RESEARCH ARTICLE
SOLID EARTH: SEISMOLOGY

Earth and Planetary Physics
10:223-238, 2026
doi: 10.26464/epp2026019

EP

Regional-scale full 3D hybrid waveform forward modeling

JingNan Sun’, Yi Wang?*, Li Zhao'3, and RiSheng Chu?

School of Earth and Space Sciences, Peking University, Beijing 100871, China;

2State Key Laboratory of Precision Geodesy, Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of Sciences, Wuhan

430077, China;

3Hebei Hongshan National Geophysical Observatory for Thick Sediments and Seismic Hazards, Peking University, Beijing 100871, China

Key Points:

¢ Aregional-scale full three-dimensional hybrid waveform modeling method is developed to efficiently update the source-region

velocity.
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with a point source.
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Abstract: Accurate three-dimensional (3D) velocity models are essential for fitting high-frequency seismic waveform records. This
process usually requires regional-scale 3D numerical simulations that are computationally expensive, especially with sparse seismic
networks. Because of the significance of source domain modeling, we propose a hybrid waveform simulation approach that combines
the 3D spectral-element method (SEM) with the displacement representation theorem. By separating near-source wavefield excitation
from long-distance wave propagation to stations, only the source domain wavefield needs to be recomputed when the local velocity and
source models change. We apply the method to the 2019 M,, 5.0 Changning shallow earthquake to verify its flexibility and effectiveness.
We compare high-frequency waveforms computed with different regional velocity models against observations. Results show that the
hybrid method achieves accuracy comparable to full SEM 3D simulations while reducing computation costs by more than two orders of
magnitude when the structure of the source region updates. Our results further indicate that high-frequency waveforms are highly
sensitive to shallow structures. Introducing low-velocity shallow layers into the source region improves near-field waveform fits,
indicating pronounced low-velocity sediments in the Changning area. Large surface-wave time delays suggest that shallow velocities
within the Sichuan Basin are lower than those in existing published models. In addition, an Interferometric Synthetic Aperture Radar
(InSAR)-derived finite-fault model outperforms the point-source model in near-field waveform fitting and better reproduces rupture
directivity. The proposed method is practical for high-frequency waveform modeling in areas with complex subsurface structures and

rupture processes.
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1. Introduction

Accurate determination of source parameters is crucial for under-
standing rupture mechanisms and dynamics (Shi QB et al,, 2018).
Source parameters can be determined by waveform-based inver-
sion methods, such as the cut-and-paste (CAP) method (Zhu LP
and Helmberger, 1996; Zhu LP and Ben-Zion, 2013; Chu RS and
Sheng MH, 2023), which have been widely applied in studies of
moderate and strong earthquakes (Zhao LS and Helmberger,
1994). The reliability of waveform fitting relies on accurate three-
dimensional (3D) velocity models and full 3D simulation methods
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(Fichtner and Tkalci¢, 2010; Gallovi¢ et al., 2010), especially in the
high-frequency range (Qian YY et al, 2019a, b; Zhang L et al,,
2022). However, seismic networks are usually sparse, and many
earthquakes tend to occur in limited areas. This situation is
common in both teleseismic and regional earthquake studies,
where full-domain 3D waveform simulations are expensive, with
costs that scale roughly with the fourth power of regional size and
target frequency.

To address this problem, various hybrid simulation strategies have
been proposed and applied to teleseismic source studies (Wu WB
etal., 2018; Lyu C et al., 2022, 2025; Qian YY et al., 2024; Zang C et
al, 2024; Liu TS et al., 2025). These methods typically use high-
accuracy numerical simulations in the source region (e.g., 3D
spectral-element modeling) while adopting approximate forward
techniques (e.g., a one-dimensional [1D] background model or ray-
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based travel-time methods) for long-distance wave propagation,
with wavefields coupled at a virtual boundary. This can significantly
reduce the computational cost while maintaining the simulation
accuracy of the target source area.

Although such hybrid strategies have mostly been applied to tele-
seismic simulations, they are also valuable for regional moderate
to strong events (He XH et al.,, 2019). Examples include the 2021
M,, 6.1 Yangbi earthquake (Zhu GH et al., 2022), the 2022 M; 6.8
Luding earthquake (Yi GX et al., 2023), and the 2023 M,, 6.0
Jishishan, Gansu earthquake (Hua SB et al,, 2024; Wang Q et al.,
2024; Yang ZG et al,, 2024; Xu TR et al., 2025). These events share
features such as shallow source depths, limited rupture areas, and
spatially concentrated aftershock sequences typically confined
within approximately 50 km from the main earthquake location.
Because of the common sparse permanent station distribution
(interstation spacing of approximately 50 km), such regional
networks can be considered spatially scaled-down analogs of tele-
seismic monitoring scenarios. The high frequency and shallow
source characteristics of regional earthquakes make them very
important in hazard assessment (Graves et al., 2011; Wei SJ et al.,
2013, 2015; Hejrani et al., 2017; Hejrani and Tkalci¢, 2020; Wang X
and Zhan ZW, 2020). Although hybrid methods have been applied
to regional-scale modeling, they have mainly focused on small
local domains around stations (Ba ZN et al., 2025), and few source-
region-oriented hybrid modeling studies have been reported to
date.

