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Abstract: Seismic wave propagation in complex terrains, especially in the presence of
air layers, plays a crucial role in accurate subsurface imaging. However, the influence of
different boundary conditions on seismic wave propagation characteristics has not been
fully explored. This study employs the finite element method (FEM) to simulate and ana-
lyze seismic wavefields under different boundary conditions, including perfectly matched
layer (PML), Neumann free boundary conditions, and air layer conditions. First, the finite
element solution for the 2D frequency-domain acoustic wave equation is introduced, and
the correctness of the algorithm is validated using a homogeneous model. Then, both
horizontal and undulating terrain interfaces are designed to investigate the kinematic
and dynamic characteristics of the wavefields under different boundary conditions. The
results show that PML boundaries effectively absorb seismic waves, prevent reflections,
and ensure stable wave propagation, making them an ideal choice for simulating open
boundaries. In contrast, Neumann boundaries generate significant reflected waves, particu-
larly in undulating terrains, complicating the wavefield characteristics. Introducing an air
layer alters the dynamics of the wavefield, leading to energy leakage and multi-path effects,
which are more consistent with real-world seismic-geophysical models. Finally, the compu-
tational results using the Overthrust model under different boundary conditions further
demonstrate that different boundary conditions significantly affect wavefield morphology.
It is essential to select appropriate boundary conditions based on the specific simulation
requirements, and boundary conditions with an air layer are most consistent with real
seismic geological models. This study provides new insights into the role of boundary
conditions in seismic numerical simulations and offers theoretical guidance for improving
the accuracy of wavefield simulations in realistic geological scenarios.

Keywords: acoustic wave; numerical simulation; PML boundary conditions; Neumann
boundary conditions; air layer

MSC: 86-10

1. Introduction
In recent years, seismic wave propagation in complex terrains has attracted consid-

erable attention due to its critical role in understanding wave scattering and diffraction
phenomena. However, forward modeling of seismic waves in undulating terrains with air
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layers and various boundary conditions remains underexplored [1,2]. The presence of an
air layer significantly influences seismic wave propagation paths, reflection and refraction
behaviors, and energy attenuation characteristics in such terrains. At the same time, the
choice of boundary conditions—such as perfectly matched layer (PML), Neumann, or
combinations involving air layers—directly affects the accuracy of wavefield simulations.
Neglecting the air layer’s impact or improperly applying boundary conditions, particularly
in frequency-domain forward modeling, can lead to substantial inaccuracies in wavefield
estimation [3–7].

The finite element method was first introduced into seismology by Lysmer and Drake
in 1972 [8]. Seron et al. used the finite element method to numerically simulate the
propagation process of seismic waves [9,10]. Marfurt pointed out that frequency-domain
seismic wave simulation can efficiently simulate wave propagation and attenuation effects
in anisotropic media and is very suitable for handling a large number of shot points
simultaneously [11]. Sarma et al. proposed non-reflective boundary conditions for elastic
wave propagation in finite element numerical simulations [12]. Shi Ruiqi et al. used
unstructured grids and finite element methods in the time domain to achieve numerical
simulation of seismic wavefields under complex structures [13]. Subsequently, Liu Shaolin
et al. investigated the dispersion relations of acoustic and elastic waves in finite element
methods using triangular meshes and analyzed the factors influencing these relations [14].
Liu et al. developed a mixed mesh finite element method to simulate the propagation of
seismic waves in two-dimensional complex media [1]. Chen et al. proposed a method
for generating a three-dimensional finite element mesh of layered geological bodies for
finite element numerical simulation of intersecting fault zones, providing a new approach
for geological modeling of seismic finite element numerical simulation of fault zones [15].
However, existing seismic simulation methods seldom consider the impact of the air layer,
particularly in regions with undulating topography.

When using the wave equation method for seismic wave forward numerical sim-
ulation, it is usually necessary to set artificial boundaries to limit the originally infinite
simulation area within a finite range. How to construct effective and stable absorbing
boundary conditions has also become an important research topic in seismic wave numeri-
cal simulation. In seismic numerical simulation, perfectly matched layer or PML boundary
conditions are often used. Berenger proposed them in 1994 [16]. By adding an absorbing
medium outside the calculation area to absorb the energy of seismic waves transmitted to
the boundary, the energy of seismic waves is exponentially attenuated until it disappears.
A reasonable setting of the absorbing medium layer can ensure that seismic waves of any
frequency and angle will not reflect after entering the absorbing layer. Compared with
traditional absorption boundaries, PML absorption boundaries have superior absorption
effects and have been widely used in seismic wave simulation [17–19]. Neumann free
boundaries are commonly used to approximate the ground [20–23]. The real seismic, geo-
logical model has an air layer. Currently, there is limited research on the intrinsic laws of
PML boundaries, Neumann boundaries, and air layer boundaries on the wavefield. Their
impact on the wavefield should be further clarified.

Therefore, this paper begins with the two-dimensional frequency-domain acoustic
wave equation and employs the finite element method to investigate the wavefield char-
acteristics under undulating topography and the presence of an air layer. The study aims
to provide theoretical and methodological guidance for seismic numerical simulation and
inversion imaging.
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2. Methods
2.1. Frequency-Domain 2D Acoustic Wave Equation

The two-dimensional frequency-domain acoustic equation is

∂2 p
∂x2 +

∂2 p
∂z2 +

ω2

c2 p = −S, (1)

where p(x, z, ω) represents the frequency-domain acoustic wavefield, with units of Pa;
c represents the acoustic wave velocity, with units of m/s; ω represents the angular fre-
quency, with units of rad/s, ω = 2π f ; f represents the frequency; −S(x0, z0, ω) represents
the seismic source; and (x0, z0) represents the coordinates of the seismic source. The seismic
source is a Ricker wavelet [24,25], and its time-domain expression s(t) is given by

s(t) =
[
1 − 2(π fmt)2

]
e−(π fmt)2

, (2)

where t represents time, with units of seconds, and fm denotes the dominant frequency of
the Ricker wavelet.

The frequency-domain expression of the Ricker wavelet is

s(ω) =
2 f 2

f 3
m
√

π
e
−(

f
fm

)

2

, (3)

where f represents the frequency of the Ricker wavelet.
For solving Equation (1), the finite element method is employed. Equation (1) can be

simplified as
∇2 p + k2 p + S = 0 (4)

where ∇2 represents the Laplace operator, and k is the wavenumber, k = ω
v . Taking the

variational form of the above equation yields

F(p) =
1
2

∫
Ω

[
(∇p)2 − k2 p2 − 2Sp

]
dΩ (5)

Let δF(p) = 0; the equation can be solved using the finite element method. The
detailed process has been extensively described in previous studies and will not be repeated
here [11,26,27]. At different frequencies, the finite element equations can all be expressed
as the following complex linear system:

A(ω)p(ω) = S(ω) (6)

where A(ω) is a large complex linear sparse matrix dependent on frequency, while p(ω)

and S(ω) represent the wavefield and source terms, respectively. The finite element method
uses triangles as basic elements, with linear interpolation functions. The mesh is adaptively
refined, and its schematic diagram is shown in Figure 1.

