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Key Points:
The China Seismological Reference Model is being constructed using seismic data from 4511 seismic stations deployed in continental
China.

●

An associated product center has been created to archive and distribute seismic reference models, original seismic data, and seismic
constraints.

●

The Reference Model will offer insights into tectonics, enhance hazard mitigation programs, and provide guidance for future research
directions.

●
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Abstract: The importance of developing high-resolution seismic models to improve understanding of tectonic processes and enhance
seismic hazard mitigation programs, along with the rapid expansion of seismic coverage in China, called for a seismological reference
model to be established in China. The China Seismological Reference Model (CSRM) project was initiated by the National Natural Science
Foundation of China with two primary goals: (1) the CSRM would serve as a primary source for the current state of seismological research
in China, and (2) the seismic data and constraints used to construct the CSRM would be used as a backbone open-access
cyberinfrastructure for future research in seismology. The CSRM project was also intended to promote data exchange and scientific
collaboration in seismology in China. Accordingly, two parallel efforts of the project are being pursued: (1) construction of the CSRM, and
(2) development of a CSRM product center. The CSRM is jointly constrained by various types of seismic constraints extracted from the
seismic data recorded at 4511 seismic stations in continental China following a top-down approach, with the seismic structures in the
shallower part of the Earth constrained first. Construction of the CSRM involves three preparation steps: (1) building datasets of various
seismic constraints from the seismic data, (2) developing a method to incorporate the constraints of surface wave observations from
regional earthquakes into the inversion of the seismic structure, and (3) constructing high-resolution pre-CSRM seismic models of the
velocity structure in the shallow crust and the Pn-velocity structure in the uppermost mantle. In the final process, the CSRM will be
constructed by jointly inverting all the seismic constraints using the pre-CSRM models as starting models or a priori structures. The CSRM
product center (http://chinageorefmodel.org) archives and distributes three types of products: CSRM models, the Level 1 original seismic
data used to extract seismic constraints in the construction of the CSRM, and Level 2 data on the seismic constraints derived from the
Level 1 data and the inferred earthquake parameters in the construction of the CSRM. The CSRM product center has archived 141 TB of
Level 1 data from 1120 permanent broadband stations in the China Seismic Network Center and 3391 temporary stations from various
institutions and data centers around the world, as well as 140 GB of Level 2 data on various seismic constraints and inferred event
parameters from the construction of the CSRM. The CSRM is expected to provide significant insights into the composition and tectonic
dynamics in continental China and to enhance the capability of various seismic hazard mitigation programs in China from near real-time
rapid determination of earthquake parameters to an earthquake early warning system. The CSRM could also provide guidance for focuses
in future seismological research and the design of future active and passive seismic experiments in China. Several focuses are suggested
for future seismological research in China, along with the building of a national cyberinfrastructure to sustain and expand the operations
of the CSRM project.
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 1.  Introduction
Continental  China  is  an  assemblage  of  many  tectonic  blocks

formed  in  various  geological  time  periods,  including  the  North

China  Craton  and  the  Tarim  Craton  in  the  Archean,  the  South

China  Block  in  the  Precambrian,  and  microcontinental  blocks  of

the  Junggar,  Qiangtang,  Lhasa,  Qilian,  Alxa,  and  Qaidam  Blocks

formed  in  the  Archean  or  Precambrian  (Zhai  MG,  2013; Zhao  GC

et  al.,  2018; Figure  1a).  In  the  first  order,  the  assemblage  was
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accomplished  by  the  subduction  of  the  Pacific  Plate  in  the  east
and by the closure of the Tethys Ocean and the continental collision
between the Indian and Eurasian Plates in the west (Jia  CZ et  al.,
2013). These large-scale tectonic processes also promoted strong
interactions  between  the  tectonic  blocks  and  generated  several
orogenic  belts  between  the  blocks,  such  as  the  Qinling  Range
between the North China Craton and the South China Block, and
the Taihang Range between the North China Plain and the Ordos
Craton (Meng QR and Zhang GW, 2000; Wang Y and Li HM, 2008;
Figure 1a). The strong interactions of the tectonic blocks have also
resulted  in  many  moderate  to  large  earthquakes  between  the
tectonic blocks inside China, which is the primary source of seismic
hazards occurring in China (Figure 1b).

