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Abstract East Asia comprises multiple tectonic 
domains and has been the subject of many regional 
and local broadband seismic investigations in recent 
years, especially the ChinArray experiments. These 
studies have improved the overall seismic data cov-
erage for East Asia, although the distribution of data 
is extremely uneven. While regionalised group or 
phase velocity dispersion curves from surface-wave 
tomography are particularly important for deriv-
ing deep shear-wave velocities, calibrating phase 
velocity measurements and joint analyses with other 
geophysical data, they are normally derived using 
quadrilateral cells with a fixed latitude and longitude 
spacing, such that the cell spacing varies with lati-
tude but not with data coverage. For a region with 
extremely uneven data coverage, closely spaced cells 
will worsen the ill-posedness of tomographic prob-
lems, whereas widely spaced cells will lower the 
lateral resolution capability of regions with dense 
data. Here we propose a new model discretisation 
approach for two-dimensional surface-wave tomog-
raphy that divides the study area into triangular 
cells with variable sizes based on data coverage and 

apply it to East Asia, where seismic observations 
are numerous but unevenly distributed. The updated 
regionalised Rayleigh-wave group and phase veloc-
ity maps detect small sedimentary basins with low 
velocities and large cratons with high velocities, 
implying that our approach can simultaneously 
image local-, regional- and large-scale structures in 
one tomographic system. The regionalised disper-
sion curves can be used to invert for deep structure 
directly or jointly with other geophysical observa-
tions across East Asia.

Highlights 

• The Rayleigh-wave velocities of earthquake and 
noise data recorded by 2917 new stations in East 
Asia are processed.

• Two-dimensional surface-wave tomography using 
a variable cell size based on data coverage enables 
the imaging of multiscale structures.

• The updated multiscale regionalised dispersion 
curves are indispensable for future and/or joint 
studies in East Asia.
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1 Introduction

East Asia comprises a variety of tectonic domains 
(Fig.  1a), including the world’s highest plateau 
(Qinghai–Tibetan Plateau), deepest trench (Mariana 
Trench), largest accretionary orogenic belt (Central 
Asian Orogenic Belt), most complex multi-direc-
tional subduction belt (Philippine Subduction Belt) 
and most intensively deformed Archean craton (North 
China Craton) (Yin 2010; Ren et  al. 2013). Conse-
quently, many broadband seismic studies have sought 
to characterise the deep Earth structure of East Asia, 
including phases I–IV of INDEPTH (Kind et al. 2002; 
Tilmann et  al. 2003; Zhao et  al. 2011), Hi-CLIMB 
(Wittlinger et al. 2009), HIMNT (De La Torre et al. 
2007), ASCENT (Yue et al. 2012) and LMSF (Qian 
et al. 2018, 2022), all of which were deployed in and 
around the Qinghai–Tibetan Plateau; NECESSArray 
(Tao et  al. 2014) and NECsaids (Wang et  al. 2016; 
Zhang et al. 2020) deployed in and around Northeast 
China; QinSeisArray deployed in the Qinling Oro-
genic Belt and Ordos Basin in central-north China 

(Feng et al. 2017); several phases of NCISP deployed 
in and around the North China Craton (Wei et  al. 
2011; Chen et al. 2014); and the two phases of Chi-
nArray (Chang et al. 2017; Zhang et al. 2018), which 
were focussed on the North–South Seismic Belt of 
Central China. Whilst these seismic observations 
have improved the coverage of seismic data in East 
Asia, the data coverage is extremely uneven.

Two-dimensional surface-wave tomography pro-
vides regionalised surface-wave velocities at given 
discrete cells along the source-to-station or station-
to-station paths. The regionalised velocities are 
particularly important in deriving deep shear-wave 
velocities, calibrating phase velocity measurements 
and subsequent joint analyses with receiver func-
tions (Julià et al. 2000; Lloyd et al. 2010; Sun et al. 
2014; Rodríguez Kacevas et  al. 2024), body-wave 
travel times (Chang et  al. 2010; Han et  al. 2022), 
gravity data (Maceira and Ammon 2009; Syracuse 
et al. 2017; Carrillo et al. 2024) and magnetotelluric 
data (Moorkamp et  al. 2010; Roux et  al. 2011; Wu 
et al. 2020). Surface-wave tomography has therefore 

