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Abstract. Theoretical and simulation studies are carried out to study the propagation 
characteristics of Scholte waves in non-horizontal underwater interface of shallow sea. The 
dispersion and polarization characteristics of Scholte waves in horizontal layered underwater 
interface are analyzed by using wave theory and staggered grid finite difference method. The 
effectiveness of the method used in this paper is proved from the perspective of theory and 
simulation. The propagation characteristics and polarization characteristics of Scholte waves in 
non-horizontal underwater interface are also analyzed. At the wedge-shaped underwater interface, 
the particle trajectory of Scholte wave is related to the angle between the propagation direction 
and the underwater interface, and with the increase of the angle, the deflection angle of the particle 
trajectory increases. At the bulged underwater interface, the particle trajectory of seismic wave 
has nothing to do with the propagation direction and the bulged underwater interface, but the 
bulged underwater interface has a great influence on the amplitude of seismic wave. The research 
results are of great significance to underwater target detection and geological exploration. 
Keywords: seismic waves, non-horizontal, wedge-shaped, bulged, Scholte wave. 

1. Introduction 

In order to explore a new method of underwater target detection, shallow sea seismic waves 
have attracted extensive attention. Scholte [1] conducted a large number of shallow sea acoustic 
propagation experiments after the concept of Scholte wave was proposed, and pointed out the 
possibility of using shallow water seismic wave to realize underwater target detection, recognition 
and tracking for the first time [2].Since then, scholars from various countries have carried out a 
large number of theoretical [3, 4], numerical [5, 6] (Finite difference method and Finite element 
method) and experimental [7, 8] studies on shallow sea seismic waves, and used shallow sea 
seismic waves in the fields of target detection, geological exploration and others. After a long and 
in-depth study by scholars from various countries, it is concluded that shallow sea seismic wave 
has the following advantages. (1) Shallow sea seismic wave is induced by low-frequency noise, 
and its sound source is difficult to be eliminated by noise reduction technology [9]. (2) Shallow 
sea seismic wave is composed of underwater sound wave, P-wave and S-wave in underwater 
medium, Scholte wave and various vibration waves. Using various types of waves to detect targets 
can improve the reliability of target detection [10]. (3) Scholte wave in shallow sea seismic wave 
is a surface wave propagating at underwater interface, and the amplitude of Scholte wave is large 
in a certain depth [11]. (4) The amplitude attenuation of Scholte wave propagating at the 
underwater interface is small, which can detect long-distance targets [12]. 

The actual shallow sea environment is relatively complex, and mountains, basins, steep slopes 
and sedimentary layers are distributed on the seabed, which has a great impact on sound 
propagation, especially shallow sea seismic waves propagating at the underwater interface. At the 
underwater interface, low frequency/very low frequency Scholte seismic waves have strong 
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penetration ability. Therefore, the research on the propagation characteristics of Scholte seismic 
waves at the underwater interface is of great significance to underwater medium inversion, 
petroleum geological exploration and target detection [13, 14]. However, there are few reports on 
the propagation characteristics of Scholte seismic waves in complex underwater environment. 

In this paper, the propagation characteristics of shallow sea seismic wave at non-horizontal 
underwater interface are studied, and the dispersion characteristics and propagation law of Scholte 
wave in complex underwater environment are analyzed. The dispersion equation and displacement 
equation of Scholte wave are derived by using wave theory. The simulation of shallow sea seismic 
wave propagation process is realized by staggered grid finite difference method. The dispersion 
energy diagram of shallow water seismic wave is extracted by f-k method and the particle 
displacement of Scholte wave is extracted by polarization method. The calculation results can 
determine the propagation characteristics of shallow sea seismic waves in complex marine 
environment, and provide a theoretical basis for underwater target detection and geological 
exploration. 

2. Wave theory of Scholte 

In this section, the characteristic equation of Scholte wave dispersion is derived by using the 
body wave equation [15] and according to the underwater interface boundary conditions. 
Assuming that the wave propagates along the 𝑟 direction, a two-dimensional shallow sea sound 
field model is established, as shown in Fig. 1, where, 𝑐  is the sound wave velocity, 𝜌  is the water 
density and ℎ  is the water depth. 𝑐  and 𝑐  are the velocities of P-wave and S-wave in 
underwater medium respectively, ρ1 is the density of underwater medium and ℎ  is the depth of 
underwater medium. ℎ  is the distance between the sound source and the underwater interface. 𝑟 
is the horizontal distance between the underwater interface particle and the sound source. 𝑐 is the 
Scholte wave velocity. 𝑧 is the depth. 

