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Key points:

* We proposed a novel deep-learning method to invert surface-wave dispersions and obtained an updated vy model of the
Chinese continent.

* Synthetic models and flexible sampling strategy were used to build training dataset, which enhances greatly the usability
of the method.

* Synthetic tests and real-data application demonstrate that the method is robust and is superior to conventional methods in
accuracy.

ABSTRACT

Surface-wave tomography is an important and widely used method for imaging the crust and upper mantle velocity structure of
the Earth. In this study, we proposed a deep learning (DL) method based on convolutional neural network (CNN), named SfNet,
to derive the vy model from the Rayleigh wave phase and group velocity dispersion curves. Training a network model usually
requires large amount of training datasets, which is labor-intensive and expensive to acquire. Here we relied on synthetics
generated automatically from various spline-based vg models instead of directly using the existing vg models of an area to build
the training dataset, which enhances the generalization of the DL method. In addition, we used a random sampling strategy of
the dispersion periods in the training dataset, which alleviates the problem that the real data used must be sampled strictly
according to the periods of training dataset. Tests using synthetic data demonstrate that the proposed method is much faster, and
the results for the vy model are more accurate and robust than those of conventional methods. We applied our method to a
dataset for the Chinese mainland and obtained a new reference velocity model of the Chinese continent (ChinaVs-DL1.0), which
has smaller dispersion misfits than those from the traditional method. The high accuracy and efficiency of our DL approach
makes it an important method for vg model inversions from large amounts of surface-wave dispersion data.
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1. Introduction

Seismic velocity inversion of surface-wave dispersions
is a widely used method to image Earth structures (e.g.,
Shen WS and Ritzwoller 2016; Li MK et al., 2022).
However, such an inversion requires a highly non-linear,
multi-parameter, and  multi-solution  geophysical
optimization (Nolet et al., 1986; Tarantola, 1987; Mora
and Tarantola, 1989; Bassin et al., 2000; Meier et al.,
2007). Traditional methods for such inversion can be
divided into linearization and non-linearization
approaches. Linearization approach is based on Taylor
expansion, which linearizes the original non-linear
problem and solves it iteratively (e.g., Hauksson and
Haase, 1997; Herrmann, 2013). Despite their less
computation time, these methods rely on the optimum
regularization parameters and initial models. If the initial
model differs significantly from the true model, local
linearization methods may not be able to determine the
global minimum solution of the objective function. In
contrast, non-linearization methods are based on sufficient
sampling, which removes the dependence on the initial
models and avoids the selection of optimal regularization
parameters; however, they have high computational costs
(e.g., Mosegaard and Tarantola, 1995; Sambridge, 1999;
Xu ZJ et al., 2013a; Shen WS et al., 2016).

In recent years, with the deployment of an increasing
number of seismic stations and other related instruments,
such as the United States Array (IRIS Consortium, 1999;
Levander et al., 1999) and the China Array (Ding ZL and
Wu ZF, 2013), available observational data has grown exp-
onentially (Ben-Zion et al., 2015). Rapid advancement of
deep learning (DL) has introduced new possibilities for
solving large-scale geophysical problems (Bergen et al.,
2019; Yu SW and Ma JW et al., 2021). DL methods have
been successfully used in seismology for earthquake
detection and to solve phase-picking problems (Lehujeur et
al., 2018; Wang J et al., 2019; Mousavi et al., 2020; Zhou
Y1J et al., 2022; Jiang C et al., 2021; Zhang L et al., 2020;
Li ZF, 2021). Some studies have used DL for surface-wave
inversion. Cheng XQ et al. (2019) used deep neural
networks to estimate the crustal thickness from Rayleigh
waves. Hu J et al. (2020) used a convolutional neural
network to derive the vy model at depths of 0-150 km
from Rayleigh-wave dispersions at periods of 8-50 s.
Based on U-Net, Fu L et al. (2021) obtained a vg model
from Rayleigh wave phase velocity. Cai A et al. (2022)

inverted the 1D vy model using the cycle-Generative
Adversarial Networks algorithm, which improved the
training stability and spatial continuity of the output vg
model. Luo YH et al. (2022) constructed a vg model from
dispersion curves using DL with a training dataset derived
from CRUSTI.0. Recently, a DL method was used to
invert the receiver functions for crustal thickness and vp/vg
ratio (Wang FY et al., 2022).