In this study, we propose a full 3D regional-scale hybrid forward
simulation method based on the spectral-element method (SEM),
tailored for 3D high-frequency waveform modeling (up to 1-2 Hz)
under sparse station coverage. The approach separates wave
propagation into two parts: a high-accuracy 3D simulation within
a near-source excitation subdomain and long-distance wave
propagation outside it. The two wavefields are coupled via convo-
lution at a virtual boundary by using the displacement representa-
tion theorem (Aki and Richards, 2002). The advantage is that
when the source parameters or small-scale structures within the
source region are updated, only the low-cost near-source 3D
simulation needs to be recomputed. This can significantly reduce
the cost of regional-scale waveform modeling with sparse
networks. Compared with previous 1D-3D hybrid modeling stud-
ies (Wu WB et al.,, 2018; Qian YY et al., 2024), our method applies
the 3D spectral-element scheme to both the source subdomain
and the larger outer domain. Additionally, a powerful convolu-
tional perfectly matched layer (CPML) absorbing boundary (Xie
ZNetal, 2014) is used in the local subdomain to suppress boundary
reflection (Lyu C et al., 2022).

The article is organized as follows: we first introduce the workflow
of the hybrid method and validate the method numerically by
using a 3D velocity model with topography. Next, we calculate
synthetic waveforms by using different regional velocity models
and compare them with data from an M,, 5.0 shallow earthquake.
We then investigate how the velocity model and frequency
content affect waveform fitting. We also use a finite-fault model
from Interferometric Synthetic Aperture Radar (InSAR) studies to
compute synthetic waveforms and compare them against point-
source cases. These results demonstrate the potential of the

proposed hybrid method for regional full-3D waveform simula-
tion, source parameter inversion, and rupture imaging.

2. Methodology and Validation

We use the open-source parallel SEM software SPECFEM3D
(Komatitsch and Tromp, 1999) to perform all forward simulations
presented in this study. The SEM is a high-order finite element
method that solves the weak form of the elastic wave equation to
simulate seismic wave propagation. It offers high accuracy in
handling free-surface topography and complex internal disconti-
nuities. The Cartesian version of SPECFEM3D (SPECFEM3D_Carte-
sian) is particularly suitable for high-precision simulations of
regional-scale seismic wavefields.

2.1 Theory and Workflow

The hybrid simulation method used in this study is based on the
displacement representation theorem. Beginning from the elastic
wave equation and Gauss's divergence theorem (Wu WB et al.,
2018), the wavefield at a given observation point x can be
expressed as

Uy (x 1) =

*fd’//Bvanz (£t-Tx0)T" (u(€),n)dB(&)

- / dT//BniCiipqaiqulZf’ (&t—1:x0) “l"h (&1)dB(§),

where T,'./‘ (u(&7),n) denotes the ith component of the traction
vector on the virtual boundary B surrounding computational
domain V;, and u" (& 7) is the ith component of the displacement
at point & The expression G:.ff (& t—1;x,0) is the nth component
displacement at receiver location x in outer domain V,, excited by
an ith component unit point force applied at point € on the virtual

boundary. The expression %GZE, (&t —1;x,0) is the spatial deriva-
q
tive of displacement in the &, direction. In practical implementa-

tion, we store time series of traction and displacement vectors
computed on the virtual boundary B in domain V;. In domain V,,
we precompute and store the Green’s functions and their spatial
derivatives from each boundary point & to each receiver position
x. The synthetic waveforms at x can then be constructed via time-
domain convolution by the representation theorem.

Our hybrid simulation workflow consists of three main steps
(Figure 1):

Step 1: Source-region wavefield simulation. A small-scale 3D
velocity model and source parameters are set in the source region
V,;. The wavefield excited by the source is computed within the
source region. Three-component displacement waveforms and
their spatial derivatives are recorded at all Gauss-Lobatto-Legen-
dre (GLL) points along the virtual boundary B. These recordings
form what we refer to as the source-side strain Green'’s tensor
(SSGT).

Step 2: Receiver-side wavefield calculation for the sparse network.
Outside the source region, simulations using three-component
point forces located at each receiver are performed based on the

Sun JN and Wang Y et al.: Regional-scale full 3D hybrid waveform forward modeling
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Figure 1. Schematic diagram of the principle and workflow of the regional 3D hybrid method. Panels (a) to (c) illustrate the process of wavefield
coupling based on the representation theorem. Panel (a) shows the wavefield simulation from the seismic source to the virtual boundary within a
3D velocity model, along with the construction of the receiver-side strain Green'’s tensors (RSGT) from the virtual interface to the receiver stations.
Panel (b) illustrates the source-region Vv, configuration and virtual interface B. When the source-region model is modified, the displacement and
stress fields on the five virtual surfaces enclosing the local source area are recomputed and combined with the precomputed RSGT database to
achieve accurate hybrid forward modeling of the full wavefield. Panel (c) presents the workflow of the hybrid method: the left part computes the

RSGT on the virtual interface B based on receiver locations and the outer velocity model in domain V,. This requires 3N, forward simulations,

corresponding to the three-component point-force excitations for each of the N, receivers. The resulting RSGT database contains the

displacement Green'’s tensors G*? and their spatial derivatives 3G"2 /3¢ on the interface. The right part simulates the source-side strain Green'’s

tensor (SSGT) on the common virtual interface B using the source parameters and the local source-region model in domain V. This step require

N simulations, one for each source-region velocity-model update or source parameter, producing the traction and displacement fields 7' and

u"”" on the interface. These two parts are then integrated via the representation theorem to synthesize the displacement waveforms u,, (n = 1,2, 3)

from source to receiver.

