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Abstract: The improved phase modulation method is used to numerically simulate a two-dimensional
freak wave. While generating freak waves at specific positions, the spectral structure of the target
spectrum can also be maintained, and the statistical characteristics of wave sequences can be satisfied.
The numerical simulation process is discussed in detail from the perspective of different wave spectra
and other parameters, the priority applicability of the Joint North Sea Wave Project (JONSAWP)
spectrum is determined, and the accuracy of the numerical simulation is significantly improved. At
the same time, the electromagnetic scattering characteristics of freak waves are studied based on the
two-scale method (TSM). The calculation results of normalized radar cross section (NRCS) under
different wave spectra and different polarization modes are compared, and the effects of wind speed,
incident frequency, and incident angle on the calculation results are discussed. Experiments show
that the NRCS of the freak wave is obviously lower than the background wave, and the calculation of
the NRCS is relatively simple. This provides an effective reference for radar detection of freak waves
in offshore engineering.

Keywords: ocean numerical simulation; extreme wave; marine disaster monitoring; electromagnetic
scattering calculation; two-scale method; JONSWAP spectrum

1. Introduction

A freak wave is an extreme wave with a prominent wave crest, concentrated energy,
and strong destructive power. The concept of a freak wave was first proposed by Draper [1].
Its wave height is generally greater than or equal to twice the wave height of the background
wave. According to marine observation records, freak waves appear in all major sea
areas in the world, and there are few actual measurement records. Didenkulova et al. [2]
documented accidents of freak waves and the damage they caused during 2019–2021. Even
if the return period of extreme waves is very long, they are usually not considered in the
design of offshore structures [3]. Since the appearance of a freak wave is sudden and
unpredictable, it will cause serious harm to marine structures and ship safety [4–6]. Based
on this, freak waves have attracted more and more researchers’ attention. Wang et al. [7]
used computational fluid dynamics to numerically simulate the well-known freak wave
“New Year Wave”. Gao et al. [8], using the fully nonlinear Boussinesq model, FUNWAVE
2.0, simulated the focused transient wave group and studied its interactions with the harbor.
Fedele et al. [9] used the WAVEWATCH III wave model and Higher Order Spectral method
(HOS) to study the physical and statistical characteristics of freak waves by comparing
the measured records of freak waves. Amrutha et al. [10] recorded the wave statistical
parameters during Cyclone Phailin’s passage through the northern Bay of Bengal in October
2013, during which eight freak wave events were observed. They recorded the relevant
wave heights and kurtosis, which provided an important reference for the study of freak
waves. Zhang [11] used the Peregrine breathing solution model to simulate the freak
wave and established a three-dimensional hull structure model. Zeng et al. [12] proposed
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inserting an extreme wave into the carrier sequence in the time domain to generate a
freak wave; it can conveniently modulate the freak wave profile while maintaining the
waveform at other moments. At present, there are also some advances in the research
on the prediction of freak waves. Doong et al. [13] used the artificial neural network
model to predict the probability of coastal freak waves. Cui et al. [14] established the
linear regression relationship between the spatial position of the largest wave crest and
instantaneous moment and proposed a method to predict the freak wave speed through
regression analysis and studied the nonlinear characteristics of the freak wave speed. In
addition, many researchers have studied the formation of freak waves and their effects on
offshore structures [15–18].