Key to deciphering these tectonic processes and the origin of the
interblock  earthquakes  is  high-resolution  imaging  of  the  seismic
structure  beneath  continental  China.  The  formation  of  these
distinct  tectonic  blocks  and  the  tectonic  processes  occurring  in
continental China have left significant seismic imprints in the crust
and mantle. In the east, the subduction and rollback of the Paleo-
Pacific Plate  may  have  caused  regional  extension  and  a  corre-
sponding crustal  thinning in the North China Craton and eastern
Yangtze Craton (Wang YH et al., 2005; Wilde, 2015; Liu L et al. 2016)
and  may  have  induced  upwelling  in  the  mantle  and  extensive
magmatism  in  the  region  (Lei  JS  and  Zhao  DP,  2005; Zhou  XM
et  al.,  2006; Pirajno  et  al.,  2009; Zhu  RX  et  al.,  2011, 2012; Li  XY
et  al.,  2015; Deng  J  et  al.,  2017),  which  may  have  modified  the
thermochemical  structure  of  the  lithosphere.  In  the  west,  the
India–Eurasia  collision  thickened  the  crust,  which  may  have
resulted in partial  melting in the middle of the crust (Molnar and
Tapponnier,  1975; Nelson  et  al.,  1996; Owens  and  Zandt,  1997;
Royden  et  al.,  1997; Yin  A  and  Harrison,  2000; Tapponnier  et  al.,
2001; Li  XQ  and  Yuan  XH,  2003; Royden  et  al.,  2008) and  under-
thrusting  of  the  Indian  lithosphere  beneath  the  Tibetan  Plateau
(Zhao  WJ  et  al.,  1993; Ceylan  et  al.,  2012; Replumaz  et  al.,  2014;
Chen M et  al.,  2017; He P  et  al.,  2018; Bao XY and Shen Y,  2020).
These complex tectonic activities have also produced many large

sedimentary  basins  in  continental  China,  with  the  Songliao  and
Bohaiwan Basins in eastern China having evolved from a series of
rift  and  subsidence  events  related  to  the  western  subduction  of
the  Pacific  Plate  (Ye  H  et  al.,  1985; Ren  JY  et  al.,  2002; Feng  ZQ
et al.,  2010) and the Sichuan, Ordos, Tarim, and Qaidam Basins in
the Circum-Tibetan Plateau Basin-Range System influenced by the
collision between the Indian and Eurasian landmasses (Ye H et al.,
1985; Xia WC et al.,  2001; Ren JY et al.,  2002; Yang YT et al.,  2005;
Wang CY et al., 2007; Feng ZQ et al., 2010; Jia CZ et al., 2013; Zhai
MG, 2013; Wang MM et al., 2016).

High-resolution seismic models beneath continental China would
also play a key role in the seismic mitigation program in China in
other  two  aspects:  (1)  they  could  assist  in  better  relocation  of
earthquakes  occurring  in  continental  China  and  better  inference
of  the  earthquake  source  rupture  process,  and  (2)  they  could
provide  a  more  accurate  estimation  of  ground  motion  during
earthquakes, especially  in  the  basin  regions  with  high  popula-
tions.

In the last two decades, we have witnessed an explosion of seismic
coverage in continental China (Figure 2), with the China Earthquake
Administration  (CEA)  leading  the  effort.  The  CEA  operates  the
China  National  Seismic  Network  (CNSN),  the  nation’s  backbone
seismic  network  for  daily  earthquake  monitoring.  The  CNSN
consists  of  1120 permanent seismic stations deployed across the
country,  and  it  has  provided  continuous  seismic  data  over  the
decades.  From  2006  to  2016,  the  CEA  also  led  the  China  Seismic
Array (ChinArray)  project,  which  covered  1770  seismic  observa-
tional sites with an average station spacing of 35 km. Besides the
CEA,  various  research  institutions  deployed  2451  temporary
stations  between  1990  and  2017,  and  the  data  from  973  seismic
stations are available from the Incorporated Research Institutions
for Seismology (IRIS).

The importance of high-resolution seismic models in understand-
ing the tectonic processes and enhancing the seismic hazard miti-
gation programs, along with the rapid expansion of seismic cover-
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Figure 1.   Major tectonic blocks, orogenic belts, sedimentary basins, and distribution of moderate to large earthquakes in continental China.

(a) Major tectonic blocks (regions enclosed by black lines, with B. standing for Block and C. for Craton), orogenic belts (marked by blue text, with R.

standing for Range), and major sedimentary basins (red-crossed regions) in continental China, along with plate boundaries (solid blue lines).