reciprocity theorem, and the three-component displacements
and their spatial derivatives at all GLL points on the boundary are
stored on disk. These form the strain Green’s functions (Zhao L et
al., 2006) on the boundary, and we refer to the set as the receiver-
side strain Green's tensor (RSGT). This step requires 3N; forward
simulations, where N is the number of receivers. When the large-
scale velocity model outside the source region
unchanged, this step needs to be performed only once.

remains

Step 3: Waveform synthesis based on the representation theo-
rem. The synthetic waveforms are obtained by convolving the
SSGT and RSGT databases. This operation is much faster than full
3D simulations. In addition to the wavefield recordings, we
precompute and store the integration weights, basis functions,
and their derivatives at all GLL points along the boundary
elements. The boundary integral in Equation (2) is then evaluated
numerically over the virtual surface I, using the standard GLL
quadrature formula (Komatitsch and Tromp, 1999):

/fx)dx //f x (& n))Jp (€ n)dédn = X wawﬁfaBJbaﬁ’

()

where wg, a=0,1,...,n are the integration weights associated
with the nj-order GLL points, /i = J, (&, n) is the Jacobian deter-
minant at point x (&, ng). and f(x(& n)) represents the integrand,
which in this case corresponds to the convolved wavefield u, (x, t)

computed at each boundary point.

2.2 Validation Test

To validate the proposed hybrid method, we use the M,, 5.0 earth-
quake that occurred on January 3, 2019, in Gongxian, Sichuan
Province, located in the south of the Sichuan Basin. Source mech-
anism solutions derived from local sparse seismic network data
(Lei XL et al, 2019a, b; Yi GX et al, 2019) and fault models
obtained from InSAR observations (Luo H et al., 2022; Wang S et
al., 2022) both indicate that this event occurred at a shallow depth
of less than 2 km. The point-source moment tensor is taken from
the Global Centroid Moment Tensor (GCMT) catalog, with a fixed
source depth of 2 km (Yi GX et al,, 2019).

We utilize the SWChina-V2.0 model (Liu Y et al., 2023; referred to
as CYM3D) for the large-scale velocity model outside the source
region. Within the source region, a higher resolution local tomo-
graphic velocity model for the Changning-Xingwen region (CX;
Tian W et al,, 2024) is embedded as a changed source-region
velocity structure. The local model is smoothly merged with the
large-scale regional model by using a taper function (Zang Cet al.,
2024), ensuring the continuity of both velocity models. We
compute three-component synthetic wavefields for a set of sparse
local stations by using both full 3D SEM modeling and the hybrid
SEM method proposed in this study. The dataset includes 18
broadband stations from the Sichuan regional seismic network

Sun JN and Wang Y et al.: Regional-scale full 3D hybrid waveform forward modeling
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within the target area. The large-scale SEM simulation domain
covers 160 x 330 x 30 km (E-N-Z) and is discretized into
160 x 300 x 33 spectral elements with an average size of 1 km.
With this mesh and the CVM3D velocity (V; > 2 km/s), the minimum
resolvable period is approximately 0.5 s. A 5-km-thick CPML
absorbing boundary is applied at the mesh edges. The total simu-
lation time is 100 s, with a 0.01 s time step. One run used 240 CPU
core-hours. The virtual boundary of the source region spans from
approximately 104.7° to 105.1° longitude and 28.0° to 28.4° lati-
tude, with a bottom depth of 10 km. Within this region, we use
the local 3D tomographic model for Changning, covering 60 x 60
% 20 km (E-N-Z). The model is discretized into 60 x 60 x 23 spectral
elements, and it set a 5-km-thick CPML absorbing boundary. The
size of the virtual boundary is 45 x 45 x 10 km, which is smaller
than the modeling, to avoid including points within the absorbing
boundary. The total simulation time is 30 s for the source-region
wavefield to ensure that the complete wavefield propagates out
of the virtual boundary. The SSGT and RSGT databases share the

(a)

same virtual boundary and time step.

In our hybrid method, we utilize full integration over all 25 GLL
points by using a Gaussian source-time function with a half-dura-
tion of 0.25 s, corresponding to a dominant frequency of approxi-
mately 2 Hz. The hybrid synthetic waveforms of all 18 stations
(Figure 2a) closely match the direct SEM results, with amplitude
differences of 1%-2% (see figure in Section 4.1). The localized
source-region simulations that produce the SSGT require only
approximately 2 CPU core-hours (") each, whereas a full direct
SEM forward simulation requires roughly 240 CPU core-hours in
domain V, (7"2). However, constructing the receiver-side strain
Green's tensors (RSGT) for all stations (N,) requires a one-time set
of large-scale SEM simulations: each simulation consumes approx-
imately 240 CPU core-hours (7*2), and 3N, simulations are needed
to account for the three components, resulting in an initial
computational cost of 72 x 3N, CPU core-hours (Table 1). Because
the RSGT construction represents a substantial one-time expense,
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Figure 2. (a) Topography of the study area, the distribution of broadband permanent stations (black triangles), and the earthquake epicenter
(red star). The black box indicates the small region used for our hybrid simulation. The black box in the upper right corner of the illustration shows
the location of the study area in the Sichuan-Yunnan region. (b) Vertical cross sections of V,, and V,. The north-south profile is along 104.85°E, and
the east-west profile is along 28.21°N. The local source region (black box), measuring 45 x 45 x 10 km, is modeled using the Changning-Xingwen
(CX) velocity model. (c) Validation of forward simulation using the CYM3D model combined with the CX local model. The point-source moment
tensor is a high-angle reverse fault with strike 350.6°, dip 55.1°, and rake 39.7°. A Gaussian source time function with a half duration of 0.25 s is
used to generate a high-frequency velocity waveform. The black lines represent waveforms from direct SEM simulation; the dashed red lines are
waveforms synthesized by the 3D hybrid method using 25 GLL point integrations; the green lines show the residuals between the direct and
hybrid method waveforms, amplified by a factor of 10. The numbers to the right of each waveform indicate the maximum residual difference
between the synthetic waveform obtained by the hybrid method and the waveform from direct simulation. Hybrid-method synthetic waveforms

for the other stations are shown in the figure in Section 4.1.