In practical engineering, we can combine electromagnetic scattering technology with
the ocean to study some characteristics of the ocean or identify the characteristics of the
ocean. For example, Mansoori et al. [19] used the SPM small perturbation scattering
method to simulate the NRCS of clean and oil-polluted sea ice to distinguish clean and
oil-polluted sea ice. Wei et al. [20] used an NRCS calculation method based on the ratio
of median and mean to improve the wind speed retrieval of high-resolution SAR under
pollution conditions. Schulz-Stellenfleth et al. [21] analyzed synthetic aperture radar (SAR)
images from Environmental Research Satellites and proposed a method to retrieve sea
wave parameters from SAR, which can realize a reasonable estimation of significant wave
height. The research of Hopkin [22] and Van Groesen et al. [23,24] provides a reference for
the observation and prediction of freak waves using radar snapshots. In addition, some
researchers propose to predict the sea surface through radar images [25,26]. In recent years,
many studies have proved the feasibility of applying radar and electromagnetic scattering
technology to monitor and identify the sea surface. The research on the prediction of
freak waves mainly focuses on wave height, the interaction between waves, the sea state,
water depth, and other factors. However, there are relatively few studies on the use of
electromagnetic scattering models to calculate and analyze simulated freak waves, study
the related characteristics of freak waves, and identify freak waves. In this paper, an
improved phase modulation method is used to numerically simulate a two-dimensional
freak wave. Based on the Longuet-Higgins random wave theory, by adjusting the initial
phases of some of the constituent waves to keep some wave surfaces always positive, the
freak wave can be generated at specific locations. In order to improve the accuracy and
efficiency of the numerical simulation of freak waves, we have discussed the simulation
process in detail for different wave spectra, the different number of constituent waves,
and the different modulation ratios, and we reference wave steepness. This effectively
improves the accuracy of our numerical simulations. The study of theoretical calculation
of electromagnetic scattering from stochastic rough sea surfaces has always been a very
important research topic. On the basis of the numerical simulation results, we combined
the electromagnetic scattering theory to calculate the backscattering coefficient of the freak
wave and compared and studied the scattering characteristics of the freak wave. Moreover,
we discuss the effects of different wind speeds, different incident frequencies, and different
incident angles on the experimental results.

2. Wave Spectra Model and Numerical Simulation Model
2.1. Wave Spectrum Model
2.1.1. JONSWAP Spectrum

The JONSWAP spectrum [27] is derived from a large number of field measurements
and statistical analyses outside the border coastlines of Germany and Denmark by several
countries. The JONSWAP spectrum is considered to be the international standard ocean
wave spectrum. The JONSWAP spectrum indicates that the wind and waves are in a grow-
ing state, and the peak value of the spectrum is higher. Moreover, the JONSWAP spectrum
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can be transformed into the JONSWAP TMA spectrum for arbitrary water depth [28,29].
Its expression is:

S(ω) =
ag2

ω5 exp

[
−5

4

(
ω̃

ω

)4
]
γ

exp [− (ω−ω̃)2

2σ2ω̃2 ] (1)

where a is the dimensionless constant, γ is the peak elevation factor, σ is the peak shape
parameter, ω̃ is the peak frequency when ω > ω̃, σ = 0.09, when ω ≤ ω̃, σ = 0.07, and g
is the acceleration of gravity. The JONSWAP spectrum can be transformed into the P-M
spectrum for γ = 1.

2.1.2. Wen’s Spectrum

Wen’s spectrum summarizes and analyzes the existing wave spectrum models through
analytical methods. It describes the different stages of wind and wave growth and ap-
plies them to different water depths. After deduction and improvement, the simplified
expression of “Wen’s Improved Spectrum” [30] was obtained:
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]

,

ω0= 0.91 2π
T1/3

, m0 = 1
16 H1/3

2, p = 95.3 H1/3
1.35

T1/3
2.7 , H1/3 and T1/3 represent the significant

wave height and significant period, respectively.

2.1.3. PM Spectrum

The PM spectrum is the result of Pierson and Moskowitz [31] through the analysis
and statistics of fully developed wave data in the North Atlantic Ocean in 1964. It is an
empirical spectrum suitable for fully developed seas. Its expression is:

S(ω) =
αg2

ω5 exp

[
−ε
(

g
U19.5ω

)4
]

(3)

where α = 0.0081, ε = 0.74, U19.5 is the wind speed at 19.5m from the sea surface, and g is
the acceleration of gravity.

