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Supplemental Material

Higher mode surface waves, which can provide additional constraints on subsurface
structures in addition to fundamental modes in surface-wave tomography, have been
observed from ambient noise cross-correlation functions (CCFs) in sedimentary basins in
oceans or near coastlines. However, few studies show that higher mode surface waves
can be observed and extracted directly from ambient noise CCFs in inland basins. In this
study, we report observations of high signal-to-noise ratio fundamental and the first
higher mode Rayleigh waves at a period range of 0.2–1.90 s and 0.2–1.35 s, respectively,
from ambient noise CCFs in the southeastern margin of the Tarim basin, the biggest
inland basin in China. We confirm the credibility of the first higher mode surface waves
by showing that the observed first higher mode dispersion curves are matched with
predicted ones calculated from S velocity models solely constrained by fundamental-
mode dispersion curves. After the verification of the credibility of the first higher mode
surface waves, we demonstrate that the inclusion of the first higher mode dispersion
curves helps image deeper structures with an increase of average depths from ∼ 0.73
to ∼ 1.24 km, which will be beneficial to future explorations of deep oil and gas resour-
ces in the Tarim basin.

Introduction
In the past two decades or so, ambient noise tomography
(ANT) has been widely used to image multiscale S-wave veloc-
ity (VS) of the crust and upper mantle (Sabra, Gerstoft, et al.,
2005; Shapiro et al., 2005; Yao et al., 2006; Lin et al., 2008,
2013; Yang et al., 2008). ANT is based on the principle that
surface-wave empirical Green’s functions can be reconstructed
from the cross correlations of long-duration ambient seismic
noise (Lobkis and Weaver, 2001; Snieder, 2004; Roux et al.,
2005; Sabra, Roux, and Kuperman, 2005). Because ambient
seismic noise at the microseismic period band (5–20 s) mainly
consists of fundamental-mode Rayleigh waves (Bonnefoy-
Claudet et al., 2006; Rivet et al., 2015; Muir and Tsai, 2017;
Chmiel et al., 2019), surface waves retrieved from cross corre-
lations of ambient noise are usually dominated by fundamental
modes and previous ambient noise studies mostly performed
ANT based on fundamental-mode surface waves.

In surface-wave tomography, it has been demonstrated that
the inclusion of higher mode surface waves can help to better
constrain VS structure by reducing nonuniqueness in inversion
and extending imaging depths of surface waves (Luo et al.,
2008; Tomar et al., 2018; Wang et al., 2019; Wu et al., 2020;
Ji et al., 2021), as higher mode surface waves have different and

deeper sensitivities to earth structure compared to fundamen-
tal modes (Rivet et al., 2015; Spica et al., 2018; Tomar et al.,
2018; Chmiel et al., 2019; Nayak and Thurber, 2020).
Therefore, it is of great interest to retrieve higher mode surface
waves and use them in imaging subsurface structures.

In the past few years, a few studies have been successful at
retrieving higher mode surface waves from ambient noise
(Nishida et al., 2008; Yao et al., 2011; Kimman et al., 2012;
Savage et al., 2013; Hable et al., 2019; Jiang and Denolle,
2022). In addition, almost all successful attempts of retrievals
of higher mode surface waves are from arrays deployed either
in ocean basins (Harmon et al., 2007; Yao et al., 2011; Hable
et al., 2019; Yang et al., 2020; Yamaya et al., 2021) or
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sedimentary basins near coastlines (Rivet et al., 2015; Boué
et al., 2016; Ma et al., 2016; Nayak and Thurber, 2020).