(b) Location of moderate and large earthquakes (EQ; magnitude >6), based on the catalog from the Global Centroid Moment Tensor project

(Ekström et al., 2012).
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age in China, called for the establishment of a seismological refer-
ence model in China. A reference model would provide a scientific
database of reference for the current state of seismology in China
and  a  guidance  for  future  focuses  in  seismological  research.  It
would also promote data exchange and scientific collaboration in
seismology in China.

 2.  Initiation of the China Seismological Reference
Model Project

In  2016,  a  working  group  was  formed  by  the  Division  of  Solid
Earth  Geophysics  and  Space  Science,  Department  of  Earth
Sciences, National Natural Science Foundation of China (NSFC), to
explore a possible project of establishing a seismological reference
model in China. The working group was composed of seismologists
from major institutions of seismological research across the coun-
try,  seismic  network managers,  and NSFC staff.  In  June 2016,  the
working  group  organized  a  scientific  meeting  in  Beijing,  hosted
by the Institute of Geology and Geophysics,  Chinese Academy of
Sciences.  The  meeting  attracted  more  than  300  people  from
around  the  world.  During  a  business  meeting  after  the  scientific
meeting, the working group summarized the status of seismology
in China  and  proposed  establishing  a  China  Seismological  Refer-
ence Model (CSRM) project.

The  working  group  commented  that  the  seismic  coverage  in
China  was  rather  dense  and  had  surpassed  that  of  the  United
States  of  America  in  many  regions,  such  as  in  the  North–South
Seismic  Belt  and  north  China.  Chinese  seismologists  had  also
carried out important research on the seismic structures in various
regions  of  China  and  had  gained  significant  insights  into  the
tectonic  processes  in  continental  China.  However,  the  working
group also commented that several challenges still remained:

(1) Seismic coverage needed improvement in the areas of  north-

western  China,  the  Tibetan  Plateau  region,  north  central  China,

and the oceans.

(2) There were differences in the existing seismic models, and vari-

ous types of seismic data constraints had yet to be integrated into

seismic model construction.

(3) Seismic data sharing needed to be strengthened among scien-

tific researchers.

To  facilitate  a  national  effort  to  overcome  these  challenges,  the

working group believed that there was a need to establish a seis-

mological reference model in China and that the time was ripe.

The working group established basic rules for model construction

and data sharing. The CSRM should be established by a construc-

tion group. Researchers who made important contributions to the

model construction, provided original seismic data, or developed

new  seismic  methods  would  be  members  of  the  construction

group. The seismic data and seismic results would be shared with

scientific researchers once the CSRM was established. Researchers

could  use  the  shared  data  only  for  their  own  research,  while

ensuring compliance with the confidentiality requirements of the

source  of  the  original  data.  Data  users  should  consult  with  the

original data provider regarding how to share the research results

obtained by using the shared data, with the minimum requirement

being  the  citation  of  the  article  that  published  the  original  data.

Recently,  the  working  group  has  also  approved  an  official  CSRM

logo  (Figure  3)  as  a  form  of  citation  for  any  data  or  product

distributed from the CSRM project.

 3.  The CSRM Project
The CSRM was established with two primary goals in mind:
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Figure 2.   Seismic stations deployed in China. The different-colored triangles indicate stations operated by various networks or research

institutions: CENC, China Earthquake Networks Center, China Earthquake Administration; ChinArray, China Seismic Array; IRIS, Incorporated

Research Institutions for Seismology; IGGCAS, Institute of Geology and Geophysics, Chinese Academy of Sciences; IGPCEA, Institute of Geophysics,

China Earthquake Administration; PKU, Peking University; CDUT, Chengdu University of Technology; CRUSTCEA, Institute of Crustal Dynamics,

China Earthquake Administration; ZJU, Zhejiang University; CUGBJ, the China University of Geosciences (Beijing).
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(1) The CSRM would serve as a primary source for the current state

of seismological research in China.

(2)  The  seismic  data  and constraints  used to  construct  the  CSRM

would be archived and shared as a backbone open-access cyber-

infrastructure for future research in seismology.

Because  the  seismic  data  would  continue  to  accumulate  rapidly

and  new  seismic  methods  are  constantly  being  developed,  the

CSRM  and  its  construction  method  would  also  need  to  be

updated  continuously.  The  updating  of  the  model  had  to  be  a

process  of  reintegrating  those  seismic  constraints  with  the  new

observations  and  reincorporating  all  available  constraints  by  the

new methods. To accomplish these goals, the construction of the

reference model needed to retain all the original data and seismic

constraints that were used in the model construction. Accordingly,

two  parallel  efforts  of  the  project  were  pursued:  (1)  construction

of  the  CSRM,  and  (2)  development  of  a  CSRM  product  center  as

the  cyberinfrastructure  to  ensure  the  long-term  sustainability  of

the CSRM goals.

