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ABSTRACT

Freak waves, which are characterized by their large wave heights and significant energy, can severely damage
marine structures. The evolution of these freak waves is nonlinear, making it difficult to describe them with basic
wave parameters. This paper analyzes the statistical characteristics of freak waves during the evolution. The
freak waves are generated in a physical wave tank based on the two-wave train superposition method. An
advanced coupled High-Order Spectral methods (HOS) and viscous Computational Fluid Dynamics (CFD) method
is proposed to generate high quality freak waves. As the results of numerical methods agree well with the
experimental results, the correlation between the statistical characteristics and freak wave mechanism is pro-
vided. The results reveal that the kurtosis of freak waves is related to the maximum wave crest, while the
skewness is both influenced by the maximum wave height and the stream velocity at the wave crest. The wave
propagation mechanisms are analyzed by Empirical Mode Decomposition (EMD). The results show that the
location with the largest energy in low-frequency region sometimes occurs after the peak wave height, which

may cause drift motion of floating structures and lead to hazards.

1. Introduction

In the past few decades, an increasing number of wrecked ships
caused by freak waves have been recorded (Kjeldsen, 2004; Slunyaev
et al., 2011). Some research institutions and researchers have observed
and collected information on freak waves and found that the distribution
of freak waves is extensive worldwide. With the growth of marine
structures such platforms or wind turbines, the impact of freak waves on
the stability and safety should be considered. Conventionally, freak
waves were defined as those with a maximum wave height (Hpgax)
exceeding twice the significant wave height (Hy), i.e., Hpox>2H; (Dysthe
et al., 2008). However, freak waves exhibited high levels of randomness,
asymmetry and nonlinearity. This complexity rendered the definition of
traditional wave height and wave crest insufficient for fully character-
izing their properties (Xue et al., 2023). Meanwhile, many studies
focused on the certain peak wave height position when dealing with
wave-structure interaction, neglecting other important positions.
Therefore, by analyzing statistical characteristics and wave propagation
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mechanisms, it may become possible to develop more accurate predic-
tion models for freak wave-structure interaction.

Despite extensive research efforts on freak waves since the discovery
of the Draupner wave in 1995 (Hayer and Andersen, 2000), there were
still knowledge gaps. For instance, obtaining observed data on freak
waves remained challenging (Ji et al., 2022). Some researchers have
conducted freak waves reproduction in physical wave tanks. Deng et al.
(2016) reproduced a freak wave in a physical wave tank by using the
phase-amplitude iteration method. They discussed a secondary phase
coupling between the harmonic components of freak waves. Ducrozet
et al. (2020) applied the time reversal (TR) method to reconstruct
real-ocean freak waves in a physical wave tank. They provided a simple
and accurate method for designing model-scale experiments. Luo et al.
(2020) applied phase focusing method in the physical laboratory to
generate freak waves. They concluded that high-peak freak waves would
induce a large motion and high-frequency load of the TLP platform.
These studies offer reference significance for the construction and
research of freak waves. Nevertheless, their research failed to take into
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Fig. 1. The wave probes set-up in wave tank.

account the influence of statistical parameters.

Zou et al. (2019) considered the relationship between the freak wave
factor (Hmax/Hs, the ratio of the maximum wave height to the significant
wave height) and kurtosis when freak waves passing through an isolated
reef terrain in a wave tank. Abroug et al. (2022) found the kurtosis and
skewness of focusing waves had an increasing trend with focusing pro-
cess. Zhang et al. (2019) applied skewness and kurtosis to measure the
deviation from the Gaussian process, which shows the strength of
nonlinearity. Trulsen et al. (2020) studied a long-crested random waves
propagating over a shoal, and demonstrated that the locations of
maximum value of kurtosis and skewness were the same. These con-
clusions also coincided with those in constant wave steepness trains
(Tian et al., 2011; Zeng and Trulsen, 2012; Mori et al., 2011). Wang et al.
(2022) studied the correlation between the occurrence probability of
freak waves and kurtosis/skewness. They pointed out that the occur-
rence probability of freak waves has a strong correlation with kurtosis.
Those studies mentioned above indicated that the statistical character-
istics were closely related to the features of freak waves. However, most
of them were utilized to predict the possibility of the occurrence of freak
waves, and the relationships between different statistical parameters
and various factors influencing freak waves are not fully explored.