 
Fig. 1. Shallow sea sound field model 

The following conditions can be obtained by using the particle displacement of water surface, 
sound source and underwater interface and the particularity of fluid (with compressive stress 𝜎 
and no shear stress τ): 𝜎 0,    ℎ 0 , 𝜎 𝑧 ℎ − ℎ 𝜎 𝑧 ℎ − ℎ , 𝑤 𝑤 ,𝜎  𝜎  ,𝜏 0,      𝑧 ℎ , (1)

where, the displacement 𝑢, 𝑤 and stress 𝜎, 𝜏 meet the following conditions: 
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𝑢 = 𝜕𝜑𝜕𝑥 − 𝜕𝜓𝜕𝑧 ,𝑤 = 𝜕𝜑𝜕𝑧 + 𝜕𝜓𝜕𝑥 , 𝜎 = 𝜆 𝜕 𝜙𝜕𝑥 + 𝜕 𝜙𝜕𝑧 , 𝜎 = 𝜆 𝜕 𝜙𝜕𝑥 + 𝜕 𝜙𝜕𝑧 + 2𝜇 𝜕 𝜙𝜕𝑧 + 𝜕 𝜓𝜕𝑥 , 𝜏 = 𝜇 𝜕 𝜙𝜕𝑥𝜕𝑧 − 𝜕 𝜓𝜕𝑧 + 𝜕 𝜓𝜕𝑥 , 
(2)

where, 𝜑 is the compression displacement vector. �⃗� is the shear displacement vector. the lower 
corner mark 0 indicates the water medium, and the lower corner mark 1 indicates the underwater 
medium. 

The dispersion characteristic equation of Scholte wave can be obtained by sorting out the 
above equations: 

2 − 𝑐 𝑐 − 4 1 − 𝑐 𝑐 1 − 𝑐 𝑐
      = −tanℎ ℎ 𝜔𝑐 1 − 𝑐 𝑐 ⎣⎢⎢

⎡𝜌 𝑐 1 − 𝑐 𝑐⁄𝜌 𝑐 1 − 𝑐 𝑐⁄ ⎦⎥⎥
⎤ . (3)

The ratio of Scholte wave velocity to acoustic wave velocity and shear wave velocity is 
different, and there will be imaginary numbers in Eq. (3), resulting in the inability or multiple 
solutions of the equation. Therefore, there are conditions for solving the real root of Eq. (3). The 
solution of different wave velocity equations has been discussed in detail in references [2] and 
[16], which will not be discussed too much here. 

Particle displacement and particle trajectory are the key to identify Scholte waves. On the 
premise of determining the Scholte wave velocity, the particle displacement equation is deduced 
and solved. Using the boundary conditions of Eq. (1) to solve Eq. (2), the displacement equation 
can be sorted out. 

The displacement of the horizontal and vertical components of the water medium is expressed 
as follows: 

𝑢 = −𝑘 𝐵 𝑐 𝑐⁄ − 𝑐 𝑐⁄𝑐 𝑐⁄ − 𝑐 𝑐⁄ 2 𝑐 𝑐⁄ − 1 𝑒 sin 𝑘𝑥 − 𝜔𝑡 , 
𝑤 = 𝑘 𝐵 𝑐 𝑐⁄ − 𝑐 𝑐⁄2 𝑐 𝑐⁄ − 1 𝑒 cos 𝑘𝑥 − 𝜔𝑡 . (4)

The displacement of the horizontal and vertical components of the underwater medium is 
expressed as follows: 
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𝑢 = 𝑘 𝐵⎩⎨
⎧2 𝑐 𝑐⁄ − 𝑐 𝑐⁄ 𝑐 𝑐⁄ − 12 𝑐 𝑐⁄ − 1 𝑒 − 𝑒 ⎭⎬

⎫ sin 𝑘𝑥 − 𝜔𝑡 , 
𝑤 = 𝑘 𝐵 𝑐𝑐 − 𝑐𝑐 2 𝑐 𝑐⁄2 𝑐 𝑐⁄ − 1 𝑒 − 𝑒 cos 𝑘𝑥 − 𝜔𝑡 . (5)

