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ABSTRACT: Modeling a nonlinear ocean wave is one of the primary concerns in ocean engineering and naval architecture to perform an
accurate numerical study of wave-structure interactions. The high-order spectral (HOS) method, which can simulate nonlinear waves accurately
and efficiently, was investigated to see its capability for nonlinear wave generation. An open-source (distributed under the terms of GPLv3)
project named "HOS-ocean” was used in the present study. A parametric study on the "HOS-ocean" was performed with three-hour simulations
of long-crested ocean waves. The considered sea conditions ranged from sea state 3 to sea state 7. One hundred simulations with fixed
computational parameters but different random seeds were conducted to obtain representative results. The influences of HOS computational
parameters were investigated using spectral analysis and the distribution of wave crests. The probability distributions of the wave crest were
compared with the Rayleigh (first-order), Forristall (second-order), and Huang (empirical formula) distributions. The results verified that the HOS
method could simulate the nonlinearity of ocean waves. A set of HOS computational parameters was suggested for the long-crested irregular wave

simulation in sea states 3 to 7.

1. Introduction

The performance analysis of an offshore structure operating in the
ocean is commonly requested to verify its survivability and operability
over its expected design life. The most common way is to conduct an
experimental campaign on the offshore platform in the wave basin. On
the other hand, it is limited because of the scale effect, difficulty of
measurement and modeling, cost, and the limitation of the experimental
facility. Numerical analysis can be an alternative to an experiment
because it can compensate for the experimental limitations.
Nevertheless, it suffers from computational mesh modeling, numerical
convergence, and a choice of numerical methods to simplify physical
phenomena.

In both experiments and numerical simulations, the quality of ocean
waves is the critical factor in modeling a realistic sea state. Therefore,
the generated irregular waves experimentally and numerically should
be qualified with the target sea state. In those applications, the

irregular waves were qualified by comparing the sea spectrum, the

significant wave height, and the peak wave period with the target sea
state. On the other hand, considering the design of offshore structure
dealing with extreme events, such as wave impact, air gap impact, and
green water phenomena, the qualification of a local wave elevation,
e.g., wave crest, becomes important and prevail nowadays. The
measured wave elevation gives a wave crest probability distribution of
single realization (PDSR). The PDSR is a probability distribution of
the wave crest from one wave realization of a three-hour typical storm
duration. The wave time signal in the experiment and numerical
simulation with the limited number of irregular waves and different
random seeds gives different wave crest PDSR curves. Hence, the
PDSR curve made from a random seed can differ. Therefore, it is
difficult to confirm the quality of the wave crest PDSR. Numerous
wave realizations can be used to obtain the wave crest probability
distribution of ensemble realization (PDER), which is a probability
distribution of the wave crest from many three-hour realizations.

The obtained distribution of wave crest can be compared with the
reference distributions. Longuet-Higgns (1952) reported the wave
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crest distribution of linear waves follows the Rayleigh distribution
with assumptions of the Gaussian distribution and the narrow-band
spectrum. On the other hand, the Rayleigh distribution underestimates
the height of the wave crest when the sea states become severe, which
can lead to a wrong design. Forristall (2000) suggested the wave crest
distribution based on the second-order theory, which gives better
results than the Rayleigh distribution. Later, Huang and Zhang (2018)
suggested the semi-empirical formula of PDSR (mean and 99% upper
bound and 99% lower bound) and PDER from the numerical wave
simulation results of 305 sea states. The idea of Huang and Zhang
(2018) was to qualify the PDSR with a single wave realization by
comparing the distribution of wave crest probability of occurrence
(POE) in the range of bounds of wave crest PDER. They compared the
PDER between 100 realizations and 1000 realizations: the wave crest
PDER showed a difference of -3% to +4% at the POE level of 10 and
a—6% to +7% difference at the POE level of 107,