Based on the previous researches, many researchers have conducted
numerical methods to generate and analyze freak waves. There were
mainly two methods to reproduce freak waves, one is potential flow
theory, the other is CFD method. For instance, Wang et al. (2023)
applied a fully nonlinear high-order spectral method to conduct
long-term simulations of multi-directional sea states. Deng et al. (2024)
conducted numerical wave tank based on OpenFOAM source packets to
reproduce specific freak wave. Both methods have their own advantages
and disadvantages, and numerical methods were mostly used to study
the interaction between freak waves and structures.

Many previous studies on the interaction between freak waves and
structures have mainly focused on the peak position of the wave, over-
looking the potential hazards in other positions. For instance, the marine
structures encountered with freak waves may induce green water
(Zhuang et al., 2023; Wang et al., 2023), violent sloshing phenomenon
(Zhuang et al., 2022), significant dynamic responses and mooring line
forces (Xu et al., 2024) and so on. However, existing studies have
revealed that the location of the maximum wave height may not
necessarily be the most perilous site. Zhao et al. (2014) demonstrated
that maximum heave motion occurred when the body was placed
distantly from the peak position. Chang et al. (2021) delineated the
influence of the peak position of freak waves. Due to the second-order
wave force was close to the natural period of the floating structure,

the second-order wave force is more essential for those structures.
However, these studies only provided the results the impact of different
positions of freak waves, the connection between freak waves and
wave-structure interactions were not clear.

In order to figure out the nonlinear evolution of freak waves and how
they affect the structures, we conducted the two-wave train super-
position model and applied it in a physical wave tank to generate freak
waves. There are two main methods for freak wave generation, linear
and nonlinear. Linear methods are based on linear wave theory,
including the "New wave" theory, wave train superposition model, and
modified phase modulation model (Tromans et al., 1991; Kriebel and
Alsina, 2000; Sun et al., 2008). They can create distinct freak waves in
numerical wave tanks, facilitating the study of wave - structure in-
teractions. Nonlinear methods, such as breather - type methods, NLS -
type methods, and HOS - WG method, focus on nonlinear wave in-
teractions (Chabchoub et al., 2011; Khait, 2020; Houtani et al., 2015).
The advantage of linear methods is that they allow for convenient ex-
amination of the interaction between freak waves and structures due to
their ability to generate specific waves, which simplifies the research
process. Sixteen wave probes were displaced to analyze the evolution of
freak waves. The potential theory (High-Order Spectral Method, short
for HOS) and viscous Computational Fluid Dynamics (CFD) coupled
method (short for HOS-CFD) were used to perform the numerical anal-
ysis. The HOS method has the characteristics of high efficiency and
accuracy in the generation of freak wave problems. It is extended from
Zakharov equation to a higher steepness wave, which is one of the most
perfect models in dealing with freak waves. However, the HOS method
cannot consider the viscosity such as breaking wave phenomenon.
Therefore, we couple HOS with CFD methods to preserve the charac-
teristics of HOS to generate freak waves quickly and accurately, while
considering the viscous effects. Simultaneously, because the freak waves
have been completely obtained in the HOS region, we can reduce the
computational area and computational time of the CFD without
considering the space and time required for the generation and evolu-
tion of the freak waves. The experimental setup and numerical methods
are presented in Section 2. In Section 3, the experimental results are
carried out and these two methods are validated. In Section 4, the sta-
tistical characteristics of freak waves are analyzed. The nonlinear evo-
lution of freak waves was considered based on wavelet analysis and
Empirical Mode Decomposition (EMD).
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Table 1