The trigonometric function sum is taken as the maximum value 1, the Eqs. (4) and (5) are 
solved and normalized to obtain the particle displacement curve of Scholte wave with depth. If 
the variation of trigonometric function sum with time 𝑡 is considered, the particle trajectory of 
Scholte wave can be obtained by solving Eqs. (4) and (5). Fig. 2 shows the change of particle 
displacement with depth and particle trajectory of Scholte wave. When the dominant frequency is 
15 Hz, the sound wave velocity 𝑐 = 1530 m/s and density of water 𝜌 = 1000 kg/m3, P-wave 
velocity of underwater medium 𝑐 = 2050 m/s, S-wave velocity of underwater medium  𝑐 = 1380 m/s, density underwater medium 𝜌 = 1900 kg/m3. It can be seen from Fig. 2 that the 
Scholte wave displacement is mainly concentrated at one wavelength 𝜆. In underwater medium 
the vertical displacement of Scholte wave is always greater than the horizontal displacement. With 
the increase of depth, the vertical displacement of Scholte wave decreases exponentially, and the 
horizontal displacement of Scholte wave increases first and then decreases exponentially. At the 
same time, Scholte wave has polarization characteristics. At the underwater interface, the particle 
trajectory of Scholte wave is a counterclockwise “vertical” ellipse (the long axis of the ellipse is 
vertical). With the increase of depth, the particle trajectory of Scholte wave changes from 
counterclockwise “vertical” ellipse to “vertical” straight line, and then from “vertical” straight line 
to clockwise “vertical” ellipse. 

 
Fig. 2. Variation of particle displacement with depth and particle trajectory of Scholte wave 

3. Results and discussion 

3.1. Horizontal layered interface 

The staggered grid finite difference method is used to simulate the propagation process of 
shallow sea seismic wave. The finite difference method uses the difference quotient to 
approximate the derivative to discretize the wave equation, which has the advantages of fast 
convergence and small memory [10]. Studies of the propagation properties of shallow sea seismic 
waves in complex underwater environments using finite difference methods have rarely been 
reported. At the same time, in order to compare the propagation characteristics of shallow sea 
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seismic waves in complex underwater environment and ensure the accuracy and stability of the 
conclusions, the time and space accuracy are selected as second order. According to Fig. 1, a 
shallow water sound field model is established with a size of 3000 m×600 m. The thickness of the 
water layer is 200 m, the thickness of the underwater medium layer is 400 m, the sound wave 
velocity of water 𝑐  is 1530 m/s, and the density of water 𝜌  is 1000 kg/m3.Sandstone is selected 
as the underwater medium whose P-wave velocity 𝑐  is 2400 m/s, S-wave velocity 𝑐  is 
1300 m/s, and the density 𝜌  is 2350 kg/m3. In the numerical calculation, the spatial step is 1 m, 
the time step is 0.05 ms, and the sampling time length is 3.0 s. The horizontal position of the sound 
source is 𝑟 = 0 m, the height of the sound source from the underwater interface is ℎ = 20 m, and 
the main frequency of the sound source is 𝑓 = 30 Hz. The numerical results are shown in Fig. 3. 

 
Fig. 3. Wave field snapshot of horizontal interface 

As can be seen from Fig. 3, the vibration of the underwater target (sound source) in the water 
forms the underwater sound wave. The sound wave contacts with the underwater medium and 
converts into P-wave and S-wave in the underwater medium. At the underwater interface, Scholte 
wave is formed by the interaction of sound wave, underwater medium P-wave and S-wave, and 
refracted wave and head wave are formed at the same time [10]. The amplitude of shallow sea 
seismic wave formed by sound sources at different heights is different. In order to extract the wave 
velocity of Scholte wave, the dispersion energy of shallow sea seismic wave at underwater 
interface is extracted by 𝑓-𝑘 transform [17]. In the extraction process, the vertical amplitude is 
selected to extract between 0-3000 m of the underwater interface with a sampling spacing of 5 m 
to obtain the dispersion energy of shallow sea seismic wave, as shown in Fig. 4 (the vertical 
amplitude is large, and in this paper only the dispersion energy of the vertical amplitude of shallow 
sea seismic wave is given).It can be seen from Fig. 4 that Scholte wave is the main seismic wave 
energy in shallow sea at underwater interface, and the height of sound source affects the wave 
velocity of Scholte wave, and the amplitude of Scholte wave is 5-30 Hz. Most of the shallow sea 
seismic wave signals extracted by mines are vibration velocity signals. In order to identify various 
waves in shallow sea seismic waves, it is necessary to analyze the vibration velocity of underwater 
interface particles. At 1500 m and 2500 m of the underwater interface, the particle vibration 
velocities of shallow sea seismic waves in horizontal and vertical directions at different heights of 
the sound source are extracted, and the particle vibration velocity in different time domain is 
polarized to obtain particle trajectory, as shown in Fig. 5. 