The irregular waves based on the superposition of linear waves are
insufficient to model realistic ocean waves. Goda (1983) reported that
the secondary peak due to the interaction of waves and nonlinearities is
significant in ocean waves. Therefore, considering the nonlinearity is
vital for the qualified local wave elevation. Tick (1963) and Hamada
(1965) suggested the second-order irregular wave models. They
reported that the second-order effect might not be enough to describe a
higher-order interaction between wave components. The high-order
spectral (HOS) method is a nonlinear wave generation method
extending up to an arbitrary order (West et al., 1987; Dommermuth
and Yue, 1987). One of the main strengths of HOS is that the
derivatives that appear in nonlinear free surface boundary conditions
can be treated in the frequency domain. Therefore, the fast Fourier
transform (FFT) can be used in the numerical simulation, which makes
the HOS method more efficient than the other numerical methods. The
open-source project, called HOS-ocean, which models the open ocean
by the HOS method, has been published (Ducrozet et al., 2007;
Bonnefoy et al., 2009; Ducrozet et al., 2016). Moreover, they apply the
HOS method for the numerical wave tank, which is also published as
HOS-NWT (Ducrozet et al., 2012). The nonlinear irregular waves
generated from the HOS method have been used to simulate the
nonlinear waves in computational fluid dynamics (CFD) (Choi et al.,
2018; Lu et al., 2022). Furthermore, those numerical tools have been
used to simulate the wave-structure interaction problem (Li et al.,
2019; Choi, 2019; Xiao et al., 2019). In addition, there was an attempt
to define the standard protocol for irregular wave generation because it
is used widely in industry and academia (Bouscasse et al., 2021).

Most academic research on applying the HOS model and CFD is
limited to the extreme sea state. A parametric study of the HOS model
for a wide range of sea conditions has not been conducted. In this
context, this reports the results of a parametric study on the HOS
method. As a parametric study, one hundred long-crested irregular
wave simulations with different random seeds were performed for
each sea state and selected HOS parameters for three hours. The

present paper performed a stochastic analysis and analyzed the wave

spectrum and wave crest height distribution by comparing them with
references.

2. Numerical Wave Model

2.1 High Order Spectral Method

The open ocean is modeled with the rectangular computational
domain with a length Z in the = direction and a depth % in z direction.
The sea bottom was assumed to be flat. The mean free surface was
located at z = 0, and the z-axis was orienting upward. The perfect fluid
and irrotational flow were assumed to introduce the velocity potential
&. The velocity potential satisfied the Laplace’s equation in the fluid
domain D as given in Eq. (1). The impermissible condition given in
Eq. (2) was imposed on the sea bottom at z=—~h. The periodic

boundary condition shown in Eq. (3) is imposed at the lateral

boundary.
V2®(z,2,t) =0 in D 6}
0P
E:() at z=—h ()
S(x=0,2t)=P(x=L2zt), nz=0,t)=nlz=1L,t) 3

On the free surface z = n(x,t), two free surface boundary conditions
were imposed. The dynamic and kinematic free surface boundary
conditions are given in Eqgs. (4) and (5), respectively.
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& (25t)=& (2,2 =n(z);t) is the free surface velocity potential, and
w(z) = ad/z is the vertical velocity at the free surface z =n(z,t). The
periodic boundary condition enables the free surface velocity potential
and wave elevations with modal functions to be expressed as Egs. (6)
and (7).

N,

O(x,t) = M /T”(t)cos(kn:v) ©)

n=0

N,
n(z,t) = Z B, (t)cos(k”x) (@)

n=10
A (t) and B, (t) are modal amplitudes of free surface potential and
wave elevations, respectively. V, is the number of modes. k, =nn/L
is a pseudo wavenumber adjusted to the domain length. The velocity
potential defined in the fluid domain and the vertical fluid velocity are
expressed with the perturbation series as follows:
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&(2,2,t) = ijjlgp“")(x,z,t) ®)

wle,t) = lelw(m)(x,z,t) ©
with

B (g,2,8) = n§UA7§"L>(t)%h:;meos(knx) (10)

m

where the superscript ¢™ represents a quantity of O(¢™), M is the
nonlinear order of the HOS method, where A,,f"”)(t) is the modal
amplitude of velocity potential of corresponding order, and the vertical
fluid velocity can be given in w'™ :qﬁff”), respectively. The free
surface potential and the vertical fluid velocity on the z=17 were
evaluated by applying the Taylor series expansion as given in Egs. (4)
and (5), respectively.

M M—m k kg (m) —
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The triangular system, which can be solved explicitly, can be
obtained by expanding with respect to the order. The initialization of
wave fields for the simulation is taken from the spectrum of irregular
waves. The modal amplitudes of the wave elevation and free surface

potential are taken as

B, (t=0) = 25(w)Ak, and A (t=0)=— u; B,(t=0) (13)

where «? = gk, tanhk, h. After setting the linear wave fields in the HOS
simulation domain, the nonlinearity evolves with the simulation time
because the nonlinear free surface boundary conditions in Egs. (4) and
(5) make wave interactions. West et al. (1987) and Ducrozet et al.
(2007) explained the detailed formulation of the HOS method.