Table 1. Comparison of computational costs between the direct 3D SEM and the hybrid 3D SEM methods.2

Cost or requirement Direct 3D SEM Hybrid 3D SEM
Storage requirement — 3N, + N
Number of simulations N; N + 3N,
CPU cost 72 x N, T2 %3N, + T x N,

aN,, number of regional velocity models in V;; Ny, number of receiver stations in V5; ™ , CPU time for one source-region SEM simulation (2 core-hours in
this case); TVZ, CPU time for one large-scale SEM simulation (240 core-hours in this case).

Sun JN and Wang Y et al.: Regional-scale full 3D hybrid waveform forward modeling



the overall efficiency gain of the hybrid method depends on the
number of source-region model updates or source variations (N;).
The method becomes truly advantageous only when this change
in source region greatly exceeds the number of stations, such that
72 X Ng> T2 x 3N, + T x N,.

3. Influence of the Velocity Model and Source
Parameters

Shallow velocity structures play a critical role in the propagation
of seismic waves from shallow earthquakes and the simulation of
strong ground motion. Near-surface low-velocity layers tend to
trap energy (Berg et al., 2021), asymmetrically amplify near-fault
ground shaking (Yang HF, 2015), and enhance surface waves.
Moreover, if a low-velocity sedimentary layer surrounds the
source, the resulting time delays may lead to overestimation of
the source depth with an inaccurate velocity model (Neves et al.,
2024). Most real-time event catalogs rely on local 1D velocity
models; however, under complex underground conditions, such
models may introduce significant location errors. The
Changning-Xingwen region, situated at the southern margin of
the Sichuan Basin and serving as an important shale gas extraction
zone, provides a typical case to investigate the shallow crustal
structure (<5 km) and its relevance to both induced earthquakes
and regional tectonics (Yang W et al., 2021).

3.1 Overview of the Velocity Models

We select a series of 3D local velocity models for waveform
modeling and comparison with observations. For the small-scale
source-region modeling, four models are tested: (1) the portion of
the SWChina-V2.0 model (CVM3D-V2.0; Liu Y et al., 2023) covering
the source area, (2) a high-resolution shear-wave velocity model
for Changning (LiuVs; Liu QX et al., 2023), (3) a tomographic model
of the Changning-Xingwen region (CX; Tian W et al., 2024), and
(4) a modified local 1D model (Modified1D). For the large-scale
outer region in the hybrid method, we test both the CYM3D-V2.0
and China Seismic Experimental Site (CSES)-VM1.0 (Wu JP et al.,
2024) models.

The datasets for inversion and resolution of these models are
briefly described as follows. The CVM3D-V2.0 is a 3D velocity
model for southwestern China based on more than 40,000 local
earthquake and ambient noise cross-correlation observations,
with a near-surface resolution of approximately 2.5 km. In contrast
to the CYM3D-V2.0, CSES-VM1.0 achieves a vertical resolution of
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2-5 km in the upper crust, clearly imaging low-velocity sedimen-
tary layers within the Sichuan Basin. For the source region, the
LiuVs model (from Liu QX et al.,, 2023) is constructed using 3D
ambient noise tomography with a dense temporary array and
permanent stations. It resolves the shear-wave velocity structure
from 0 to 8 km depth, with a lateral and vertical resolution of
7.5 km and 0.5 km, respectively. We extend it to a P-wave velocity
model using a local reference Vo/Vs = 1.73, which corresponds to
the typical Poisson'’s ratio of the upper crust (Brocher, 2005; Lei XL
et al, 2017), and merge it smoothly below 8 km into CYM3D. The
CX model (Tian W et al., 2024) uses double-difference body-wave
tomography based on a dense array (approximately 4.5 km spac-
ing), resolving the top 8 km with a 2/0.5 km (horizontal/vertical)
resolution, also merging into the CVM3D at depth. The LiuVs
model exhibits the lowest V; above 2 km, with a strong vertical
gradient above 5 km. In contrast, the CX model has faster velocities
above 5 km and more pronounced small-scale lateral variations.
As a reference, we construct a Modified1D velocity model based
on the local geological conditions and regional adaptations of
Zeng Q et al. (2020). This model features the lowest V, and V;
above 3 km, with a sharp velocity contrast at approximately 4 km
depth (Figure 3a) and with a vertical resolution of less than 1 km.
In summary, the four models are similar below 5 km but have
significant differences above 5 km: the LiuVs and Modified1D
models have lower speeds, whereas the CX and CVYM3D have rela-
tively faster speeds.