 3.1  Construction of the CSRM
The  CSRM  was  not  to  be  constructed  as  a  patchwork  of  existing

models. The CSRM had to be jointly constrained by various types

of  seismic  data.  In  other  words,  the  model  would  need  to  be

established by simultaneously integrating all types of seismic data

into the constraining of the seismic structure.  The final  establish-

ment  of  the  model  would  also  follow  a  top-down  process,  with

the  seismic  structures  in  the  shallower  part  of  the  Earth

constrained  first,  given  that  the  structures  in  the  shallow  part  of

the Earth would affect the accuracy of the inverted seismic struc-

tures in the deep part of the Earth.

The actual construction of the CSRM would involve three prepara-

tion  steps:  (1)  building  datasets  of  various  seismic  constraints

from the seismic data, (2) developing a method to incorporate the

constraints of  surface  wave  observations  from  regional  earth-

quakes  into  the  inversion  of  the  seismic  structure,  and  (3)

constructing  high-resolution  pre-CSRM  seismic  models  of  the

velocity structure in the shallow crust and the Pn-velocity structure

in  the  uppermost  mantle.  The  purpose  of  incorporating  regional

surface  wave  waveforms  would  be  to  increase  the  seismic

sampling in the regions of sparse station deployment and areas in
the deep mantle that are beyond the seismic sampling of seismic
ambient noise. Pre-CSRM models would be constructed to estab-
lish models that could be independently constrained with certain
seismic datasets and that would provide good references as start-
ing  or a  priori information  in  constructing  the  CSRM.  In  the  final
process,  the  CSRM  would  be  constructed  by  jointly  inverting  all
the  seismic  constraints  using  the  pre-CSRM  models  as  starting
models or a priori structures.

Seismic  constraints  were  derived  from  the  continuous  seismic
ambient  noise  data  and  waveforms  of  regional  and  teleseismic
events recorded at 4511 seismic stations deployed in continental
China  (Figure  4).  The  number  of  seismic  stations  used  in
constructing the CSRM was approximately  85% of  all  the seismic
stations  deployed  in  continental  China  (cf. Figures  4 and 2).  The
extracted  seismic  constraints  included  the P-wave  polarization
angle  from  teleseismic  events,  Rayleigh  wave  ellipticity,  receiver
function, Pn-wave travel time, interstation phase and group veloc-
ity  dispersions,  and  event–station  phase  and  group  velocity
dispersions.  These  seismic  constraints  provided  excellent
sampling of the seismic structure throughout the crust and in the
uppermost  mantle.  In  particular,  the P-wave  polarization  angle
and  short-period  Rayleigh  wave  ellipticity  were  sensitive  to  the
seismic structure in the top 10 km of the crust, the receiver function
was  sensitive  to  the  existence  and  seismic  property  contrasts  of
the  seismic  discontinuities  inside  the  Earth,  the Pn-wave  travel
time was sensitive to the seismic structure of the top 15–245 km
of the uppermost mantle, the interstation phase and group velocity
dispersions  were  sensitive  to  the  seismic  structure  of  the  crust,
and  the  event–station  phase  and  group  velocity  dispersions  and
long-period Rayleigh wave ellipticity were sensitive to the seismic
structures in the crust and the mantle.

4.5 ≤ Mw ≤ 7.0

The P-wave  polarization  angles  and  receiver  functions  were
obtained  from  three-component  waveforms  of  9361  teleseismic
events,  the Pn-wave  travel  times  were  handpicked  from  the
recordings of  3446  seismic  stations  from  6787  regional  earth-
quakes,  the  short-period  Rayleigh  wave  ellipticity  was  estimated
from seismic ambient noise waveforms from 3649 seismic stations,
the interstation  Rayleigh  wave  phase  and  group  velocity  disper-
sions  were  extracted  from  639,171  empirical  Green’s  functions
obtained by  cross-correlating  the  seismic  ambient  noise  wave-
forms  from  4424  seismic  stations,  the  event–station  Rayleigh
wave phase and group velocity  dispersions were estimated from
surface  wave  waveforms  of  226  intermediate  to  large
( )  regional  earthquakes,  and  the  long-period
Rayleigh  wave  ellipticity  was  calculated  with  waveforms  from
9361  teleseismic  events.  Significant  effort  was  also  devoted  to
quantifying  the  uncertainties  of  those  seismic  constraints.  An
example  of  the  estimated  long-period  Rayleigh  wave  ellipticities
(represented  by  the  ZH  ratio,  the  amplitude  ratio  between  the
vertical  and  radial  components  of  Rayleigh  wave  waveforms)  is
shown in Figure 5, along with their estimated uncertainties.