In this study, we proposed a convolutional neural
network (CNN) method, named SfNet, to invert for the vg
lithosphere structure from surface-wave dispersions. The
remainder of this paper is organized as follows. First, we
present the methods and data, wherein we present the key
details of the design of our DL network SfNet. We also
compare the proposed method with search-based inversion,
which is a conventional non-linear inversion method and
briefly describe the neighborhood algorithm (NA). The
quality of inversions was evaluated using input models or
data. We used both synthetic and real data in this study to
test the network. In the Section 3, we demonstrate the
performance of DL method using synthetic data in two
cases: (1) comparing the inversion result with that from the
NA for a small area and (2) comparing the inversion result
with an input model of the entire Chinese continent to
further test the stability and applicability of the proposed
method. The DL method was then applied to a real dataset,
the dispersion curves of which were measured by Li MK et
al. (2022), to invert the model for Chinese mainland. In
Section 4, we discuss the rationality of the network design
(i.e., different structures of the network) and the diversity
of the training dataset.

2. Methods and data

2.1. Network architecture

CNN is an important branch of DL and has been
widely used to automatically extract deep features
embedded in data. A brief introduction to CNN can be
found in a recent DL study of seismic receiver functions
by Wang FY et al. (2022). Considering the excellent
performance of U-Net and ResNet (Ronneberger et al.,
2015; He KM et al., 2016), we designed a multilayer 1D
CNN model, known as the SfNet (Figure 1a), to invert the
vg model from Rayleigh-wave phase and group velocity
dispersions.

In our SfNet, a total of 70 x 2 nodes were used in the
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Figure 1.

Architecture of SfNet. The symbols and acronyms are conventional to the convolutional neural network (CNN)

(Ronneberger et al., 2015; Raschka and Mirjalili, 2017; Wang FY et al. 2022).

input layer, corresponding to the total number of sampling
points of the phases and group velocity dispersions in 0-70 s
at an evenly spaced interval of 1 s for either dispersion
curve. First, we gradually extracted the deep information
in the dispersions through a encoder part with convolution
and short connections to merge the shallow and deep
information. Both global and local features were
considered while preventing the gradient from vanishing
when the error propagated backward. A two-layer fully
connected network was introduced at the end of the CNN
to integrate the extracted features and enhance the learning
and prediction capabilities. We discretized each 1D
velocity model into 300 layers with a 0.5 km thick uniform
layer and used the mean-square error to construct a loss
function:

1 = "\2
Loss = N ; (Vs;=Vs)), (1)

where Vs; is the true value of the ith layer and Vs is the
network output. N =300 represents the total number of
layers in the 1D velocity model.

2.2. Training and validation datasets

During network training, it is common to establish both
the training and validation datasets. The training dataset is
the knowledge for the DL network and forms the base for
training. The validation dataset was excluded from training
and used only for parameter tuning and avoiding
overfitting.

A representative training dataset is crucial for DL
methods and the trained DL model will have a good

generalization ability (the ability that the method can be
used for different cases) only when the training dataset is
sufficiently representative. In previous studies, the existing
vg models are usually directly used (Hu J et al., 2020; Cai
A et al., 2022; Luo YH et al., 2022) or according to prior
information of a specific study area to generated vg models
(Fu L et al., 2021), and then corresponding dispersion
curves are calculated to build a training dataset. This way
of building the training dataset will limit the generalization
of a trained model, especially when applied to real data
from new region. In this study, we relied on cubic splines
in depth for model parameterization to generate 10, 000 vg
models. The training dataset constructed this way is no
longer limited to the features of a certain area, but can
sample a wider model space, which enhances the
generalization of the trained DL model.

The training dataset was generated as follows:

(1) We used two sets of cubic splines to represent the
velocity models of the crust and the mantle, respectively.
The Moho depth was randomly set within 25-75 km. In
the crust, the number of nodes is set from 5 to 11,
depending on the depth of Moho. We set uniform node
spacing for the crust and the vg value was set from 2.5 km/s
to 4.0 km/s. In the mantle, we fixed the number of nodes to
7 and used a variable stretching parameter to control the
node spacing to simulated the gradual or sharp Moho. The
vg value was set from 4.0 km/s to 5.0 km/s. Figure 2 shows
the model space of the training dataset.

(2) In each model, the v,/vg ratio above the Moho was
set to be 1.75, while the vp/vg ratio below Moho was set to
be 1.8. The vp/vg ratio was obtained from the model PREM
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(Dziewonski and Anderson, 1981). The effect of Q was not
considered in the study of Li MK et al. (2022), and we will
compare its results below, therefore, we also did not

consider the influence of the O model in our inversion (i.e.
the 1/Q values are set to zero). Density was calculated
using the Brocher relationship (Eq. 2) (Brocher, 2005).

p = 1.6612vp —0.4721v% +0.0671v — 0.0043v +0.000106V3. )

(3) Theoretical dispersion curves were calculated from
the Robert Herrmann's program (Herrmann, 2013), and
Gauss noise was then added (with o set to 0.015 km/s for
5-20's, 0.02 km/s for 20-35 s, 0.03 km/s for 35-45 s, and
0.05 km/s for 45-70 s). Noise amplitudes from Shen WS et
al. (2016) were used to simulate real data.