Fig. 1  (a) Simplified geotectonic map of East Asia and (b) 
map showing the locations of seismic stations (triangles) and 
earthquakes (red circles) used in this study. The tectonic plate 
boundaries are from Bird (2003). The cyan triangles in (b) 
denote stations with open-access data from IRIS and CEA that 

have been processed by the present authors in previous studies 
(An et  al. 2009; Feng and An 2010; Feng et  al. 2011, 2020, 
2023a, 2023b); magenta and blue triangles denote stations with 
non-open-access data from ChinArray and from CAGS that 
have been processed in the current study
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been widely applied to explore the Earth’s structure 
at various scales, including global (Trampert and 
Woodhouse 1995, 2001; Nishida et  al. 2009; Ma 
et  al. 2014), regional (Ritzwoller and Levshin 1998; 
Vdovin et al. 1999; Moschetti et al. 2007; Boué et al. 
2014; Li and Fu 2020; Fan et  al. 2023) and local 
scales (Cho et al. 2007; Ramos et al. 2016; Feng et al. 
2021). Most tomographic methods employ quadrilat-
eral cells with equal latitude and longitude spacings. 
This type of model discretisation simplifies conven-
tional tomographic processing, including travel-time 
calculations, regularisations and checkerboard resolu-
tion tests. However, since the uneven distribution of 
data coverage cannot be considered, the model discre-
tisation often matches the average resolvable level of 
data coverage (e.g., Fishwick 2010; Isse et al. 2019) 
and does not reflect the true lateral resolution in areas 
with good data coverage. Therefore, using cells of 
variable size based on the data coverage can optimise 
the lateral resolution of the tomographic results, espe-
cially for regions such as East Asia where the data 
coverage is extremely uneven.

Model discretisation with cells of variable size has 
previously been investigated, including in body-wave 
tomography (Abers and Roecker 1991; Thurber and 
Eberhart-Phillips 1999; Hansen et  al. 2012, 2014). 
Variable-size cells in body-wave tomography can be 
achieved by merging one or more basic-sized quad-
rilateral cells based on data coverage (Hansen et  al. 
2012). Variable-size cells have also been applied in 
surface-wave tomography (Sambridge et  al. 1995; 
Wang and Dahlen 1995; Wang et al. 1998; Schaefer 
et al. 2011; Li and Lin 2014; Lu et al. 2018; Magrini 
et  al. 2022), with Sambridge et  al. (1995) and Li 
and Lin (2014) employing Delaunay triangulation. 
However, the discretisation of Delaunay triangula-
tion makes it difficult to evaluate the resolution via a 
checkerboard test, which is a common way to assess 
model resolvability. Other studies have attempted 
to split basic quadrilateral cells one or more times 
according to data coverage to achieve variable-size 
cells in surface-wave tomography (Schaefer et  al. 
2011; Lu et al. 2018; Magrini et al. 2022). However, 
a basic quadrilateral cell with equal latitude and lon-
gitude spacings is not equidistant across different lati-
tudes, with this disparity becoming greater in high-
latitude regions. Therefore, quadrilateral cells with 
either fixed or variable sizes have poor applicability 
in high-latitude regions, such as polar or global areas. 

For example, Zhou et al. (2022) and An et al. (2015) 
resorted to using coordinate transformation and 
equal-area hexagonal cells in their respective surface 
wave tomographic studies of Antarctica.

To resolve these problems, we propose an 
improved tomographic approach that uses variable-
size triangles, adds non-uniform regularisations, 
and conducts quantitative resolution evaluations to 
simultaneously achieve global-, regional- and local-
scale regionalised surface-wave dispersions in a sin-
gle tomographic inversion system. The approach is 
applied to East Asia, where surface-wave data cover-
age is extremely uneven, to validate the effectiveness 
of this approach and update regionalised surface-
wave dispersions for the region.