3. Numerical Set-Up

3.1 Wave Condition

The wave conditions used in this study were taken from the sea state
code suggested by World Meteorological Organization (WMO) (Lee
and Bales, 1984; Lewis, 1989) to use representative wave conditions.
Table 1 lists the wave conditions for each sea state code. In the present
study, five wave conditions from sea state 3 to sea state 7, colored in
Table 1, were considered, and the selected range corresponds to 90%
of the annual sea state occurrence.

A modified two-parameter Pierson-Moskowitz (P-M) spectrum is
applied to describe the wave spectrum in a frequency domain (Kim,
2008) as expressed in Eq. (11). Here, w, =27/ 7 is the peak angular
frequency, and #, is the significant wave height of each sea state. Fig.

1 presents the considered wave spectra for different sea states.

S(w)= %Iﬁu};w”iexp[—%(%)%} (14)
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Fig. 1 Wave spectra for different sea states

3.2 HOS Computational Setup and Computational Parameters
The HOS fluid domain had a dimension of Z, =15\, in the

horizontal direction, and the deep water condition was assumed. Two

Table 1 Annual sea state occurrences and wave parameters with respect to the sea states

Sea state Mean sigtﬁﬁcant Most prgbable Most probable Steepness (%) Occq@ence
wave height (m) peak period (s) peak wavelength (m) probability (%)
0-1 0.05 - - - 0.70
2 0.3 7.5 87.82 0.34 6.80
3 0.88 7.5 87.82 1.00 23.70
4 1.88 8.8 120.90 1.55 27.80
5 3.25 9.7 146.90 221 20.64
6 5.0 124 240.07 2.08 13.15
7 7.5 15.0 351.29 2.13 6.05
8 115 16.4 419.93 2.74 1.11
>8 >14 20 624.52 >2.24 0.02
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Table 2 Considered HOS orders and the number of HOS modes

HOS modes
Order
N, =128 N, =256 N, =512
M=1 O O O
M=2 O O O
M=3 O O O
M=4 O O O

computational parameters in the HOS method are important. The first
was the order of nonlinearity, e.g., HOS order (A7), and the second
was the number of HOS modes (V, ) corresponding to the number of
spatial discretizations. Four HOS orders and three levels of HOS
modes were adopted, as summarized in Table 2. Each HOS simulation
was conducted for the three-hours, and 100 simulations with different
random seeds were performed for each simulation setup. The HOS
waves were measured at Z, =5),. For example, Fig. 2 shows a HOS
wave time series of sea state 7 with the HOS order 47=4 and the HOS
modes N, =512.

4. Results and Discussions

4.1 Spectral Analysis
The wave spectrum was obtained from the wave elevation time

series using Welch's overlapped segment averaging estimator (Welch,

HOS wave time series (sea state 7)
I I

1967), where the window interval was approximately 157,. The
averaged wave spectrum can be taken from 100 wave spectra and
compared with the target wave spectrum. Fig. 3 gives an example of
normalized wave spectra of sea state 7. The solid black line is a
reference wave spectrum, and each colored marked lines are the wave
spectrum with different combinations of HOS parameters. The wave
spectra with HOS modes V, =128 clearly showed an overestimated
spectrum compared to the target spectrum. While with other
computational setups, the difference between each setup was minimal,
and the difference between each spectrum quantitatively is
challenging.

The difference ratio of each wave spectrum is compared. Fig. 4
illustrates the difference ratio of the wave spectrum with respect to the
angular frequency. The tolerance criterion of the wave spectral
analysis is 5% within the frequency range f [0.75f,;1.5/,], where
/, is the peak frequency of the target sea state. Note that this spectral
qualification criterion was adopted from previous studies (Canard et
al., 2020; Canard et al., 2022). The red-colored region presents the
target tolerance zone. First, the wave spectra obtained with N, =128
were overestimated compared with the target spectra for all sea states
regardless of the HOS order. For all combinations of the HOS
parameters except for the HOS modes V, = 128, the difference ratio of
wave spectrum lie in the £5% tolerance within the target frequency
range. A comparison of the difference ratio with respect to the HOS

order revealed a relatively large variation as the HOS order increases.