 
Fig. 4. Dispersion energy of shallow sea seismic wave 
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Fig. 5. Vibration velocity and trajectory of particle 

It can be seen from Fig. 4 and 5 that the particle velocity amplitude of underwater interface 
shallow sea seismic wave is mainly sound wave, P-wave and Scholte wave. Although the P-wave 
is affected by head wave and refracted wave, they have little impact on the P-wave. Therefore, the 
particle trajectory of underwater interface P-wave generally moves along the horizontal direction 
and has a small included angle with the horizontal direction. The underwater interface sound wave 
is mainly affected by the head wave and less by the longitudinal wave. Therefore, the acoustic 
wave moves in an ellipse with a certain inclination. The trajectory of Scholte wave is a 
counterclockwise “vertical” ellipse, and the amplitude ratio between horizontal and vertical 
directions is about 0.40-0.47. With the increase of distance, the attenuation of particle velocity 
amplitude of Scholte wave is significantly less than that of other waves. 

In this paper, the variation of Scholte wave amplitude along the depth direction is analyzed. 
When the sound source is at different heights, the horizontal and vertical amplitudes of Scholte 
waves with an underwater interface of 2000 m and a depth of 0-99 m are extracted. At the same 
time, the particle vibration velocities of Scholte waves with depths of 0 m, 4 m, 8 m, 12 m and 
16 m are polarized to obtain their particle trajectories, as shown in Fig. 6. 

 
Fig. 6. Variation of Scholte wave amplitude with depth  

and particle trajectory of Scholte wave at different depths 

As can be seen from Fig. 6, along the depth direction, the amplitude in the vertical direction 
of Scholte wave decays exponentially, and the direction of amplitude does not change. The 
horizontal amplitude of Scholte wave changes from negative to 0, increases from 0 to a certain 
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value, and then decays exponentially. Finally, the horizontal and vertical amplitude ratio of 
Scholte wave is about 0.35-0.41. The amplitude of Scholte wave in the vertical direction is always 
greater than that in the horizontal direction, and the amplitude of Scholte wave is mainly 
concentrated in one wavelength. At the underwater interface, the particle trajectory of Scholte 
wave is a counterclockwise “vertical” ellipse (the long axis of the ellipse is vertical). With the 
increase of depth, the particle trajectory of Scholte wave changes from counterclockwise 
“vertical” ellipse to “vertical” straight line, and then from “vertical” straight line to clockwise 
“vertical” ellipse. The above numerical results are consistent with the theoretical analysis results. 

3.2. Wedge-shaped underwater interface 

In the shallow sea environment, the underwater interface often exists with a certain slope, and 
the propagation characteristics of shallow sea seismic waves changes accordingly. The current 
research mainly uses the acoustic vector field calculation method of elastic parabolic equation to 
calculate the acoustic vector field in the wedge-shaped underwater interface and the distribution 
of seabed seismic wave [18]. In this section, the wedge-shaped underwater interface is simulated 
to analyze the influence of wedge-shaped underwater interface angle on shallow sea seismic wave 
propagation characteristics. The size of the shallow water sound field model established in this 
paper is 3000 m×600 m, the thickness of water medium is 200 m, the thickness of underwater 
medium is 400 m, and the underwater medium is sandstone. A wedge-shaped underwater interface 
is set at the horizontal distance 𝑟 = 1000 m from the sound source. The angle of wedge-shaped 
underwater interface is less than 45°, which are 5°, 15°, 25° and 35° respectively. In the numerical 
calculation, the spatial step is 1 m, the time step is 0.05 ms, and the sampling time length is 3.0 s. 
The horizontal position of the sound source is 𝑟 = 0 m, the height of the sound source from the 
underwater interface is ℎ = 20 m, and the main frequency of the sound source is 𝑓 = 30 Hz. The 
shallow sea sound field model of wedge-shaped underwater interface is shown in Fig. 7. 