2  Methodology

2.1  Surface-wave tomography

Based on a series of theoretical tests, Sieminski et al. 
(2004) validated the feasibility of conducting surface-
wave tomography based on ray theory in areas with 
dense data coverage as the disadvantage of consider-
ing finite frequency effects in ray theory can be bal-
anced by proper regularisation. Surface-wave tomog-
raphy based on ray theory can even detect lateral 
non-uniform structures at sub-wavelength scales. In 
practical applications, diffraction tomography based 
on finite frequency theory and travel time tomogra-
phy based on ray theory reveal similar structures in 
regions with dense coverage (Ritzwoller et al. 2002). 
We therefore adopted the two-dimensional surface-
wave tomography method based on ray theory that 
was proposed by Feng et  al. (2004). However, it is 
worth noting that ray-based tomography for short 
periods is normally more reliable than for long peri-
ods due to the degradation of data coverage at longer 
periods. According to ray theory, if the study area is 
divided into many small cells and the wave veloc-
ity is assumed to be uniform in each cell, then the 
total travel time tobs of any observed surface wave at 
a certain period can be approximated as the sum of 
the travel times in each cell. The slowness (reciprocal 
of velocity) of each cell can be obtained by minimis-
ing the weighted sum of the travel time residuals and 
regularisations (e.g., damping, flatness or smoothness 
constraints), as follows:
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where G contains the lengths of each ray that passes 
through each cell for surface waves, and is termed 
the sensitivity kernel matrix; s is the unknown vec-
tor containing the surface-wave slowness of each 
cell, which is to be determined; tobs is the data vector, 
with the total ray length divided into average wave 
velocities; Δs represents the first-order gradient of the 
model, also known as flatness regularisation, which 
mainly smooths the surface-wave slowness distri-
bution and stabilises the inversion of large ill-posed 
equation systems; and λ is the regularisation factor, 
which can be determined by the Morozov’s difference 
principle (Morozov 1984), whereby the best λ nor-
mally locates around the inflection point where data 
misfit suddenly changes with λ. Note that the larger 
the λ, the smoother the model (or the worse the data 
fit). Using the Least Squares QR method (Paige and 
Saunders 1982), the surface-wave slowness (or veloc-
ity) of each cell can be solved from Eq. (1).

2.2  Adaptive gridding

We use Discrete Global Grid Systems (DGGS) to 
divide the Earth’s surface into equal-sized Delau-
nay triangulation cells (Sahr et  al. 2003). The aper-
ture parameter that controls the size of the triangular 
cell is set to 4, and the inter-cell distance is ~ 1.32° 
of great arc distance, which meets the requirement 
of global-scale tomography. Previous tomographic 
investigations would generally set the study region 
according to given latitude and longitude ranges, 
resulting in the inclusion of many cells with no data 
coverage. Since the DGGS method generates cells 
for the entire surface of the Earth, we can eliminate 
the cells with no data based on the actual shape of the 
study region.

Based on uniformly distributed triangular cells 
of aperture 4 (referred to as the basic cell), we per-
formed two-dimensional ray tracing for all obser-
vations and analysed the data distribution of each 
cell. Specifically, we counted the measurements in 
each cell over the –90° to 90° azimuthal range at a 
given interval dbaz. The number of azimuthal inter-
vals with measurements (m, m ≤ 180°/dbaz) and the 
number of measurements in each azimuthal interval 
(n, n > 0) were taken as two indicators to assess the 
quality of data coverage of each cell. Figure 2a shows 

(1)F(s) = min
�‖G ∙ s − tobs‖2 + �‖Δs‖2� a simplified example using an azimuthal interval of 

30°. The number of filled rose petals (m) corresponds 
to the number of azimuths with observed data, and 
the petal length is proportional to the data number (n) 
in this direction. For the example in Fig.  2a, m is 5 
and the data number in the 1 st (or 3rd) quadrant is 
larger than that in the 2nd (or 4 th) quadrant. For real 
data, we used a finer azimuthal interval of 10°, with a 
maximum m of 18 (= 180°/10°).

Finally, based on the data distribution indicators 
(m, n) of each cell, the basic cells meeting the thresh-
old of good data coverage (e.g., m ≥ 15, n ≥ 1,000) 
were partitioned into four equal-sized triangles (from 
one black triangle to four red triangles in Fig.  2b). 
Similarly, ray tracing and data distribution analysis 
were performed again on the partitioned cells, and 
the cells satisfying the threshold for good data cover-
age were further partitioned (from one red triangle to 
four blue triangles in Fig. 2b) until no cells met the 
threshold. We finally obtained cells composed of tri-
angles of different sizes that were controlled by the 
data coverage. Note that the stricter the threshold, the 
fewer times the cell is partitioned. Greater partition-
ing means more unknown numbers to be determined, 
resulting in an exponential increase in the computa-
tional cost. The inter-cell distance of the basic cells 
is ~ 1.32°. This decreases to ~ 0.66° and ~ 0.33° after 
one and two partitions, respectively (red and blued 
triangles, respectively, in Fig.  2b), which can meet 
the requirements of regional- and local-scale sur-
face-wave tomography. Therefore, two partitions are 
generally adequate in practical applications to simul-
taneously achieve global-, regional- and local-scale 
structures in a single tomographic model.