A0

1

T

— M =4 N, =512| |
=

| | |

| |
5000 5100 5200 5300 5400

Fig. 2 Example of the HOS wave time series (N, =512, M=4)
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Fig. 3 Normalized wave spectra of sea state 7 with different combinations of HOS parameters
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A quantitative comparison of the wave spectrum for each HOS
computational parameter was conducted. The maximum difference
ratio and the average absolute difference ratio of the wave spectrum in
the target frequency range were evaluated using Egs. (15) and (16),
and the values are presented in Table 3.

S(f)—S,
Maximum difference = max(%) ) (15)
FE0.75/,:1.57,]
S(H)=8700 ()
Average absolute difference = mean( M ‘) ,  (16)
Sanng (f)

fE[0.757,:1.51,]

Table 3 lists the computational setup where their maximum and
averaged absolute difference ratio is larger than 10% is colored red,
larger than 5% is colored yellow, and less than 5% is colored green. As
shown in Fig. 4, all results with HOS modes ~, = 128 have maximum
and average absolute difference ratios larger than 5%. The difference
ratio decreased as the number of modes increased. In addition, the
difference ratio tends to increase as the HOS order increases, but the
increment is relatively small.

For all sea states, the smallest average absolute difference ratio was

measured with the computational setup of HOS modes V, =512 and
HOS orders A/=1. The largest maximum difference ratio with HOS
modes N, =256 was 4.00% (sea state 4, N, =256, //=4), and the
largest maximum difference ratio with HOS modes N, =512was
3.82% (sea state 5, IV, =512, M= 3). The largest average absolute
difference ratio with HOS modes V, =256 was 1.58% (sea state 5,
N, =256, M=3), and the largest average absolute difference ratio
with HOS modes V, =512 was 1.58% (sea state 5, N, =512, M= 3).
The average absolute difference ratio with HOS modes &V, =256 and
N, =512 was suppressed by under 2%. In addition, approximately 1%
of the average absolute difference ratio is measured with HOS mode
N, =512 and HOS order A/= 2. Therefore from the spectral analysis,
the HOS modes N, =512 is recommended for the HOS wave

generation.

4.2 Wave Crest Probability Distribution Analysis

As discussed in the Introduction, both the PDSR and the PDER of
the HOS waves were compared with the Rayleigh (first-order), the
Forristall (second-order), and the Huang (semi-empirical formula)
distributions. Egs. (17)=(19) describe the mathematical formula of the
Rayleigh, the Forristall, and the Huang distributions, respectively.
Each distribution describes the POE of the measured wave crest from
the mean free surface (7,). In Eq. (20), U, is the Ursell number, .S, is

Table 3 Maximum and averaged difference of wave spectrum with respect to sea states and HOS parameters

Sea state 3

Sea state 4

Maximum difference (%) Average absolute difference (%)

Maximum difference (%) Average absolute difference (%)

W 128 25 512 128 256 512 128 256 512 128 256 512
Order (M)
1 826 269 138 680 132 070 830 287 154 675 131 069
2 800 251 148 674 129 072 841 286 162 667 128 078
3 807 281 166 675 131 081 942 399 262 657 136 LIl
4 §11 281 166 673 131 081 878 400 206 658 136 109
Sea state 5 Sea state 6

Maximum difference (%) Average absolute difference (%)

Maximum difference (%) Average absolute difference (%)

\w 128 256 S12 128 256 512 128 25  S12 128 256 512
Order (M)
1 847 315 182 683 137 074 752 203 144 656 114 060
2 965 370 223 663 124 097 8§43 327 184 648 131 104
3 101 307 382 644 158 158 944 311 260 637 142 136
4 994 306 287 64 157 135 944 313 258 637 141 136
Sea state 7

Maximum difference (%) Average absolute difference (%)

ode (V) 128 256
Order (M)

512 128 256 512
1 8.01 2.49 1.40 6.73 1.29 0.74
2 8.19 3.34 2.06 6.51 1.23 0.86
3 9.24 3.15 2.60 6.47 1.42 1.31
4 9.25 3.16 2.57 6.48 1.42 1.32
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Difference ratio of spectrum of sea state 3