Main parameters in test cases.
D Tp (s) Hg (m)
CASE1 1.74 0.10
CASE2 1.95 0.15

2. Methodology
2.1. Two-wave train superposition model
The experimental freak wave generation is based on a two-wave train

superposition model (Kriebel and Alsina, 2000). The mathematical
expression is described below:

n(x,t) = iAl,, cos(knx — wnt — €,) + iAzH cos(kn(x —xc) — wn(t —t;))

n=1 n=1
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The two-wave train superposition model generates a freak wave by
combining a random irregular wave and modulated focusing wave. The
subscripts 1 and 2 represent random and focused waves, respectively. A
is the composition wave amplitude, while k,, @, and ¢, are wave num-
ber, circular frequency and initial phase of each wave component,
respectively. The modulated focusing wave reaches the maximum wave
height at position x. and time t.. §,, is the frequency interval of the
energy spectrum. Parameters P; and P, are the ratios of the energy in the
wave spectrum. The irregular wave acts as a background wave and the
focusing wave controls the position and time of freak wave generation.
To guarantee freak wave generation, P; is chosen to be 0.95, whereas P,
is set to 0.05. After generating the wave model through the two-wave
train superposition model, a Fast Fourier Transform method is applied
to obtain the wave components before the wave generator in the phys-
ical wave tank.

2.2. Experimental set-up

The experiments are conducted in the towing tank of Marine Design
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and Research Institute of China with 280m long, 10m wide and 5m deep.
The towing tank is equipped with a flap-type wave generator. As shown
in Fig. 1, sixteen wave probes are set up in the wave tank, located at x =
49.7m, 51.7m, 53.7m, 55.2m, 56.4m, 58.0m, 59.0m, 60.0m, 61.0m,
62.0m, 63.0m, 64.5m, 66.0m, 67.5m, 72.1m, and 75.1m away from the
boundary of the wave tank, respectively. The two types of freak waves
are constructed with different significant wave heights and spectrum
peak periods, the main parameters of these two waves are shown in
Table 1. The process of freak wave generation in physical wave tank is
depicted in Fig. 2, combining two wave train superposition model and
wave reproduction in physical wave tank.

2.3. Numerical method

In this study, we adopt a novel numerical method to analyze freak
waves. The High-Order-Spectral (short for HOS) method is adopted to
reproduce freak waves. In order to comply with the physical wave
generation in the water tank, we use HOS-NWT (Ducrozet et al., 2006)
for calculation. We coupled HOS with SJTU in-house solver
naoe-FOAM-SJTU (Zhuang and Wan, 2021), which is a viscous solver
developed based on the open-source software OpenFOAM. We first use
the HOS method to reconstruct the waves in the wave tank, and sub-
sequently apply the coupled HOS-CFD method to reproduce the waves at
a specific location during a specific time period to reduce the viscous
computational domain and calculated time.

HOS is a pseudo-spectral method and has advantages for solving
nonlinear wave equations. The free surface elevation 5(x, t) and surface
potential ¢°(x,t) = ¢(x,7,t) can be defined as:

6717 2 a¢ S
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The symbols t and z represent the time and the vertical axes, respec-
tively. V is the horizontal gradient. ¢° can be obtained by expanding ¢ in
a perturbation series and evaluating each order of ¢ on free surface in
Taylor series.

The governing equations of viscous domain are Navier-Stokes
equations:

vV-Uu=0 5)

Fig. 2. Flowchart of the wave generation (orange background) based on two-wave train superposition model (blue background) in physical wave tank. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. The coupled scheme in HOS-CFD method.

Fig. 4. The numerical method and calculation process.
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where U is the velocity field, p; = p — pg-x is dynamic pressure, x stands
for the vector of the volumetric center position in cell; yo; = p(v +v¢) is
effective dynamic viscosity, p is the density of the fluid, v represents
kinematic viscosity and v; is eddy viscosity. f, is the surface tension term
in the two-phase flow model. The symbol t and V mean the time and the
horizontal gradient, respectively.

The details of coupled HOS-CFD method can be found in previous
work (Zhuang et al., 2023). The scheme of relaxation zone is applied for
coupling HOS and CFD method, as illustrated in Fig. 3. In this study, we
add a reproduced wave-generation module to match the wave field
created by a physical wave tank. The wave elevation is obtained from a
certain position in wave tank, and then Fast Fourier Transform is applied
to generate wave components. The two numerical methods and the
computational flow used in this study are shown in Fig. 4.