(4) The period range of dispersion curve we use is 5—
70 s. In previous studies of surface-wave inversion based
on DL methods, the sampling points of the dispersion
curves are fixed (Hu J et al., 2020; Fu L et al., 2021; Cai A
et al., 2022; Luo YH et al., 2022). However, in different
studies, although the ranges of the dispersion curves period
used may be similar, the sampling points of the dispersion
curves period may be different. A DL approach has strict
requirements on the input format. If the dispersion periods
of the data are different from those of the training dataset,
the trained model will be unusable. This greatly limits the
usability of DL methods.

In this study, we used a random sampling strategy of
the dispersion period when calculating the dispersion
curves in the training dataset, which alleviates the problem
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vs. epoch curve by SfNet.

that the real data used must be sampled strictly according
to the periods of training dataset. In the range of 540 s of
the dispersion curve, the sampling interval is randomly set
to 2 or 3 s, in the range of 40-50 s it is randomly set to 2,
3, or 5 s, and in the range of 50-70 s it is set to 5 s. The
values of period points (at integer period) that are not
sampled are set to zero. Interestingly, we also tried to
interpolate the unsampled period points according to the
sampled period points before the training, and the result is
the virtually the same as setting zero. This is because the
source of the information is the same, which is the
information from the sampled period points. When the
training dataset is large enough, the totality of the random
samples contains enough information to uncover the
underlying structure, regardless of what happens to the
random unsampled points.

(5) We randomly split the entire dataset to 80% for
training and 20% for validation.

We conducted 200 training epochs that were validated
after each epoch to monitor the training effect. The loss
functions during the training process are shown in Figure 3a.
We used the open-source libraries TensorFlow and Keras
to support all the above-mentioned DL concepts and
optimization algorithms. All computations were performed
on a desktop PC equipped with an Intel(R) Xeon(R) Gold
6244 CPU and an NVIDIA GeForce RTX 2080Ti GPU
with 11 GB memory. The total training time was ~ 3000 s,
and the total time required to predict the 1000 1D vg
models using the trained SfNet was ~ 0.8 s, indicating that
predicting each model requires < 0.001 s.

2.3. Neighborhood algorithm (NA)

NA (Sambridge, 1999) was used in this study to verify
the accuracy and efficiency of SfNet by comparing the
results of the synthetic tests. Here, we briefly discuss some

(b) NA-Misfit

Misfit
(=} —_ LS} w B w [=)} N
— T
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Itration

Misfit and loss curves in the two methods. (a) Misfit vs. iteration curve by neighborhood algorithm (NA). (b) Loss
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of the details of the NA method, which has been widely
used in geophysical inversions (e.g., Snoke and
Sambridge, 2002; Yao HJ et al., 2008; Xu ZJ et al., 2013b;
Li JT et al., 2017). NA searches the model space to find
the “good” data-fitting region using the Voronoi cell, while
simultaneously exploring a relatively large variety of
different models. Thus, with well-controlled selection of
parameters, one can search the complete model space
without being trapped in a local minimum (Xu ZJ et al.,
2013b).

Our NA inversion was based on the implementation of
Xu ZJ et al. (2013b), who designed an effective joint
inversion scheme using NA to determine the vy model.
They used two sets of stretchable splines in the inversion
to obtain smooth velocity profiles bounded by a
specifically defined Moho (the connecting node of the
crustal and mantle splines, the depth of which can be
changed as a search parameter). In the first step, we set 15
nodes at 10 km intervals over a depth of 150 km for a
sufficient resolution to generate the initial velocity models
with a reasonable computational cost. The solution that we
seek satisfies the following minimizer in the L1 norm:

D = D"+ lILmll), 3)

where Do is the observed dispersion data and prred is the
prediction from a random model generated by NA. The
second term is the smoothing constraint. We experimented
different ¢ and choose the one (¢=0.8) that has best
performance. [, is the Laplacian operator (Lees and
Crosson, 1989), which requires the second derivative of
the model to be zero.

We converted the spline model into 1-km thick
homogeneous layers, resulting in a 150-layered model for
calculating the theoretical Rayleigh wave group and phase
velocities. The velocity of each layer was calculated from
the spline coefficients. Similar to Xu ZJ et al. (2013b), we
fixed the vp/vg ratio at 1.75. Initially, 200 random models
were generated, dividing the model space into 200
corresponding Voronoi cells. The five top-ranked (smallest
misfits defined in Eq. 2) Voronoi cells were resampled by
100 new models (20 models in each cell), and the process
was reiterated 800 times to obtain the final model. The
total number of models generated in each inversion was
80200, and the time required for each model was ~ 980 s
parallelly using 24 cores. The misfit curve (Figure 3b)
showed a decreasing trend, and the inversion converged
after 800 iterations.

min (l

2.4. Synthetic data for model tests and real data for
model constructions

To test the stability and performance of SfNet, we used
vg models from Li MK et al. (2022) to generate synthetic

data. The period range and interval of the dispersion data is
the same as the Li MK et al's data, which will be
described below. Li's model is an updated 3D vg model (on
0.5°%x0.5° grids) for the crust and uppermost mantle of
Chinese mainland, obtained from a joint dataset of newly
measured Rayleigh-wave dispersions and those previously
obtained from ambient noise and earthquakes (Sun XL et
al., 2010; Xu ZJ et al., 2013a; Bao XW et al., 2015; Wang
Qetal., 2017).