2.3  Spatially variable flatness regularisation

The use of adaptive cells can yield a cell size that pro-
vides a better match to the data distribution, although 
it is still impossible to ensure equal data coverage 
for all cells. Regularisation is therefore necessary to 
stabilise the ill-posed tomographic inversion. Consid-
ering the similarity of the Earth’s structure beneath 
adjacent cells, flatness regularisation (i.e., minimising 
the first-order gradient of the model) is a good choice 
for tomographic imaging. Two triangular cells in 
Fig. 2d are adjacent when the two cells have at least 
one edge that completely or partially overlaps: two 
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cells sharing vertices but not sides are not considered 
adjacent.

The matrix Δs of the first-order gradient of the 
model in Eq. (1) is given by

where the unit coefficients 1 and –1 represent the dif-
ference between two adjacent cell parameters. The 
rows of the matrix correspond to each adjacent cell 
pair. The non-zero coefficients of different rows in 
Δs are all 1 or –1, which means that a uniform regu-
larisation has been applied to all adjacent cell pairs. 
When using quadrilateral cells with fixed intervals, 
the inter-cell distance is the same throughout the 
entire study area (d in Fig. 2c) if the cell size differ-
ence caused by different latitudes is ignored, such that 
it is reasonable to directly employ the first-order gra-
dient in Eq. (2) as the flatness regularisation. How-
ever, when using cells with a variable size, the inter-
cell distance may be variable (di in Fig. 2d). Uniform 
regularisation will therefore force neighbouring cells 

(2)Δs =

⎛
⎜⎜⎜⎝

1 −1 0 … 0

0 1 −1 … 0

0

⋮

0

⋱

1 … 0

⋱ ⋱ ⋮

⎞⎟⎟⎟⎠

with different inter-station distances to have simi-
lar velocities, which will weaken the advantage of 
variable-size cells in resolving structures at different 
scales. Since physical properties generally possess a 
spatial continuity, the similarity between neighbour-
ing parameters should be related to their inter-cell 
distance: the smaller the inter-cell distance, the more 
similar they are. Introducing the reciprocal of the 
inter-cell distance as a weight in Eq. (2) can generate 
a more realistic non-uniform regularisation matrix:

From Eq. (3), when the inter-cell distance di 
decreases, the parameters of adjacent cells will be 
more similar. When all di are equal, 1/di can be iso-
lated as a constant coefficient of the matrix, and the 
regularisation matrix becomes similar to Eq. (2). 
The proposed definition of flatness regularisation 
here is more general, with flatness regularisation for 
fixed-size cells being a special case.

(3)Δs =

⎛⎜⎜⎜⎝

1∕d1 −1∕d1 0 ⋯ 0

0 1∕d2 −1∕d2 ⋯ 0

0 0 1∕d3 ⋯ 0

⋮ ⋱ ⋱ ⋱ ⋮

⎞⎟⎟⎟⎠

Fig. 2  Schematic diagram 
showing the definition of 
adaptive cells. (a) Indicator 
of data coverage; (b) adap-
tive gridding; (c) flatness 
regularisation for fixed-
size cells; and (d) flatness 
regularisation for adaptive 
cells. The black, red and 
blue triangles in (b,d) are 
cells of different sizes. The 
dashes and letters (d or di) 
in (c,d) denote the distances 
between two neighbouring 
cell centres
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2.4  Statistical evaluation of resolution

The recovery test is a method of obtaining the reso-
lution length by comparing the similarities or differ-
ences between the input synthetic model and output 
inversion solution. One of the most widely applied 
recovery tests in tomography is a checkerboard test 
(Lévěque et al. 1993), whereby the half width of the 
minimum recoverable checker can be taken as the 
resolution length (Lebedev and Nolet 2003). How-
ever, checkerboard tests are only suitable for quad-
rilateral cells, not triangular or hexagonal cells. To 
this end, An (2012) proposed a simple and universal 
quantitative statistical method for evaluating reso-
lution, which was successfully applied to a tomo-
graphic study in Antarctica that used hexagonal 
cells. Here we give a brief introduction to the basic 
principles of this approach.