2.2. Numerical Simulation Method of Freak Wave

In Longuet-Higgins‘s random wave theory [32], countless cosine waves with different
periods, wave heights, and initial phases are linearly superimposed to represent the wave
surface equation at a fixed position at any time. The basic expression is:

η(x, t) = ∑M
i=1 ηi(x, t) = ∑M

i=1 ai cos(kix − ωit + θi) (4)

where ηi(x, t) is the instantaneous height of the wave surface of the i-th constituent wave
relative to the still water surface, M represents the number of constituent waves, θi, ai,ωi, ki
are the initial phase, amplitude, angular frequency and the number of waves of the i-
th constituent wave. The wave surface is obtained by combining the amplitude with
the wave spectrum. Based on focusing the energy of random waves to simulate freak
waves, we adjust the initial phases of some of the constituent waves to keep the statistical
characteristics of the simulated random waves consistent with those of natural ocean
waves [33]. First, we assume that a freak wave occurs at time t = tj and position x = xj, and
we adjust the initial random phase θi to make ηi(x, t) take a positive value. The constituent
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wave M is divided into two superimposed waves M1 and M2, and the above expression is
rewritten as the superimposed wave surface of the freak wave and the background wave:

η(x, t)= η1(x, t)+η2(x, t) (5)

η1(x, t) = ∑M1
i=1 ai cos(kix − ωit + θi) (6)

η2(x, t) = ∑M
i=M1+1 ai cos(kix − ωit + θi) (7)

Assuming that the constituent wave η2(x, t) is focused on a specific position to produce
a freak wave, we need to modulate this part of the random phase θi to make ηi

(
xj, tj

)
≥ 0,

we need to discuss the range of θi:
When kixj− ωitj ≥ 0, we set the integer N = int

[(
kixj− ωitj

)
/2π

]
, that is, the round-

down operation for
(
kixj− ωitj

)
/2π. We can know that N > 0, then 2π × N is a positive

value slightly smaller than kixj − ωitj,
(
kixj− ωitj − 2Nπ

)
∈ (0, 2π), at this time, we want

to make ηi
(
xj, tj

)
≥ 0, that is, cos

(
kixj− ωitj+θi

)
≥ 0, cos

(
kixj− ωitj− 2Nπ + θi

)
≥ 0.

When kixj− ωitj ≥ 0, since (0, 2π) includes four quadrants, we discuss it in four cases:
When

(
kixj − ωitj − 2Nπ + θi

)
∈ (0, π/2), θi ∈ (3π/2, 2π);

When
(
kixj − ωitj − 2Nπ + θi

)
∈ (π/2, π), θi ∈ (π, 3π/2);

When
(
kixj − ωitj − 2Nπ + θi

)
∈ (π, 3π/2), θi ∈ (π/2, π);

When
(
kixj − ωitj − 2Nπ + θi

)
∈ (3π/2, 2π), θi ∈ (0, π/2).

When kixj − ωitj < 0, the discussion method is the same as above, and the range of
θi can also be obtained. At this time, the waveform η(x, t) formed by the superposition of
η1(x, t) and η2(x, t) will have M−M1 waves as positive amplitude waves so that ηi(xi, ti)
is a positive value, thus forming a freak wave.

2.3. Calculation Model of Electromagnetic Scattering of Freak Wave

Since the actual rough sea surface is irregular, we use the two-scale method (TSM) [34]
combining the small perturbation method (SPM) [35] of the small rough surface and the
Kirchhoff approximation (KA) [36] method of the large rough surface when calculating the
electromagnetic scattering of the rough sea surface. The scattering coefficient is numerically
equal to four times the ratio of the total scattered power to the total incident power, and its
expression is:

σPQ =
4πR2PPQ

E2
0A0

(8)

where R is generally the distance between the source of the scattered wave and the scattering
target (such as freak wave surface), PPQ is the scattering power in this direction, E0 is the
incident field and A0 represents the irradiation area. Based on the theory of TSM, the
calculation method [37] of the backscattering coefficient is:

σTSM= σKA(θi, θs)+〈σ SPM
(
θ́i, θ́s

)
〉 (9)

The two-scale method divides the rough surface into large-scale waves and small-scale
waves. Large-scale wave is the gravity wave fluctuation of a rough wave, while the small-
scale wave is the micro rough fluctuation on a large-scale wave. Moreover, represents the
ensemble average operation for small-scale waves based on the surface slope of large-scale
waves. We know that the components of water waves that resonate with electromagnetic
waves are called Bragg waves. The relation between Bragg wavelength λi and incident
electromagnetic wave wavelength λ is:

λi =
λ

2 sin θi
(10)

θi represents the incident angle of the electromagnetic wave. When the incident
wavelength λ is determined, the number of waves satisfying KS ≤ K belongs to the small
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rough size part in the TSM method (K is the incident wavenumbers and KS is the small
rough size cutoff wavenumbers), we use the SPM method to calculate the scattered field.
σSPM in Equation (9) can be expressed as:

σ0
VV(θi) =

∫ ∞

−∞

∫ ∞

−∞

(
v̂· ´̂v
)4
σVV

(
θ́i
)
(1 + zxtgθi) × P

(
zxzy

)
dzxdzy (11)

σ0
HH(θi) =

∫ ∞

−∞

∫ ∞

−ctgθi

(
ĥ· ´̂h
)4
σHH

(
θ́i
)
(1 + zxtgθi) × P

(
zxzy

)
dzxdzy (12)

where σ0
VV(θi) and σ0

HH(θi) represent the backscattering coefficients calculated in the
vertical and horizontal polarization modes, respectively, σVV

(
θ́i
)

and σHH
(
θ́i
)

represent
the backscattered fields of small-scale surface roughness under the vertical and horizontal
polarization modes. θi and θ́i represent the incident angles in the global coordinate system
and local coordinate system, respectively. v̂, ĥ, ´̂v, ´̂h represent the vertical and horizontal
polarization vectors in global and local coordinates, respectively. Combined with the
definition of the scattering coefficient in Equation (8), the backscattering coefficient of the
SPM method is:

σVV(θi)= 16πk4

∣∣∣∣∣∣∣
(εr − 1) cos2 θi

[
εr

(
1 + sin2θi

)
− sin2θi

]
[
εrcos θi +

(
εr − sin2θi

)− 0.5
]2

∣∣∣∣∣∣∣
2

S(2ksinθi, 0) (13)

σHH(θi)= 16πk4

∣∣∣∣∣∣∣
(εr − 1) cos2 θi[

cos θi +
(
εr − sin2θi

)−0.5
]2

∣∣∣∣∣∣∣
2

S(2ksinθi, 0) (14)

where k represents the incident wave number, εr represents the relative permittivity of
seawater, and S(2ksinθi, 0) represents the two-dimensional ocean wave spectrum. The
number of waves satisfying KL ≥ K belongs to the large rough size part of the TSM
method (KL is the small rough size cutoff wavenumbers). We use the KA method to
calculate the scattered field, and its backscattering coefficient is:

σK(θi, θs) =
πk2q2

q4
z
|UK|2P

(
zx, zy

)
(15)

where P
(
zx, zy

)
is the probability density function of the surface slope. zx = −qx/qz,

zy = −qy/qz, qx= jk(sin θ scosϕs+ sin θicosϕi
)
, qy= jk(sin θ ssinϕs+ sin θisinϕi

)
,

qz= jk(cos θ s+ cos θi
)
, q =

√
qx

2+qy
2+qz

2, where θi, θs, ϕi, and ϕs represent incident

angle, scattering angle, incident azimuth angle, and scattering azimuth angle, respectively,
and j represents the imaginary unit. UK is the polarization coefficient. Scattering calculation

is performed by Fresnel reflection coefficients Rvv, Rhh, where Rvv = εrcosθi−
√
εr−sin2 θi

εrcosθi+
√
εr−sin2 θi

,

Rhh = cosθi −
√
εr− sin2θi

cosθi+
√
εr− sin2θi

.