Because of the geometrical spreading and anelastic attenua-
tion, the energy of higher mode surface waves contained in the
short-period ambient noise generated at oceans attenuates and
becomes weak when they propagate inland (Bonnefoy-Claudet
et al., 2006; Yang et al., 2011; Lin et al., 2013; Spica et al., 2018;
Chmiel et al., 2019). And few studies have reported that higher
mode surface waves can be observed from ambient noise cross-
correlation functions (CCFs) between individual station pairs in
inland basins before. To retrieve higher mode surface waves in
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Figure 1. (a) The location of stations (denoted by triangles) used in
this study. The five stations mentioned in Figures 2, 3, 6, 8, and 9
are marked with blue triangles. The small dots represent the grid
that parameterizes models in the first step of inversion in our
study. (b) The whole array in our experiment. The red triangles in
the black rectangle represent the stations used in this article. The
thin black lines denote faults with its data taken from an open-
source database called HimaTibetMap (see Data and Resources;
Taylor and Yin, 2009; Styron et al., 2010). The inset in the top
right of panel (b) shows the location of our study area, that is, the
black rectangle, in a larger geographic area. The color version of
this figure is available only in the electronic edition.

Volume 94 • Number 4 • July 2023 • www.srl-online.org Seismological Research Letters 1849

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/94/4/1848/5888956/srl-2022361.1.pdf
by Southern University of Science and Technology of China user
on 22 June 2023



inland basins, Wang et al. (2019) developed a dense array-based
frequency–Bessel transform (F-J) method to retrieve the average
higher-mode Rayleigh dispersion curves in recordings of CCFs
between a large number of station pairs, and this method has
been successfully applied to the U.S. Great Plains area (Wu
et al., 2020) to build smoothed models of velocity structures.
This method has also been applied to investigate shallow crustal
velocity structures, for example, a 3D VS model of Long Beach
(Fu et al., 2022) and 2D VS profile in urban areas (Li et al.,
2020). However, to improve the resolution of imaging using
higher modes, retrievals of higher-mode surface waves and
the ability to reliably measure dispersion curves between indi-
vidual station pairs are important.

The Tarim basin, located in northwestern China, is the big-
gest inland basin in China. This basin is surrounded by several
mountain ranges and plays an important role in the Cenozoic
Asian orogenic system (Laborde et al., 2019). Furthermore, the
Tarim basin is covered by thick sediments ranging from 5 to
20 km (Li et al., 2012) and is abundant in oil and natural gas
resources (Kang, 2018). To the southeast, the Tarim basin is
bounded by the Altyn Tagh range. We deployed a short-period
dense array consisting of 483 three-component (3C) EPS-2-
M6Q-C-E20 seismometers, from northwest to southeast across
the southeast margin of the Tarim basin, the Altyn Tagh range,
and the northern Qaidam basin (Fig. 1) to explore the fine
velocity structure in upper crustal at the north margin of
the Tibetan plateau. Using ambient noise data recorded by this
array, we obtain ambient noise CCFs between individual sta-
tion pairs.

In this study, we report the observation of both fundamental
and higher mode Rayleigh waves between individual station
pairs from vertical-component ambient noise CCFs. We first
confirm the credibility of higher mode surface waves in CCFs
between individual station pairs by showing that the observed
first higher mode dispersion curves are matched with predicted
ones calculated from S velocity models solely constrained by
fundamental-mode dispersion curves. After that, we invert
dispersion curves from the fundamental and higher mode
for S-wave velocity beneath the linear station using a two-step
method. Finally, we discuss the reasons for the observation of
the higher mode Rayleigh waves in the Tarim basin. Our study
promotes future studies of utilizing higher mode surface waves
in the exploration of deep resources.

Data
The data we use for the retrieval of higher mode surface waves
are from a short-period dense array deployed by the Institute
of Geology and Geophysics, Chinese Academy of Sciences dur-
ing a period from 17 September 2021 to 20 November 2021
(Fig. 1). The average station spacing of this array is ∼1 km
and the frequency range over which the amplitude response
of the seismometer is flat is 100 Hz–20 s. Because only those
stations located within the Tarim basin contain higher mode
surface waves in our CCFs, we do not use the CCFs from sta-
tions located outside the Tarim basin.