3.2 Influence of Source-Region Velocity

To assess how source-region velocity models affect the waveform,
we use the hybrid method with a fixed outer region (CVM3D) and
replace only the local velocity structure. For stations within 70 km,
body-wave phases (P, S) and surface waves are difficult to separate
in the long-period bands, so we compare the full waveforms
directly. For stations beyond 70 km, we manually pick arrival times
for the P and S phases and selected time windows: 10 s before
and two maximum filter periods after the P onset, and 10 s before
to 40 s after the S-wave onset. All three-component records were
rotated into tangential (T), radial (R), and vertical (Z) components,
then bandpass-filtered using the same frequency bands. Normal-
ized cross-correlation measurements were performed to quantify
the similarity between synthetic waveforms and observed data
(Figure 4).

For station XWE (located 32 km due east of the epicenter; Figure

@) ,
ol it (b) © ™ (d)
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Figure 3. (a) Comparison of depth-averaged velocity profiles for four velocity models within the local source region. The regional models are
merged into the CVYM3D below 8 km. (b-d) Horizontal slices showing the depth-averaged V, within the upper 5 km for the (b) CYM3D, (c) LiuVs,
and (d) CX models. Here, dx/dy denotes the horizontal resolution and dz denotes the vertical (depth) resolution of each model. All velocity

models in (b) to (d) share the same color scale, as indicated on the right.
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Figure 4. Comparison between synthetic velocity waveforms (in red) and observed waveforms (in black) at four near-field stations (XWE, JLI,

HWS, and YAJ) in the 20-5 s and 20-3 s frequency bands for four local veloc

ity models. The models, from top to bottom, are the CYM3D, CX,

Modified1D, and LiuVs models. Panels (a)-(d) correspond to waveform fits for stations XWE, JLI, HWS, and YAJ, respectively. Below each waveform

pair, the cross-correlation travel-time shift (in seconds) and NCC coefficient

(in %) between observed and synthetic waveforms are labeled. The

numbers shown beneath each station name indicate the epicentral distance and azimuth. Station locations are shown in Figure 2.

4), the seismic wave propagates mainly in the source region. All
models performed similarly in the 20-5 s frequency band. In the
20-3 s frequency band, the LiuVs and Modified1D models
provided better fits in the R and Z components, whereas the CX
and CVM3D showed slightly higher time delays. All models
showed good fits for the T component. For the T component, all
models performed well in the 20-5 s and 20-3 s frequency bands.
In contrast, station JLI (located 33 km west of the epicenter)
showed good fits in the 20-5 s frequency band but significant
misfits at high frequency in the coda, indicating strong lateral
heterogeneity in the shallow structure. For station HWS (52 km
north), where part of the path travels through the outer model, all
models performed reasonably well in the 20-5 s frequency band
(normalized cross-correlation [NCC] > 60%). In the 20-3 s
frequency band, the Modified1D had the highest NCC for the R
and Z components. At station YAJ (62 km west), the low-
frequency waveform fit was poorer, and the strong Rayleigh wave
train could not be reproduced well by any source model.

For distant stations, the Modified1D model consistently fit better
than the other models at all frequencies. In the 20-5 s frequency
band, all models exhibited similar results (Figure 5a). However, in
the 20-3 s frequency band (Figure 5b), the Modified1D yielded
the highest NCC value, indicating the importance of an accurate
shallow structure in the source region for waveform fitting. Over-

all, theoretical waveforms differed by less than 10% in both shape
and arrival times, indicating that the waveforms at distant stations
were mainly affected by the outer large model. In the following
section, we compare two 3D models for the outer region.

3.3 Influence of Large-Scale Velocity Modeling

As discussed in the previous section, we find that the Modified1D
velocity model within the source region provides a good fit in the
high-frequency band. We then test the CYM3D and CSES models
outside the source region combined with the Modified1D model
(Figure 6).

As in Section 3.2, we first compare synthetic and observed wave-
forms at four stations within 70 km (Figure 7). All stations have
similar results in the 20-5 s frequency band. Although the outer
model contributes only a small portion of the propagation path
from the source to these near stations, modifying the outer model
still improves the waveform fit. For example, at station JLI, time
delays in the 20-3 s frequency bands are slightly reduced when
using the CSES model. For stations HWS and YAJ, the CSES model
provides better fits in the R and T components.

For stations beyond 70km (Figure 8), in the 20-5s frequency
band, time residuals and NCC values from the CYM3D and CSES
are generally similar. For southern stations LPS and WNT, the
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surface wave is well-fitted and shows a low time delay. For northern
distant stations, time residuals of Love waves are generally less
than 2 s, whereas Rayleigh waves on the R and Z components
show higher time delays. In the 20-3 s frequency band, the CSES
model yields lower time delays than the CVYM3D for surface waves.
The NCC values of both models are higher than 70% in the 20-3 s
frequency band, and the CYM3D model has a higher value. For
P-waves, both the CYM3D and CSES provide an NCC > 70% and
the CVM3D provides a higher NCC value.

In summary, the waveforms of the two models are relatively close,
and both fit the data well (NCC > 70%) in the 20-5 s frequency
band, corresponding to their similar velocities in the upper crust.
In the 20-3 s frequency band, both models have good fit to the
waveform (NCC > 70%) for most stations. Substantial arrival-time
delays are concentrated in the north of the Changning area (Tan
YY et al., 2023), and the CSES model predicts a lower time delay in
the Sichuan Basin.
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3.4 Comparison Between Point-Source and Finite-Fault
Modeling

In source studies, the source is commonly represented by using
either a point-source model or a finite-fault model. Point sources
are well-suited for modeling long-period seismic waves under
appropriate assumptions, and they are widely used in rapid
moment tensor inversions and preliminary magnitude estimates.
However, point-source models neglect the geometric complexity
of the fault, as well as the nonuniform slip distribution and direc-
tivity effects during rupture propagation. As a result, they often
introduce significant inaccuracies in near-field ground motion
simulations and for large-scale rupture events (Lay et al., 2018). In
contrast, finite-fault models incorporate the spatiotemporal distri-
bution of slip on the complicated fault plane, which can better
characterize the rupture initiation, termination, and propagation
complexity (Hsieh et al., 2016).