From a mathematical perspective, there exists the 
following mapping relationship between the solu-
tion vector m of any linear problem and the real 
model m:

where the mapping matrix ℜ is also known as the 
resolution matrix (Backus and Gilbert 1968, 1970). 
For an explicit form of Eq. (4), the mapping relation 
between the i-th solution mi and the j-th real model 
parameter mj can be expressed as follows:

where ri,j is the value of the resolution matrix ℜ at 
the i-th row and j-th column. Equation (5) means 
that the i-th solution mi is a weighted sum of the real 
model parameters on the j-th column, with a weight-
ing factor ri,j. For a tomographic problem, the real 
model parameters that are spatially closer to mi have 
a higher weight to mi, and vice versa. The rows of 
ℜ can therefore be described by Gaussian functions 
with different widths (e.g., Nolet 2008; Fichtner and 
Trampert 2011; An 2012; Feng and An 2013). Half 
the half-height width of the Gaussian function wi rep-
resents the width affected by the model space; i.e., 
the resolution length. Therefore, the problem of solv-
ing the resolution matrix ℜ is simplified to solve the 
width of Gaussian functions.

(4)m = ℜm

(5)m
i
=

k∑
j=1

ri,jmj

For any given theoretical input model m, one 
can first obtain its corresponding solution m via 
the above-described restorative experiments. Then, 
one can invert for the i-th row of ℜ by a Gaussian 
function approximation via Eq. (5). The width of 
the Gaussian function can be taken as the resolution 
length of the solution (An 2012). However, the reso-
lution length may depend on the given input model. 
Therefore, the inversion of the i-th row of ℜ are done 
from thirty input models with random structures to 
meet statistical requirements (An 2012). The sta-
tistical method for evaluating the resolution using a 
Gaussian function approximation avoids matrix oper-
ations, simplifies calculations and avoids the influ-
ence of specific structures (e.g., checkerboard) on the 
resolution length. This method has been applied and 
validated (Feng and An 2013; Chevrot et  al. 2014; 
Chiao et al. 2014; Ma et al. 2014, Fichtner and Leeu-
wen, 2015).

3  Data

To construct a more complete regionalised sur-
face wave dispersion curve model for East Asia, we 
collected seismic waveforms from 8126 M > 5.0 
earthquakes with average epicentral distances of 
~ 2500–4200 km (Fig. 1b, red circles) and interstation 
noise data recorded by a total of 8180 seismic stations 
(Fig.  1b, triangles) during 1990–2024. The cyan tri-
angles indicate 5263 old permanent and portable sta-
tions for which data are available from the IRIS Data 
Management Center (http:// ds. iris. edu/ ds/ nodes/ dmc/ 
data/) and National Seismic Network Data Backup 
Center of the Institute of Geophysics, China Earth-
quake Administration (https:// doi. org/ 10. 11998/ SeisD 
mc/ SN) (Zheng et  al. 2010). The magenta triangles 
indicate 2081 portable stations that were deployed in 
the North–South Seismic Belt of Central China, NE 
China and Mongolia by the China Earthquake Admin-
istration (CEA), with data archived in the China Earth-
quake Science Exploration Array Data Center (https:// 
doi. org/ 10. 12001/ ChinA rray. Data). The blue trian-
gles represent 836 portable stations that were recently 
deployed in southern China, Qinling Mountains, Qil-
ian Mountains and Longmen Mountains (Qian and 
Mechie 2012; Feng et al. 2017; Qu et al. 2020) by the 
Chinese Academy of Geological Sciences (CAGS).

http://ds.iris.edu/ds/nodes/dmc/data/
http://ds.iris.edu/ds/nodes/dmc/data/
https://doi.org/10.11998/SeisDmc/SN
https://doi.org/10.11998/SeisDmc/SN
https://doi.org/10.12001/ChinArray.Data
https://doi.org/10.12001/ChinArray.Data
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The signal-to-noise ratio of Love waves is much 
lower than that of Rayleigh waves, and the period 
span is also typically shorter than that of Rayleigh 
waves. Therefore, we only processed the Rayleigh-
wave group and phase velocities from the vertical-
component seismic waves in this study. The Rayleigh-
wave group velocity dispersion curves for the old 
permanent and portable stations (cyan triangles in 
Fig. 1b) are from previous studies in different regions 
of East Asia (An et al. 2009; Feng and An 2010; Feng 
et al. 2011, 2020, 2023a, 2023b). Here we measured 
the group velocities for the earthquake and noise 
data of the newly added stations (magenta and blue 
triangles in Fig.  1b) and phase velocities for all the 
stations. The group velocities of the earthquake and 
noise data were extracted using the multiple filter-
ing method (Dziewonski et al. 1969), with the aid of 
the time–frequency analysis tool do_mft in the Com-
puter Programs in Seismology package (Herrmann 
2013). The phase velocities for the earthquake data 
were extracted using the two-station method (Ojo 
et  al. 2018), with the aid of sacpom96 in Computer 
Programs in Seismology (Herrmann 2013). The 
phase velocities of the inter-station noise data were 
extracted using a time–frequency analysis method 
with initial phases calibrated by given reference 

phase velocities (Lin et al. 2008). The reference phase 
velocities were estimated from a model comprising 
crustal structures of the CRUST1.0 model (Laske 
et  al. 2013) and mantle structures of the IASP91 
model (Kennett and Engdahl 1991).