2.2. Boundary Conditions

In acoustic wave numerical simulation, PML (perfectly matched layer) boundary
conditions are commonly used to simulate open boundaries, while Neumann free boundary
conditions are applied to simulate the ground surface. These two boundary conditions
differ in their principles and application scenarios.
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Figure 1. Schematic diagram of model adaptive meshing.

2.2.1. PML Boundary Conditions

The design concept of the PML (perfectly matched layer) absorbing boundary is to
introduce a complex coordinate transformation, enabling rapid energy attenuation within
the PML region, thereby preventing reflection at the boundaries.

The coordinate transformation is as follows:

∂
∂x → 1

1+iσx/ω
∂

∂x
∂
∂z → 1

1+iσz/ω
∂
∂z

, (7)

where σx and σz are the absorption coefficients within the PML region. The absorption
coefficient σ is a function of the distance L from the inner boundary of the PML to the
current point, as shown in the following formula:

σ(d) = σmax

(
d
L

)m
(8)

where L is the total thickness of the PML layer, set to 20 grid units in this study; m is the
polynomial grading order, set to 3 in this study; σmax is the maximum absorption coefficient,
calculated using the following formula:

σmax =
(m + 1)vmax

2L
ln
(

1
R

)
(9)

where vmax is the maximum wave velocity in the model, and R is the target theoretical
reflection coefficient, set to 10−6.

This complex coordinate transformation replaces each derivative in the acoustic wave
equation with its complex form, enabling energy dissipation. In finite element discretization,
the PML boundary condition is implemented by modifying the relevant terms in the matrix
A(ω) at the boundary. The specific steps include the following:

1. Mark the PML Region: Add a layer of PML outside the computational domain
boundary, with a thickness of 20 grid cells.

2. Adjust the Stiffness Matrix: Within the PML region, modify the relevant entries of
the stiffness matrix by incorporating the absorption coefficient to ensure that wave
amplitudes gradually decay in the PML region.

3. Ensure Zero Reflection: Choose an appropriate absorption coefficient to ensure that
wave energy is completely dissipated at the boundary of the absorbing layer.

The selection of the absorption coefficient is crucial in PML boundary processing. If
the absorption coefficient is too large, it can cause the wavefield to attenuate prematurely,
leading to wavefield distortion near the boundary. In this case, it is advisable to reduce
σmax and increase the thickness of the PML layer to smooth the spatial variation of the
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absorption coefficient and avoid sharp wavefield attenuation. Conversely, if the absorption
coefficient is too small, it may result in insufficient absorption, generating residual reflected
waves and interfering with the wavefield. To address this, σmax and the value of m can be
appropriately increased to enhance the absorption effect.

2.2.2. Neumann Free Boundary Conditions

The Neumann boundary condition is a type of natural boundary condition, character-
ized by specifying the derivative of a variable on the boundary rather than the value of the
variable itself. Under this boundary condition, the normal gradient of the wavefield on the
boundary is zero,

∂ p̃
∂n

= 0, (10)

where p̃ represents the wavefield, and n is the direction normal to the boundary. The
Neumann free boundary condition is typically used in wave equations to describe reflective
boundaries, making it suitable for simulating scenarios with total reflection.

This paper analyzes the response characteristics of seismic wavefields under undu-
lating topography with an air layer in both the frequency and time domains, focusing
particularly on the similarities and differences in the kinematic and dynamic properties of
waves under different boundary conditions. The kinematic properties primarily describe
the wavefield propagation mode, wave velocity, wavefield morphology, and propagation
characteristics, without involving energy transfer or mechanical effects. In contrast, the
dynamic properties mainly describe the mechanical effects induced in the medium during
wave propagation, including stress, strain, pressure changes, and energy transfer.

3. Results
In this section, a homogeneous model is first designed to verify the correctness of

the algorithm. Subsequently, a horizontal interface is introduced, with the seismic source
positioned both on the surface and underground. This setup is used to study the similarities
and differences in the kinematic and dynamic characteristics of the seismic wavefield in
both the frequency and time domains under various boundary conditions. The objective is
to investigate the impact of different boundary conditions on the computational results.

3.1. Homogeneous Model

A homogeneous model was designed to verify the accuracy of the frequency-domain
finite element algorithm, as shown in Figure 2. The medium velocity is 3000 m/s, with
an acoustic point source located at the model’s center. A Ricker wavelet with a dominant
frequency of 20 Hz is used as the seismic source. PML absorbing boundary conditions
are applied. The frequency-domain wavefields at 20 Hz, 40 Hz, and 60 Hz are shown in
Figure 3, demonstrating that the wavefields are essentially unaffected by boundary effects.
The accuracy is evaluated using the relative root-mean-square error (Rrms) [28], which is
less than 1%, confirming the correctness of the algorithm.

Calculations were performed for frequencies ranging from 1 Hz to 60 Hz to analyze the
time-domain wavefield, with 60 frequency components evenly spaced. The time-domain
wavefield snapshots were obtained through an inverse FFT transformation, as shown in
Figure 4. The seismic record at z = 0 is shown in Figure 5.

From the frequency-domain wavefield of the homogeneous model and the time-
domain wavefield obtained through the inverse Fourier transform, it can be concluded
that the frequency-domain finite element method for acoustic wave calculation is accurate
and reliable. The seismic record further confirms that the time-domain gathers exhibit
hyperbolic characteristics, validating the correctness of the method. Therefore, applying this
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method to study the wavefield distribution characteristics under conditions of undulating
topography with an air layer is both practical and feasible.

Mathematics 2025, 13, x FOR PEER REVIEW  6  of  30 
 

 

accuracy is evaluated using the relative root-mean-square error (Rrms) [28], which is less 

than 1%, confirming the correctness of the algorithm. 

 

Figure 2. Schematic diagram of the homogeneous model. The red star represents a point source. 