3. Results and Discussion
3.1. Simulation and Analysis of Freak Wavel

In this paper, three classic ocean wave spectra, including the JONSWAP spectrum,
PM spectrum, and Wen’s spectrum, are selected as the target spectrum for comparative
analysis. According to the definition of freak wave [38], a1, a2, a3 and a4 are the char-

acteristic parameters of the freak wave, where a1 =
Hj
Hs

> 2, a2 =
ηj
Hj
> 0.65, a3 =

Hj
Hj−1

> 2,

a4 =
Hj

Hj+1
> 2, Hs represents the significant height of the background wave, Hj represents
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the height of the freak wave, Hj−1, Hj+1 respectively represent the wave heights of the two
waves immediately before and after the freak wave in the simulation sequence and ηj is the
crest height of the freak wave.

The experiment first uses the JONSWAP spectrum as an example, selects the spectral
rise factor γ = 3.3, the water depth d = 43 m, the peak period of the spectrum is 12 s, the
number of constituent waves M is selected as 200, the significant wave height Hs= 5.9 m,
the number of modulated waves is selected as 160. Figure 1 shows the two simulation
results of the time series of freak waves.
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Figure 1. Simulated wave 1 and simulated wave 2 generated by JONSWAP spectrum based on phase
modulation method.

In the above experiment, the selection of the number of modulated waves is a theo-
retical empirical value. In Figure 1, the simulated wave 1 is a freak wave that meets the
definition, but the simulated wave 2 is not a freak wave (a4 = 1.12). After many experiments,
under this modulation ratio, there is also a situation where the generation of freak waves
cannot be simulated. Therefore, we discuss the numerical calculation of a more accurate
and efficient two-dimensional freak wave by selecting a different number of constituent
waves and setting specific modulation ratios under a given number of constituent waves
and comparing the differences between different wave spectra. We take the number of
constituent waves of 50, 100, 200, and 250 as examples for comparison and verification. In
order to ensure the accuracy of the experimental results, we use the number of unmod-
ulated waves within the range of all numbers of constituent waves to correspond to the
values of the basic indicators a1, a2, a3, and a4 of the freak wave and the comparison results
are shown in Figure 2.

It can be seen that a1 and a2 can more intuitively see the range that meets the definition.
Record the qualified a1 and a2 of each wave spectra in the experiment under different
numbers of constituent waves in Table 1:

Table 1. The number of freak wave basic indicators a1 and a2 under different numbers of constituent
waves (“−”represents that the number is too small and will not be recorded temporarily).

M = 50 M = 100 M = 200 M = 250

JONSWAP a1 − 27 56 66
JONSWAP a2 − 51 108 −

WEN a1 15 42 91 100
WEN a2 − 67 136 −
PM a1 10 38 82 100
PM a2 − 62 127 −
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Figure 2. a1, a2, a3, a4 of freak waves generated by three wave spectra corresponding to different
numbers of unmodulated waves under different numbers of constituent waves.

It can be seen from Table 1 that when the number of constituent waves is 100 and
200, the proportion of a1 and a2 that conform to the basic indicators of a freak wave is
the highest. When the number of constituent waves is 100, the proportion of the basic
index of a freak wave is similar to that when the number of constituent waves is 200, but
the latter is slightly higher. Combined with the above results, we choose the number of
constituent waves of 200 for the next experiment. Since not all freak waves can be generated
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when the number of constituent waves is 200, we will continue to discuss the selection of
modulation interval. After many experiments, we can obtain the preliminary modulation
range of three wave spectra through a1 and a2: the number of modulated waves of the
JONSWAP spectrum is 141–200, the number of modulated waves of Wen’s spectrum is
111–200, and the number of modulated waves of PM spectrum is 121–200. It can be seen
from Figure 2 that the three wave spectra fluctuate greatly within the conditions of a3
and a4, and the specific range cannot be determined intuitively. Therefore, we choose
to conduct experiments on the three wave spectra within the range satisfying a1 and a2
and judge the optimal modulation interval by the number of freak waves generated in
each interval. In order to eliminate the uncertain influence of the random initial phase of
the constituent wave on the simulation results as much as possible, we conducted 1000
same experiments and selected 150 typical ones, and recorded the interval numbers that
satisfying the conditions of a3 and a4 in Table 2, respectively. We do not record those that
are not within each wave spectrum interval.

Table 2. The number of freak waves generated by the three wave spectra in different modulation
intervals and the total number of generated freak waves in each interval.