In addition to synthetic data tests, we also apply our
method to real data. We directly applied our method to the
real data of Li MK et al. (2022), which allows us to
compare the results based on the same data set but
different methods. The dispersion measurements of
Rayleigh waves from Li MK et al. (2022) include 8-70 s
Rayleigh-wave phase velocities and 10-70 s Rayleigh-
wave group velocities. The total number of sampling
points of phase velocity dispersions is 20 and the sampling
points are 8, 10, 12, 15, 18, 20, 22, 25, 28, 30, 32, 35, 38,
40, 45, 50, 55, 60, 65, and 70 s. The sampling points of
group velocity dispersions are 10, 12, 15, 18, 20, 22, 25,
28, 30, 32, 35, 38, 40, 42, 45, 50, 55, 60, 65, and 70 s. Li
MK et al. (2022) used a linearized inversion method for
the v model of Chinese mainland (Bao XW et al., 2013;
Xu ZJ et al., 2013a). Details regarding data processing and
linearized inversion are provided in Li MK et al. (2022).

2.5. Performance evaluations

For synthetic data, we evaluated the inversion
performance in two ways. In the first method, we
compared the error of the inversion models with the input
models using the root-mean-square (RMS) misfit and the
lateral distribution characteristics of all depths using the
correlation coefficient (CC). The input model is used to
generate the input dispersion data during inversion, so it
can be regarded as the correct answer for the inversion
result. In the second method, we compared the dispersion
curves of the inversion models with those of the input
model. For real data, we evaluated the inversion models by
comparing the results with those of Li MK et al. (2022)
and analyzing the misfit in their dispersion curves.

The RMS misfit of inversion models with the input
models is defined as:

241/2

Erus = 11 ZN: i (vimr—vi™) (4)
N M £ iJ ij ’

where v} is the velocity of the M th layer in the Nth
inversion model and vi.f‘}’ " is the velocity of the Mth layer in
the N th input model. A7 = 300 denotes the number of

layers in the model. N is the number of models.
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The CC between the two models at a given depth is
defined as:

D - D% (- )]

C= ,
VD=0 x Y (=97

where x and y are the velocities of the two models and i is

C

®)

the index for a grid point common to both models. CC was
used to verify the similarity between the perturbation
patterns of each model pair. It should be noted that CC
only indicates the similarity in the patterns of velocity
change at a certain depth and is not related the absolute
amplitude of the change.

At each location, the dispersion misfit is defined as:

12
: H : 1 N obs cal 2
Dispersion misfit = {ﬁ ; (dl. —d; ) , ©)
where d° is the input or real measurement dispersion and
d# is the dispersion calculated from the inversion model.
N is the number of periods sampling points of the
dispersion curve.

3. Results

3.1. Synthetic tests

We conducted two synthetic tests for our proposed DL
method on small and large regions (Figure 4) to examine
the accuracy and stability of the method. The SfNet results
were compared with those of the conventional search-
based NA method. As the NA method is computationally
time-consuming, we selected a relatively small region of
Sichuan-Yunnan (SY) in southwestern China. The second
synthetic test was conducted on the entire Chinese

75°E 90° 105° 120° 135°

Figure 4. Map of the locations for the study. We tested the
entire Chinese mainland (inside the border) and the smaller
Sichuan-Yunnan (SY) region in China (blue box). Red stars
mark the selected points that are used to show the inversion
results in Supplementary information (Figures S2-S10). The
black lines represent the boundaries of geological units.

mainland. For both tests, the v¢ models of Li MK et al.
(2022) were used as input models to generate synthetic
Rayleigh wave dispersion curves. We also added noise to
the synthetic data. We then used our DL method (and the
NA method for the SY region) to invert the synthetic data
to obtain the inversion models and compared them with the
input models.

A common problem of DL methods is that the
uncertainty of their results is difficult to estimate (Hu J et
al., 2020). However, after adding noise to the dispersion
data, the average error from several thousand inversion
tests could be used to estimate the uncertainty of the DL
method.