Strict quality control was implemented to ensure 
the data quality of the surface-wave dispersions. 
Firstly, we calculated the average and standard 
deviation of the group or phase velocity for each 
period and excluded observations that exceeded 
twice the standard deviation. Secondly, before con-
ducting formal tomographic imaging, an experi-
mental inversion was conducted to eliminate data 
with fitting errors greater than twice the root-mean-
square misfit. We finally retrieved ~ 670,100 group 
and ~ 369,800 phase velocity dispersion curves 
with a variable period spanning 10 s to 180 s. The 
number of observations (n) in each 10° azimuthal 
interval between –90° and 90° at each cell was 
counted. Figure  3a shows the percentage of the 
azimuthal distribution of the Rayleigh-wave group 
velocity data at the 30-s period in each basic trian-
gular cell. The percentage is set as the number of 
rose petals with data coverage (m) relative to the 
maximum number of rose petals (= 180°/10°). The 
best data coverage occurs in the Tibetan Plateau 

Fig. 3  (a) Azimuthal distributions of Rayleigh-wave group velocity observations at the 30-s period and (b) cells with variable sizes. 
The red rectangle in (b) denotes an area with three-level cells that is shown in Fig. 8
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and North China Craton (NCC), and the South 
China Craton (SCC) (Fig.  3a). We therefore par-
titioned the basic triangular cells twice for those 
cells satisfying the (m ≥ 15 & n ≥ 1,000) and (m = 
18 & n ≥ 1,000) thresholds, and finally gener-
ated 10,430 three-level cells, as shown in Fig.  3b. 
Although the data distribution of the phase and 
group velocity varies over the analysed periods, the 
overall distribution is similar. To generate region-
alised dispersion curves on consistent cells, both 
group and phase velocity tomographic inversions 
were performed at all periods using the same varia-
ble-size cells shown in Fig. 3b.

4  Model evaluation

A direct way to evaluate the tomographic model is to 
assess the degree to which the model fits the observa-
tions. Figure 4 gives four examples of the fits between 
the predicted and observed group and phase velocities 
for different regions. Both the modelled group and 
phase velocities fit the data well over a range of peri-
ods and ray paths (e.g., propagation through continen-
tal and oceanic tectonic environments).

The numbers of observed group and phase veloci-
ties are very large (Fig.  5a). To give a quantita-
tive evaluation of the model, we calculated the 

Fig. 4  Example data fits 
between observed and 
predicted dispersion curves. 
Triangles and circles repre-
sent the observed group and 
phase velocities, respec-
tively, with black lines 
denoting predictions from 
two-dimensional tomo-
graphic models. The inset 
map shows the paths for 
the four sets of dispersion 
curves (labelled 1–4)

Fig. 5  (a) Number of observations and (b) root-mean-square misfit between observed and predicted data
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root-mean-square misfit between all the observed 
and predicted data at all periods (Fig.  5b). The mis-
fits at shorter (< 10 s) and longer (> 150 s) periods 
are larger than those at intermediate periods due to the 
limited number of observations at the former periods. 
The average group velocity misfit (solid line, ~ 0.08 
km/s) is higher than the average phase velocity misfit 
(dashed line, ~ 0.05 km/s); however, both misfits are 
very small at all periods (< 1.4%–2.3% of the 3.5 km/s 
average velocity), which implies that our inverted 
tomographic models can fit the observations reason-
ably well.

Figure 6 shows the resolution lengths of the group 
and phase velocity tomographic models at periods of 
10, 50 and 100 s. For all periods, the central region, 
which has better data coverage, has a better resolu-
tion (i.e., shorter length) than the surrounding region, 
as expected. The 50- and 100-s models have a broader 
range of good resolution lengths than the 10-s model 
because the short-period data are normally retrieved 
from short-path data. For the same period, the group 
velocity models have a broader range of good resolution 
lengths than the phase velocity models, as expected, 
since the group velocities can be measured from the sta-
tions to the teleseismic earthquakes, whereas the phase 
velocities can only be measured between station pairs. 
The consistency between the resolution and data cover-
age confirms the reliability of our approach to quantita-
tively evaluating the resolution.