1
M=1N,=128

__:________‘___'__'__I_'___'___'_______T _________ =

i

M =1 N, =256 +M=1N =512

i

M=2N,=128
I

M=2N, =25 =M =2N, =512
T

Difference of S(f) (%)

1.75

=

M=1N, =256 —sfg— M =1 N, =512
M=2N, =25 =M =2N, =512
T

i

Difference of S(f) (%)
E

——-----———-----———-----——---———--- ----- "—Q—M:K

P 1.75

I:I,=128 +M=3

—— M =4N, =128 —%—M=4N, =256 —2— M =4 N, =512
T T

N; =256 —¥—M =3 N, =512

1) (%)

s
T :2:1”:11\1,:123
: : i M=2N,=128

T

1.5

1.75

=

M =1N, =256 +1\1:1N =512
M=2N, =256 —<7~M=2N, =512
T

i

Difference of S(

=5
----------------------------------------- :2:M=IN,=12S
M=2N,=128

T

Difference of S(f) (%)

25

\
) i R S -I—Q—u:sN=123—Q—M=3N=256+M=3N=512[:

——M=4N, =128 —}—M =4 N, = 256 —5—M =4 N, =512
T T

1.5 1.75

pectrum of sea state 7

Difference ratio of s;
A |

M=1N, =512]7
M=2N, =512
T

=z
)
o
M&&
[
85
=X
I
o -
=z
I
e
g8

Difference of S(f) (%)

\
—M=3N, =128 M =3 N, =256 —§—M =3 N, =512

: -I—{—M=4N,=12S+A{=4N,=256—$—M=4N,=512[:
T T

Fig. 4 Difference

1.5 1.75

ratio between the measured wave spectrum and the target wave spectrum. The red zone is the target tolerance zone.



26

Young Jun Kim et al.

Probablhty distribution of wave crest for smgle (100 seeds) realizations (sea state 3)
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Fig. 5 PDSR and mean PDSR of 100 realizations made with different combinations of HOS parameters for sea states 3, 5, and 7.
These were compared with the Rayleigh (first-order), the Forristall (second-order), and the Huang (semi-empirical formula)
distributions.
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Table 4 Coefficients for Huang semi-empirical PDSR and PDER formula

POE > 10 POE < 107
PDSR Mean Upper 99%  Lower 99% PDER PDSR Mean  Upper 99% Lower 99% PDER
a, 0.3712 0.3516 0.3708 0.3733 0.2894 0.1334 0.3752 0.3242
a, 1.0087 2.3892 0.9835 0.9398 12.3011 13.0432 9.1269 11.7467
ay -43.0667 -105.4167 -39.9404 -40.0095 -662.6320 -751.0935 -446.8393 -652.1470
ag 567.5292 1557.3914 598.3819 512.0601 12153.3466 14727.6571 7837.5720 12308.3001
a, -1173.1204  -5807.4512  -2144.4920 -849.0734 -68031.8045 -87711.0810 -42682.1177 -70529.2504
a 0.1276 0.0791 0.2427 0.1294 0.3779 0.0840 0.8351 0.3785
ag 0.3115 0.3550 -0.5379 0.2882 -3.7904 -5.2045 -5.7942 -3.8837
by 2.006 1.620 2212 2.0411 1.5277 0.7965 2.4637 1.7321
b 4.841 19.720 10.951 3.6068 67.2118 44.9229 82.5688 72.7179
by -321.181 -909.665 -637.673 -272.2806 -3683.1338 -2525.6956 -4300.5362 -4093.6916
by 846.332 10465.556 6707.056 -58.9649 63759.0846 47184.1324 68857.4691 72132.2957
b, 27223.189  -22952.443  -10244.141  32786.2976 -336712.3631  -270084.1075 -337914.749  -386504.7502
b, 0.832 -3.726 4.505 0.9003 -8.1382 -13.3160 2.5661 -9.9594

the steepness parameter, k, is the wavenumber, 7, is the mean wave
period, and d is the water depth. The Huang PDSR and PDER
coefficients in Eq. (19) are summarized in Table 4.

Hn, >n)=exp - 8 i } 17

= 0.353640.28925, +0.106 U, 8
B=2—2.1597S, +0.0968 U (18

el 3]

B’
7
aH) } (19)
o = a5 + 0,5+ ay S+ 0,8+, U, +a, U
B =0, +b,S, +b,57+b,8°+ 1,54+ b, U?