3.1.1 Comparison of DL and NA method: Test for
the Sichuan-Yunnan region

The SY region is located on the southeastern margin of
the Tibetan Plateau (Figure 4), and it is one of the most
seismically active regions in the Chinese mainland. Its
special tectonic location, frequent seismic activity, and
complex relationships between earthquakes and geological
structures make the SY region an important area for
seismological studies (Gkarlaouni et al., 2008; Wen XZ et
al., 2013; Wang F et al., 2013; Bao XW et al., 2015; Xu ZJ
etal., 2013b; Chang LJ et al., 2015; She YY et al., 2018).

A total of 165 pairs of Rayleigh-wave phase and group
velocity dispersion curves were calculated from the SY
region and added with Gaussian noise (with different
levels for different periods, Section 2.2) to generate
synthetic data for inversion. Figure 5 shows a comparison
of the results obtained using NA and SfNet with the input
vg model at a depth of 100 km. Comparisons at depth of
50 km is shown in Figure S1.

The NA and SfNet results showed similar CC and
RMS misfit with the input vg at all the depth. However, the
CC and RMS of SfNet are more stable than those of the
NA model in the deep part. Figure 6 shows the CC and
RMS misfit of the two inversion models compared to the
input vg for the depth of 0-150 km, indicating that SfNet
performed better than the NA model for both the average
CC and RMS miisfit. Overall, SfNet has a comparable CC
relative to the NA model but reduced the RMS misfit by
30%. Notably, in case of poor constraints of the NA
inversion on the deeper velocity structure, we can
introduce prior constraints on the velocity to improve the
inversion results. However, the phase and group velocities
of 10-70 s are sufficient to constrain the model at 0—150
km depth (Shen WS et al., 2016; Hu J et al., 2020) and for
a fair comparison with SfNet, we did not add any prior
constraint in the NA inversion. See the Supplementary
information for examples of the individual nodes marked
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Figure 5. Comparison of result of our DL method and NA for the SY region at depth of 100 km. (a) Input v model. (b)

Inverted vg model from DL method. (c) Inverted vg model from NA. (d) Absolute difference between the inverted vg model
from DL method and input models. () Absolute difference between the inverted vg model from NA and input models. The CC
values between the input and inverted models and the RMS errors are also labeled, respectively. The black lines represent the

faults.

by red stars in Figure 4 (Figures S2-S5).

It is interesting to note that despite a much larger
number of models generated in each NA inversion (80, 200)
than that in the training dataset (10, 000), the DL method
achieves a better result. The essence of DL is to find the
complex mapping between dispersion curves and velocity
model. When the given training dataset can meet the
network's learning requirements, the network can invert
those unseen dispersion curves and obtain a credible
velocity model. For the NA method, its essence is to find
the current optimal solution through simple trial and error.
In other words, the NA method cannot make “prediction”.
Even if the result is very close to the true value, it has to

“try” to get a more accurate result, so a large number of
generative models are required. But deep learning can be
done in one step after mastering the mapping relationship.
3.1.2 Synthetic test for Chinese mainland

To further test the applicability and stability of the
proposed DL method, we applied it to the entire Chinese
mainland. Random noise was added to the synthetic
dispersion curves at different levels for different periods
(Section 2.2). Figure 7 shows the results of v¢ models at
50 km and the CC and RMS misfit compared to the input
models in the range of 0—-150 km.

Results showed that the vy model obtained by the DL
method at various depths corresponded well to the input
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the NA method.

model, with an average CC of 0.968 and RMS misfit of
0.042 km/s. Similar to the results for the SY region (CC:
0.921, RMS misfit: 0.045 km/s), our method is also robust
throughout Chinese mainland. See the Supplementary
information for examples of individual nodes marked by
red stars in Figure 4 (Figures S6-S10). At 60—150 km, the
inversion results for CC were poor. However, the RMS
misfit was relative stable, which suggests that although the
method works well, the complexity of the geological
structure and the lateral changes were relatively drastic in
the Chinese mainland, resulting in the instability of CC.

Overall, the tests for the Chinese mainland showed that
our proposed method has good stability and adaptability.
The convincing vy results indicate that SfNet deduced a
complex mapping relationship between the dispersion
curves and the velocity structure, rather than simple data
fitting.

3.2. Application to real data

Systematic synthetic tests (previous section) demonstra-
ted the effectiveness of the proposed method. In this
section, we describe the application of the proposed DL
method to real data. We applied the method to the
Rayleigh-wave phase velocities in 870 s and group
velocities in 10-70 s from Li MK et al. (2022) and
obtained a 3D vy model (named as ChinaVs-DL1.0).

Figures 8 and 9 show some examples of the model and the
model misfits compare the newly inverted model with the
model by Li MK et al. (2022) using a conventional
method.