3. Experimental and numerical results
3.1. Experimental results
Fig. 5 illustrates the comparison of the wave elevation at the typical

positions of the repeatability test for the two freak wave conditions. The
aim of the repeatability test is to confirm that the wave tank

environment has little influence on the results. The typical positions are
chosen as x = 59.0m in CASE 1 and x = 62.0m in CASE2. It can be seen
that the results of the two tests for each condition are in good agreement,
which further indicates that the freak waves generated in the experi-
ments have good repeatability. Table 2 shows the relative deviation of
the statistical results at the typical locations of the repeatability test for
two freak wave conditions. It can be seen that the relative deviation of
the wave height, the occurrence time, and the significant wave height is
less than 5%, which indicates that the freak wave generated in the
experiment has good repeatability.

Fig. 6 shows the maximum wave height in CASE1 and CASE2. The
ratio of the maximum wave height to the significant wave height near
the target position x = 60m in CASE1 case can reach up to 2.7, which
satisfies the definition requirements of freak waves. The maximum wave
height of CASE2 is 0.32m and formed at x = 66m, and the ratio of the
maximum wave height to the sense wave height can reach up to 2.4,
which meets the definition requirements of freak waves.

3.2. Comparison between numerical test and experiment

Before the numerical calculation, it is necessary to analyze the
computational parameter settings for HOS and HOS-CFD coupling
methods. Ducrozet et al. (2012) explored and analyzed the computa-
tional parameters of HOS, and concluded that for strongly nonlinear
waves, the order should not to be smaller than 5. For the freak wave
calculation, a more detailed calculation setting was not provided. In
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Fig. 5. The comparison of wave elevation in repeatability experiments: (a) CASE1, (b) CASE2.

Table 2
Relative error of replicate experiments in typical positions.
Case Hmax Time of Hmax happens Hs
Value (m) Relative error Value (s) Relative error Value (m) Relative error
CASE1 Test 1 (x = 59.0m) 0.261 0.77% 81.5 0.37% 0.105 0.95%
Test 2 (x = 59.0m) 0.259 81.2 0.104
CASE2 Test 1 (x = 62.0m) 0.290 0.69% 82.1 0.37% 0.142 4.23%
Test 2 (x = 62.0m) 0.288 81.8 0.136

Fig. 6. The maximum wave height in the freak wave cases. (a) CASE1, (b) CASE2.

addition, we have discussed the parameter settings for nonlinear regular computational parameter settings for the computation of freak waves.
wave computation using HOS-CFD in our previous work (Zhuang and Fig. 7 illustrates the node and order study of HOS with freak pa-
Wan, 2021), and it is also necessary to provide the corresponding rameters in CASE1. The black solid line represents the results of left
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Fig. 7. The study of correlation among nodes, orders and freak parameters (a) kurtosis and Hmax, (b) skewness and Hs, (c) CPU time of CASEL.

Fig. 8. The comparison between experiments and HOS in (a) wave elevation of CASE 1, (b) wave elevation of CASE 2.

coordinate axis and the red solid line represents the results of right co-
ordinate axis. The kurtosis and skewness are the parameters to describe
the statistical characteristics of freak waves. The detailed description
and equation of these parameters can be found in Section 4. Hmax in

Fig. 7 represents the value of maximum wave height, while Hs is the
significant wave height of the freak wave. In this paper, three orders of
HOS (M = 4, 5, 6) and three values of the number of nodes (Nodes =
256, 512, 1024) are discussed. The selection of the order has little effect
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Fig. 9. The setup of (a) computational domain of viscous zone and (b) mesh generation.

Fig. 10. The study of correlation between mesh, freak parameters and wave height of CASE1 in coupled method.