The  regional  surface  wave  observations  were  incorporated  into
the seismic inversion by developing an inversion scheme to simul-
taneously  determine  the  surface  wave  phase  velocity  and  the
earthquake centroid parameter,  jointly using the earthquake and
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Figure 3.   Official logo of the China Seismological Reference Model.
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Figure 4.   Seismic stations used in the construction of the China Seismological Reference Model. Different-colored triangles indicate stations

operated by different networks or research institutions: CENC, China Earthquake Networks Center, China Earthquake Administration; ChinArray,

China Seismic Array; IRIS, Incorporated Research Institutions for Seismology; IGGCAS, Institute of Geology and Geophysics, Chinese Academy of

Sciences; IGPCEA, Institute of Geophysics, China Earthquake Administration; CUGBJ, the China University of Geosciences (Beijing).
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Figure 5.   Estimated ZH ratios and their uncertainties in continental China in an example period of 40 s. (a) ZH ratios and (b) their uncertainties

plotted at the locations of the seismic stations. Major sedimentary basins are indicated by the gray-crossed regions. (c) The locations (red circles)

of 9361 teleseismic events whose data were used to estimate the ZH ratios and their uncertainties, with the study region (a, b) marked by the blue

contour.
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ambient noise data. This inversion scheme overcame the difficulty

of using  regional  surface  wave  observations  in  which  the  uncer-

tainty  of  the  earthquake  source  parameters  strongly  influenced

the  accuracy  of  the  surface  wave  phase  velocity  measurements.

The  incorporation  of  regional  surface  wave  data  improved  the

construction of the CSRM in two major ways:

(1)  It  significantly  improved  the  seismic  sampling  in  the  western

part of continental China, especially in the Tibetan Plateau (cf. the

left and right panels in Figure 6a). Those are the regions of signifi-

cant importance to our understanding of the continental tectonics

and  seismic  hazards,  but  with  a  sparse  coverage  of  seismic

stations.

(2)  It  expanded  the  seismic  sampling  to  the  deep  mantle,  which

was beyond the sampling limit of the empirical Green’s functions

extracted from the seismic ambient noise (Figure 6b).
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Figure 6.   Improved seismic sampling from surface wave observations of regional earthquakes in two example periods. The left and right panels

show the path densities (colored background) of interstation empirical Green’s functions obtained from the seismic ambient noise (ANT) and

surface wave waveforms from regional earthquakes (EQ), respectively, whereas the top (a) and bottom (b) panels are for the example periods of

32 s and 50 s. The black triangles and green stars mark the locations of seismic stations and earthquakes, respectively.
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The pre-CSRM models included high-resolution three-dimensional
models of shear wave velocity and sedimentary layer thickness in
the shallow 10 km of  the crust,  the Pn-velocity  in  the uppermost
mantle,  and  the  averaged Vp/Vs (κ)  (seismic  compressional  and
shear velocity ratio) in the crust and in the sedimentary layers. The
shallow  seismic  model  was  constrained  by  the P polarization,
Rayleigh wave ellipticity, and receiver function obtained from the
records  of  3848  seismic  stations.  It  had  a  spatial  resolution  of
0.6°–1.2°  in  the  North–South  Seismic  Belt  and  the  Trans-North
China Orogen,  and 1°–2°  in  the rest  of  continental  China (except
the Tarim Basin and southwest Tibet,  where no seismic coverage
was  present).  The Pn-velocity  model  was  constructed  through  a
new tomographic  scheme by simultaneously  inverting the event
epicenter location and Pn-velocity while accurately accounting for
the Pn propagation  effects  of  varying  crustal  thicknesses.  The
inversion  integrated  a  combined  dataset  of  32,427  absolute Pn
travel  times  and  62,431  interstation Pn differential  travel  times,
manually  picked  from  the  recordings  of  2989  stations  in  and
around continental  China,  yielding a model  of  spatial  resolutions
ranging  from  0.75°  ×  0.75°  to  3°  ×  3°.  And,  the  average Vp/Vs (κ)
model  was  constrained  by  1,150,543  receiver  functions  obtained
from the seismic data recorded at 3837 seismic stations deployed
in or around continental China. It had a spatial resolution of 0.25° ×
0.25° in the North–South Seismic Belt and parts of the North China
Craton and a spatial resolution of 0.5° × 0.5° in other regions.