 
Fig. 7. Shallow sea sound field model of wedge-shaped underwater interface 

The vertical wave field snapshot of shallow sea seismic wave propagating at wedge-shaped 
underwater interface at different angles is shown in Figs. 8-11. 

As can be seen from Fig. 8-11, Scholte wave propagates along the wedge-shaped underwater 
interface. Meanwhile, Scholte wave forms a converted wave after contacting with the wedge-
shaped underwater interface. The energy of shallow sea seismic wave is different at different 
wedge-shaped underwater interface angles. In order to compare the changes of Scholte wave 
velocity, the dispersion energy of shallow sea seismic waves at wedge-shaped underwater 
interface with different angles is extracted by 𝑓-𝑘 transformation. In the extraction process, the 
vertical amplitude is selected to extract between 1000-1300 m of the underwater interface with a 
sampling spacing of 5 m to obtain the dispersion energy of shallow sea seismic wave, as shown 
in Fig. 12. 

It can be seen from Fig. 12 that Scholte wave is the main shallow sea seismic wave energy at 
underwater interface. The wedge-shaped underwater interface affects the wave velocity and 
amplitude frequency concentration range of Scholte wave. With the increase of wedge-shaped 
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underwater interface angle, the concentration range of Scholte wave amplitude decreases in terms 
of wave velocity, but the main concentration range of Scholte wave amplitude does not change. 
In terms of frequency, the amplitude frequency concentration range of Scholte wave decreases. 

 
a) 1.25 s 

 
b) 2.0 s 

Fig. 8. Snapshot of wave field at different sampling times,  
when the angle of wedge-shaped underwater interface is 5° 

 
a) 1.125 s 

 
b) 1.25 s 

Fig. 9. Snapshot of wave field at different sampling times,  
when the angle of wedge-shaped underwater interface is 15° 

 
a) 1.0 s 

 
b) 1.125 s 

Fig. 10. Snapshot of wave field at different sampling times,  
when the angle of wedge-shaped underwater interface is 25° 

 
a) 1.0 s 

 
b) 1.125 s 

Fig. 11. Snapshot of wave field at different sampling times,  
when the angle of wedge-shaped underwater interface is 35° 

At 1000 m and 1200 m of the underwater interface, the particle vibration velocities of shallow 
sea seismic waves in horizontal and vertical directions of wedge-shaped underwater interface with 
different angles are extracted, and the particle vibration velocity in different time domain is 
polarized to obtain the particle trajectory, as shown in Fig. 13. 

It can be seen from Fig. 13 that the amplitude of P-wave, sound wave and Scholte wave 
changes significantly after contacting the wedge-shaped underwater interface. Among them, the 
amplitude of P-wave and Scholte wave decreases and the amplitude of sound wave increases. With 
the increase of wedge-shaped underwater interface angle, the amplitudes of P-wave and Scholte 
wave attenuate and the amplitude of sound wave increases. Shallow sea seismic waves at different 
wedge-shaped underwater interfaces can be identified by time distance difference and polarization 
characteristics. Among them, the particle trajectories of P-wave, sound wave and Scholte wave 
have a certain angle with the horizontal direction. With the increase of wedge underwater interface 
angle, the angle of the particle trajectory of P-wave, sound wave and Scholte wave with the 
horizontal interface increases, but the particle trajectory of shallow sea seismic wave changes 
little. 
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a) 𝜃 = 5° 

 
b) 𝜃 = 15° 

 
c) 𝜃 = 25° 

 
d) 𝜃 = 35° 

Fig. 12. 𝑓-𝑘 domain dispersion energy of shallow sea seismic wave  
at different wedge-shaped underwater interface angles 

 
a) 𝜃 = 5° 

 
b) 𝜃 = 15° 

 
c) 𝜃 = 25° 

 
d) 𝜃 = 35° 

Fig. 13. Particle vibration velocity curve and particle trajectory  
of shallow sea seismic wave at different wedge-shaped underwater interface angles 
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When wedge-shaped underwater interface is at different angles, the horizontal and vertical 
amplitudes of Scholte waves with an underwater interface of 2000 m and a depth of 0-99 m are 
extracted. At the same time, the particle vibration velocities of Scholte waves with depths of 0 m, 
4 m, 8 m, 12 m and 16 m are polarized to obtain their particle trajectories, as shown in Fig. 14. 