Fig. 11. The comparison of wave elevation between experiments and HOS-CFD coupled method in (a) CASE 1, (b) CASE 2.
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Fig. 12. The comparison of wave spectrum between experiments and HOS-CFD coupled method in (a) CASE 1, (b) CASE 2.

on the wave height and statistical parameters, while a significant in-
crease in the CPU time is observed when M = 6. When the number of
nodes increases, the errors of the maximum wave height and significant
wave height with the experimental data gradually decrease, while the
errors of skewness show a tendency to increase. The kurtosis error for M

= 5 also shows an increasing trend. The node represents the choice of
discretization in x-direction, which defines the largest wavenumber that
can be solved. The order of HOS corresponds to the nonlinear wave-
wave interaction. Therefore, the increase in these two parameters will
strengthen the influence of wave components with smaller wavelengths

Fig. 13. The surface velocity of HOS-CFD coupled method in (a) CASE 1, (b) CASE 2.
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Fig. 14. The freak parameters (a) kurtosis, (b) skewness and (c) Hmax of CASE1.

and wave-wave interactions in wave propagation. Meanwhile, the value
of skewness and kurtosis reveals the deviation of the Gaussian distri-
bution. As the number of orders and nodes increases, the simulation of
nonlinear terms of the wave becomes more precise. Nevertheless, the
increase in the number of orders and nodes also leads to an escalation in
the nonlinearity of the wave evolution, thereby resulting in a heightened
statistical error in the overall wave field. In order to explore the statis-
tical values of the freak waves and reduce the CPU time, the parameters
are chosen to be M = 5 and Nodes = 512 for HOS simulation.

The comparisons between the results of numerical simulations and
experimental data are shown in Fig. 8. The time histories of both the
wave elevation and the wave spectrum are compared. It can be seen that
the results of HOS agree well with the experimental data.

After validating the freak waves in HOS method, the wave elevation
in HOS-CFD method is estimated. We analyze the errors of wave heights
and statistical parameters compared to the experiments using three grid
generations. We apply the suitable parameters with 86 mesh grids per
wavelength, 10 mesh grids per wave heigh for coarse mesh generation.
The total number of these three types of grid mesh is 0.61 million,
0.91million and 5.08 million, respectively. The size of the CFD domain is
—10m < x < 10m, —2.5m <y < 2.5m, -5m < z < 1m, as shown in Fig. 9.
The duration of the time window is chosen to be 30s-120s, therefore the
actual simulation time of the coupled method is 90s.

The errors between the experimental data and the coupled method

are shown in Fig. 10. The left-hand coordinates indicate the errors in the
statistical parameters and significant wave height, while the right-hand
coordinates represent the errors in the maximum wave height. The
figure illustrates that the optimal settings for the maximum wave height
and skewness are associated with a fine grid, whereas the ideal settings
for kurtosis and significant wave height are medium and sparse grids,
respectively. However, the error of the maximum wave height between
the medium and fine meshes is approximately 0.5%, which can be
ignored considering the calculation time. Therefore, the medium mesh is
selected for the subsequent simulation.

Fig. 11 illustrates the wave elevation between the coupled method
and the experimental results. The results show a good agreement be-
tween numerical data and experimental data both in amplitude and
phase. The wave spectrum of experimental and HOS-CFD method is
compared in Fig. 12. The CASE 2 has good agreement while CASE 1 has
discrepancies in high frequency in HOS-CFD method. This may due to a
smaller computational time in HOS-CFD method, gives the discrepancy
in wave spectrum.

The velocity in HOS-CFD method is depicted in Fig. 13.The
connection between HOS zone and CFD zone is enlarged separately. It
can be seen that around the coupled zone, the continuity of velocity in
free surface keeps well. After validating the method and numerical re-
sults, the analysis of freak waves can be performed numerically.
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Fig. 15. The freak parameters (a) kurtosis, (b) skewness and (c) Hmax of CASE2.

4. Numerical analysis and discussion
4.1. Numerical analysis of kurtosis and skewness

Conventional waves are considered as standard stochastic processes,
but freak waves are subject to nonlinearity. As a result, the distribution
of freak wave processes differs from the Gaussian distribution, and this
deviation can be assessed using skewness and kurtosis.