 

Figure 3. Frequency-domain wavefield of the homogeneous model. ((a–c) are the real parts of the 

wavefield of 20 Hz, 40 Hz, and 60 Hz, and (d–f) are the imaginary parts of the wavefield of 20 Hz, 

40 Hz, and 60 Hz.) 

Calculations were performed for frequencies ranging from 1 Hz to 60 Hz to analyze 

the time-domain wavefield, with 60 frequency components evenly spaced. The time-do-

main wavefield  snapshots were  obtained  through  an  inverse  FFT  transformation,  as 

shown in Figure 4. The seismic record at z = 0 is shown in Figure 5. 

From the frequency-domain wavefield of the homogeneous model and the time-do-

main wavefield obtained through the inverse Fourier transform, it can be concluded that 

the frequency-domain finite element method for acoustic wave calculation is accurate and 

reliable. The seismic record further confirms that the time-domain gathers exhibit hyper-

bolic characteristics, validating  the correctness of  the method. Therefore, applying  this 

method to study the wavefield distribution characteristics under conditions of undulating 

topography with an air layer is both practical and feasible. 

Figure 2. Schematic diagram of the homogeneous model. The red star represents a point source.

Mathematics 2025, 13, x FOR PEER REVIEW  6  of  30 
 

 

accuracy is evaluated using the relative root-mean-square error (Rrms) [28], which is less 

than 1%, confirming the correctness of the algorithm. 

 

Figure 2. Schematic diagram of the homogeneous model. The red star represents a point source. 

 

Figure 3. Frequency-domain wavefield of the homogeneous model. ((a–c) are the real parts of the 

wavefield of 20 Hz, 40 Hz, and 60 Hz, and (d–f) are the imaginary parts of the wavefield of 20 Hz, 

40 Hz, and 60 Hz.) 

Calculations were performed for frequencies ranging from 1 Hz to 60 Hz to analyze 

the time-domain wavefield, with 60 frequency components evenly spaced. The time-do-

main wavefield  snapshots were  obtained  through  an  inverse  FFT  transformation,  as 

shown in Figure 4. The seismic record at z = 0 is shown in Figure 5. 

From the frequency-domain wavefield of the homogeneous model and the time-do-

main wavefield obtained through the inverse Fourier transform, it can be concluded that 

the frequency-domain finite element method for acoustic wave calculation is accurate and 

reliable. The seismic record further confirms that the time-domain gathers exhibit hyper-

bolic characteristics, validating  the correctness of  the method. Therefore, applying  this 

method to study the wavefield distribution characteristics under conditions of undulating 

topography with an air layer is both practical and feasible. 

Figure 3. Frequency-domain wavefield of the homogeneous model. ((a–c) are the real parts of the
wavefield of 20 Hz, 40 Hz, and 60 Hz, and (d–f) are the imaginary parts of the wavefield of 20 Hz,
40 Hz, and 60 Hz).

Mathematics 2025, 13, x FOR PEER REVIEW  7  of  30 
 

 

 

Figure 4. Time-domain wavefield snapshot of homogeneous model. (a-f) represent the wavefield 

snapshots at 0.05s, 0.1s, 0.15s, 0.2s, 0.3s, and 0.4s, respectively. 

 

Figure 5. Seismic trace record at z = 0 m. 

3.2. Analysis of the Impact of Air Layer on Horizontal Interface 

In seismic numerical simulation, different treatments of boundary conditions lead to 

varying computational results. The seismic source is placed on the surface and within the 

subsurface medium to study the impact of different boundary conditions on the seismic 

wavefield. The characteristics of wavefields at different frequencies and time steps under 

various boundary conditions are analyzed. 

3.2.1. The Seismic Source Is Located on the Ground 

The model shown in Figure 6 was designed, and the influence of different boundary 

conditions on the calculation results when the seismic source is located on the ground in 

seismic exploration was analyzed. In the model, a and b are models without considering 

the air layer, with a size of 1000 m × 500 m, and c is a model considering the air layer, with 

a thickness of 100 m. The underground medium has a sound velocity of 3000 m/s, while 

the air layer has a velocity of 340 m/s. Rayleigh waves with a main frequency of 20 Hz are 

used. The ground boundary conditions of model a are PML boundary conditions, model 

b adopts Neumann free boundary conditions, and model c introduces an air layer, which 

is consistent with the real model; PML absorbing boundary conditions are used above the 

air layer. 

Figure 4. Time-domain wavefield snapshot of homogeneous model. (a–f) represent the wavefield
snapshots at 0.05 s, 0.1 s, 0.15 s, 0.2 s, 0.3 s, and 0.4 s, respectively.



Mathematics 2025, 13, 578 7 of 30

Mathematics 2025, 13, x FOR PEER REVIEW  7  of  30 
 

 

 

Figure 4. Time-domain wavefield snapshot of homogeneous model. (a-f) represent the wavefield 

snapshots at 0.05s, 0.1s, 0.15s, 0.2s, 0.3s, and 0.4s, respectively. 

 

Figure 5. Seismic trace record at z = 0 m. 

3.2. Analysis of the Impact of Air Layer on Horizontal Interface 

In seismic numerical simulation, different treatments of boundary conditions lead to 

varying computational results. The seismic source is placed on the surface and within the 

subsurface medium to study the impact of different boundary conditions on the seismic 

wavefield. The characteristics of wavefields at different frequencies and time steps under 

various boundary conditions are analyzed. 

3.2.1. The Seismic Source Is Located on the Ground 

The model shown in Figure 6 was designed, and the influence of different boundary 

conditions on the calculation results when the seismic source is located on the ground in 

seismic exploration was analyzed. In the model, a and b are models without considering 

the air layer, with a size of 1000 m × 500 m, and c is a model considering the air layer, with 

a thickness of 100 m. The underground medium has a sound velocity of 3000 m/s, while 

the air layer has a velocity of 340 m/s. Rayleigh waves with a main frequency of 20 Hz are 

used. The ground boundary conditions of model a are PML boundary conditions, model 

b adopts Neumann free boundary conditions, and model c introduces an air layer, which 

is consistent with the real model; PML absorbing boundary conditions are used above the 

air layer. 

Figure 5. Seismic trace record at z = 0 m.

3.2. Analysis of the Impact of Air Layer on Horizontal Interface

In seismic numerical simulation, different treatments of boundary conditions lead to
varying computational results. The seismic source is placed on the surface and within the
subsurface medium to study the impact of different boundary conditions on the seismic
wavefield. The characteristics of wavefields at different frequencies and time steps under
various boundary conditions are analyzed.