 
a) 𝜃 = 5° 

 
b) 𝜃 = 15° 

 
c) 𝜃 = 25° 

 
d) 𝜃 = 35° 

Fig. 14. Variation of Scholte wave amplitude with depth and particle trajectory  
of shallow sea seismic wave at different wedge-shaped underwater interface angles 

It can be seen from Fig. 14 that the particle trajectory of shallow sea seismic wave in depth 
direction is similar to that when there is only one layer of underwater medium (Fig. 6), but there 
is a certain included angle with the horizontal interface. The amplitude attenuation of Scholte 
wave changes obviously. With the increase of wedge underwater interface angle, the amplitude 
attenuation of Scholte wave is faster.  

Through the above analysis, it is found that the shallow sea seismic wave forms a converted 
wave at the wedge-shaped underwater interface, resulting in the energy loss of shallow sea seismic 
wave. With the increase of wedge-shaped underwater interface angle, at the underwater interface, 
the amplitude frequency concentration range of Scholte wave decreases, the amplitudes of P-wave 
and Scholte wave decrease, and the amplitude of acoustic wave increases. Along the depth 
direction, the amplitude of Scholte wave decays faster. References [2] and [19] used parabolic 
equation and virtual source method to simulate the wedge-shaped seabed and analyze the influence 
of sound source on displacement field. By using the successive approximation method, reference 
[20] has proved the horizontal refraction effect of sound propagation under the condition of 
wedge-shaped underwater interface and the characteristics of interface wave propagating along 
the seabed interface. The results obtained by the method in this paper are basically consistent with 
the results of the above methods, and the propagation of shallow sea seismic waves at wedge-
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shaped underwater interfaces at different angles is further analyzed in this paper. 

3.3. Bulged underwater interface 

Underwater mountain landform often exists in the actual seabed, and the propagation 
characteristics of shallow sea seismic waves changes accordingly, but there are few reports in the 
relevant literature. In this section, the shallow sea sound field model of the bulged underwater 
interface is simulated, and the influence of different bulge sizes on the propagation characteristics 
of shallow sea seismic waves is analyzed. The size of the shallow water sound field model 
established in this paper is 3000 m×600 m, the thickness of water medium is 200m, the thickness 
of underwater medium is 400 m, and the underwater medium is sandstone. Semicircular bulges 
are set at the underwater interface, and the diffraction phenomenon caused by the interface wave 
larger than the size of the contact interface is considered [21]. After the Scholte wave in sandstone 
underwater medium is stabilized, the wave velocity is about 1088 m/s, the working frequency is 
about 1-50 Hz, and the wavelength is about 21-1088 m. The diameter of bulge 𝑑  is set at 20 m, 
30 m, 40 m and 50 m. Four bulges are set at the underwater interface every 300m. In the numerical 
calculation, the spatial step is 1 m, the time step is 0.05 ms, and the sampling time length is 3.0 s. 
The horizontal position of the sound source is 𝑟 = 0 m, the height of the sound source from the 
underwater interface is ℎ = 20 m, and the main frequency of the sound source is 𝑓 = 30 Hz. The 
shallow sea sound field model of bulged underwater interface is shown in Fig. 15. 

 
Fig. 15. Shallow sea sound field model of bulged underwater interface 

The Scholte wave field snapshots in the vertical direction of shallow sea seismic waves with 
different bulge diameters are extracted, and the sampling time is 1.0 s and 2.0 s, as shown in 
Fig. 16-19. 

a) 1.0 s 
 

 
b) Snapshots of Scholte wave field  

at different sampling times 
Fig. 16. Snapshots of wave field at different sampling times when the bulge diameter 𝑑 = 20 m 

 
a) 1.0 s 

 

 
b) Snapshots of Scholte wave field  

at different sampling times 
Fig. 17. Snapshots of wave field at different sampling times when the bulge diameter 𝑑 = 30 m 

It can be seen from Figs. 16-19 that a large number of converted waves are formed after the 
shallow sea seismic wave contacts with the bulge interface. With the increase of the bulge 
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diameter, the shallow sea seismic wave field becomes complex, including a variety of converted 
waves. 