JONSWAP WEN PM SUM

(0–9) 1078 1113 1089 3280
(10–19) 1065 1090 1102 3257
(20–29) 1085 1133 1092 3310
(30–39) 1063 1095 1084 3242
(40–49) 1080 1126 1110 3299
(50–59) 899 1111 1099 3109
(60–69) - 1108 1080 2188
(70–79) - 1065 990 2055
(80–89) - 957 - 957

It can be seen from Table 2 that under the premise that the number of constituent
waves is 200, the number of freak waves generated by JONSWAP spectrum simulation
is the largest within the number of modulated waves of 171–180, while the number of
freak waves generated by the number of modulated waves within the range of 141–150
is the least, which is only 899. The number of freak waves generated by Wen’s spectrum
simulation is the largest within the number of modulated waves of 171–180, while the
number of freak waves generated by the number of modulated waves within the range
of 111–120 is the least, which is only 957. The number of freak waves generated by PM
spectrum simulation is the largest within the number of modulated waves of 151–160,
while the number of freak waves generated by the number of modulated waves within
the range of 121–130 is the least, which is only 990. Analysis of the above experimental
results shows that under the premise that the number of constituent waves is 200, with
the increase of the number of modulated waves, the number of freak waves generated by
the three wave spectra simulations shows a roughly increasing trend. Moreover, the total
number of simulated freak waves generated by the three wave spectra is the largest when
the number of modulated waves is within 171–180, which is the smallest difference from
the number of simulated freak waves when the number of modulated waves is within
151–160.

According to references [39,40], given some conditions, such as one-way waves, the
probability of freak waves will increase with the increase of wave steepness. In the process
of determining the number of modulated waves, we refer to the important characteristic
quantity in ocean engineering—wave steepness [41]. As the ratio of wave height and
wavelength, wave steepness is difficult to measure directly in actual ocean engineering.
Generally, period estimation is used, that is, S = 2πH/(gT̂2), where H is the wave height,
g is the acceleration of gravity, and T is the period. The results of the variation of the wave
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steepness with the number of unmodulated waves for the three wave spectra are recorded
in Figure 3.
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It can be seen from Figure 3 that the wave steepness of the three wave spectra shows a
downward trend as a whole with the decrease in the number of modulated waves. The
wave steepness is also larger when the number of modulated waves is larger, which also
verifies that it is more reasonable to select a larger modulation interval in the previous
experiments. Moreover, the wave steepness of the JONSWAP spectrum is generally larger
than that of Wen’s spectrum and the PM spectrum. From the point of view of wave
steepness, it is more appropriate to select the JONSWAP spectrum for the simulation of
freak waves. In addition, considering the wave breaking when generating freak waves,
Mori [42] has proved through a large number of experimental studies that when the wave
steepness is less than 0.12, the wave is a non-breaking wave. It can be seen from Figure 3
that the wave steepness of the freak wave generated by the three wave spectra simulation
will not produce wave breaking under each number of modulated waves, but as an extreme
wave, the limit wave steepness of the freak wave remains to be discussed. According to
the change of wave steepness, in the modulation interval 171–180 obtained from the above
experiment, we select the number of modulated waves as 180 to simulate the time series of
freak waves generated by the three wave spectra. The simulation results are recorded in
Figure 4, and the wave characteristic parameters of the simulated freak waves are listed in
Table 3.

Table 3. Characteristic parameter values of freak waves of three kinds of wave spectra.

a1 a2 a3 a4 S

JONSWAP 2.8811 0.8729 6.1197 3.8265 0.0792
WEN 3.2140 0.9107 6.0411 4.4050 0.0620
PM 3.0242 0.9074 5.1363 4.0284 0.0445
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From the comparison of the parameters in Table 3, it can be seen that the numerical
calculation results of different wave spectra under this number of modulated waves all
meet the definition of freak wave and the requirements of wave breaking. Through the
comparison of characteristic parameters and the comparison of wave steepness of different
wave spectra, it can be well proved that the feasibility of numerical simulation of the
two-dimensional freak wave method and the accuracy of parameter selection in this paper,
and the JONSWAP spectrum is more suitable for the simulation of freak waves.