3.2.1. The Seismic Source Is Located on the Ground

The model shown in Figure 6 was designed, and the influence of different boundary
conditions on the calculation results when the seismic source is located on the ground in
seismic exploration was analyzed. In the model, a and b are models without considering
the air layer, with a size of 1000 m × 500 m, and c is a model considering the air layer, with
a thickness of 100 m. The underground medium has a sound velocity of 3000 m/s, while
the air layer has a velocity of 340 m/s. Rayleigh waves with a main frequency of 20 Hz are
used. The ground boundary conditions of model a are PML boundary conditions, model b
adopts Neumann free boundary conditions, and model c introduces an air layer, which is
consistent with the real model; PML absorbing boundary conditions are used above the
air layer.
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Figure 6. Models under different boundary conditions when the seismic source is located on the
ground. The red star represents a point source. ((a) is the PML absorption boundary condition used
on the ground, (b) is the free boundary condition used on the ground, and (c) is the addition of an air
layer and the PML absorption boundary used above the air layer).

The real and imaginary parts of the frequency-domain wavefield for a horizontal inter-
face with the seismic source positioned on the surface under different boundary conditions
are shown in Figures 7 and 8. The results show that under PML boundary conditions, the
wavefield exhibits a regular pattern of concentric circles, with energy propagating smoothly
outward without significant reflective interference. This is because the PML absorbing
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boundary effectively absorbs the energy incident on the boundary, making it well-suited
for simulating open boundaries and closely approximating a reflection-free scenario. Under
Neumann boundary conditions, however, the wavefield amplitude near the surface is
significantly larger, displaying reflective effects. This occurs because Neumann bound-
aries implement free-surface boundary conditions, which do not absorb seismic wave
energy, resulting in higher energy concentrations near the surface. As a result, Neumann
boundaries are not appropriate for simulating open boundaries. When an air layer is
introduced, and PML boundary conditions are applied above the air layer to simulate an
open boundary, the wavefield gradually propagates outward within the air layer. The
kinematic characteristics of the wavefield remain consistent with those observed under
PML and Neumann boundary conditions, but the dynamic characteristics, specifically the
amplitude, are altered. Introducing the air layer enables the simulation of coupling effects
between the surface and the air. The PML boundary at the top ensures the stability of
wave propagation, thereby enhancing the model’s consistency with realistic seismic and
geophysical conditions. Consequently, the results better align with actual scenarios.

To clearly illustrate the wavefield morphology near the source, the real and imaginary
parts of the 20 Hz wavefield (within x: 400∼600 m, z: 0∼200 m) under different boundary
conditions are extracted, as shown in Figure 9. From the red arrows in the figure, it can
be observed that the wavefield amplitude near the source under the Neumann bound-
ary condition is higher than that under the PML boundary condition. This is because
the Neumann boundary condition causes surface reflections, leading to an increase in
wavefield amplitude. The yellow arrows indicate that the presence of an air layer has a sig-
nificant impact on both the amplitude and morphology of the surface wavefield, suggesting
that approximating a free boundary using the Neumann boundary condition introduces
certain errors.
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Figure 7. When the seismic source is located on the ground, the real parts of the wavefield with
frequencies of 20 Hz, 40 Hz, and 60 Hz under different boundary conditions. ((a–c) are the real parts
of the wavefield with different frequencies under PML absorption boundary conditions, (d–f) are
the real parts of the wavefield with different frequencies under Neumann boundary conditions, and
(g–i) are the real parts of the wavefield with different frequencies considering the air layer).
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(d–f) are the imaginary parts of the wavefield with different frequencies under Neumann boundary
conditions, and (g–i) are the imaginary parts of the wavefield with different frequencies considering
the air layer).
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Figure 9. Comparison of wavefield details captured under different boundary conditions at 20 Hz.
The red arrow compares the wavefield energy near the source; the yellow arrow compares the
wavefield shape near the surface. ((a–c) are the real parts of the 20 Hz wavefield under PML,
Neumann, and air layer boundary conditions, respectively; (d–f) are the imaginary parts of the 20 Hz
wavefield under PML, Neumann, and air layer boundary conditions, respectively).

To further compare the wavefield patterns under different boundary conditions, the
real and imaginary parts at 20 Hz, 40 Hz, and 60 Hz were analyzed, as shown in Figure 10,
Figure 11, and Figure 12, respectively. The results indicate that while the kinematic char-
acteristics of the wavefield show similarities under different boundary conditions, there
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are significant differences in their dynamic characteristics. PML boundary conditions
effectively absorb wave energy in the frequency domain and suppress boundary reflections,
making them well-suited for simulating open boundaries. The Neumann boundary con-
dition is equivalent to a free boundary, which can cause strong reflection of waves at the
boundary. When the incident wave encounters the reflected wave, a standing wave interfer-
ence phenomenon is formed, especially near the boundary and at specific positions (such as
x = 500) where resonance effects occur, resulting in an abnormal increase in local pressure
amplitude. In seismic numerical simulations, this boundary condition is often used to
approximate the ground surface without introducing an air layer, thereby improving com-
putational efficiency and reducing memory requirements. The introduction of an air layer,
however, accounts for the coupling effect between the surface and the air. With the top
PML boundary effectively absorbing reflected waves, this setup allows for a more realistic
simulation of open boundaries. Consequently, combining the air layer and PML boundary
conditions can better replicate real-world surface scenarios, producing frequency-domain
wavefield characteristics that align more closely with actual physical conditions.
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Figure 11. When the seismic source is located on the ground, the real and imaginary parts of the
40 Hz wavefield under different boundary conditions. ((a) is the comparison of the real part of the
40 Hz wavefield, and (b) is the comparison of the imaginary part of the 40 Hz wavefield).
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Figure 12. When the seismic source is located on the ground, the real and imaginary parts of the
60 Hz wavefield under different boundary conditions. ((a) is the comparison of the real part of the
60 Hz wavefield, and (b) is the comparison of the imaginary part of the 60 Hz wavefield).

By comparing the numerical simulation results under different boundary conditions, it
is evident that while the kinematic characteristics of seismic waves in the frequency domain
remain similar, their dynamic characteristics differ significantly. Therefore, if consistency
with real seismic-geophysical models is required in seismic numerical simulations, the
combination of an air layer and PML boundary conditions should be adopted. Although
this approach demands greater computational resources, it provides results more consistent
with the real situation.

After analyzing the frequency-domain wavefield results, the frequency domain results
are transformed into the time domain through FFT to obtain time-domain wavefield snap-
shots under different boundary conditions, as shown in Figures 13 and 14. Figure 13 shows
the wavefield snapshot including the air layer, while Figure 14 compares the wavefield
snapshots after removing the air layer, which can more intuitively display the wavefield
propagation of underground media under different boundary conditions. Combining
Figures 13 and 14, it can be seen that under the PML boundary conditions, the simulation
of open boundaries has a better effect, with no reflection at the boundary, but there are
differences from the real seismic geophysical model. Under Neumann boundary conditions,
due to the seismic source being set at z = 0 m, the reflection phenomenon on the ground is
not obvious, and there is no obvious reflection around the PML absorption boundary. After
adding an air layer and setting a PML absorption boundary above the air layer to simulate
an open boundary, the wavefield has a high degree of similarity with the propagation
pattern of real seismic waves. The wave’s energy enters the air layer and propagates
upwards, forming a multi-path effect. Therefore, under this boundary treatment method,
the wavefield characteristics have wave leakage and multi-path effects in kinematics, and
some energy is transferred to the air layer in dynamics, which is suitable for simulating the
actual situation of surface air coupling.