Kurtosis can be illustrated as (Mori and Janssen, 2006):

PREEIES YA @
2 ”fm_; N ‘s n
Skewness can be described as (Mori and Janssen, 2006):
1 1¢ 3
\/ﬂlzﬁﬁ 4 (1, — 1) (8

where N is the number of measurement points of wave surface elevation,
fms iS the root-mean-square value of the wavefront elevation at each
measurement point, 7, is the wave surface elevation at the nth mea-
surement point, and 7 is the average value of the wave surface elevation

10

at each measurement point. In the case of the Gaussian distribution, the
values of skewness /f; and kurtosis 8, are 0 and 3.0. Under real-world
sea conditions, the wave profile is typically asymmetrical, featuring
steep peaks and gentle troughs in the vertical direction, with the value of
the wave crest being greater than that of the wave trough. In the hori-
zontal direction, the front slope is steeper than the back slope near the
broken waves. Therefore, the skewness can be utilized as a composite
measure of this asymmetry.

Fifteen wave probes are set up in the numerical wave tank, located at
x =49.7m, 51.7m, 53.7m, 56.4m, 58.0m, 59.0m, 60.0m, 61.0m, 62.0m,
63.0m, 64.5m, 66.0m, 67.5m, 72.1m, and 75.1m away from the inlet of
the numerical wave tank, respectively. Figs. 14 and 15 show kurtosis,
skewness and maximum wave height of CASE 1 and CASE 2 at different
measurement points respectively. The time history of wave height in
numerical simulations align well with the experimental data. Nonethe-
less, the kurtosis and skewness values measured at some wave probes are
slightly greater than the experimental values. Despite this discrepancy,
the overall trend remains consistent with the experimental data.

As depicted in Fig. 14, the peak wave height in CASE 1 is observed at
x = 60m, and the greatest value of kurtosis happens at x = 61m.
Moreover, CASE 1 demonstrates a secondary maximum wave height at x
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Fig. 16. The comparison of surface elevation between maximum wave height position and maximum kurtosis value position in (a) CASE1, (b) CASE2.

= 64.5m, which shows a sudden increase in the kurtosis value. This
pattern is also evident in CASE 2, as illustrated in Fig. 15. The maximum
wave height of CASE 2 occurs at x = 66m, and the kurtosis value reaches
its peak at x = 67.5m. Additionally, at x = 64.5m, there is a secondary
peak of the maximum wave height, and the kurtosis value curve exhibits
a pronounced peak as well. It seems that the trend of the kurtosis reveals
the value of largest wave height, for it increases with the rise of the
largest wave height in different positions. However, it seems that the
largest value of kurtosis happens after the peak wave height position.

Fig. 16 illustrates the comparison of surface elevation between the
position of maximum wave height and the maximum kurtosis value. The
surface elevation at x = 61m (CASE1) and x = 67.5m (CASE2) exhibits a
larger wave crest than those at the maximum wave height position (x =
60m in CASE1 and x = 66m in CASE2). The value of kurtosis is more
closely to the value of wave crest other than the wave height.

The correlation between skewness and maximum wave height is not
singular. Although there is a clear prominent value in skewness at the
location of the maximum wave height, several peak values still exist in

Fig. 17. The stream velocity propagation of wave field in CASE 1.
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Fig. 18. The stream velocity propagation of wave field in CASE 2.

Fig. 19. The wave evolution process in CASE 1 (a) and CASE 2 (b).

other positions. The distribution of skewness values in CASE 1 and CASE
2 also differs. For instance, CASE 1 exhibits a skewness peak at x = 61m,
while CASE 2 shows a skewness peak at x = 67.5m. Consequently, it is
hypothesized that skewness may be connected to the stream velocity
(Zhang and Zou, 2023).

4.2. Wave group propagation and wavelet analysis

According to the definition of skewness, the stream velocity of the
wave field at different positions is also considered. The stream velocity
of CASE1 is illustrated in Fig. 17, where the skewness at x = 60m and x
= 61m is greater than that at x = 64.5m. In the flow field, it can be found
that the velocity vectors at x = 60m and x = 61m along the propagation
direction at wave crest are greater than those in x = 64.5m. Fig. 18
shows the stream velocity in CASE 2. The skewness value at x = 67.5m is
significant, with the velocity vector of the crest along the propagation
direction having the largest value compared to the other two positions.