The energy of shallow sea seismic wave propagating at underwater interface with different 
bulge diameter is different. In order to compare the changes of Scholte wave velocity, the 
dispersion energy of shallow sea seismic waves at wedge-shaped underwater interface with 
different angles is extracted by 𝑓-𝑘 transformation. In the extraction process, the vertical 
amplitude is selected to extract between 0-3000 m of the underwater interface with a sampling 
spacing of 5 m to obtain the dispersion energy of shallow sea seismic wave, as shown in Fig. 20. 

 
a) 1.0 s 

 

 
b) Snapshots of Scholte wave field  

at different sampling times 
Fig. 18. Snapshots of wave field at different sampling times when the bulge diameter 𝑑 = 40 m 

 
a) 1.0 s 

 

 
b) Snapshots of Scholte wave field  

at different sampling times 
Fig. 19. Snapshots of wave field at different sampling times when the bulge diameter 𝑑 = 50 m 

 
a) 𝑑 = 20 m 

 
b) 𝑑 = 30 m 

 
c) 𝑑 = 40 m 

 
d) 𝑑 = 50 m 

Fig. 20. 𝑓-𝑘 domain dispersion energy of shallow sea seismic wave  
at underwater interface with different bulge diameter 

It can be seen from Fig. 20 that Scholte wave is the main shallow sea seismic wave energy at 
underwater interface. With the increase of bulge diameter, the concentration range of Scholte wave 
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amplitude decreases in terms of wave velocity, but the main concentration range of Scholte wave 
amplitude does not change. In terms of frequency, the amplitude frequency concentration range 
of Scholte wave decreases. In the high frequency part, the amplitude of Scholte wave diverges 
outward. This is because the shallow sea seismic wave with smaller wavelength cannot bypass the 
bulged underwater interface, and the energy of transformed wave becomes more. 

 
Fig. 21. Particle vibration velocity of shallow sea seismic wave with different bulge diameters 

 
a) 𝑑 = 20 m 

 
b) 𝑑 = 30 m 

 
c) 𝑑 = 40 m 

 
d) 𝑑 = 50 m 

Fig. 22. Variation of Scholte wave peak value with depth and particle displacement curve  
of shallow sea seismic wave at different depths with different bulge diameters 

At 1500 m of the underwater interface, the particle vibration velocities of shallow sea seismic 
waves in horizontal and vertical directions at underwater interfaces with different bulge diameters 
are extracted, as shown in Fig. 21, and the horizontal and vertical amplitudes of Scholte wave at 
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a depth of 0-99 m are extracted. At the same time, the particle vibration velocity of Scholte waves 
with depths of 0 m, 4 m, 8 m, 12 m and 16 m is polarized to obtain the particle trajectory, as shown 
in Fig. 22. 

It can be seen from Fig. 21 and 22 that the amplitude of Scholte wave decreases after contact 
with the bulged underwater interface. With the increase of bulge diameter, the amplitude of 
Scholte wave decreases and the attenuation of Scholte wave amplitude in depth direction 
decreases. It is mainly because the change of Scholte wave velocity is small. With the increase of 
bulge diameter 𝑑 , the shallow sea seismic wave with small wavelength attenuates obviously, 
resulting in the decrease of the amplitude and frequency concentration range of Scholte wave and 
the increase of the overall Scholte wave length. 

4. Conclusions 

In this paper, the dispersion characteristic equation and displacement equation of Scholte wave 
are established by using wave theory, and the propagation process of shallow sea seismic wave at 
ideal underwater interface, wedge-shaped and bulged underwater interface is simulated by 
staggered grid finite method. Comparing the theoretical and simulation results, the effectiveness 
of the method used in this paper is proved, and the following conclusions are obtained. 

1) At the underwater layered interface, Scholte wave is the main seismic wave in shallow 
water, and dispersion occurs. At the underwater interface, the Scholte wave moves 
counterclockwise. With the increase of depth, the Scholte wave changes from counterclockwise 
to vertical and clockwise. 

2) At the wedge-shaped underwater interface, the propagation characteristics of shallow water 
seismic wave are basically consistent with that in the ideal underwater interface, but the particle 
displacement of shallow water seismic wave deflects. With the increase of wedge-shaped 
underwater interface angle, the deflection angle of particle displacement increases. 

3) At the bulged underwater interface, the propagation characteristics of shallow sea seismic 
wave are basically consistent with that in the ideal underwater interface, but the amplitude 
attenuation of shallow sea seismic wave increases obviously. With the increase of the number of 
bulges, the amplitude attenuation of shallow sea seismic wave increases. 
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