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Abstract

In conventional marine seismic exploration data processing, the sea surface is usually treated as a horizontal free
boundary. However, the sea surface is affected by wind and waves and there often exists dynamic small-range
fluctuations. These dynamic fluctuations will change the energy propagation path and affect the final imaging
results. In theoretical research, different sea surface conditions need to be described, so it is necessary to study the
modeling method of dynamic undulating sea surface. Starting from the commonly used sea surface mathematical
simulation methods, this paper mainly studies the realization process of simple harmonic wave and Gerstner
wave sea surface simulation methods based on ocean wave spectrum, and compares their  advantages and
disadvantages. Aiming at the shortcomings of the simple harmonic method and Gerstner method in calculational
speed  and  sea  surface  simulation  effect,  a  method  based  on  wave  equation  and  using  dynamic  boundary
conditions for sea surface simulation is proposed. The calculational speed of this method is much faster than the
commonly used simple harmonic method and Gerstner wave method. In addition, this paper also compares the
new method with the more commonly used higher-order spectral methods to show the characteristics of the
improved wave equation method.
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1  Introduction
In conventional marine seismic data acquisition and pro-

cessing, researchers always regard sea surface as horizontal
boundary (Cecconello et al., 2018). However, because of sea
breezes and waves, the sea surface is undulating. This phe-
nomenon causes the ray paths changing during the actual
propagation process (Meng et al., 2019). Due to the dynamic fea-
ture of sea surface, it cannot be treated exactly the same as that of
conventional surface undulation correction, and that results in
large errors (Laws and Kragh, 2002; Wang et al., 2007; Qi, 2015).
In order to grasp the fluctuation of sea surface and the impact on
energy propagation more accurately, it is necessary to conduct
in-depth research on dynamic modeling methods of undulating
sea surface.

The modeling methods of dynamic sea surface are mainly di-
vided into two categories, physical modeling method and math-
ematical modeling method.

The physical method bases on Navier-Stokes equations. This
method regards fluid as a whole, and by using numerical simula-
tion, calculates the overall force of the fluid, then simulating the
undulating sea state (Liu et al., 1998; Wu et al., 2008). Alternat-
ively, it regards the fluid as particles, by using Smooth Particle
Hydrodynamics (SPH) algorithm to simulate sea surface at the
micro level, and then it is easy to show the movement pattern of
water body macroscopically (Monaghan, 2005; Sun and Wang,

2007; Shen et al., 2020).
The mathematical modeling method combines Statistics and

Geometry (Phillips, 1958; Fournier and Reeves, 1986; Liu et al.,
2006; Li et al., 2006; Qi et al., 2013; Pierson and Moskowitz, 1964).
The basic structure of the algorithm is using the empirical equa-
tion of ocean wave spectrum obtained by statistics, substituting
the equation of geometric shape parameter; after superposition,
the similar real undulating sea surface can be obtained. For ex-
ample, simple harmonic method and Gerstner method. Besides,
in recent years, the use of high-order spectrum to simulate the
sea surface can effectively simulate freak waves (Dommermuth
and Yue, 1987; Zhang et al., 2013), and it has gradually begun to
attract researchers’ attention.

Both of these methods have advantages and disadvantages.
Although the physical method makes the sea surface conform to
the laws of physics, it is not widely used in the real-time simula-
tion of the sea surface due to its extremely long calculation peri-
od and complex steady-state process. The major advantage of
math method is the fast calculation speed. After combining the
wave spectrum parameters, the simulated sea surface fluctu-
ations are realistic.