To analyze the evolution of freak waves, Fig. 19 depicts the pro-
gression of wave train propagation in the wave tank during the gener-
ation of CASE 1 and CASE 2. The red line connects the time and location
at which the maximum wave height occurs in CASE 1, while the green
line illustrates the temporal and spatial evolution of the maximum wave
height in CASE 2. It is evident that as the waves evolve, the time of the

12

maximum wave height in each wave train moves progressively back-
ward, exhibiting a pattern of dispersion-focusing-dispersion in space.
Additionally, wave packets with smaller amplitudes emerge both before
and after the maximum wave height wave, and gradually move closer to
the focusing position.

The Wavelet Transform is employed to elucidate the development of
energy in waves more plainly. In CASE 1, Fig. 20 depicts the wavelet
energy spectra of the corresponding wave trains at four distinct wave
probes. It can be observed that the energy is fairly dispersed, with the
frequency concentrated in the initial stages of wave evolution (i.e., the
location of the x = 49.7m). As the wave progresses and forms a freak
wave, the energy gradually shifts towards the high frequency direction,
taking on a triangular shape. Subsequently, as the wave moves away
from the concentrated position, the high-frequency energy component
gradually transitions to a low frequency, ultimately assuming a crescent-
like form.

As depicted in Fig. 21 (a), the displacement of the high-frequency
component with respect to both space and time is clearly discernible
when the energy is concentrated at a magnified view in CASE1. Simul-
taneously, several low-energy regions with a broad range of frequencies
are observed. These low-energy regions are generally uniform during the
initial development of the wave and form a peak in the high-frequency
region when the freak wave emerges. However, at x = 67.5m, the
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Fig. 20. The wavelet analysis of CASE1 in x = 49.7m, 60m, 64.5m and 67.5m (from top to bottom).

distribution of the low-energy region remains aligned with the high-
energy region, presenting a blunted peak in the high frequency.

There exists a secondary high-energy region ahead from the main
concentrated energy region in CASE 2. The secondary high-energy re-
gion dissipates with the propagation of the wave. Similar to that in CASE
1, the peak of the high-energy region moves backward with wave
propagation. It can be observed that the occurrence of a freak wave is a
situation of high-frequency wave component aggregates.

4.3. EMD analysis of freak waves

To quantitatively analyze the frequency and energy distribution of
freak waves, the EMD (Empirical Mode Decomposition) method is uti-
lized to decompose wave trains at various positions, as illustrated in
Fig. 22. The red curve depicts the original time history curve of the wave
train, which can be separated into the amplitude time history curve and
energy concentration frequency corresponding to the components from
order 1 to order 8. To facilitate comparison, the Fast Fourier Transform
method is employed to evaluate the wave trains obtained from different
measurement points of the same wave, as evident in Figs. 23 and 24.

The first four modes of wave decomposition are examined and
analyzed, and four positions are selected the same with that in Section
4.3 during the wave evolution process. The results indicate that when
waves evolve, the first mode of the wave remains consistent across
different spatial locations, as demonstrated in Fig. 23(a). In the second
mode, the frequencies of the four probes are not significantly different,
but the amplitude in x = 61m is greater than the other three locations. In
the third mode, location x = 64.5m has a higher amplitude. In the fourth
mode, the amplitude in x = 61m is the largest, and that in x = 66m is the
smallest. Overall, the amplitudes of the second mode and the fourth
mode at the maximum kurtosis of CASE 1 are larger.

The distribution of modalities at four probes in CASE 2 is illustrated
in Fig. 24, which corresponds to the same locations as that in Section 3.3.
The first modes of the four locations have similar amplitudes and
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frequencies. For the second modes, location x = 72.1m and x = 67.5m
exhibit large amplitudes. In the third and fourth modes, the maximum
amplitude position is x = 62m. It is evident that the dominant position of
the second mode is behind the position of the maximum wave height in
CASE 2.