Figure 8 shows that both models corresponded well to
the geological structures at depth of 50 km. For example,
the Tibetan Plateau exhibits an obvious low-velocity
anomaly, whereas the stable North China Craton shows a
high-velocity feature (Xu PF and Zhao DP et al., 2009;
Bao XW et al.,, 2013). In comparison, the differences
between the two models in eastern China were small.
However, the difference is larger in the west, where the
data coverage is poorer (Li MK et al., 2022) and the deep
structure is more complex from the collision between the
Indian and Eurasian plates. The similarity between the two
models gradually decreased with depth, and the RMS
difference increased. In the shallow and intermediate
depths (< 60 km), the difference between the two models
was small, reflecting the reliability of the DL model,
however, in the deep layer (> 60 km), the RMS difference
was large and the CC was small. The reason for this
difference may be that the surface-wave sensitivity to the
structure is smaller in the deeper part, which causes a
multi-solution problem. However, through previous tests
on synthetic data, it is proved that our method is relatively
reliable in the deep (Figure 6 and Figure 7). Refer to the
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Figure 7.

Comparison of the v models obtained from the proposed DL method with the input models. (a) Input vg model at

50 km, (b) inverted vy model at 50 km, (c) difference between the inverted vy model and the input model at 50 km, CC and
RMS misfit are also provided. (d) RMS misfit at 0—150 km and (e) CC. Average CC and RMS misfit are also provided.

Supplementary information for examples of individual
nodes marked by red stars in Figure 4 (Figures S11-S15).

Figure 9 shows the distributions of the misfits between
the dispersions predicted by the two models. Misfits of the
proposed DL model were smaller in most regions in the
Chinese mainland, and significantly lower than those of Li
MK et al. (2022) (Figure 9c and 9f). The phase velocity
misfit and group velocity reduced by 24% and 23%,
respectively. The dispersions curves misfit reduction
showed that our proposed method is more reliable.

4. Discussion

We applied our method to the synthetic data and real
data and obtained reliable results, which demonstrate that
the SfNet has the potential for broad applications without
retraining the network, because the Chinese continent is
known to have highly complex crustal structure (e.g., Li
MK et al., 2022; Wang FY et al., 2022). Two important
factors affect the performance of the network. First, the
structure of the network determines how well the network
can learn the complex mapping between the dispersion
curve and the v model. Second, the diversity of training
dataset determines the generalization of the method. Two
additional experiments were performed to further discuss

the proposed method.
4.1. Design of the SfNet architecture

The design of a DL architecture is often based on
experience, as it often involves several choices, and the
differences are unclear unless each choice is tested out,
which is neither possible nor necessary. A structure that is
too simple will make it difficult for the network to learn
the intrinsic relationship of the data, and a structure that is
too complex will make the network overfit. To evaluate
the choices of the SfNet structure, we changed some of its
components and compared the results using synthetic data.
The tested parameters included the size of the receptive
field of the convolution kernels in the decoder (ks), the
number of convolution kernels set at the first layer (nk)
and number of neurons in the first fully connected layer
(nl), and that in the second fully connected layer (n2). The
training dataset was the same as that described in Section
2.2. Table 1 lists the performances of the different
structures.

It can be seen from the table that for different network
structures, vg misfits are small (<0.1 km/s) and CC is close
to 1 (>0.94), which shows that the robustness of our
method. However, the performance can still differ
somewhat and we tried to fine tune the structure to find
more optimal solution. The structure used in this study (#5
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Comparison of the vy model obtained from DL (ChinaVs-DL1.0) with the model of Li MK et al. (2022). (a) vg

model of Li MK et al. (2022) at 50 km; (b) DL vg model at 50 km, and (c) difference between the vg models of the DL method
and Li MK et al. (2022) at 50 km. CC and RMS difference are also provided. (d) CC and (¢) RMS difference at 0-150 km.

Average CC and RMS miisfit are also provided.

in Table 1) performed relatively better on the all metrics.
Tests #1 and #2 show that the size of the receptive field
does not have a significant impact on the performance of
the network. Tests #3, #4 and #5 show that the number of
neurons in the fully connected layer significantly effects
the performance of network while the training time is
longer as the number increases. However, the extra time is
completely negligible compared to the time taken by
traditional inversion methods and the huge amount of data
processing. Tests #5 and #6 show that as the complexity of
the network increases, the performance begins to decline,
which means the network appears over-fitting. The
network structure in Test #5 may be not the optimal, but
considering that the results of both synthetic data and real
data can already meet the requirements, no further tests are
performed.

4.2. The diversity of the training dataset

The diversity of the training dataset is critical to the
performance of DL methods. If the training dataset does
not contain potential structures for the real dataset, the DL
methods may perform worse than the conventional
inversion methods (Hu J et al., 2020). In contrast to
previous studies, because we relied on spline-based

method to build training dataset, the number of training
dataset represents diverse sample space of vg models.
Small training dataset will make it difficult for the network
to learn the mapping relationship between dispersion
curves and vg models. However, if the training dataset is
too large, it will unnecessarily cost computing resources.
We tested the network by training with 5000, 10000, and
20000 training datasets, respectively, and evaluated its
performance like the Section 4.1. Table 2 lists the
performances of the different training datasets.