To further compare the differences in wavefield at different boundaries at the same
time, the curves of the wavefield at different depths at 0.05 s, 0.1 s, and 0.15 s were taken for
comparison, as shown in Figures 15–17. Based on the previous analysis, it is further proven
that when the seismic source is located on the ground, its propagation path is basically the
same under different boundary treatments, but there are significant differences in wave
energy. The PML boundary absorbs the energy of the wavefield at the boundary, and its
energy at the surface is lower than that of the Neumann boundary condition. The Neumann
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boundary does not absorb any energy, and its energy at the surface is the strongest. After
adding to the air layer, the wave field energy is minimized due to the entry of wave energy
into the air layer. Therefore, the combination of air layer and PML boundary conditions
can effectively reduce the influence of reflected waves, but it will introduce certain energy
leakage, resulting in a decrease in wave amplitude. This boundary condition is suitable for
simulating the coupling effect between the actual surface and air.
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Figure 13. Comparison of wavefield snapshots under different boundary conditions when the seismic
source is located on the ground. ((a–c) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.15 s under
PML boundary conditions; (d–f) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.15 s under
Neumann boundary conditions; and (g–i) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.15 s
considering the air layer).

Figure 14. Comparison of wavefield snapshots under different boundary conditions after removing
the air layer. ((a–c) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.15 s under PML boundary
conditions; (d–f) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.15 s under Neumann boundary
conditions; and (g–i) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.15 s considering the air layer).
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When the seismic source is located on the ground, the seismic trace records for z = 0 m
under three different boundaries are shown in Figure 18. From the figure, it can be seen
that the seismic gathers of PML and Neumann boundaries are basically the same. The
reason for this is that the source is located on the ground and there is no obvious reflection,
so the shape of their gathers is basically the same. Under the boundary conditions of the
air layer and PML, shallow high-frequency interference is introduced in the trace records
due to the presence of the air layer. In addition to direct waves, the presence of air waves
can also be clearly seen in the trace records. Therefore, waveform processing is required.
However, this trace record has higher similarity with the trace records collected from real
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seismic exploration, which is conducive to simulating the coupling between the surface
and the air layer in actual situations.
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3.2.2. The Seismic Source Is Located Underground

After in-depth analysis of the wavefield under different boundary conditions when the
seismic source is located on the ground, it is known that the boundary has a significant im-
pact on the wavefield morphology. To further investigate its intrinsic mechanism, a model
is designed as shown in Figure 19, with the seismic source located in the underground
medium at coordinates (250 m, 250 m), and the remaining model parameters remain
unchanged. The characteristics of the wavefield under different boundary conditions
are studied.
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ground. The red star represents a point source. ((a) is the ground using PML absorption boundary
conditions, (b) is the ground using free boundary conditions, and (c) is the addition of an air layer
and the use of PML absorption boundaries above the air layer).

The real and imaginary parts of the frequency-domain wavefield are shown in
Figure 20 and Figure 21, respectively. Unlike the case where the seismic source is located
on the ground, when the seismic source is located in an underground medium, there are
significant differences in the wavefield of the three boundaries. Under the PML boundary
conditions, the real and imaginary parts of the wavefield exhibit regular concentric circle
diffusion at different frequencies without obvious boundary interference, indicating that
the waves propagate uniformly from the source to the surrounding areas, and the PML
boundary absorption effect remains good as the frequency increases. Under Neumann
boundary conditions, there are reflected waves from the ground, interference, and su-
perposition of wave fields, forming a complex wave field distribution. The higher the
frequency, the more complex the interference of the wave field becomes. Therefore, the
reflection caused by the Neumann boundary leads to the appearance of reflected waves at
the boundary, changing the propagation law of the wave field. The higher the frequency,
the more complex the wave field distribution becomes. Under the boundary between the air
layer and PML, the underground wavefield is similar to the wavefield under the Neumann
boundary, but there is mutual coupling in the wavefield at the interface between the surface
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and the air. The presence of the air layer causes some of the wavefield energy to leak into
the air layer, and the PML layer at the top of the air layer still has a good absorption effect
on the wavefield. Therefore, this boundary condition treatment method is consistent with
the true seismic geophysical model, which can consider both the existence of the air layer
and the simulation of open boundaries.
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Figure 20. When the seismic source is located underground, the real parts of the wavefield with
frequencies of 20 Hz, 40 Hz, and 60 Hz under different boundary conditions. ((a–c) are the real parts
of the wavefield with different frequencies under PML absorption boundary conditions, (d–f) are
the real parts of the wavefield with different frequencies under Neumann boundary conditions, and
(g–i) are the real parts of the wavefield with different frequencies considering the air layer).
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Figure 21. When the seismic source is located underground, the imaginary parts of the wavefield
with frequencies of 20 Hz, 40 Hz, and 60 Hz under different boundary conditions. ((a–c) are the imag-
inary parts of the wavefield with different frequencies under PML absorption boundary conditions,
(d–f) are the imaginary parts of the wavefield with different frequencies under Neumann boundary
conditions, and (g–i) are the imaginary parts of the wavefield with different frequencies considering
the air layer).
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To further compare the wavefield shapes under different boundary conditions when
the seismic source is located underground, the real and imaginary parts at 20 Hz, 40 Hz,
and 60 Hz are taken, as shown in Figure 22, Figure 23, and Figure 24, respectively. From
the analysis in the figure, it can be seen that on the surface, the Neumann boundary energy
is still the strongest, and the wavefield energy is the weakest when there is an air layer
present; differently, at depths close to the epicenter, the wavefield energy is much stronger
compared to when the epicenter is on the ground. This is because the epicenter is located
underground, resulting in less energy leakage into the air. Once again, the three boundary
treatment methods have a significant impact on the calculation results of the wavefield,
and it is necessary to select the appropriate boundary treatment method according to the
specific problem.
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Figure 22. When the seismic source is located underground, the real and imaginary parts of the
20 Hz wavefield under different boundary conditions. ((A) is the comparison of the real part of
the 20 Hz wavefield, and (B) is the comparison of the imaginary part of the 20 Hz wavefield. In
(A), (a−f) represent the real part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m, and
500 m, respectively. In (B), (a−f) represent the imaginary part of the wavefield at depths of 0 m,
100 m, 200 m, 300 m, 400 m, and 500 m, respectively).