A, > )= exp|—

(20)

Fig. 5 presents the PDSR curves from 100 realizations and compares
them with the reference distributions. Each graph presents a sea state,
and every subplot presents a combination of HOS parameters. The
name of each computational setup is written inside the subplot, and all
subplot shares the same axis limits. Each marker presents a wave crest
height probability, and the mean PDSR curve is an average of all wave
crest height probability distributions from 100 wave realizations. The
analyses of the PDSR markers and the mean PDSR curve are described
as follows

First, the PDSR markers and the mean PDSR curves were compared
with the reference distributions. With the HOS mode N, =128, the
change of HOS order did not influence the mean PDSR curves
significantly, and the mean PDSR curves mostly follow the Rayleigh
distribution regardless of the wave condition. With HOS modes
N, =256 and N, =512, a meaningful difference was measured with
the change in the HOS order. When the first-order (4/=1) was

applied, the mean PDSR curves followed the Rayleigh distribution
regardless of the number of HOS modes. When the second-order
(aM=2) was used, the mean PDSR curves followed the Forristall
distribution. This trend was presented more distinctly for the higher
sea states.

The third-order (A/=3) and the fourth-order (A/=4) HOS
simulations with HOS modes V, =256 and N, =512 were compared
for sea states 5 and 7. The mean PDSR curves mostly lied between the
Forristall distribution and the Huang mean distribution. The mean
PDSR curve showed a significant increase as the number of HOS
mode increased. Moreover, the variations of the PDSR markers from
the mean PDSR curve has changed as the number of HOS mode
increased. For example, in the case ‘sea state 7/M/=4/N, =256’ and
‘sea state 7/M=4/N, =512, the number of PDSR markers under the
Huang 99% lower bound decreased, and the number of PDSR markers
close to the Huang 99% upper bound increased. This result suggests
that HOS mode V, =512 is required to generate extreme wave events.
One reason for this variation of PDSR markers is the increase in the
Nyquist frequency and the increase in HOS mode. The increase in
Nyquist frequency leads to more proper modeling of high-frequency
wave components and the nonlinearity of waves.

Second, the PDSR markers were compared with the Huang 99%
bounds. Considering the concept of the Huang 99% bounds, the PDSR
markers are expected to mostly be in the Huang 99% bounds.
Therefore, the analysis counts all wave crest heights with their POE
lower than 107 and compares them with the Huang bounds. Table 5
lists the occurrence rate of the measured wave crest height POE not
being inside the Huang bounds for POE lower than 107 for each sea
state and each HOS computational parameter. The computational setup
with an occurrence rate higher than 10% is colored red, higher than 5%
is colored yellow, and lower than 5% is colored green (Table 5).

For sea states 3 and 4, which are almost linear wave conditions, the
influence of HOS parameters was smaller than in the other sea states.
On the other hand, for the sea states 5 to 7, more than half of the PDSR
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Table 5 Occurrence rate of the measured wave crest height POE not being inside of the Huang bounds for POE lower than 107

Out of Huang bound (%) Sea state 3 Sea state 4
Mode (V)
128 256 512 128 256 512
Order (M)
1 8.73% 9.21% 9.04% 27.93%  25.00%  24.79%
2 2.50% 0.63% 0.10% 8.20% 1.81% 2.53%
3 2.72% 0.26% 0.05% 5.93% 1.75% 0.06%
4 2.67% 0.21% 0.20% 6.13% 1.31% 0.00%
Out of Huang bound (%) Sea state 5 Sea state 6 Sea state 7
Mode (V,)
128 256 512 128 256 512 128 256 512
Order (M)
1 65.43% 71.11% 69.11% 61.18%  58.60%  60.67% 61.44% 57.97% 58.80%
2 34.43% 15.42% 3.79% 2991%  11.38% 3.08% 35.56% 13.31% 5.30%
3 38.86% 8.01% 0.73% 31.82% 5.34% 1.17% 34.44% 7.20% 1.40%
4 37.14%  835%  133% 3145%  628%  1.17% 3433%  8.13%  2.00%
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Fig. 6 PDER of 100 realizations with different combinations of HOS parameters for all sea states. These are compared with the
Rayleigh (first-order), the Forristall (second-order) and the Huang (semi-empirical formula) distributions.
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markers measured from first-order (4/=1) HOS simulations were
lower than the Huang 99% lower bound. The occurrence rate gradually
decreases as the HOS order increases from A/=1 to A/=3. While the
difference between A/=3 and A/=4 was minimal. Similarly, the
occurrence rate decreases as the number of HOS modes increases. The
lowest occurrence rate for each sea state was commonly found with
HOS setup A/=3/N, =512 or M=4/N, =512, and those values were
retained under 2%.