The most famous freak wave in history is the “New Year Wave” [43,44] that occurred
in the Norwegian waters of the North Sea on January 1st, 1995, which was recorded by
the Draupner jacket platform. According to the record, the freak wave occurred when
the wave train t = 264.5 s. The characteristic parameters of the freak wave are a1 = 2.15,
a2 = 0.72, a3 = 2.25, a4 = 3.99. The crest height is 18.50 m, the significant wave height
is 11.92 m, and the maximum wave height is 25.60 m. Based on the above experimental
results, we used the JONSWAP spectrum and selected the number of modulation waves
to be 180 to simulate the “New Year Wave” and recorded the results of five experiments
in Table 4. The time series of the first two numerical simulations of the “New Year Wave”
are shown in Figure 5. In addition, we perform Fourier transform on the wave train of the
“New Year Wave” to obtain the energy spectrum of the wave train and smooth it. We take
this energy spectrum as the target spectrum and compare it with the energy spectrum of a
numerical simulation. The results are shown in Figure 6.

For the time series of the New Year Wave, please refer to [43]. It can be seen from
Figure 5 that the numerical simulation freak wave can be generated at a specific position.
From the data in Table 4, it can be seen that the results of several numerical simulations
of the “New Year Wave” are in good agreement with the measured data of the “New
Year Wave”, and it can be seen from Figure 6 that the target spectrum and the simulated
spectrum fit well. The above results can well illustrate that the improved phase modulation
method obtained by comparing parameters is feasible.
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Table 4. Comparison of parameters between the measured “New Year Wave” and the numerical
simulation “New Year Wave”.

The New
Year Wave

Experiment
1

Experiment
2

Experiment
3

Experiment
4

Experiment
5

a1 2.15 2.10 2.12 2.17 2.02 2.13
a2 0.72 0.73 0.80 0.70 0.79 0.79
a3 2.25 2.54 2.17 2.03 2.55 2.79
a4 3.99 3.99 4.18 4.09 3. 69 3.65

significant
wave
height

11.92 11.98 11.36 12.08 12.37 12.33

maximum
wave
height

25.60 25.20 24.14 26.27 25.08 26.22

wave crest
height 18.50 18.49 19.42 18.30 19.88 20.70
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3.2. Calculation and Analysis of Freak Wave Electromagnetic Scattering

For rough seas, the normalized radar cross section (NRCS) is used to represent the
electromagnetic scattering capability. The electromagnetic scattering characteristics of
freak wave surfaces simulated by different wave spectra are studied. According to the
experimental results of the freak wave numerical simulation, the number of constituent
waves and the number of modulated waves are taken as 200 and 180, respectively, and
the radar operating frequency is selected as 1.3 GHz, the incident angle is 89◦, the wind
area is 1000 m, the wind speed u10= 16 m/s, and the relative azimuth angle is 45◦, the
dielectric constant of seawater is 81. Generally, the echo strength of cross-polarization
(HV and VH) is much lower than that of co-polarization (HH and VV). So in the study of
electromagnetic scattering, we usually use HH polarization and VV polarization. We select
three wave spectra, compare the two polarization modes of HH and VV, and calculate the
electromagnetic scattering coefficient of the simulated freak wave. The results are shown in
Figures 7–9.
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by PM spectrum under VV polarization and HH polarization.