Considering the advantages and disadvantages of above
methods, this paper will start from the mathematical simulation
method to study the realization process and the realization effect
of the three simulation methods, including simple harmonics,  
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Gerstner wave and wave equation, and compare the three meth-
ods in terms of calculation speed and model characteristics. In
order to show the differences among the three methods better,
the wave spectrum during the calculations are all carried out by
JONSWAP spectrum, and the direction distribution function re-
commended by Stereo Wave Observation Project (SWOP; Cote,
1960) is used to convert the ocean wave spectrum to JONSWAP
direction spectrum function. On the basis of three simulation
methods, comprehensively considering the advantages and dis-
advantages of each method, a dynamic boundary condition of
the sea surface is proposed. This boundary condition can be ap-
plied to the wave equation method to simulate the sea surface, so
that it can hardly lose the calculation speed. It shows the state of
the sea surface advance more clearly. A simple comparison
between the improved wave equation method and the high-or-
der spectrum method for sea surface simulation effects will also
be made to show the characteristics of the wave equation method.

2  Ocean wave spectrum theory and modeling methods

2.1  Ocean wave spectrum theory
In order to meet the development needs of the North Sea,

from 1968 to 1970, the United Kingdom, the Netherlands, the
United States, Germany and other relevant institutions jointly
conducted the “Joint North Sea Wave Project” (JONSWAP). Sys-
tematic wave observations were carried out in Denmark and
western Germany (Hasselmann, 1973; Hasselmann et al., 1976).

A very systematic observation was made on the 160 km sec-
tion, and a total of 2 500 spectra were obtained. Under the action
of the east wind, the deep-water wind and waves appearing at
each station are helpful to study the process of wind and waves
growing with the wind. For example, the waves in the Atlantic
Ocean propagate from the west to the coast, which is beneficial to
the study of the transformation of swells in diving. This is by far
the most systematic ocean wave observation work.

Using these results, through estimation and fitting, the JON-
SWAP spectrum (Fig. 1) with higher accuracy is obtained. This is
a deep-water spectrum, which is not applicable to shallow seas.
The specific expression is
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where  is dimensionless constant, the value of  can be ex-

pressed ,  is fetch, g is the acceleration of

gravity,  is the average wind speed at 10 m from the sea,  is

the spectral peak frequency, usually ,  is the

peak lifting factor, the average value of  is 3.3.  is the peak

shape parameter, the value can be expressed as
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{
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.

Figure 1 shows the energy distribution of the JONSWAP spec-
trum under different wind speeds. It can be seen from the figure
that the higher the wind speed, the more concentrated the en-
ergy and the narrower the frequency band.

x
γ U

For marine seismic exploration, due to the fast propagation
speed of artificial seismic waves, the maximum range of seismic
wave energy coverage is usually above the kilometer level, so the
wind range parameters in the JONSWAP spectrum should be ap-
propriately selected larger. The wind range  used in the article is
20 km. The  is 3.3, and the wind speed at 10 m above the sea  is
12 m/s.

Since the sea surface is three-dimensional, the two-dimen-
sional wave needs to be converted to the three-dimensional sea
surface, and the conversion method adopts the direction spec-
trum function. When the wind direction is constant, the sea sur-
face in the wind direction should satisfy a certain wave spectrum.
In the fan-shape area on left and right of the wind direction, the
energy of the waves will attenuate, and the entire energy distribu-
tion is no longer in a straight line. The nature of the direction
spectrum function is an energy distribution relationship. The
JONSWAP direction spectrum can be expressed as:

SJONSWAP (ω,θ) = S (ω)G (ω,θ) , (2)

G (ω,θ)where  is a function recommended by SWOP (Cote, 1960):
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
π
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
, (3)
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 can be approximated as .

Figure 2a shows the characteristics of the directional distribu-
tion function. It can be seen from Fig. 2a that at the positive wind
direction 0, the energy of the waves is the largest, while the en-
ergy on both sides gradually attenuates. Figure 2b shows the dis-
tribution of the JONSWAP directional spectrum. It has the same
pattern as Fig. 2a.