Fig. 6 compares PDER curves of 100 realizations and the reference
distributions for sea states 3, 5, and 7. An additional reference
distribution presenting the 5% bound of the Huang ensemble
distribution was added as an indicator. For sea states 3, due to the lack
of nonlinearity, the difference between each PDER curve with
different computational setups was smaller than the other sea states.
For sea states 5 and 7, a significant change in wave crest height was
observed, particularly at the POE level of 107,

The PDER curves obtained from the first-order HOS simulations for
all sea states agree well with the Rayleigh distribution. The PDER
curves of the second-order HOS simulations matched well with the
Forristall distribution when the number of HOS modes was higher than
N, =256. The third- and fourth-order PDER results usually lie
between the Forristall distribution and the Huang PDER distribution,
while the difference between the two HOS orders is minimal. The
M=3/N, =512 and M=4/N, =512 setups showed the best
compromise among all HOS computational setups with the Huang
ensemble distribution. Within the POE level between 107 and 10™, the
HOS PDER curves follow the —5% bound of Huang ensemble
distribution. Within the POE level between 10 and 10, HOS PDER
curves show overestimated wave crest probability compared to the
Huang ensemble distribution. On the other hand, the number of
realizations is insufficient to conclude the PDER curve's accuracy at
the POE level of 107,

5. Conclusions

This paper performed a parametric study on the open-source
program HOS-Ocean. With three numbers of HOS modes (4, ) and
four levels of HOS orders (47), twelve combinations of HOS
computational parameters were applied to the HOS simulations to find
the recommended HOS parameters for irregular wave generation.
Therefore, 100 three-hour realizations of HOS waves were made for
five sea states, and the quality waves were verified by following
qualification procedures.

First, the spectral analysis was performed with twelve combinations
of HOS setup and five sea states, and the averaged wave spectrum was
compared with the target wave spectrum. The maximum and average
spectral differences were quantitatively analyzed within the target
frequency range using +5% tolerance. Second, the nonlinearity of
irregular waves with respect to the HOS parameters and the variation
of sea states were checked by comparing the POE of the wave crest
height. The PDSR and PDER of 100 realizations were compared with

the reference probability distributions, and the influence of HOS
parameters and sea states on the nonlinearity of irregular waves was
investigated. As a result, the following conclusions were acquired.

(1) The results with HOS modes , =128 show overestimated
wave spectrum and underestimated wave crest height regardless of the
HOS order. Consequently, the HOS mode was larger than N, =128 is
required for the current HOS computational setup, regardless of the sea
state.

(2) The minimum spectral difference (averaged absolute difference
ratio) was found when the first order was applied. The spectral
difference increases as the HOS order increases. On the other hand,
regardless of the HOS order and the sea state, the maximum difference
ratio was maintained below 5%, and the averaged absolute difference
ratio was kept below 2% with HOS modes ~, =256 and N, =512.

(3) The wave crest height PDSR and PDER for different
combinations of HOS parameters were compared with the reference
distributions.

* When the first-order HOS order was used, the wave crest height
was significantly underestimated even for sea states 3 and 4. This
underestimation clearly showed that it is important to check both
the wave spectrum and the wave crest height POE for the irregular
wave analysis.

» Comparing the PDSR of the second-, third-, and fourth-order HOS
simulation with the Hunag 99% bounds, the HOS wave crest
generated using two combinations of HOS parameters A/=3/
N, =512 and M=4/N, =512were considered adequate for all
sea states. For sea state 3, other HOS setups, such as A/=2/
N, =256 or M=2/N, =512 were considered appropriate.

(4) The HOS setups, M=3/N, =512 and M=4/N, =512, satisfy
the £5% tolerance in the spectral analysis. The amount of nonlinearity
of waves measured using the two HOS setups was verified by
comparing the wave crest height POE with the Huang PDSR and
PDER distributions. The difference in wave properties between the
two HOS setups was small. In conclusion, considering that the HOS
domain length is 15, the suggested HOS computational parameter
would be \,/Az = 35 with A/=3.
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