Here, we use the Modified1D-CSES hybrid 3D velocity model to
simulate synthetic waveforms from both the point-source and
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Figure 9. Waveform comparison at four stations with epicentral distances of less than 70 km. Velocity waveforms of the R, Z, and T components
from the Modified1D-CSES hybrid velocity model are shown for both the point source and finite-fault models in the 20-3 s and 20-5 s frequency
bands. Synthetic waveforms are shown in red, and observed waveforms are shown in black.
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finite-fault models and compare them with observed data (Figure
9). The finite-fault source model is derived from InSAR inversion
by Wang S et al. (2022). The finite-fault rupture initiation time is
set equal to the point-source origin time.

For stations within 70 km, the arrival-time differences between P-
and S-waves are larger in the finite-fault simulations and more
closely match the observed data. In contrast, the S-waves in the
point-source simulations arrive too early. The finite-fault simulation
exhibits clearer rupture directivity (Figure 10). The finite-fault
model improves waveform matches for stations not aligned with
the main rupture direction, such as XWE, JLI, and YAJ (Figure 9). In
the point-source simulations, the P-coda amplitude is underesti-
mated. The finite-fault model yields larger amplitudes, which are
more consistent with observations. Moreover, the finite-fault
simulations produce richer waveform details, improving the
agreement with recorded data in the P-coda. For stations in the

rupture direction (e.g., HWS), both source models perform similarly
and yield good fits to the observations (Figure 9). At stations
beyond 70 km, the improvements from the finite-fault model are
in the P-wave window, particularly in the 20-3 s frequency band
(Table 2). However, for surface waves in different frequency
bands, the finite-fault model does not significantly improve wave-
form fits. The shallow structure along the path dominates the
waveform characteristics, while the influence of source complexity
is minor (Graves and Wald, 2001).

4, Discussion

4.1 Hybrid Simulation Method and Its Improvements

In our hybrid method, we compare two spatial quadrature
schemes: a low-resolution approach that uses only the face-center
point and face area per spectral element, and a high-resolution
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Figure 10. Snapshots of excited wavefields for the point-source model (a) and the finite rupture model (b). The wavefield from the finite rupture
model highlights a much stronger source rupture directivity effect, with rupture propagating toward the northwest.
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Table 2. Mean travel-time residual (s) and NCC (%) for point-source and finite-fault models in the 20-5 s and 20-3 s bands.

Frequency band Sr+ Sz Sh Pr+Pz
20-5s
Point-source 4.5/74 2.2/88 1.5/79
Finite-fault 3.6/78 0.9/86 0.3/79
20-3s
Point-source 3.6/72 2.4/74 1.7/72
Finite-fault 3.2/76 1.9/74 0.8/75

approach that integrates over all 25 GLL points with their quadra-
ture weights. We evaluate both using sources with half-widths of
0.25 s and 0.5 s (dominant frequencies of 2 Hz and 1 Hz, respectively;
see Figure 11).

At 2 Hz, the single-point integration markedly increases modeling
errors in the S-wave and surface-wave coda: high-frequency
surface-scattered energy in the S-wave and surface-wave arrivals
is poorly synthesized. By contrast, first-arrival body-wave phases
are only slightly affected because their dominant frequency is
lower and their propagation path is downward, away from the
free surface. Topography-induced mesh distortion and free-
surface reflections or interference further heighten the sensitivity
of near-surface wavefields to integration accuracy. At 1 Hz, the
single-point scheme yields only slight errors; the full waveform,
including surface-scattered waves, remains close to the 25-point
result.

Accordingly, high-resolution integration is essential for scattered-
wave analysis and high-frequency surface-wave studies, especially

(a) (b)

the high-frequency coda waves sensitive to shallow structure and
topography (Masson et al., 2014; Wu WB et al., 2018; Wang N et al.,
2019). For low-frequency simulations that do not approach the
resolution limit of the grid (e.g., 1 Hz), the center-point low-resolu-
tion integration is an efficient choice: the error is negligible for
location and inversion based on phase arrivals and waveform
cross-correlation while reducing storage and computational costs
by a factor of 25.

When strong heterogeneities exist outside the source region, the
first-order scattered waves that travel directly from these hetero-
geneities to stations can be accurately recovered. In contrast,
waves that are reflected or scattered by external heterogeneities
reenter the source region and are then reflected again toward the
stations corresponding to second-order scattering, which cannot
be modeled in the current hybrid simulation. All outgoing scat-
tered waves are absorbed by the boundary conditions and do not
reenter the computational domain. Thus, only first-order scattering
can be considered (Masson et al., 2014; Lyu C et al., 2022, 2025).
Because of geometric spreading and intrinsic attenuation, the

(c)
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Figure 11. Z-component velocity integrated using only the center point or all 25 points. (a) 2 Hz waveforms integrated using all 25 GLL points.
(b) 2 Hz waveforms integrated using only the center point. (c) 1 Hz waveforms integrated using only the center point. The black lines represent
waveforms from direct SEM; the dashed red lines are waveforms synthesized by the 3D hybrid method. The green lines show the residuals
between the direct and hybrid method waveforms, amplified by a factor of 10.
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energy of second-order scattering is much weaker than that of the
direct and first-order scattered waves, which dominate the imaging
process. According to the Born approximation (Zhao L et al., 2000;
Liu Q and Gu YJ, 2012), both velocity-model and source-parameter
inversions account for only first-order scattering and neglect
multiple scattering from small-scale heterogeneities. When strong
external heterogeneities, such as the Moho discontinuity (Zang C
et al.,, 2024) or subduction interfaces (Monteiller et al., 2013), are
present, these structures should be included in the regional
model to simulate the multiple scattering.