The CSRM model  is  being constructed by a joint  inversion of  the
observed  receiver  function,  Rayleigh  wave  ellipticity,  and  phase
and group velocity dispersion, with incorporation of prior seismic
constraints  for  three  pre-CSRM  models  of  the  shallow  seismic
structure (Xiao X et al., 2021), the average Vp/Vs in the crust (Cheng
SH  et  al.,  2022),  and  the Pn-velocity  structure  (Ma  JY  et  al.,  2023;
Figure 7).

 3.2  Development of the CSRM Product Center
The  CSRM  product  center  was  created  when  the  CSRM  project
was initiated and is accessible through the CSRM webpage (http://
chinageorefmodel.org/).  The  primary  goal  of  the  CSRM  product
center  is  to  serve  as  a  centralized  location  that  archives  and
distributes  the  CSRM  and  the  seismic  data  used  to  construct  the
CSRM, and as a venue for seismologists to share and collaborate.
The product center also hosts seismic models contributed by vari-
ous  research  groups  and  many  geophysical  databases  that  are
relevant to  studies  of  the  seismic  structure,  composition,  geody-
namics, and seismic hazards in continental China.

The CSRM product  center  archives  and distributes  three types of
products: CSRM models, Level 1 seismic data, and Level 2 seismic
data. The CSRM models contain model parameters and their asso-
ciated  uncertainties.  Level  1  data  are  the  original  seismic  data
used to extract  the seismic constraints  in  the construction of  the
CSRM,  whereas  Level  2  data  are  the  seismic  constraints  derived
from the Level  1 data and the earthquake parameters inferred in
the construction of the CSRM.

Up to 2023, the CSRM product center had archived 141 TB of Level
1 data,  which included continuous waveform data,  seismic event
waveform data, and the instrument responses of 1120 permanent
broadband  stations  from  the  China  Seismic  Networks  Center,

1726 temporary broadband stations of ChinArray, 120 temporary
stations  from  the  NorthEast  China  Seismic  Array  to  Investigate
Deep Subduction (NECsaids), 81 temporary stations from the Seis-
mic Array iNtegrated Detection for a Window of Indian Continental
Head  (SANDWICH)  of  the  Institute  of  Geology  and  Geophysics,
Chinese  Academy  of  Sciences,  71  temporary  broadband  stations
from  the  Middle-Lower  Yangtze  broadband  seismic  Network
(MLYN) of the China University of Geosciences in Beijing, and 1393
temporary  stations  downloaded  from  the  Public  seismic  Data
Management  Centers  (PDMC)  of  the  IRIS,  the  GFZ  German
Research Centre for Geosciences (GEOFON), the Swiss Seismologi-
cal  Service  (SED),  and  the  French  seismological  and  geodetic
network Resif-Epos (RESIF).

The CSRM product center has also archived 140 GB of Level 2 data,
which  includes  datasets  of  seismic  constraints  and  some  seismic
results  inferred  in  the  construction  of  the  pre-CSRM  models  and
the CSRM. The archived seismic constraints include the teleseismic
P-wave  receiver  function,  short-period  Rayleigh  wave  ellipticity
from  ambient  noise,  long-period  Rayleigh  wave  ellipticity  from
earthquake data, P-wave polarization angle, Pn travel time, empir-
ical Green’s function from ambient noise, surface wave dispersion
curves  from  regional  earthquakes,  and SKS shear-wave  splitting
parameters (Table 1). The archived inferred seismic results include
the earthquake hypocenter horizontal location, P-wave travel time
beneath  an  earthquake, P-wave  travel  time  beneath  a  seismic
station,  earthquake  centroid  parameter,  earthquake  hypocenter
depth, explosion source parameter, and landslide source parame-
ter (Table 2).

The  CSRM  product  center  also  hosts  22  seismic  models,
contributed  by  11  research  groups,  that  are  available  for  public
download.  Those  models  include  seismological  parameters  of
crustal velocity, crustal thickness, mantle P- and S-wave velocities,
depth  of  the  upper  mantle  discontinuities,  and  a  seismic Lg/Pn
phase  attenuation  factor,  covering  regions  of  northeast  China,
north China, south China, and the Tibetan Plateau.