To retrieve surface waves from ambient noise, we follow the
methods of Bensen et al. (2007) to process ambient noise data
recorded by this seismic array during the whole deployment
period. We first decimate the original sampling rate from
100 to 20 Hz and cut the continuous data of vertical compo-
nents into hourly segments. We then demean and detrend the
hourly segments and remove their instrument responses.
Furthermore, we filter the hourly segment data at a period
band of 0.125–50 s. Afterward, we apply the running-abso-
lute-mean normalization and spectral whitening to the filtered
hourly segments following Bensen et al. (2007). After all the
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Figure 2. A cross-correlation record section centered on station
1043 in our study area. The cross-correlation functions (CCFs) are
sorted by interstation distances. A negative sign of distances that
represents the second station is located in the south direction
relative to the station acting as the virtual source. Each CCF is
band-pass filtered at a period band of 0.20–2.00 s and nor-
malized with the maximum value of the waveform between the
yellow line (with a moveout velocity of 1500 m/s) and the end of
the waveform. The moveout velocities for the fundamental-
mode Rayleigh waves are ∼350–450 m/s (red lines) and those for
the first higher mode Rayleigh waves are ∼530–680 m/s (blue
lines). The location of station 1043 is denoted in Figure 1. The
color version of this figure is available only in the electronic
edition.
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preprocessing of the hourly segments, we cross correlate all
hourly segments to obtain CCFs between station pairs.
Finally, we adopt a phase-weighted stacking method of Li
et al. (2017) to stack hourly CCFs to obtain final CCFs.

We band-pass filter the CCFs at several period bands (in Fig.
S1, available in the supplemental material to this article, and
Fig. 2) and determine that the effective period band of the
Rayleigh-wave signals in CCFs is approximately 0.2–2.0 s.
An example of a cross-correlation record section filtered at a
period band of 0.2–2.0 s is plotted in Figure 2. Compared to
most previous ambient noise studies, for which only fundamen-
tal-mode Rayleigh waves have been observed in CCFs in most
situations (Yao et al., 2006; Yang et al., 2008), we observe
two groups of wavetrains with different moveout velocities of
∼350–450 and ∼530–680 m/s. As Rayleigh waves are more

readily observed in most
applications for ambient noise
CCFs (Muir and Tsai, 2017)
and we here cross correlate ver-
tical components of noise data,
we infer that the wavetrains
with the smaller moveout
velocity are fundamental-mode
Rayleigh waves and the wave-
trains with the larger moveout
velocity are the first higher
mode Rayleigh waves. To fur-
ther investigate whether the
wavetrains are indeed funda-
mental and first higher mode
Rayleigh waves, we carry out
the dispersion analysis sub-
sequently and check whether
the dispersion curves from the
two waveforms are self-consis-
tent with the notion that they
are two different modes of
Rayleigh waves.

Analysis of Phase
Velocity Dispersion
Curves
Surface waves are dispersive in
layered media (Gribler et al.,
2016), and higher mode
Rayleigh waves generally have
higher phase velocities com-
pared to the fundamental
modes (Gribler et al., 2016;
Ma et al., 2016; Gribler and
Mikesell, 2019; Nayak and
Thurber, 2020; Ji et al., 2021).
Therefore, we first measure

the phase velocities of the two groups of wavetrains to see if
they possess the dispersive characteristics of surface waves.

For each CCF, we stack the positive and negative time lags of
CCFs to enhance the signal-to-noise ratios (SNRs) of surface
waves. We then perform a zero-phase narrowband filter on
CCFs at each central period band between 0.2 and 2.0 s with
a 0.05 s interval. An example of band-pass-filtered CCFs between
a station pair is plotted in Figure 3a at various central periods,
which demonstrates a clear dispersive feature of surface waves
for both wavetrains as increasing phase velocity with periods.
We adopt a modified frequency–time analysis (FTAN) method
(Levshin and Ritzwoller, 2001; Bensen et al., 2007; Lin et al.,
2008) to extract phase velocity dispersion curves of the two
modes at period bands of 0.2–2.0 s. To guarantee a maximum
SNR, we evaluate the phase travel time at the time of the
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Figure 3. Extraction for phase velocity dispersion curves between an individual station pair of
1043–1050. The interstation distance of this station pair is 6.94 km. (a) A series of band-pass-
filtered CCFs are sorted by the central periods ranging from 0.2 to 1.4 s with an interval of 0.05 s.
(b,c) Phase velocity diagrams of (b) the first higher mode and (c) the fundamental-mode Rayleigh
waves. The plus signs represent different branches of phase velocity dispersion curves resulting
from the cycle ambiguity of phase of the surface waves. The red solid lines are the average phase
velocity curves derived by the phase shift method for reference. The green solid lines are the phase
velocity dispersion curves finally picked. The locations of stations 1043 and 1050 are shown in
Figure 1. The color version of this figure is available only in the electronic edition.
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maximum envelope peak (Aki and Richards, 2002; Lin et al.,
2008). As the two groups of wavetrains are separated from each
other at each period, for the fundamental-mode Rayleigh waves,
we first manually search the phase travel time of the maximum
envelope peak in the fundamental-mode arrival time window at
all periods and then calculate the phase velocities. We repeat the
above process and obtain the phase velocities for the first higher
mode in its arrival time window.