The time-domain wavefield snapshots under different boundary conditions when
the seismic source is located underground are shown in Figure 25. From the figure, it
can be seen that under the PML boundary conditions in the time domain, the wavefield
still uniformly diffuses in concentric circles, and the amplitude gradually decays during
propagation. At different times, both the wavefield’s kinematic characteristics (propagation
law) and dynamic characteristics (energy distribution) conform to the ideal open boundary
conditions. They are suitable for simulating ideal open boundaries. Under Neumann
boundary conditions, after 0.1 s, there is a clear reflection wave in the wavefield, which
overlaps with the direct wave, especially in the vicinity of the boundary, causing the wave-
field to lose its regularity. At longer time scales, the propagation of the wavefield becomes
more complex. Therefore, in earthquake numerical simulation, to save computational
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resources, Neumann boundary simulation is often used to simulate the ground, which
has a certain rationality for simulating the propagation state of seismic waves. Under
the boundary between the air layer and PML, due to the presence of air, the wavefield
propagates at a speed of 340 m/s after reaching the air layer, resulting in the attenuation of
energy propagation underground. There is also strong reflection in the wavefield at the
boundary between the underground medium and the air layer. However, due to a portion
of the energy propagating into the air, the energy of the underground reflected waves is
weak. Moreover, the vibration direction of the reflected waves in the presence of the air
layer is opposite to that under Neumann boundary conditions. Therefore, using Neumann
boundary approximation to the ground changes the propagation characteristics of seismic
waves, which differs from the actual situation.
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Figure 23. When the seismic source is located underground, the real and imaginary parts of the
40 Hz wavefield under different boundary conditions. ((A) is the comparison of the real part of
the 40 Hz wavefield, and (B) is the comparison of the imaginary part of the 40 Hz wavefield. In
(A), (a−f) represent the real part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m, and
500 m, respectively. In (B), (a−f) represent the imaginary part of the wavefield at depths of 0 m,
100 m, 200 m, 300 m, 400 m, and 500 m, respectively).

When the seismic source is located underground, the comparison curves of the wave-
field at different depths under different boundary conditions are shown in Figure 26. From
the analysis in the figure, it can be seen that at time 0.05 s, because the wavefield has not yet
propagated to the boundary, the wavefield calculation results for the three boundaries are
basically consistent; at 0.1 s, the wavefield propagates to the ground and reflects back into
the underground medium. It can be inferred that at the ground level, the amplitude of the
wavefield is strongest under the Neumann boundary and weakest under the presence of an
air layer. This is due to the complete reflection of the Neumann boundary, where there is no
energy leakage. Additionally, when the reflected wave meets the incident wave, it forms a
standing wave phenomenon, resulting in an abnormal increase in amplitude. The presence
of an air layer causes a portion of the wavefield energy to propagate to the air layer. At
z = 100 m, there are no reflected waves at the PML boundary, only direct waves, while both
the Neumann boundary and the air layer boundary have reflected waves with opposite
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vibration modes, and the amplitude of the Neumann boundary is stronger than that of the
air layer; at the 0.2 s moment of the wavefield, under the PML boundary condition, there
are still only direct waves, and the boundary between the Neumann boundary and the air
layer still has reflected waves with opposite vibration directions. Once again, it is proven
that Neumann boundaries cannot fully simulate real seismic geophysical models, and the
air layer needs to be considered for calculation to obtain results that are consistent with the
actual situation.
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Figure 24. When the seismic source is located underground, the real and imaginary parts of the
60 Hz wavefield under different boundary conditions. ((A) is the comparison of the real part of
the 60 Hz wavefield, and (B) is the comparison of the imaginary part of the 60 Hz wavefield. In
(A), (a−f) represent the real part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m, and
500 m, respectively. In (B), (a−f) represent the imaginary part of the wavefield at depths of 0 m,
100 m, 200 m, 300 m, 400 m, and 500 m, respectively).

When the seismic source is located underground, the seismic trace records for z = 0 m
under three different boundaries are shown in Figure 27. Unlike the case where the
earthquake source is located on the ground when the earthquake is located underground,
there are no reflected waves in the seismic trace under the PML boundary. However,
under the boundary conditions of Neumann and air layer, there are obvious reflected wave
records. Due to the short interval between direct waves and reflected waves, they interfere
and stack with each other. The trace record is relatively complex compared to PML, and
when an air layer exists, airwave records can be seen in the trace records.

3.3. Analysis of the Influence of Undulating Terrain and Air Layer

The previous text has proven that different boundary conditions have a significant
impact on the uniformity of the wavefield when the seismic source is on the ground and
underground, but they are all studied at the horizontal interface. However, in practical
situations, there are undulating terrains, which make the wavefield more complex. To
study the influence of three types of boundaries on the wavefield under undulating terrain
conditions, a model is designed as shown in Figure 28. The epicenter is located on the
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ground (500 m, 0 m), with a 100 m high mountain peak on the left side and a 100 m
deep mountain depression on the right side. The epicenter is still a Rayleigh wave with
a main frequency of 20 Hz. The velocity of the air layer is 340 m/s, and the velocity of
the underground medium is 3000 m/s. The wave field propagation characteristics of the
model under different boundary conditions are studied separately.
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Figure 25. Comparison of wavefield snapshots under different boundary conditions when the seismic
source is located underground. ((a–c) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.2 s under
PML boundary conditions, respectively; (d–f) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.2 s
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0.1 s, and 0.2 s, respectively, when considering the air layer).
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Figure 28. Model under different boundary conditions in undulating terrain conditions. The red star
represents a point source. (The seismic source located on the ground). (a) The ground adopts PML
absorption boundary conditions. (b) The ground adopts free boundary conditions. (c) Adds an air
layer and uses PML absorption boundary above the air layer.
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Under undulating terrain conditions, when different boundary treatments are used,
the real and imaginary parts of the frequency-domain wavefield are shown in Figure 29 and
Figure 30, respectively. From the figure, it can be seen that under the PML boundary, due to
its good absorption of the wave field at the boundary, the wave field is basically distributed
in concentric circles, and the undulating terrain has little effect on the wave field. Under
Neumann boundary conditions, reflected waves are particularly prominent in undulating
terrain, where the reflected waves from the uneven terrain overlap with the direct waves,
resulting in significant interference in the wavefield distribution. Under the combined
conditions of air layer and PML, the undulating terrain and air layer simultaneously affect
the wave field morphology, and the wave field energy is weak, which differs from the
results of Neumann boundary conditions and is suitable for simulating the surface air
coupled wave field.
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Figure 29. Under undulating terrain conditions, the real parts of the wavefield with frequencies
of 20 Hz, 40 Hz, and 60 Hz under different boundary conditions. ((a–c) are the real parts of the
wavefield with different frequencies under PML absorption boundary conditions, (d–f) are the real
parts of the wavefield with different frequencies under Neumann boundary conditions, and (g–i) are
the real parts of the wavefield with different frequencies considering the air layer).

