemble Realizations

FIGURE 10: CASE 3 - DISTRIBUTIONS OF WAVE CRESTS

AT TARGET LOCATION - Xt = 1.9λp - kmax = 15kp.

distribution are not totally satisfied. Controlling the spectrum is

here not enough to control the statistics.

For the extreme sea state the procedure stands more complex

due to breaking effects. The Tian model is assumed to reproduce

realistic energy dissipation along the NWT. But using this model,

it is difficult to control the target spectrum, the crest distribution

and the target location simultaneously, as demanded by the wave

qualification criteria. This can be approximately performed using

coarse spatial discretizations. But the dissipation due to breaking

is then unrealistic. The relevance of such a set-up is questioned.

The iterative procedure has been successfully implemented

to reproduce wave spectrum at target location in the NWT.

Nonetheless the control of statistical quantities is not achieved.

FIGURE 11: CASE 3 - WAVE CRESTS ENSEMBLE DISTRI-

BUTION AT TARGET LOCATION - Xt = 1.9λp - kmax = 10kp.

FIGURE 12: CASE 3 - WAVE CRESTS ENSEMBLE DISTRI-

BUTION AT TARGET LOCATION - Xt = 1.9λp - kmax = 7kp.

The Huang distribution fails to totally capture the statistical be-

haviour of the simulated configurations. Consequently, several

parts of the process have to be questioned. The statistical ergod-

icity in space assumed building semi-empirical distributions is

not observed. Therefore, the relevance of such benchmarks in

the procedure varies with the target location and the nonlinear-

ity of the wave field. The need of extensive experimental results

in this configuration of a wave tank is obvious. It appears nec-

essary to assess the relevance of the Huang distribution as well

as to validate the numerical simulations (including the breaking

model). The latter has demonstrated some limitations associated
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(a) Skewness

(b) Kurtosis

FIGURE 13: CASE 3 STATISTICAL QUANTITIES ALONG

WAVETANK - Xt = 1.9λp.

to its robustness. This is also the subject of ongoing work.
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