Table 2 shows that compared with using 10000 or 20 000
training datasets for training the network, using only 5000
training dataset yielded much worse results, which means
the 5000 training dataset is significantly less diverse.
Training with 10000 and 20000 dataset has no effects on
the results, indicating that the 10000 training dataset is
enough for diversity. Furthermore, owing to certain typical
velocity  structures shared by different regions
(Stankiewicz et al., 2010; Lekic et al., 2012; Braeuer and
Bauer, 2015; Eymold and Jordan, 2019) and the geological
structures beneath China are very complex (Huang JL and
Zhao DP, 2006; Teng JW et al., 2013; Chen B et al., 2013;
Jiang WL et al., 2020; Li MK et al., 2022), we believe that
our trained DL model, which obtained reliable results for
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Figure 9. Misfit maps between the dispersions predicted by the inversion and real data. (a) Misfit maps of Rayleigh-wave

phase velocity model from the ChinaVs-DL1.0 model and (b) Li MK et al. (2022); (c) difference of two misfits; (d—f) same as
(a—c) but for group velocity. Average misfits for the two models and the difference between them are also provided.

Table 1. Performances of different structures.

# Description Training time (s) vg misfit (km/s) CcC

! nfssfznﬁzl i 3702 0.090 0.943
2 nfssfznﬁzl ?12 3815 0.090 0.960
} nfssiznﬁzzgu 4023 0.090 0.944
+ nlf(z':I}Z;; 1:11;; 210624 4352 0.055 0.966
5 n1;1§56;2?l§z;2(1);oz4 4418 0.042 0.968
6 ks: 3; nk: 20; 7402 0.072 0.948

nl: 2048; n2: 1024

Note: The optimal value of each indicator is in bold font.

the entire Chinese mainland, has a greater generalization
capability.

4.3. Applicability of the SfNet

Note the method is not applicable if the periods of the
data are outside the range of 5-70 s or the assumptions
(e.g., vp/vg ratio, density, O model) are different (Kaypak,

2008; Jo E and Hong TK, 2013). However, the network
can be easily re-trained, for which practical strategies were
proposed. There are two basic cases in which SfNet is used
for surface-wave tomographic inversion. First, use
Rayleigh-wave phase and group velocity dispersion data at
5-70 s (as in this study) and input directly into SfNet to
obtain velocity models for 0—150 km. The trained SfNet
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Table 2. Performances of different training datasets.

4 The number of training ~ Training time vg misfit cC
dataset (s) (km/s)

1 5000 2097 0.111 0.873

2 10000 4418 0.042 0.968

3 20000 8605 0.043 0.963

Note: The optimal value of each indicator is in bold font.

and the training dataset have been made publicly available
(at Zenodo, see below). Second, if the measured dispersion
data are in other period ranges, one needs to generate the
training dataset (Section 2.2) and train it first before
applying it to the real data, e.g., for 5-35 s and 10-140 s,
respectively. We used the Robert Herrmann's program
(Herrmann, 2013) to calculate the Rayleigh-wave phase
and group velocity dispersion curves at period of 5-35 and
10-140 s to generate training datasets, respectively. We
further added Gaussian noise to the calculated theoretical
dispersion curves (with standard errors o~ set to 0.015 km/s
for 5-20 s, 0.02 km/s for 20-35 s, 0.03 km/s for 3545 s,
0.05 km/s for 45-70 s, 0.08 km/s for 70-100 s, 0.10 km/s
for 100-120 s, and 0.12 km/s for 120140 s).

As surface-wave dispersions for 5-35-s periods were
sensitive to shallower depths, we only used them to invert
the velocity model at 0-80 km. For dispersion data of
10-140 s, we inverted for models at 0-300 km. We also
used the vg models of the Chinese mainland from Li MK et
al. (2022) for testing. Results of the inversion for 5-35 and
10-140 s dispersion data are shown in Supplementary
information Figure S16. The corresponding network struc-
ture (input and output nodes) was fine-tuned according to
the changes in the dispersion data and depth range of the
velocity structure, and the datasets and corresponding
SfNet were also uploaded to Zenodo.

Results for the period range of 5-35 s and 10-140 s
(Figure S16) showed that the proposed DL method
performed well. The results of vg were relatively stable,
and the error increased slightly with depth. The RMS
misfits of vg for two periods range (0.03 km/s and 0.05 km/s,
respectively) were comparable to those of the previous
tests (0.04 km/s) in the period range (Figure 7).

The two examples suggest that SfNet can be easily
retrained and adapted for other surface wave dispersion
inversions. Similarly, if we only have group or phase
velocity dispersion curves, we can retrain the SfNet before
application. Once trained, it can be used for other

applications with dispersion curves within the same period
range.