2.2  Modeling methods

2.2.1  Simple harmonic sea surface model based on ocean wave
spectrum

The early research on sea surface modeling regarded the sea
surface as a superposition of sine waves or cosine waves (simple
harmonics, Fig. 3). The model generated in this way is called the
Longuet-Higgins model (Longuet-Higgins, 1952). Its expression
is:

T (t) =
n∑
i

aicos (ωi + εi) , (4)

T (t)
ai ωi

εi

where  represents the height field set of the sea surface at
each time,  is the energy of each simple harmonic,  is the fre-
quency of each simple harmonic, and  is the random phase.
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Fig. 1.   Spectrum distribution of JONSWAP spectrum.
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Combined with JONSWAP spectrum,

ai =
√

SJONSWAP (ω,θ)dωdθ, (5)

expand Eq. (5) to three-dimension mode:

T (x,y,t) =
∑
i

∑
j

√
SJONSWAP(ωi,θj)dωdθcos

[
ωit−

ωi


g
(xcosθj + ysinθj) + εi,j

]
, (6)

T (x,y,t) t (x,y) dω

dθ

where  represents the height at time  at point , 
represents the interval between each frequency after the JON-
SWAP spectrum is discretized,  represents the range of energy
attenuation along the left and right sides of the wind direction,
and the rest have the same meaning as mentioned before.

2.2.2  Gerstner wave sea surface model based on ocean wave spec-
trum

The Gerstner model was first introduced to the field of com-

puter image processing in 1986 by Fournier and Reeves (1986).
This model mainly describes the motion state of each particle on
the sea surface from the perspective of dynamics, and is gener-
ally represented by a parametric equation:


x = x − rsin

(
ω

g
x − ωt

)
,
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(
ω

g
y − ωt

)
,

(7)

(x,y)
(x,y) r

ω

where  represents the current position of calculated particle,
 represents the initial position of the calculated particle, 

represents the radius of motion (can also be understood as mag-
nitude of energy), and  is the frequency of motion. In analytic
geometry, the parametric equation describes the trajectory of the
circle. The two-dimensional shape of the Gerstner wave is shown
in Fig. 4.

Combined with the JONSWAP spectrum,

r =
√

SJONSWAP (ω,θ)dωdθ, (8)

expand Eq. (8) to three-dimension mode:
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(x,y,z) (x,y,

z)
where  is the current coordinate of the mass point, 

 is the initial coordinate of the mass point, and the other para-
meters have the same meaning as mentioned before.

2.2.3  Wave equation sea surface model based on ocean wave spec-
trum

Chen (2013) compared the commonly used seismic wave
equation with the water wave model construction method based
on the principle of fluid dynamics, and assumed that fluid is in-
viscid and incompressible, comparing the two equations:
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Fig. 2.   Distribution characteristics of direction distribution func-
tions (a) and JONSWAP direction spectrums (b).
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Fig. 3.   Simple harmonic.
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Fig. 4.   Gerstner wave.

40 Chang Zhimiao et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 10, P. 38–48  



dh (x,y,t)
dt

= gp

(
dh (x,y,t)

dx
+

dh (x,y,t)
dy

)
, h (x,y,t) = h,
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h g
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where  represents the height of the water surface,  represents

the acceleration of gravity,  represents the depth of the water, 

represents the time,  represents the space coordinate, and 

represents the initial water surface height.

In addition, the commonly used seismic wave equation is giv-

en:

du (x,y,t)
dt

= v
(
du (x,y,t)

dx
+

du (x,y,t)
dy

)
, (11)

u

v

where  represents the displacement of the particle vibration,

and  represents the speed of the medium.

It can be found that the two equations are similar. Therefore,

the algorithms related to seismic wave numerical simulation can

be applied to the calculation of sea surface. The finite difference

method is used here.