To clearly illustrate the wavefield morphology near the source and the undulat-
ing terrain, the real and imaginary parts of the 20 Hz wavefield (within x: 400∼600 m,
z: −150∼150 m) under different boundary conditions are extracted, as shown in Figure 31.
Under the PML boundary condition, the wavefield exhibits approximately uniform diffu-
sion. In contrast, the Neumann boundary condition results in strong reflections from the
surface with larger amplitudes. When an air layer is present, the wavefields in the air layer
and the subsurface medium are coupled, leading to more complex wavefield patterns near
the surface.

To further analyze the differences in the wavefield under different boundary conditions
under undulating terrain conditions, the real and imaginary parts at 20 Hz, 40 Hz, and
60 Hz were taken, as shown in Figure 32, Figure 33, and Figure 34, respectively. From the
analysis in the figure, it can be seen that the amplitude of the wavefield under Neumann
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boundary conditions is the strongest, while the amplitude of the wavefield under the
presence of an air layer is the weakest; Under PML conditions, terrain has less influence,
while under Neumann boundary conditions, terrain has a significant impact, making it
suitable for studying reflected and scattered waves. The boundary combination of air layer
and PML boundary conditions is suitable for surface air coupling simulation, which is
consistent with real seismic geological models.
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Figure 30. Under undulating terrain conditions, the imaginary parts of the wavefield with frequencies
of 20 Hz, 40 Hz, and 60 Hz under different boundary conditions. ((a–c) are the imaginary parts of
the wavefield with different frequencies under PML absorption boundary conditions, (d–f) are the
imaginary parts of the wavefield with different frequencies under Neumann boundary conditions,
and (g–i) are the imaginary parts of the wavefield with different frequencies considering the air layer).

Mathematics 2025, 13, x FOR PEER REVIEW  23  of  30 
 

 

 

Figure 31. Comparison of the details of the real and imaginary parts of the wave field captured at 

20 Hz under different boundary conditions in undulating terrain conditions. The red arrow com-

pares the wavefield energy near the ground. ((a–c) are the real parts of the 20 Hz wavefield under 

PML, Neumann, and air layer boundary conditions, respectively; (d–f) are the imaginary parts of 

the 20 Hz wavefield under PML, Neumann, and air layer boundary conditions, respectively.) 

To further analyze the differences in the wavefield under different boundary condi-

tions under undulating terrain conditions, the real and imaginary parts at 20 Hz, 40 Hz, 

and 60 Hz were taken, as shown in Figure 32, Figure 33, and Figure 34, respectively. From 

the analysis in the figure, it can be seen that the amplitude of the wavefield under Neu-

mann boundary conditions is the strongest, while the amplitude of the wavefield under 

the presence of an air layer is the weakest; Under PML conditions, terrain has less influ-

ence, while under Neumann boundary conditions, terrain has a significant impact, mak-

ing it suitable for studying reflected and scattered waves. The boundary combination of 

air  layer and PML boundary conditions  is suitable  for surface air coupling simulation, 

which is consistent with real seismic geological models. 

   
(A)  (B) 

Figure 31. Comparison of the details of the real and imaginary parts of the wave field captured at
20 Hz under different boundary conditions in undulating terrain conditions. The red arrow compares
the wavefield energy near the ground. ((a–c) are the real parts of the 20 Hz wavefield under PML,
Neumann, and air layer boundary conditions, respectively; (d–f) are the imaginary parts of the 20 Hz
wavefield under PML, Neumann, and air layer boundary conditions, respectively).
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Figure 32. Under undulating terrain conditions, the real and imaginary parts of the 20 Hz wavefield
under different boundary conditions. ((A) is the comparison of the real part of the 20 Hz wavefield,
and (B) is the comparison of the imaginary part of the 20 Hz wavefield. In (A), (a−f) represent the
real part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m, and 500 m, respectively. In
(B), (a−f) represent the imaginary part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m,
and 500 m, respectively).
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Figure 34. Under undulating terrain conditions, the real and imaginary parts of the 60 Hz wavefield 
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Figure 33. Under undulating terrain conditions, the real and imaginary parts of the 40 Hz wavefield
under different boundary conditions. ((A) is the comparison of the real part of the 40 Hz wavefield,
and (B) is the comparison of the imaginary part of the 40 Hz wavefield. In (A), (a−f) represent the
real part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m, and 500 m, respectively. In
(B), (a−f) represent the imaginary part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m,
and 500 m, respectively).
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Figure 34. Under undulating terrain conditions, the real and imaginary parts of the 60 Hz wavefield
under different boundary conditions. ((A) is the comparison of the real part of the 60 Hz wavefield,
and (B) is the comparison of the imaginary part of the 60 Hz wavefield. In (A), (a−f) represent the
real part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m, and 500 m, respectively. In
(B), (a−f) represent the imaginary part of the wavefield at depths of 0 m, 100 m, 200 m, 300 m, 400 m,
and 500 m, respectively).

Time-domain wavefield snapshots of different boundary conditions under undulating
terrain conditions are shown in Figure 35. Analysis shows the following:
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conditions. ((a–c) are snapshots of the wavefield at 0.05 s, 0.1 s, and 0.15 s under PML boundary
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Under PML boundary conditions, the wavefield diffuses relatively uniformly at dif-
ferent times, with slight curvature in undulating terrain areas and no obvious reflected
waves observed.

Under Neumann boundary conditions, at 0.05 s, reflected waves have already begun
to form, especially in the concave-convex areas of undulating terrain (such as mountaintops
and valleys), where the reflected waves overlap with the direct waves, resulting in local
energy enhancement of the wavefield. The reflection effect of undulating terrain further
amplifies the reflection wave influence of Neumann boundaries, especially in high-energy
areas (such as areas with drastic terrain changes), where the amplitude of the wave field
increases abnormally. The existence of reflected waves makes the wavefield no longer a
single propagation direction wave, but a multi-directional interference wave. Therefore,
under undulating terrain conditions, the reflected waves at Neumann boundaries signifi-
cantly enhance the complexity of the wavefield, and the combined effect of reflected waves
and terrain-scattered waves leads to local energy distortion.