In our measurements of phase velocities, FTAN produces
various branches of phase velocity dispersion curves resulting
from the cycle ambiguity of phase of the surface waves between

station pairs as shown in
Figure 3b,c. Therefore, to choose
the right dispersion branch,
FTAN needs a reference phase
velocity dispersion curve. To
find the reference dispersion
curve, we adopt an array-based
phase shift method of Park
et al. (1998) to derive the refer-
ence phase velocity dispersion
curve for each 10 km segment
along the seismic array.

In doing so, we only choose
those CCFs that contain higher
mode Rayleigh waves and have
interstation distances shorter
than 45 km. We first sort the
selected CCFs according to
the distance of the midpoint
of each CCF path relative to
the first station on the north
side of the array.We then group
the CCFs into different sets
with their midpoints situated
in each nonoverlapped 10 km
segment from the north to the
south. Totally, we have 11 sets
from this grouping. Using the
phase shift method, we then
scan phase velocities ranging
from 200 to 1500 m/s with a
velocity step of 10 m/s within
a frequency band of 0.5–5.0 Hz
with an interval of 0.01 Hz in
the two main resolution spaces.
One example of measuring
the reference phase velocity
dispersion curves at the seg-
ment interval of 40–50 km is
plotted in Figure 4.

With the determination of
the reference average phase

velocities in each segment, we finally measure the phase velocity
dispersion curves between individual station pairs. Because high-
frequency surface waves become weak at long station separations
due to geometrical spreading and attenuation of surface waves
(Yang et al., 2011; Lin et al., 2013; Spica et al., 2018), we measure
dispersion curves of CCFs with station separations shorter than
20 km. In addition, we only retain the dispersion measurements
from CCFs with an interstation distance longer than two
wavelengths to satisfy the far-field approximation and with an
SNR > 5 to obtain high-quality dispersion data (Xie, Xu
et al., 2021). The SNR here is calculated by the ratio of the

0 20 40 60 80 100 0.2 0.4 0.6 0.8 1.0

(a) (b)

1.2 1.4

Lag time (s)

0

10

20

30

40
D

is
ta

nc
e 

(k
m

)

Period (s)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Ph
as

e 
ve

lo
ci

ty
 (k

m
/s

)

120

Figure 4. An example of measuring average phase velocity dispersion curves by a phase shift
method at the segment interval of 40–50 km. (a) The cross-correlation record section is band-pass
filtered at 0.2–2.0 s. (b) Average phase velocity dispersion curves of CCFs in panel (a) obtained by a
phase shift method. Colors represent coherence values from 0 (white) to 1 (pink). The color version
of this figure is available only in the electronic edition.
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maximum amplitude of surface-wave signals relative to the root
mean square (rms) value within a noise window trailing the sur-
face-wave signals in CCFs (Bensen et al., 2007; Zhao et al., 2020).