The  CSRM  product  center  has  released  some  pre-CSRM  models
and  the  Level  1  and  2  data.  The  released  pre-CSRM  models
include models of the shallow seismic structure (Xiao X et al., 2021)
and Pn-velocity  structure  (Ma  JY  et  al.,  2023).  The  Level  1  data
released  include  20  TB  of  waveform  data  of  the  CNSN  stations
from 2012 to 2018 on global earthquake events with a magnitude
above  5.5  and  the  corresponding  instrument  response  files.  The
Level  2  data  released  include  320  MB  of P-wave  polarization,  14
MB of short-period Rayleigh wave ellipticity, and 6 MB of Pn travel
time.

 4.  Future Perspectives
The CSRM project will result in the construction of seismic models
of the highest  resolution at  the continental  scale in China.  Multi-
disciplinary efforts to explore the implications of the seismic struc-
tures revealed by those models could provide significant insights
into the composition and dynamics of tectonic processes in conti-
nental  China.  The  CSRM  could  also  be  integrated  into  seismic
hazard mitigation programs in China and provide high-resolution
background  velocity  models  for  high-precision  determination  of
earthquake  location  and  accurate  prediction  of  strong  ground
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motion.  The  high-precision  locations  of  earthquakes  inferred  in
the construction of  the  CSRM could  also  provide good reference
event parameters for a more accurate determination of earthquake
parameters in the seismic hazard mitigation programs. The CSRM
will  reveal  shortcomings  in  current  seismic  coverage  and  new
important seismic  features  that  warrant  further  detailed  explo-
ration, thereby providing guidance for  the focuses of  future seis-
mological  research  and  the  design  of  future  active  and  passive
seismic experiments in China.

The CSRM will also need to evolve with the new seismic observa-
tions  as  they  become  available  in  China  and  the  new  innovative
methods  as  they  are  being  developed  in  seismology.  On  the
observational  front,  the  seismic  coverage  is  being  significantly
densified in continental China, with the launch of the earthquake
early warning project by the CEA and ongoing seismic experiments
across China. The earthquake early warning project will deploy 10,
349 new regular stations across the country,  expand the number
of  reference  stations  by  approximately  80%,  reaching  1987,  and
expand  the  number  of  base  stations  by  60%,  reaching  3269
(Figure  8).  All  these  stations  will  provide  continuous  data
recording;  altogether,  the  project  will  deliver  a  seismic  coverage
up to a station spacing of approximately 12.5 km in many regions
of the country. At the same time, several ongoing field experiments
by different institutions in China have seismic deployments in the
western  part  of  China  and  will  expand  the  seismic  coverage  in
those  tectonically  important  regions.  This  increase  in  seismic
coverage will require the CSRM to refine along with the new seismic
observations and integrate them into its refinement. On the theo-
retical  front,  we  expect  the  development  of  many  new  seismic
imaging methods using seismic data from the dense array, possibly
with waveform inversion and three-dimensional migration meth-

ods  leading  the  way  in  delineating  sharp  features  of  the  seismic
anomalies in the crust and mantle. The CSRM project will need to
be  proactive  in  developing  and  adapting  these  new  methods  in
its construction of next-generation reference models.

On  the  basis  of  our  experience  from  the  current  construction  of
the CSRM, we suggest the following focuses for future seismologi-
cal research in China:

(1) More resources may need to be devoted to improving seismic
station  coverage  in  the  regions  of  significant  importance  to
enhance our understanding of the tectonics in continental China,
in particular, the Tibetan Plateau and the South China Sea.
(2)  Efforts  could  be  made  to  promote  the  development  of  new
methods of seismic imaging, especially methods that could delin-
eate the geometric and structural features of the seismic anomalies
inside the Earth.  In  this  regard,  collaboration could be promoted
between earthquake seismology and exploration seismology.
(3) Efforts could be made to integrate the latest CSRM results into
near real-time earthquake monitoring, the earthquake early warn-
ing  system,  and  other  national  seismic  hazard  mitigation
programs.
(4) Multidisciplinary research could be encouraged to explore the
implications of  the  latest  seismic  results  to  enhance  our  under-
standing of  the composition and dynamics  of  tectonic  processes
in continental China.
(5)  A  national  cyberinfrastructure  could  be  built  to  sustain  and
expand the operations of the CSRM project.

 5.  Conclusions
The  CSRM  project  was  initiated  by  the  NSFC  with  two  primary
goals:  (1)  the  CSRM  would  serve  as  a  primary  source  for  the

Table 1.   CSRM Level-2 data — seismic constraints.