The EMD analysis of CASE 1 and CASE 2 shows varying results. The
position of x = 61m in CASE 1 is higher in IMF2 and IMF3, while x =
72.1m has larger value in IMF2 in CASE 2. These differences are due to
the wave evolution process at different wave heights and periods. In
Fig. 18, only one region of high energy appears in CASE 1, while CASE 2
has two kinds of regions. In the case of CASE1, this high-energy region
occupies mid- and high-frequency proportions and therefore displays
larger values in the first three modes. For CASE 2, the secondary high-
energy region is slightly in the lower frequency range than that of the
main high-energy region, and the energy decreases and moves towards
the lower frequency region as the wave propagates. Therefore, the
values of IMF2 and IMF3 at x = 61m shows large value in CASE 1, while
IMF2 at x = 72.1m has large value in CASE 2.

5. Conclusions

In this paper, the nonlinear evolution and statistical characteristics of
freak waves are studied, and two waves with different spectral peak
periods and significant wave heights are analyzed. The freak waves are
generated in a physical wave tank applying the two-wave train super-
position method, and numerical simulations were carried out with po-
tential theory (High-Order Spectral method) and viscous coupled
method (HOS-CFD).

The accuracy of the HOS and HOS-CFD methods is verified, and the
parameters for calculating freak waves with these two methods are
analyzed. For the HOS method, settings of M = 5 and Nodes = 512 are
found to be suitable for freak wave simulations. When using the HOS-
CFD method, the grids in the viscous region are set to approximately
100 grids per wavelength and 14 grids per wave height.
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Fig. 21. The wavelet analysis of local energy in CASE1 (a) and CASE2 (b) in x = 49.7m, 60m, 64.5m and 67.5m.

By analyzing the statistical characteristics of kurtosis and skewness
of freak waves at different wave probes, new insights into the mecha-
nisms of freak waves are obtained. Kurtosis is found to be closely related
to the wave crest value. This indicates that kurtosis can serve as an
important indicator to reflect the extreme nature of the wave crest in
freak waves. A higher kurtosis value corresponds to a larger wave crest,
which is a significant characteristic of freak waves.

Skewness, on the other hand, reflects two aspects of freak wave
mechanisms. It not only indicates the position of the peak wave height
but also is related to the velocity value at the wave crest in the propa-
gation direction. A greater positive skewness value implies a larger
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velocity component at the wave crest, making the wave more prone to
breaking. This finding provides an understanding of the instability and
potential hazards of freak waves during their propagation.

The Wavelet Transform and Empirical Mode Decomposition (EMD)
methods are employed to analyze the propagation process of freak
waves. In the process of freak wave propagation, high-frequency energy
first converges, and when the freak wave is formed, the energy is
distributed in a triangular shape along the time-frequency axis. As the
maximum wave height decays during propagation, the high-frequency
energy gradually disperses and decreases, eventually forming a lying
crescent shape with high-energy region. Additionally, a low-energy
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Fig. 22. The EMD analysis of wave elevation of probe 8 in CASE 1.

region with a wide frequency band exists during the propagation of freak
waves, and it shows a peak when the freak wave is generated.

Through EMD analysis, different modal distributions were observed
in CASE1 and CASE2. In CASE1, the second mode is the largest at the
maximum skewness position, and the fourth mode is the largest at the
position after the peak wave height occurred. In CASE2, the second and
fourth modes are the largest after and before the maximum wave height
occurred, respectively, and both show high-frequency characteristics.
This reveals that the energy distribution and modal characteristics of
freak waves are complex and related to their evolution process.

In summary, although energy accumulates at the position of the
maximum wave height, there are often large amplitude modes in areas
away from the location where the freak wave occurs. These can intro-
duce low-frequency energy to marine structures, threatening production
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and operation safety. In future research, the authors plan to simulate and
analyze structures operating at different positions in freak waves and
observe the hydrodynamic features in positions far from the peak posi-
tion, further exploring the complex interactions between freak waves
and marine structures.
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