The final Rayleigh-wave phase velocity dispersion curves and the
number of measurements for phase velocities of the two modes
are shown in Figure 5. We observe the phase velocities of the two
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Figure 6. Verification for the credibility of first higher mode
surface waves. (a) Inversion results of 1D S-wave velocity
between station pair 1005–1008 by solely inverting the fun-
damental-mode phase velocity dispersion curves. The solid blue
line is the mean of the last 1000 acceptable models (color coded
by a normalized misfit), which is used for forward calculating
the fundamental and the first higher mode phase velocity
synthetic dispersion curves shown in panel (d). The dashed black
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(b) Synthetic phase velocity dispersion curves for the last 1000

acceptable models. The observed fundamental-mode
phase velocity curves are shown as black stars. (c) The
normalized probability density function (PDF) constructed by the
last 1000 acceptable models. The solid blue line is the mean of
the last 1000 acceptable models. (d) The predicted fundamental
and first higher mode phase velocity dispersion curves (solid
blue lines) along with the observed ones (black stars). The
locations of stations 1005 and 1008 are shown in Figure 1a. The
color version of this figure is available only in the electronic
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groups of wavetrains travel with velocities of ∼350–1000 and
∼500–1200 m/s at a period range of 0.2–1.90 s and 0.2–
1.35 s, consistent with the dispersion characteristic of surface
waves and also with the notion that the first higher mode surface
waves generally travel faster than the fundamental ones.

To further confirm the wavetrains with the faster propaga-
tion speeds are indeed the first higher mode surface wave, we
first solely invert the fundamental-mode dispersion curves for
the S-wave velocity model. Then, based on the S-wave model,
we synthesize the predicted first higher mode dispersion curves.
If the predicted first higher mode dispersion curves match the
observed ones to a reasonable degree, we can confirm that the
wavetrains with faster propagation speeds are the first higher
mode surface waves. To do so, we select a station pair of
1005–1008 as an example (Fig. 6).

We adopt a Bayesian Monte Carlo method (Afonso et al.,
2013; Guo et al., 2016) to first invert the fundamental-mode
dispersion curves for the average 1D S-wave velocity between

the station pair. In this method, a Markov chain Monte Carlo
(MCMC) method is adopted to search the model space with
a delay rejection (DR) adaptive metropolis algorithm to sample
the posterior distribution (Afonso et al., 2013; Shan et al., 2014;
Guo et al., 2016). As our study region is within the Tarim basin
with a thick sedimentary coverage, in the inversion, considering
the maximum period of the dispersion data, we parameterize our
inversion model as a sedimentary layer with an inversion depth
of up to 3 km. The S-wave velocity variations in the sedimentary
layers are represented by 10 B-splines, and the search range of
the S-wave velocity is from 0.1 to 2.5 km/s. We set VP=VS as 2
and relate ρ to VP following the relationship of ρ � 1:74V1=4

P

(Gardner et al., 1974). The MCMC method searches S-wave
velocity models within the ranges of defined velocity for a total
of 320,000 times. The first 160,000 initial models are generated
following the initial uniform distribution, and each model is
judged twice by the DR method to determine whether it is
acceptable or not. Then, all the searched 160,000 models are used
as historical samples to adjust the covariance matrix of the
Gaussian proposed distribution. After the first 160,000 searches,
the model search goes on with the adjusted Gaussian proposed
distribution and we start to record acceptable models. The prob-
ability of acceptance for each model is defined by a Metropolis
law (Text S1; Yang et al., 2020). Meanwhile, the Gaussian dis-
tribution is also subsequently updated by historical samples for
every 40,000 searches in the last 160,000 searches. Finally, we use
the last 1000 acceptable samples to construct the posterior prob-
ability density function (PDF) and take the mean of these 1000
models as the final S velocity model. The forward calculation in
the search is performed by a Computer Programs in Seismology
(CPS) program (Herrmann, 2013).

Based on the inverted 1D S-wave velocity model, we synthe-
size the predicted fundamental and the first higher mode phase
velocity dispersion curves and compare the predicted funda-
mental and first higher mode phase velocity dispersion curves
with the observed ones. As shown in Figure 6d, the synthetic
fundamental and first higher mode phase velocity dispersion
curves are matched with the observed ones very well, suggesting
that the two groups of wavetrains are indeed the fundamental
and first higher mode surface waves.

ANT of the Fundamental Modes and
First Higher Modes
With the identification of the fundamental and first higher
mode surface waves, we here demonstrate that the inclusion
of the first higher mode dispersion curves improves the inver-
sion for subsurface S-wave structures. We compare the results
of joint inversion of the fundamental and the first higher mode
phase velocities with those solely based on the fundamental-
mode phase velocities.