First, discretize Eq. (10) and find the difference format:

h(x,y,t+ ) =h(x,y,t)− h(x,y,t−)+

gpΔt

Δx
[h(x+ ,y,t)− h(x,y,t)+

h(x− ,y,t)] +
gpΔt

Δy
[h(x,y+ ,t)−

h(x,y,t) + h(x,y− ,t)], (12)

Δx Δy Δt

Δx = Δy = h
gpΔt

h
= P

where ,  represent the space steps, and  represents the

time step. If  and  are applied, the above

equation can be simplified to:

h(x,y,t+ ) =h(x,y,t)− h(x,y,t−)+

P[h(x+ ,y,t)− h(x,y,t)+

h(x− ,y,t)] + P[h(x,y+ ,t)−

h(x,y,t) + h(x,y− ,t)]. (13)

To solve this equation, two initial conditions of time steps
should be required. The initial conditions can be derived from
the model generated by simple harmonics or Gerstner wave, or in
other ways.

 < P ⩽ .
Chen (2013) discussed the convergence conditions of stable

iteration of Eq. (13) and conclude that when  the
stable iteration of Eq. (13) does not diverge.

3  Simulation processes
In addition to the theoretical equation derivation of the three

ways mentioned above, the simulation process and parameter
selection also need to be explained in the specific implementa-
tion process. Next, the specific implementation steps of the three
simulation ways will be explained separately (Fig. 5).

3.1  Simple harmonic wave

3.1.1  Select initial parameters
Table 1 shows the simulation parameter value below.

3.1.2  Wind direction distribution calculation
(−π,π)

m
Within the specified range, divide the  range centered

on the wind direction into  parts, and record the direction each
part represents:

θi = df− π

+ dθ

(
i− 



)
, (14)

parameter initialization

JONSWAP direction spectrum calculation

obtain the sea surface height field T(t) at time t

i=i+1

xi, yi height calculation

dω, dθ, U, t, ε…

SJONSWAP(ω,θ)=S(ω)·G(ω,θ)

T(t)=∑aicos(ωi+εi)
n

i

wind direction distribution calculation wave spectrum distribution calculation S(ω)=
αg2

ω5 exp [−β(        )4]
Uω
gθi = df − − + dθ(i− −)22

1π

 

Fig. 5.   Simple harmonic sea surface simulation process.
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θi df

dθ =
π
m

i (,m)

where  represents the direction angle of each direction, and 

represents the wind direction. , the value range of  is .

3.1.3  JONSWAP direction spectrum calculation

Substituting Eq. (14) into Eq. (3) and combining it with Eq. (2),

SJONSWAP (ω,θ) =
αg

ω
exp

[
−β

( g
Uω

)
]
×


π
[+ pcos (θ) + qcos (θ)] . (15)

3.1.4  Height field simulation

Substituting Eq. (15) into Eq. (6), the height at each point can

be calculated. And the simulation results are shown in Fig. 6.

3.2  Gerstner wave
The simulation process using Gerstner waves is basically the

same as that of simple harmonics (Fig. 7). After Eq. (15) is ob-
tained, Eq. (9) is substituted for calculation according to the time
steps. And the simulation results are shown in Fig. 8.

3.3  Wave equation

P

In order to use the different formats of the wave equation to
calculate the real-time condition of the sea surface, two condi-
tions are required (Fig. 9). The first is to collect several consecut-
ive moments of sea surface (i.e., the initial conditions), and the
second is to require a suitable  value.

P
(,.) P = .

According to Chen’s (2013) research results, the value of  is
generally in the range of . In this calculation, .

The sea surface at a continuous moment can be obtained by
any of the above ways. After obtaining the sea surface undulation
matrix, substituting it into Eq. (13), then forward according to the
time steps can be calculated. And the simulation results are
shown in Fig. 10.

4  Comparison of results
In order to show the difference between the three ways, it is

necessary to compare the calculation speed and the model real-
ization effect.