5. Conclusions

In this study, we proposed a new DL-based method to
invert the vy models from Rayleigh wave phase and group
velocity dispersion curves. Utilizing the powerful data-
mining ability of CNN, SfNet could quickly and efficiently
extract the complex mapping relationship between surface-
wave dispersions and velocity structures. Finally, we also
provided an updated Chinese mainland regional vy model
(ChinaVs-DL1.0).

Compared with traditional methods, the proposed
method was faster and more accurate, avoiding the
selection of initial models and empirically determined
inversion parameters. With the increasing availability of
seismic records, the processing of large amounts of data
will increase the efficiency of the proposed method. We
used spline-based method and random sampling strategy to
build training dataset, which enhance the generalization
and usability of the trained DL model. The network can be
applied directly to new data at the same period range (5—
70 s). Although not applicable if period range is different,
the network can be easily re-trained. Application to real
data showed that the method was powerful and feasible;
the real surface-wave dispersion data were never used in
the construction of the SfNet, but smaller misfits were
obtained for the dispersion data than those from the
traditional inversion.

Open research

The data and newly obtained vy model for the Chinese
mainland and the new software can be obtained upon
request from the authors or directly from Zenodo: https://
doi.org/10.5281/zenodo.7056170 .

The Rayleigh wave dispersion data used in this study
were obtained from Li MK et al. (2022), https://doi.org/10.
1016/j.eqs.2022.05.004. Some figures were plotted using
GMT 6.1.1 software (https://www.generic-mapping-tools.
org/download/ [Wessel and Smith, 1998]).
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Figure S1. Comparison of the results of SfNet and NA for the SY region at 50 km. (a) Input vg model, (b) inverted vg model
SfNet, (c) inverted vy model from NA, (d) absolute difference between the inverted vy model from DL method and input
models, and (e) absolute difference between the inverted vy model from NA and input models. CC values between the input
and inverted models and the RMS of the difference are also labeled.
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Figure S2. Continued. Inversion results at nodes a. (a) The input velocity models and DL inversion models; (b) The
simulate real dispersions and dispersions of DL models; (c¢) The input velocity modes and NA inversion models; (d) The
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Figure S3. Inversion results at nodes b. (a) The input velocity models and DL inversion models; (b) The simulate real
dispersions and dispersions of DL models; (c) The input velocity modes and NA inversion models; (d) The simulate real
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Figure S5. Same as Figure S2 but at nodes d.



Earthquake Science 36 (2023) Wang FY et al. 165
0
4.00
20
w375
40 1 g 350
2
—~ 6} 3 325
g o] . .
5 > 3.00 Dispersion-DL
'g 80 Dispersion-syn
2 2.75
100 | 10 20 30 40 50 60 70
Period (s)
120 | veDL
Vg-Syn
140
2 3 5

Figure S6.

v (km-s™)

dispersions and dispersions of DL models.

20 |

40 |

Depth (km)

100

120

140

20

40

60

80

Depth (km)

100

120

140

60

80

(2)

vg-DL
Vg-Syn

3.75

3.50

3.25

Velocity (km-s™)

3.00

2.75

v (km-s™)

Inversion results at nodes 1. (a) The input velocity models and DL inversion models; (b) The simulate real

(b)

Dispersion-DL
Dispersion-syn

10

20 30 40

50 60 70

Period (s)

Figure S7. Same as Figure S6 but at nodes 2.

(2)

I ve-DL
Vg-Syn

Velocity (km's™)

v (km's™)

L(b)
Dispersion-DL
Dispersion-syn
10 20 30 40 50 60 70
Period (s)

Figure S8. Same as Figure S6 but at nodes 3.



166 Wang FY et al. Earthquake Science 36 (2023)

0
(a) 4.00 ®
20 3.75
2350
40 | E
z 325
2 60 3
< S 3.00 Dispersion-DL
% 80 | 975 Dispersion-syn
o
100 r 10 20 30 40 50 60 70
Period (s)
120 I veDL
Vg-Syn
140
2 3 4 5
v (km-s™)
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Figure S10. Same as Figure S6 but at nodes 5.
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Figure S11. Comparison of DL inversion results with Li’s at nodes 1 (Li et al., 2022). (a) The Li's inversion model and DL
inversion model; (b) The dispersions of observation, DL model and Li’s model.
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Figure S13. Same as Figure S11 but at nodes 3.
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Figure S14. Same as Figure S11 but at nodes 4.
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Figure S16. Comparison of the v models obtained from the proposed DL method with the input models: (a) RMS misfit at
0-80 km of inversion using 5-35 s dispersion data. (b) CC of inversion using 5-35 s dispersion data. (c) (d) same as (a) and
(b) but for 10-140 s dispersion data. Average CC and RMS misfit are also provided.