From the analysis of the experimental results, it can be seen that the scattering char-
acteristics of the freak wave and its background wave are basically the same. The NRCS
reaches a minimum value at the trough position and a maximum value at the peak position,
and the NRCS is significantly lower than the background wave at the position where the
freak wave is generated. As an extreme wave, a freak wave will change the incident plane
from sea level to the plane along the freak wave where it is generated so that part of the
energy of the wave whose phase is opposite and whose wavelength amplitude meets
certain conditions is offset, resulting in the reduction of the scattering coefficient. In the HH
polarization mode, the NRCS of the JONSWAP spectrum reaches the minimum value of
−21.8 dB at the location where the freak wave is generated, which is 17.1 dB different from
the NRCS of the background wave; the NRCS of Wen’s spectrum reaches the minimum
value of−6.9 dB at the location where the freak wave is generated, which is 5.2 dB different
with the NRCS of the background wave; the NRCS of the PM spectrum reaches the mini-
mum value of −3.3dB at the location where the freak wave is generated, which is 2.5 dB
different with the NRCS of the background wave. It can be seen from the comparison that
the difference value of NRCS of the JONSWAP spectrum is significantly larger than that
of the other two wave spectra. The difference value of NRCS of the three wave spectra
under the VV polarization mode is similar and significantly smaller than those under the
HH polarization mode. This is consistent with the results of Kudryavtsev’s research [45]
that NRCS under VV polarization is smaller than that under HH polarization. At the
position where the freak wave appears, the transition of the electromagnetic scattering
coefficient is not smooth because the actual sea surface is divided into different scales only
according to the theory, which is different from the actual sea surface [46], so the TSM also
has shortcomings. Based on the above experimental results, we studied the variation of
NRCS of freak wave surface generated by the JONSWAP spectrum and the difference value
of NRCS between freak wave and background wave with wind speed at the generation
position of a freak wave under two polarization modes. We also studied the variation of
the difference value of NRCS with incident angle and incident wavelength. The results are
shown in Figures 10 and 11.
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It can be seen from Figure 10 that the NRCS of the freak wave surface first increases
and then decreases with the increase of the wind speed (1–18) m/s, and the NRCS at the
location where the freak wave was generated is obviously low. The difference value of
NRCS of the two polarization modes increases with the increase of wind speed, and the
difference value of NRCS of the HH polarization mode is significantly larger. It can be
seen from Figure 11 that with the increase of the incident angle (1–90)◦, the difference
value of NRCS between a freak wave and a background wave under the two polarization
modes are both increasing and show a significant increasing trend. This is because as the
incident angle increases, the radar incident wave gradually approaches the angle parallel
to the sea surface, and the NRCS is low. In the L-band range of the radar, the difference
value of NRCS increases with the increase of the incident wavelength. We know that
the incident wavelength is inversely proportional to the incident frequency. That is, the
difference value of NRCS decreases with the increase of the incident frequency (the L-
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band corresponds to the incident frequency 1–2 GHz), and the change trends of the two
polarization modes are similar. Based on the above experimental analysis, the freak wave
and the background wave have a relatively obvious NRCS difference, among which the
difference under the JONSWAP spectrum and HH polarization is 17.1 dB. Therefore, the
difference value of NRCS can be used as an indicator of the freak wave detected by the
radar. The above experiments only consider relatively ideal sea conditions. In practical
situations, the influence of receiver noise, shadows, foam, etc., on the electromagnetic
scattering results should also be considered. This is also where our future research needs to
be improved.

4. Conclusions

In this paper, an improved phase modulation method is used to simulate a two-
dimensional freak wave. Simulated freak waves can be generated at specific locations.
In order to improve the accuracy and efficiency of numerical simulation, the simulation
process is discussed from several aspects: the JONSWAP spectrum is more suitable for
numerical simulation to generate freak waves than Wen’s spectrum and PM spectrum;
when the number of constituent waves is 200 and the modulation interval is 171–180,
the accuracy of numerical simulation is higher. The feasibility of our method is verified
by spectral estimation. Combined with the numerical simulation results, we use the
electromagnetic scattering calculation model based on TSM to study the electromagnetic
scattering characteristics of the freak wave, and it is determined that the NRCS of the
freak wave is different from that of the background wave. When the JONSWAP spectrum
and HH polarization mode are selected, the difference value reaches 17.1 dB. In addition,
wind speed, incident angle, and incident frequency will have a significant impact on the
scattering results. Considering the actual sea conditions, it is more convenient to calculate
the difference value of NRCS of the freak wave than the parameters defined by the freak
wave. Therefore, the difference value of NRCS can be considered as the identification mark
of freak waves in practical engineering.
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