We take a two-step method to invert interstation dispersion
curves from CCFs for S-wave velocities beneath the seismic
array. In the first step, we adopt a Fast-marching surface
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tomography method (Rawlinson and Sambridge, 2005; Fang
et al., 2015) to obtain phase velocity maps of the fundamental
and the first higher mode surface waves for the areas covered
by the seismic array. To include all the possible ray paths from
our seismic profile, we parameterize the initial model in our
study region using a grid with a 0.015° interval in latitude
and 0.017° in longitude as shown in Figure 1. In the inversion,
at each period, we take the average phase velocity at this period
as the background velocity for the initial model. We test differ-
ent smoothing and damping regularization parameters and
determine the best values based on an L-curve method, which
considers the balance of rms data misfit, model roughness, and
model variance (Fig. S2; Rawlinson and Sambridge, 2005; Fang
et al., 2015; Xie, Xu, et al., 2021). Finally, we obtain phase
velocity maps at a period band of 0.2–1.80 s for the fundamen-
tal mode and 0.2–1.35 s for the first higher mode. Compared to
the initial models, the rms data misfits of the final models are
largely reduced with an average reduction of 36.02% and
29.31% for the fundamental and the first higher mode, respec-
tively, as shown in Figure 7, which demonstrates that the final
models fit the observed data better. Then, we extract the local
phase velocity dispersion curves of fundamental and the first
higher mode Rayleigh waves at individual stations from the
phase velocity maps.

In the second step, we invert
these local phase velocity
dispersion curves for 1D S-
wave velocity profile beneath
each station using the afore-
mentioned Bayesian method.
The final S velocity model is
taken from the mean of the last
1000 acceptable models.
Finally, we assemble all the
1D S-wave velocity models
along the array and obtain an
S-wave velocity transect. For
comparison, we also solely
invert the fundamental-mode
local phase velocity dispersion
curves for the 1D S-wave veloc-
ity profiles.

The final S-wave velocity
transect along the array from
the joint inversion of the fun-
damental and the first higher
mode is plotted in Figure 8a
along with the one from the
inversion with the fundamen-
tal mode (Fig. 8b). For com-
parison, we here define a
reliable depth beneath each
station as the depths where

velocity variances of the last 1000 acceptable models are less
than 30% relative to the final S velocity model. The gray
shaded area in Figure 8 represents the depths for which con-
straints on the S-wave structures from the dispersion data are
weak based on the definition of the aforementioned reliable
depth. We can see that the inclusion of the first higher mode
dispersion curves allows us to image a greater depth with an
increase of average depths from ∼0.73 to ∼1.24 km. In addi-
tion, we also present one example of the detailed process of
1D VS inversion beneath station 1003 in Figure 9a–f and
Figure S3 (Cheng et al., 2021). Beneath this station, we
can see that the reliably imaged depth increases from 0.45
to 0.8 km with the inclusion of the first higher mode surface
waves. We also see the nonuniqueness of shear velocity inver-
sion is also reduced, that is, the reduction in the variances of
the last 1000 accepted models. These findings are also evi-
denced by checking the shear-wave sensitivity kernels for
the two modes, for which the first higher mode is sensitive
to a deeper depth than the fundamental mode (Fig. 10;
Pan et al., 2019; Bai et al., 2021). Furthermore, our results
show that the S-wave velocities in all depths are lower than
1.6 km/s, and the velocities increase with depths and display
flat-layered features, revealing the subsurface features of the
Tarim basin with a sedimentary layer.
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Discussions and Conclusions
We successfully observe the first higher mode Rayleigh waves
and extract dispersion curves directly from CCFs between
individual station pairs in an inland basin. We confirm the
credibility of the observation of the first higher mode
Rayleigh waves by analyzing the dispersion nature of the first
higher modes. Furthermore, we show that, compared to the
inversion solely with fundamental modes, the joint inversion
of the fundamental and the first higher mode dispersion
curves improve the constraints on the subsurface structure
of sediment basins in the Tarim basin by imaging structures
with a greater depth and reducing the nonuniqueness in
S-wave velocity inversions.