A bootstrap statistical analysis was applied to 
estimate the uncertainties of our two-dimensional 
tomographic model. Thirty tomographic inversions 
were conducted using a random selection of 80% of 
the observations. The statistical standard deviation 
was adopted as the uncertainty of the solution. The 
uncertainties for the group velocity model are slightly 
higher than those for the phase velocity model, 
although most of the uncertainties are smaller than 
~ 0.04 km/s at the 30-s period (see Figure S1 and the 
model file in the Supplementary Information).

5  Results and discussions

Figure 7 shows the final regionalised group and phase 
velocity perturbations at periods of 10, 50 and 100 s. 
The final tomographic model for all periods is pro-
vided in the Supplementary Information. Perturbation 
is measured relative to the total regional mean of each 

period. On the 10-s maps, which are sensitive mainly 
to the uppermost crustal structures, strong low veloci-
ties are observed in the major sedimentary basins or 
plains, including the Tarim, Ordos, Sichuan, Bohai 
Bay and Songliao basins, and also the back-arc basins 
in the West Pacific and along the Sumatra Trench, as 
expected.

On the 50-s maps, which are sensitive to 
crust–mantle transitional structures, very low veloci-
ties are found beneath the highly elevated Tibetan 
Plateau and Pamir Mountains, both of which pos-
sess a very thick crust. Moderately low velocities 
are found along the trenches where the crust may 
be thickened due to oceanic plate subduction. High 
velocities occur beneath oceanic regions, where a 
very thin crust is present.

On the 100-s maps, which are sensitive to mantle 
lithospheric structures, the cratonic regions, includ-
ing the Indian Plate, Siberian Craton, Tarim Craton, 
Yangtze Craton and western NCC, are all character-
ised by high velocities, whereas the eastern margin 
of China and central Tibet, which have been strongly 
affected by the Pacific and Indian–Eurasian tectonic 
domains, respectively, are mainly characterised by 
low velocities. The phase velocity is quicker than 
the group velocity at the same period, and thus has 
a longer wavelength. This means that differences 
between the phase and group velocity maps at the 
same period inevitably exist since they are sampling 
structures at different depth ranges; however, the 
group and phase velocity maps at the same period 
show generally consistent structure patterns.

To show how the final regionalised dispersion 
curves on adaptive cells simultaneously reveal large-, 
intermediate- and small-scale structures, we plot 
the regionalised velocities in a smaller range around 
Tibet in Fig. 8a and along transect a–a’ in Fig. 8b–d. 
We also run tomographic inversions using basic 
cells (black triangles in Fig.  2b) and by partitioning 
the cells once (red triangles in Fig. 2b) for compari-
son. Figure 8b compares the regionalised group and 
phase velocities at the 50-s period along transect a–a’ 
for the three models using different cells. On the one 
hand, the regionalised velocities of the three models 
show generally consistent structures, confirming that 
the primary structural feature is not strongly affected 
by parameterisation. On the other hand, the velocities 
from the basic-cell model are strongly biased from 
the main feature at some neighbouring cells (black), 
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Fig. 6  Resolution length of the (a) group and (b) phase velocity tomographic models at periods of 10 s (upper), 50 s (middle) and 
100 s (lower)
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Fig. 7  Regionalised (a) group and (b) phase velocity perturbations relative to the regional mean (given above the colour bar in each 
subplot) at periods of 10 s (upper), 50 s (middle) and 100 s (lower)
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thereby implying that fixed-size cells are not adequate 
for recovering the structures in detail. As expected, 
the velocities from the once-partitioned cell model 
(red) reduce this bias. The velocities from our final 
model (using twice-partitioned cells, blue triangles in 
Fig. 2b) vary much more smoothly and show greater 
detail along the transect than the other two models, 
confirming the advantage of using variable-size cells.