When the air layer is combined with the PML boundary, at 0.05 s, the energy of the
shallow wavefield is low, manifested as a significant decrease in wavefield amplitude,
which is due to energy leakage into the air layer; at 0.1 s and 0.15 s, the shallow wavefield
still exhibits leakage effects, with a significant decrease in amplitude. Although shallow
wavefield leakage is obvious, the propagation regularity of the deep wavefield (such as
areas below terrain) remains good, similar to the propagation characteristics of PML bound-
ary conditions. The terrain scattering effect is not as significant as it is under Neumann
boundary conditions in the presence of an air layer, but in the concave context due to
shallow energy leakage, the influence of terrain on the wavefield is more pronounced,
manifested as a significant curvature of the waveform. The boundary conditions of the air
layer are suitable for simulating surface air coupling scenarios, but the amplitude of the
wavefield is generally weak.

Therefore, under undulating terrain conditions, different boundary conditions have a
more significant impact on the results. For different research objects, accurate boundary
conditions need to be selected in order to obtain suitable results.

3.4. Overthrust Land Model Test

To evaluate the effects of different boundary conditions in complex models, the
SEG/EAGE Overthrust land model was adopted, as shown in Figure 36. The model
dimensions are 5 km × 1.5 km, with the source located at (2.5 km, 140 m). The source is a
Ricker wavelet with a dominant frequency of 30 Hz, and adaptive triangular meshing was
applied. The model with an air layer was created by adding a 20 m thick air layer above the
original model, with PML boundary conditions applied above the air layer. Frequencies
from 1 Hz to 80 Hz, with a 1 Hz interval, were transformed to the time domain using fast
Fourier transform (FFT) to obtain time-domain wavefield snapshots and seismic gather
data. Three boundary conditions were tested on the ground surface: PML, Neumann, and
a combination of air layer and PML. The real part of the 30 Hz frequency-domain wavefield
is compared in Figure 37, while the time-domain wavefield snapshots are compared in
Figure 38. The receivers were placed on the ground with a spacing of 5 m, and the seismic
gather comparison is shown in Figure 39.

The frequency-domain wavefield and its comparison curves reveal that different
boundary conditions significantly affect the wavefield’s shape near the surface, with the
discrepancies in dynamic characteristics increasing as the distance from the source grows.
The wavefield amplitudes at the surface for the PML absorbing boundary and the air layer
boundary are similar, while the amplitude for the Neumann boundary remains significantly
larger. This is due to the strong reflections caused by the Neumann boundary, which
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lead to standing wave phenomena and result in abnormally large pressure amplitudes.
The time-domain wavefield snapshots are consistent with previous test results, showing
similar wavefronts at different times. PML boundaries exhibit no ground reflection, while
Neumann and air-layer boundaries show reflections with opposite phases. From the seismic
gather data, it is evident that PML exhibits minimal boundary reflections, making it the
best choice for absorbing boundaries. In contrast, Neumann and air-layer boundaries show
ground boundary reflections. Neumann boundaries, due to total energy reflection, produce
the highest energy in the seismic gather, while air layers dissipate energy into the air layer,
resulting in the lowest energy, which aligns more closely with real-world conditions.
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Figure 37. Real part of 30 Hz seismic wavefield under different boundary conditions. ((a–c) are
the real parts of the 30 Hz wavefield under PML, Neumann, and air layer boundary conditions,
respectively; (d–f) represent the vertical variation curves of the wavefield at x = 1000 m, 2500 m, and
4000 m, respectively).
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Figure 38. Comparison of wavefield snapshots under different boundary conditions. ((a–c) are
snapshots of the wavefield at 0.1 s, 0.2 s, and 0.3 s under PML boundary conditions; (d–f) are
snapshots of the wavefield at 0.1 s, 0.2 s, and 0.3 s under Neumann boundary conditions; and
(g–i) are snapshots of the wavefield at 0.1 s, 0.2 s, and 0.3 s when considering the air layer).
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4. Conclusions
This article conducts a systematic comparison and analysis of the seismic wave field

propagation characteristics in the frequency domain and time domain using PML absorp-
tion boundary conditions, Neumann boundary conditions, and air layer conditions on
the ground under horizontal and undulating terrain interfaces through finite element
numerical simulation. The summary is as follows:

1. The PML boundary has an excellent absorption effect on the wave field, without
reflected wave interference, and can maintain the regularity of wave field propagation.
The terrain scattering effect has a relatively small impact on the wave field under PML
boundary conditions, and the propagation direction and energy distribution of the
wave field are not significantly disrupted, making it suitable for wave field simulation
under open boundary conditions.
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2. The Neumann boundary has certain advantages in studying complex wave phenom-
ena such as reflected waves and scattered waves, but it is not suitable for simulating
wave field propagation under open boundary conditions. Under undulating terrain
conditions, Neumann boundaries amplify the interaction between terrain-scattered
waves and boundary-reflected waves, significantly enhancing the complexity of the
wavefield, manifested as an abnormal increase in shallow local wave amplitude and
waveform interference enhancement.

3. When the air layer is combined with PML boundary conditions, there is a significant
shallow energy leakage phenomenon in the propagation of the wavefield, especially
under high-frequency conditions, where the amplitude of the shallow wavefield
decreases significantly. However, the propagation regularity of deep wavefield is
good, which is close to the results obtained by using only PML boundary conditions.
This indicates that the air layer mainly affects the propagation of shallow wave energy.
When considering the air layer, the main impact of undulating terrain is concentrated
on the leakage of shallow wavefield and waveform distortion. Therefore, the air layer
conditions are suitable for simulating surface air coupling scenarios and have greater
similarity with real seismic geophysical models.

4. In existing seismic numerical simulations, Neumann free boundary conditions are
commonly used instead of surface conditions, but the results show that this simplifi-
cation can lead to significant differences in the wave field propagation characteristics
compared to real earthquake physical models. To simulate an earthquake wavefield
that is closer to the real situation, it is necessary to consider the air layer conditions.

5. The SEG/EAGE Overthrust land model was used to further validate the impact of
different boundary conditions on wavefield simulation in complex models.

5. Discussion
This paper mainly discusses the wavefield propagation characteristics under two

conditions: horizontal interface and undulating terrain. In addition, for the energy leakage
problem under air layer conditions, energy compensation methods or improved boundary
conditions can be attempted to improve simulation accuracy. At the same time, the numeri-
cal simulation results of this article can be combined with actual earthquake observation
data to further verify the applicability of numerical simulation results under different
boundary and terrain conditions.
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