Traditional absorbing boundary conditions (Clayton and Engquist,
1977; Stacey, 1988) are based on paraxial approximations to the
scalar or elastic wave equations and exhibit reduced absorption
efficiency for grazing-incidence waves. Moreover, because the
damping parameters are fixed, the amplitude of reflected waves
tends to increase with frequency (Xie ZN et al., 2014). In contrast,
the CPML absorbing layer provides much higher efficiency for
grazing-incidence waves, and its frequency-dependent damping
terms ensure robust absorption across a broad frequency band
(Xie ZN etal., 2014, 2016; Liu YS et al., 2019). Numerical experiments
by Xie ZN et al. (2014, 2016) demonstrated that a CPML thickness
of about one minimum wavelength is sufficient to achieve excel-
lent absorption, with a reflection coefficient of approximately
107>, This high absorption efficiency enables the use of a relatively
small source region without enlarging the computational domain
to suppress reflections, thereby ensuring waveform accuracy
while significantly improving computational efficiency.

4.2 Shallow Structure Beneath Changning

Previous studies have revealed significant 3D velocity variations in
the crust within the uppermost 10 km beneath the Changning
region (Wang MM et al,, 2016; Long F et al., 2020; Tan YY et al.,
2020; Zuo KZ et al., 2020; Li DH et al., 2021), as well as pronounced
low-velocity anomalies in the upper 3 km (Zhou PC et al.,, 2021; Liu
QX et al,, 2023). Travel-time tomography using dense arrays also
indicates high V,/V; ratios in the shallow subsurface of this region
(Tian W et al., 2024). Receiver-function imaging (Tang CX et al.,
2022) and joint inversion of P-wave polarization and surface
waves (Xiao X et al, 2021, 2024) suggest that shallow-crustal
S-wave velocities in the western Sichuan Basin can be as low as
2.4 km/s, with sediment thicknesses possibly exceeding 5 km.
Ambient-noise tomography in Weiyuan, a shale-gas field in the
south-central basin, shows low S-wave velocities: 2.2-2.7 km/s in
the upper 2 km and 2.3-2.8 km/s at 3-5 km depth (Zeng Q et al,,
2020).

The waveform comparisons in Section 3.2 indicate that models
with lower near-surface velocities in the source region (e.g.,
Modified1D, LiuVs) vyield systematically higher waveform
similarity—especially for the P-coda in the 3-20 s frequency band.
Because the P-coda is highly sensitive to source depth (He XH et
al., 2019; Wang N et al,, 2019; Noe et al., 2024), this pattern is
consistent with the low-velocity characteristics produced by shal-
low sedimentation in the Changning area (Ma ST, 2010). Strong
coda scattering and long Rayleigh-wave trains at western stations
further indicate pronounced lateral inhomogeneity. For distant
stations, the Modified1D model consistently fits better than the

other models across all frequencies.

Although our tests do not uniquely determine layer thicknesses or
vertical gradients, they favor slower velocities above 3-5 km
depth and highlight strong lateral heterogeneity at scales of a few
tens of kilometers. Our results support the presence of a strong
low-velocity sedimentary layer in Changning (Sheng MH et al,,
2020, 2022; Tan YY et al., 2023; Tian W et al., 2024), which may
increase the seismic hazard in the region (Lei XL et al., 2019a, b).

4.3 Influence of the Large-Scale Velocity Model

For large-scale tests, results show a significant velocity reduction
within the Sichuan Basin, located in the northern part of the study
area. Our cross-correlation measurements of 20-3 s surface waves
support this lateral heterogeneity, with substantial arrival-time
delays concentrated in the northern stations. The CSES model
features lower velocities in the upper 5 km of the northern
Sichuan Basin, and it provides better surface-wave fits at northern
stations in the 20-3 s high-frequency band compared with
CVM3D. This may be because the CSES velocity model inverted
more observational data within the Sichuan Basin and uses
receiver function joint inversion, which is more sensitive to shallow
sediments. This result highlights the importance of lateral hetero-
geneity and shallow velocity accuracy in 3D modeling. Rayleigh-
wave residuals are notably larger than Love-wave residuals in the
20-5 s and 20-3 s frequency bands, indicating that the current
resolution of P- and S-wave velocities in the shallow crust needs
improvement, especially within the sedimentary layers of the
Sichuan Basin. Previous studies (Li HY et al., 2009; Wei ZG et al.,
2020) have reported that S-wave velocities shallower than 3 km in
the Sichuan Basin are generally below 3 km/s. Geological modeling
results by Wang MM et al. (2016) showed P-wave velocities below
5 km/s down to 5 km depth. The Sichuan Basin may have even
lower velocities than those represented in the models, and the
velocities of both the CSES and CVM3D models are higher than
the shallow velocity in this area, suggesting that further refinement
for shallow structures is necessary to improve waveform simulation
accuracy.