4.1  Calculational cost
The computer hardware and software conditions for calcula-

tion are: Ubuntu 20.04.1 LTS, Core i7-6700 3.40GHz processor,

Table 1.   Parameters required for simulation
Parameters Value

UWind speed  at 19.5 m above sea surface 8 m/s

Wind direction df π/3

mWind direction division number 30

dθWind direction interval 2π/m

dωFrequency interval π/100

Computational grid × 

Time step 1 s
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Fig. 6.   Sea surface at four times: the sea surface at 1 s (a); the sea surface at 2 s (b); the sea surface at 3 s (c); the sea surface at 4 s (d).
And the place marked by the box is to illustrate the undulating characteristics of the sea surface below.
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parameter initialization

JONSWAP direction spectrum calculation

obtain the sea surface height field T(t) at time t

i=i+1

xi,yi height calculation

dω, dθ, U, t, ε…

SJONSWAP(ω,θ)=S(ω)·G(ω,θ)

wind direction distribution calculation wave spectrum distribution calculation S(ω)=
αg2

ω5  exp [−β(        )4]
Uω
gθi = df− − + dθ(i−−)22

1π

x=x0−rsin(− x0−ωt)g
ω2

y=y0−rcos(− y0−ωt)g
ω2

 

Fig. 7.   Gerstner wave sea surface simulation process.
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Fig. 8.   Sea surface at four times: the sea surface at 1 s (a); the sea surface at 2 s (b); the sea surface at 3 s (c); the sea surface at 4 s (d).
And the place marked by the box is to explain the propulsion characteristics of the sea surface below.
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and the wave spectrum uses full frequency calculation. The cal-

culation speed comparison is shown in Table 2.

Comparing the calculation speed of the above three simula-

tion methods, the wave equation is the fastest, the simple har-

monic is the second, and the Gerstner wave is the slowest. From

the perspective of algorithm time complexity, for the wave equa-

tion method, since only Eq. (13) needs to be calculated, and Eq.

(13) is a linear expression, the complexity is the lowest; for simple

harmonics, this method involves a trigonometric function opera-

tion, so the complexity is higher; for Gerstner wave method, com-

pared with the simple harmonic, at least three operations with

the same complexity as the simple harmonic have been experi-

enced, so the complexity is higher.

4.2  Simulation characteristics

4.2.1  Simple harmonic wave
The sea surface drawn by simple harmonics is shown in Fig. 11.

The sea surface characteristics simulated by the simple harmon-
ic method are that the peaks and valleys are relatively discontinu-
ous (mainly compared with Gerstner method). On the image cre-
ated by the Gerstner method (Fig. 12), the continuous wave
crests with lines have been marked, but in Fig. 11, you could not
find such a continuous line. This way can better show the ups and
downs of the sea. You can see the ups and downs in Fig. 6. One of the
positions was circled with a box, and you can observe this wave
crest, which is changing up and down over time (of course it is
not in one position, other positions are the same ups and downs).

4.2.2  Gerstner wave
The sea surface characteristics simulated by the Gerstner

wave method are that the sharp parts of the waves can be well
represented. In fact, the sea surface described in this way is more
in line with the physical characteristics of the actual sea surface
(Liu et al., 2006) (Fig. 12). In addition, the Gerstner way has a bet-
ter simulation effect than simple harmonics when describing the
propulsion of ocean waves. The effect of wave crest advance-
ment can be clearly seen in Fig. 8. One of the wave crests has
been marked with a box, and can clearly observe that this wave
crest is constantly moving forward as time goes by.

4.2.3  Wave equation
The nature of the wave equation method to simulate the sea

initial conditions

difference operation

calculated by time step

height field at each moment

sea surface fluctuation data at t1 and t2 

the format shown in Eq. (13)

 

Fig. 9.   Wave equation sea surface simulation process.
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Fig. 10.   Sea surface at four times: the sea surface at 1 s (a); the sea surface at 2 s (b); the sea surface at 3 s (c); the sea surface at 4 s (d).
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surface is the law of seismic wave propagation. Therefore, prob-
lems in the calculation of the difference in seismic wave propaga-
tion will also appear here, such as boundary effects, the obvious
boundary effect will be seen at the mark in Fig. 13; in addition,
since the wave equation way only contains wind speed and direc-
tion information under initial conditions. As the calculation
steps, the accuracy of the results will become lower and lower
(Fig. 10).