Seismic constraint Data count Data source Reference

P-wave polarization angle 5,439,702 Teleseismic P-wave waveform Xiao X et al. (2021)

Short-period Rayleigh wave ellipticity from ambient noise 4193 Continuous seismic ambient noise waveform Xiao X et al. (2021)

Teleseismic P-wave receiver function 2,235,462 Teleseismic P-wave waveform Cheng SH et al. (2022)

Pn­ travel time 95,878 Regional earthquake waveform Ma JY et al. (2023)

Empirical Green’s function from ambient noise 639,171 Continuous seismic ambient noise waveform Unpublished

Long-period Rayleigh wave ellipticity from earthquake data 2,528,341 Teleseismic surface wave waveform Unpublished

Surface wave dispersion curves from regional earthquakes 54,792 Regional earthquake surface wave waveform Unpublished

SKS shear-wave splitting parameters 11,719 Teleseismic SKS-wave waveform Unpublished

Table 2.   CSRM Level-2 data — inferred seismic results.

Seismic result Data count Reference

Earthquake hypocenter horizontal location 433 Ma JY et al. (2023)

P-wave travel time beneath an earthquake 433 Ma JY et al. (2023)

P-wave travel time beneath a seismic station 281 Ma JY et al. (2023)

Earthquake centroid parameter 226 Xiao X et al. (2022)

Earthquake hypocenter depth 220 Unpublished

Explosion source parameter 74 Unpublished

Landslide source parameter 224 Unpublished
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current state of seismological research in China, and (2) the seismic

data  and constraints  used to  construct  the CSRM would be used

as a backbone open-access cyberinfrastructure for future research

in  seismology.  The  CSRM  project  was  also  intended  to  promote

data exchange and scientific collaboration in seismology in China.

Accordingly, two parallel efforts of the project are being pursued:

(1)  construction  of  the  CSRM,  and  (2)  development  of  the  CSRM

product center.

The  CSRM  will  be  jointly  constrained  by  various  types  of  seismic

constraints extracted from the seismic data recorded in 4511 seis-

mic stations in continental China following a top-down approach,

with  the  seismic  structures  in  the  shallower  part  of  the  Earth

constrained first.  Construction of the CSRM involves three prepa-

ration  steps:  (1)  building  datasets  of  various  seismic  constraints

from the seismic data, (2) developing a method to incorporate the

constraints of  surface  wave  observations  from  regional  earth-

quakes  into  the  inversion  of  the  seismic  structure,  and  (3)

constructing  high-resolution  pre-CSRM  seismic  models  of  the

velocity structure in the shallow crust and the Pn-velocity structure

in  the  uppermost  mantle.  In  the  final  process,  the  CSRM  will  be

constructed  by  jointly  inverting  all  the  seismic  constraints  using

pre-CSRM models as starting models or a priori structures.

The  CSRM  product  center  was  created  when  the  CSRM  project

was initiated and is accessible through the CSRM webpage (http://

chinageorefmodel.org/).  The  primary  goal  of  the  CSRM  product

center  is  to  serve  as  a  centralized  location  that  archives  and

distributes  the  CSRM  and  the  seismic  data  used  to  construct  the

CSRM, and as a venue for seismologists to share and collaborate.

The CSRM product  center  archives  and distributes  three types of
products: (1) CSRM models, (2) Level 1 seismic data, and (3) Level 2
seismic  data.  The  CSRM  models  contain  model  parameters  and
their associated uncertainties. Level 1 data are the original seismic
data used to extract seismic constraints in the construction of the
CSRM,  whereas  Level  2  data  are  the  seismic  constraints  derived
from the Level  1 data and the earthquake parameters inferred in
the  construction  of  the  CSRM.  The  CSRM  product  center  has
archived 141 TB of Level 1 data from 1120 permanent broadband
stations from the China Seismic Network Center and 3391 tempo-
rary stations from various institutions and data centers around the
world,  and 140 GB of  Level  2  data  on various  seismic  constraints
extracted  from  the  Level  1  data  and  various  seismic  results
inferred from the construction of the CSRM.

The  CSRM  is  expected  to  provide  significant  insights  into  the
composition  and  dynamics  of  tectonic  processes  in  continental
China and enhance the capability  of  various  seismic  hazard miti-
gation  programs  in  China,  from  the  near  real-time  earthquake
monitoring  system  to  the  earthquake  early  warning  system.  The
CSRM could  also  provide  guidance  for  focuses  of  future  seismo-
logical research and the design of future active and passive seismic
experiments  in  China.  Several  focuses  are  suggested  for  future
seismological  research  in  China,  along  with  the  building  of  a
national cyberinfrastructure to sustain and expand the operations
of the CSRM project.
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