We plotted the regionalised dispersion curves as 
wiggle traces with the vertical axis corresponding to 
the period in Fig.  8c and d, to visualise the region-
alised dispersion curves at all periods, as Fig.  8b 
only shows regionalised velocities at one period. The 
black and grey wiggles indicate positive and negative 
velocity perturbations relative to the regional mean, 
respectively, with the magnitude of the wiggle repre-
senting the size of the perturbation. Figure  8c gives 
the regionalised group velocity dispersion curves 

along transect a–a’. The Sichuan and Tarim basins 
have negative velocity anomalies at the ~ 10-s period, 
whereas the Tibetan Plateau has a positive anomaly at 
this period, which implies that the basins are covered 
by low-velocity sediments and the plateau is not. In 
addition, the Tibetan Plateau has a strong low-veloc-
ity anomaly at periods of 20–60 s, which is consistent 
with the very thick crust in the region. Another strik-
ing feature of the group velocity transect is that the 
positive anomalies are consistently observed beneath 
the old and stable Yangtze and Tarim cratons at peri-
ods longer than ~ 50–60 s. The southeastern Tibetan 
Plateau has a weakly positive to neutral velocity 
anomaly at periods longer than ~ 90 s, indicating a 
thicker but weaker lithosphere beneath the plateau 
relative to the cratonic regions. Figure  8d gives the 
regionalised phase velocity dispersion curves along 
transect a–a’. The phase velocity transect captures 

Fig. 8  Regionalised group and phase velocities along transect 
a–a’. (a) Location of transect a–a’ on the 50-s period regional-
ised group velocity map. (b) Regionalised group (U) and phase 
(C) velocities at the 50-s period along the transect from mod-
els using basic cells (black), once-partitioned cells (red) and 
twice-partitioned cells (blue). (c) Regionalised group velocity 
dispersion curves along the transect. (d) Regionalised phase 

velocity dispersion curves along the transect. The grey trian-
gles in (a) denote the cells with adaptive sizes. The black and 
grey wiggles in (c,d) represent velocities higher and lower than 
the regional mean at a given period, respectively. The exagger-
ated topography is provided above the transects in (c,d), with 
main tectonic blocks labelled. CAOB is the Central Asian Oro-
genic Belt
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similar regional features to the group velocity tran-
sect, except that the anomalies on the phase velocity 
transect are located shallower (shorter periods) than 
those on the group velocity transect. This modelled 
output is reasonable because the phase waves have 
longer wavelengths (deeper sensitivities) than the 
group waves for a given period. The good correlation 
of our regionalised velocity features with tectonic 
blocks indicates the reliability of our results.

To demonstrate the feasibility of using adaptive 
cells in our tomography, we compared our model with 
Yang et al.’s (2023) regional phase velocity model for 
SE Tibet. Although our model imaged fewer local-
scale features than the model of Yang et al. (2023) as 
a result of using fewer local measurements, both mod-
els imaged consistent regional-scale velocity anoma-
lies. Given that the main objective of our study is to 
provide updated regionalized dispersion curves for a 
large region such as East Asia, we did not include as 
many local measurements as in other regional studies. 
Additional detail on local structures can be found in 
regional models (e.g., Zhang et al. 2018; Yang et al. 
2023).

We also compared our model with Shen et  al.’s 
(2016) group velocity map of the Chinese mainland 
at a period of 30 s (Figure S2 in Supplementary Infor-
mation). An obvious difference between the two stud-
ies is that the map of Shen et al. (2016) shows many 
anomalies of ≤ 100 km in size (1° of great-arc dis-
tance), smaller than the average wavelength of 30 s 
surface waves. The anomaly patches might reflect the 
node parameterization (0.5° × 0.5°) and smoothing 
regularization of Shen et  al. (2016), which permits 
velocity varying from node to node at a distance of 
~ 0.5°. In any event, except for the small anomaly 
patches, our group-velocity model at a period of 30 s 
compares well with the results of Shen et al. (2016). 
Furthermore, our model imaged extra features of 
wide low velocities beneath the Mongolian Plateau 
and delineated the Qiangtang terrane by a concen-
trated low-velocity feature.

6  Conclusions

We proposed a new model discretisation approach for 
surface-wave tomography that divides the study area 
into triangular cells with variable sizes based on data 
coverage and that employs a new matched approach 

for adding regularisation and conducting a resolu-
tion evaluation. These approaches were then applied 
to East Asia and revealed structures with adaptive 
resolutions. These structures were well delineated, 
with both the small and large tectonic domains of 
East Asia being identified, and the quantified resolu-
tions being consistent with the data coverage, thereby 
implying that tomography using variable-size cells 
for regions with unevenly distributed observations 
can better optimise model resolution than tomogra-
phy using fixed-size cells.
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