Comparison between two large-scale models indicates that more
accurate shallow velocity models improve high-frequency wave-
form fits and, consequently, enhance depth and location accuracy
in earthquake source studies (Guo XQ et al., 2024). Several studies
have shown that resolving shallow velocity models requires the
use of denser arrays, higher frequency data, and more suitable
inversion methods for shallow velocity structures (Li C et al., 2020;
Shao XH et al,, 2022; Ni HY et al., 20253, b). Wang X et al. (2024)
proposed a hybrid model, ShallowVs_hyb, for the Sichuan-
Yunnan region, which merges the shallow-layer structure from
the China seismological reference model (Xiao X et al., 2024) with
the deep crustal structure of CYM3D-V2.0. Synthetic waveforms
based on ShallowVs_hyb match observed data more accurately,
especially the surface wave. Notably, the only difference of this
model from CVYM3D-V2.0 lies in the structure above 15 km depth,
highlighting the importance of modeling shallow velocity struc-
tures in waveform simulation. Small-scale shallow structures
within the Sichuan Basin may require waveform inversion based
on high-frequency data and dense array observations (Yao HJ,
2020; Wang X et al., 2024).
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4.4 Influence of the Finite-Fault Model

Finite-fault excitation improves the P- and S-wave arrival times
and amplitude ratios at multiple near-field sites not aligned with
the main rupture direction, and it improves waveform fitting in
the P-coda. These gains are consistent with directivity and finite-
source effects that a point source cannot capture. At greater
distances, improvements are modest for surface waves across
frequency bands, showing that path structure dominates long-
range dispersion and the coda. In practice, finite-fault inversions
may prioritize near-field waveforms, whereas far-field fits are more
dominated by the shallow velocity model.

Finite-fault models derived from InSAR inversion significantly
improve the match to high-frequency waveforms at near-field
stations, particularly at stations not aligned with the main rupture
direction. This match demonstrates the advantage of finite-fault
modeling in capturing rupture directivity (Figure 10). For small to
moderate events (M, < 5), it is often difficult to accurately estimate
rupture parameters because of insufficient high-quality seismic
data (McGuire, 2004). Many existing studies rely on empirical
Green's functions derived from nearby small earthquakes to invert
mainshock rupture processes, including rupture direction, fault
length, and rupture velocity (Tan Y and Helmberger, 2010; Ye LL et
al., 2022; Gong WZ et al., 2024; Luo Y et al., 2024). The proposed
hybrid method can calculate a high-precision Green’s function
database for 3D velocity modeling and combine it with empirical
Green’s functions to jointly invert the rupture process. With
improved finite-fault models inverted by both InSAR and seismic
observations, we believe that the fit of high-frequency waveforms
will be improved (McGuire, 2004; He X and Ni S, 2017, 2018).

4.5 Limitations and Future Work

Residuals of Rayleigh-wave time delays and azimuthal variations
indicate that the shallow basin structure remains under-resolved.
The Changning area features a complex shallow geological struc-
ture, and using a seismic reflection model may provide a better fit
for the P-wave. Frequency-dependent attenuation is not explicitly
modeled and could trade off with shallow velocity (Wei Z and
Zhao L, 2019). Reliable surface-wave analysis depends on an accu-
rate large-scale velocity model. In regions where the shallow
structure is poorly constrained, high-frequency surface waves are
strongly affected, particularly in terms of time delays. In contrast,
P-waves are less sensitive to shallow structure in the large-scale
velocity model (Monteiller et al., 2013; Wang Y et al., 2016). Thus,
even when the large-scale velocity model is inaccurate, our
proposed method can still be effectively applied to investigate
the source-region velocity structure using the P-wave.

Because the one-time RSGT computation amortizes over many
runs, data storage and I/O become important at higher frequencies
and for larger station sets (e.g., Zhou L et al.,, 2016; Lo YC et al.,
2018; Zang C et al., 2024). Future developments will leverage reci-
procity-based injection strategies to further reduce cost, integrate
improved shallow constraints from dense arrays and geological
data, and couple InSAR-informed finite-fault models with high-
frequency waveform inversions.
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5. Conclusion

We developed a full 3D hybrid simulation method based on SEM,
which stores precomputed boundary strain Green’s functions for
the small region studied. This method significantly improves
forward-simulation efficiency when modifying only source param-
eters or near-source velocity models. Synthetic tests and real-data
application in southern Sichuan demonstrate that the method is
well-suited for accurate regional-scale wavefield modeling.

Combined simulations of source-region and large-scale velocity
models reveal an apparent low-velocity sedimentary layer in the
Changning region. Additionally, substantial arrival-time delays of
high-frequency surface waves indicate that actual velocities
above 5 km depth in the Sichuan Basin are lower than those
presented in current models. Adding a low-velocity layer to the
source region improves the fitting of high-frequency near-field
waveforms. Because of the limited resolution of current models,
further refinement will require high-resolution inversion methods
and denser seismic observations. Finally, complex source models,
such as a finite-fault model, better explain multi-band waveform
features and rupture directivity observed in high-frequency data.
Additional high-frequency datasets will be incorporated to
perform source parameter inversion based on the validated 3D
velocity model. In the future, waveform injection can also be
utilized to efficiently compute the adjoint wavefield and sensitivity
kernels within the source region, enabling a joint inversion of the
source-region velocity structure and earthquake source parame-
ters (Tape et al., 2007, 2009; Wang Y et al., 2016).
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