The successful observation of the first higher mode
Rayleigh waves in the Tarim basin may mainly be attributed
to two factors: the generation and amplification of ambient
noise (Kimman and Trampert, 2010; Boué et al., 2016; Ma
et al., 2016; Tomar et al., 2018; Nayak and Thurber, 2020;
Gualtieri et al., 2021; Ji et al., 2021). First, considering that
we do not observe higher modes in CCFs outside the
Tarim basin (Fig. S4), the low-velocity sedimentary layers
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Figure 9. 1D S-wave velocity inversion results beneath station point
1003 (a) by jointly inverting the fundamental and the first mode
phase velocity dispersion curves and (d) by solely inverting the
fundamental-mode phase velocity dispersion curves. The final
S-wave velocity models (solid blue lines) are determined by taking
the average of the last 1000 acceptable models color coded by
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with the minimum normalized misfit. (b,e) Synthetic phase velocity
dispersion curves for the last 1000 acceptable models in (a,d). The
observed fundamental and the first higher mode phase velocity
dispersion curves are marked as black stars. (c,f) The normalized
PDFs constructed by the last 1000 acceptable models. The solid
blue lines are the final S-wave velocity models. The color version of
this figure is available only in the electronic edition.
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at the shallow subsurface of the basin favor the excitation and
amplification of the energy of higher mode surface waves.
Second, the short-period bands of the higher mode
Rayleigh waves in CCFs suggest that the ambient noise
sources exciting the higher mode surface waves in our study
area probably originate from local noise sources, such as
anthropogenic noise sources from nearby cities and high-
ways. However, limited by the configuration of the linear
array in this study, we cannot locate the exact localities of
the noise sources. Future works by deploying a 2D array
and performing beamforming analysis are needed to investi-
gate the origin of the noise sources.

In addition to the fundamental and first higher mode
Rayleigh waves appearing in CCFs, we also observe the
zero-time signals in the CCFs as shown in Figure 2. As the
arrival times of these signals are nearly zero, much earlier
than the arrivals of surface waves, these zero-time signals
do not affect the extraction of dispersion curves of surface
waves in this study. The origin of the zero-time signals is
mostly body waves that propagate nearly vertically beneath
this array probably coming from regional earthquakes or
distant sources (Wang et al., 2012; Roux et al., 2016;
Xie, Luo, and Yang, 2021). However, as we mention in the
preceding paragraph, due to the limitation of the seismic
array configuration, we cannot locate the sources of body
waves either.

As is well known, the Tarim basin is abundant in deeply
buried oil and gas resources, and great-depth exploration is
important for achieving future exploration success in this area
(Kang, 2018; Tian et al., 2021; Yang et al., 2021). Considering
that the inclusion of the first higher mode Rayleigh waves in
the inversion enables a deep imaging capability, we think there
is a great potential for applications of ANT in exploring abun-
dant oil and gas resources at great depths in the Tarim basin in
the future.

Data and Resources
The phase velocity dispersion curves of fundamental and the first
higher mode Rayleigh waves used in this study and the Instrument
Manual (in a Chinese version) of the instrument EPS-2-M6Q-C-
E20 are available from the corresponding author, xutao@mail
.iggcas.ac.cn, upon request. The open-source database of
HimaTibetMap was obtained from and is available at https://
github.com/HimaTibetMap/HimaTibetMap (last accessed April
2023). The software senskernel-1.0 was obtained from the
University of Colorado Boulder and is available at https://
github.com/NoiseCIEI/SensKernel (last accessed February 2023).
The supplementary material for this article includes “Text S1:
Details about the Metropolis law in the MCMC method,” “Figure S1:
Two more examples of cross-correlation record sections filtered at
different period bands,” “Figure S2: Determination of smoothing
and damping parameters,” “Figure S3: Misfits to the dispersion curves
for the two modes for station 1003,” and “Figure S4: Examples of the
cross-correlation functions (CCFs) located outside the Tarim basin.”
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