The simple harmonic, Gerstner wave and wave equation have
their respective application ranges. The simple harmonic meth-
od is suitable for describing the undulating sea surface with weak
wind. The Gerstner wave is suitable for describing the advance-
ment of ocean waves. The wave equation is suitable for al-
gorithm that involves sea surface undulations when conditions
such as wind and waves are not required. Although the former
two can simulate a more realistic sea surface, when simulating a
large range of dynamic sea surface, it consumes a lot of calcula-
tion time.

In order to take into account the calculation time and the
model simulation effect, this paper proposes an improved meth-
od of dynamic sea surface modeling based on wave equation, so

that it can simulate a more realistic dynamic sea surface with al-
most no loss of calculation speed.

5  Improved method of wave equation sea surface modeling
The wave equation way represented by Eq. (13) essentially

does not fully utilize the wave spectrum, and does not include in-
formation such as wind force and wind direction in the calcula-
tion. Considering starting from the boundary conditions, the dy-
namic boundary conditions containing wave spectrum informa-
tion will be derived, and modeling the undulating sea surface
based on this.

5.1  Derivation of dynamic boundary condition
Pi

(i,)
z = 

Pi

Assuming that the coordinate of a point  on the boundary of
the upwind direction is , and this point makes simple har-
monic motion vertically up and down the balance plane ,
the expression of the motion trajectory of  in the vertical direc-
tion is:

Pzi = rsin(ωt+ e), (16)

Pzi r
ω t e
where  is the z-axis coordinate of the point,  is energy intensity,

 is motion frequency,  is the time, and  is the random initial phase.
r

r
The energy intensity  can be expressed in the wave spec-

trum function, so  can be expressed as:

r =
√

SJONSWAP (ω,θ)dωdθ.

For each moving point, each frequency of the wave spectrum
corresponds to a simple harmonic motion. For this point,

Pi =
√

SJONSWAP (ω,θ)dωdθ sin(ωt+ e),

Pi =
√

SJONSWAP (ω,θ)dωdθ sin(ωt+ e),

· · ·

Pin =
√

SJONSWAP (ωn,θ)dωdθ sin(ωnt+ en).

Sum the above equations:

Pi =
∑
j

√
SJONSWAP

(
ωj,θ

)
dωdθ sin(ωjt+ej). (17)

In order to ensure that all the points that meet the conditions
are also continuity along the x-axis, it is necessary to convert Eq.

Table 2.   Calculation time comparison

Model
Simple

harmonic
Gerstner

wave
Wave

equation
Time required

to calculate
100 groups/s

876. 77 3 216. 19 74.02
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Fig. 11.   The sea surface model drawn by the simple harmonics.
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Fig. 12.   The sea surface model drawn by the Gerstner waves.
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Fig. 13.   The sea surface model drawn by the wave equation.
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(17) into a two-dimension form, which is:

h (x,,t) =
∑
i

∑
j

√
SJONSWAP

(
ωi,θj

)
dωdθcos(ωit−

ωi


g

(
xcosθj + sinθj) + εi,j

)
. (18)

The form of Eqs (18) and (6) is almost the same.
Equation (18) is the lower boundary condition in the wave

equation method to simulate the sea surface. When the bound-
ary is upwind, the remaining boundary does not need to substi-
tuted into this condition.

5.2  Simulation of undulating sea surface under dynamic boun-
dary condition
Figure 14 shows the simulation process. Under the same

hardware and software conditions, the time required to calculate
100 sets of data using this method is only 81.67 s. From Fig. 15,
the effect of the wave advances with time can be seen; since the
boundary conditions change with time and will not disappear, if
a long-term simulation is to be performed, it is necessary to add
absorption boundary on other boundaries. From Fig. 16, the dif-
ference in the calculation speed of the three methods can be
seen. Obviously, the calculation speed of the improved wave
equation method is much slower than other methods.

5.3  Comparisionwith HOS method
In order to illustrate the simulation effect of the wave equa-

tion method, this method is compared with the sea surface simu-
lated by the high-order spectrum method. The three-dimension-
al sea surface simulated by the high-order spectrum method
used in this article is generated by the open-source high-order
spectrum wide-area sea surface solver HOS ocean (Ducrozet et
al., 2016), and is displayed by Matlab. The two simulation dia-
grams are shown in the figures (Figs 17 and 18; and the top views
of the figures, Figs 19 and 20).

Compared with the sea surface described by the wave equa-
tion method, the wave peaks and troughs have no continuous
characteristics compared with those described by the high-order
spectrum method, which can be better seen from the top view.

The wave equation method is smoother, and the higher-or-

initial conditions
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height field at each moment

dynamic boundary conditions shown in Eq. (18)

the format shown in Eq. (13)

 

Fig. 14.   Wave equation sea surface simulation process under dy-
namic boundary conditions.

a b

5

0

−5

100

100
50

50

0
0

y/m
x/m

z/
m

5

0

−5

100

100
50

50

0
0

y/m
x/m

z/
m

c

5

0

−5

100

100
50

50

0
0

y/m
x/m

z/
m

d

5

0

−5

100

100
50

50

0
0

y/m
x/m

z/
m

 

Fig. 15.   Sea surface at four times: the sea surface at 1 s (a); the sea surface at 2 s (b); the sea surface at 3 s (c); the sea surface at 4 s (d).
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der spectrum method is sharper at the peaks and valleys.
The wave equation method describes the sea surface lower,

and the high-order spectrum method describes the sea surface
wave peak higher.

6  Conclusions
In this paper, three mathematical simulation methods of un-

dulating seas are studied, the implementation process of the
three methods is studied in detail, and the differences of the
three methods are compared in terms of calculation speed and
model effect. From the perspective of the implementation effects,
the simple harmonic is suitable for describing the undulating
state of the sea under a wide range and weak wind conditions;
the Gerstner wave is suitable for describing the local and pro-
pelled sea conditions; when extremely fast calculation speed is
required or when there is little requirement for the sea level to
change with time, the wave equation method can be used. In
practical applications, different methods can be used to simulate
the sea surface according to different needs. In this paper, the
wave equation method is improved, and dynamic boundary con-
ditions containing wave spectrum parameters are added, which
makes the calculation speed faster. And by comparing the im-
proved the wave equation and high-order spectral methods, it
shows that the sea surface described by the wave equation meth-
od is smoother and so on.

In marine seismic exploration, the impact of dynamic sea sur-
face fluctuations cannot be ignored. The premise of studying the

impact of sea surface fluctuations is to simulate a more realistic

dynamic sea surface condition. This paper explains several sea

surface simulation methods from the perspective of mathematic-

al statistics. These methods are more compatible with the model

design of seismic wave numerical simulation. The wave equation

sea surface simulation under dynamic boundary conditions pro-

posed in this paper can better demonstrate the dynamic sea sur-

face fluctuations, and the calculation speed is faster, which ef-

fectively improves the dynamic sea surface generation efficiency.

It provides an effective way for wave field simulation model

design.

3 500

3 000

2 500

2 000

1 500

1 000

500

0

T
im

e
/s

Gerstenr wave

Method

simple harmonics improved wave equation

 

Fig. 16.   Calculation time comparison.
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Fig.  17.     Sea  surface  simulated  by  improved  wave  equation
method.
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Fig. 18.   Sea surface simulated by HOS method.
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Fig.  19.     Sea  surface  simulated  by  improved  wave  equation
method (top view).
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Fig. 20.   Sea surface simulated by HOS method (top view).
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