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Key Points:
Annual gravity change rates on the Tibetan Plateau (TP) caused by tectonic movement were obtained from gravity recovery and
climate experiment (GRACE) observations.

●

A model of gravity changes caused by vertical crustal movements was established, and the rate of vertical crustal deformation over
the Tibetan Plateau was inverted.

●

The effects of hydrological factors on the vertical crustal motion rate were determined.●
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Abstract: The uplift of the Qinghai–Tibet Plateau (TP) strongly influences climate change, both regionally and globally. Surface
observation data from this region have limited coverage and are difficult to obtain. Consequently, the vertical crustal deformation
velocity (VCDV) distribution of the TP is poorly constrained. In this study, the VCDV from the TP was inverted by using data from the
gravity recovery and climate experiment (GRACE). We were able to obtain the vertical crustal movement by deducting the hydrological
factors, based on the assumption that the gravity signal detected by GRACE is mainly composed of hydrological factors and vertical
crustal movement. From the vertical crustal movement, we inverted the distribution of the VCDV across the TP. The results showed that
the VCDV of the southern, eastern, and northern TP is ~1.1 mm/a, ~0.5 mm/a, and −0.1 mm/a, respectively, whereas that of the region
between the Qilian Haiyuan Fault and the Kunlun Fault is ~0.0 mm/a. These results are consistent with the distribution of crustal
deformation, thrust earthquakes and faults, and regional lithospheric activity. The hydrology, crustal thickness, and topographic factors
did not change the overall distribution of the VCDV across the TP. The influence of hydrological factors is marked, with the maximum
differences being approximately −0.4 mm/a in the northwest and 1.0 mm/a in the central area. The results of this study are significant for
understanding the kinematics of the TP.

Keywords: GRACE (gravity recovery and climate experiment); Qinghai–Tibet Plateau; crustal vertical deformation; hydrological factors;
crustal thickness

 
 

1.  Introduction
The  uplift  of  the  Qinghai–Tibet  Plateau  (TP)  has  a  strong  impact

on the regional and global climate and is closely related to persis-

tent drought, earthquakes, landslides, and other natural disasters

that frequently occur in the interior of Asia. Consequently, it  is of

great scientific  significance to  study the vertical  crustal  deforma-

tion velocity (VCDV) distribution of the TP (An ZS et al.,  2001; Dai

FC et  al.,  2011).  The TP was  formed by collision (and subsequent

compression) between the Indian and Eurasian plates and can be

explained  by  the  theories  of  “crustal  shortening  and  thickening”
(Dewey and Burke, 1973), “convective removal of the lithospheric
mantle” (England and Molnar, 1990), “lithospheric thickening and
delamination” (Molnar and Tapponnier, 1975), and “asthenosphere
upwelling bottom invasion” (He CS, 2019).

In recent years, global positioning system (GPS) and leveling tech-
niques  have  been  used  to  study  crustal  tectonic  movements  of
the TP. Using GPS technology, Wang Q et al. (2001) found that the
deformation  within  the  TP  and  its  southern  margin  absorbed
more  than  90%  of  the  relative  motion  between  the  Indian  plate
and  Eurasian  plate.  The  VCDV  in  the  Himalayas  is  ~2.0  mm/a
(Liang SM et al.,  2013),  the uplift  rate in the middle-eastern areas
of the TP is 1.0−2.0 mm/a (Liang SM et al., 2013) or 2.7 ± 0.3 mm/a
(Yi  S  et  al.,  2016),  and  the  uplift  rate  at  the  Lhasa  station  in  the
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middle-southern  area  of  the  TP  is  approximately  0.8  ±  0.5  mm/a
(Sun WK et al., 2009) or 1.4 ± 0.1 mm/a (Xing LL et al., 2011). Using
a combination of GPS and precision leveling technologies, Hao M
et al. (2014) found that most regions of the eastern margin of the
TP  are  in  the  status  of  uplift  and  that  the  maximum  uplift  has
reached  6.0  ±  1.3  mm/a.  By  a  combination  of  GPS  and  gravity
recovery and climate experiment (GRACE) techniques, Pan YJ et al.
(2018) found  that  the  average  VCDV  is  ~1.7  mm/a  in  the
Himalayan region and ~1.3 mm/a in the northeast of the TP. After
removing  the  glacial  isostatic  adjustment  (GIA)  effect  and  the
loading deformation of hydrology from the GPS data, Jiao JS et al.
(2019) obtained uplift rates of 1.2 ± 0.5 mm/a and 1.1 ± 0.4 mm/a
for the western and central regions of the TP, respectively.  These
previous  studies  provide  abundant  data  for  understanding  the
vertical  crustal  deformation  of  the  TP.  However,  owing  to  harsh
natural conditions (e.g., topography, geomorphology), the TP has
few  ground  survey  sites  and,  consequently,  few  observational
data  sets,  making  it  difficult  to  obtain  the  spatial  distribution  of
the VCDV.

The  GRACE  data  can  provide  high-precision,  high-resolution

observations with which to study the global gravity field distribu-
tion  (Rao  WL  and  Sun  WK,  2022; Shen  Y  et  al.,2022).  These  data

have  been  widely  used  in  studies  of  hydrology  (Mohamed  et  al.,

2017),  seismology  (Han  SC  et  al.,  2006),  ice  sheet  mass  loss
(Velicogna, 2009), and crustal tectonic movements (Duan HR et al.,

2020).  An  earlier  inversion  using  GRACE  data  provided  a  crustal
uplift rate of ~10.0 mm/a in the Himalayas (Duan HR et al., 2011),

which  was  close  to  that  of  8.0  to  9.0  mm/a  provided  by  three-

dimensional finite element numerical simulations (Li P et al., 2012).
After deducting the gravity effects of the GIA and hydrology from

the  GRACE  data, Duan  HR  et  al.  (2020) obtained  an  uplift  rate  in

the Himalayan region of 2.0 ± 0.9 mm/a.

Various topographical, hydrological, and crustal factors should be

considered when studying the VCDV of the TP because the topog-

raphy of the TP is high in the west and low in the east, with large

gradient changes and height differences of 200–600 m, accounting

for  59.15%  of  the  total  area  (Feng  ZM  et  al.,  2020).  The  average

altitude  exceeds  4,000  m,  and  the  TP  has  a  large  number  of

glaciers,  snow-covered areas,  lakes,  and other  water  bodies in  its

interior,  all  of  which  are  sensitive  to  climate  change.  The  second

Chinese  national  glacier  inventory  showed  that  the  total  surface

area of some 24,300 glaciers has decreased by 17% (Qiu J,  2010),

that the total  area volume of lake water above 10 km2 on the TP

had increased by 117.1 billion m3 from 1976 to 2013 (Qiao BJ et al.,

2019),  and  that  the  snow  cover  ratio  on  the  TP  had  increased

slightly by approximately 0.16‰/a from 2000 to 2019 (Ye H et al.,

2020). Owing to the collision and compression of the Indian plate,

strong  tectonic  activity  has  occurred  on  the  TP  since  the  Late

Cenozoic,  forming  a  series  of  active  faults  that  have  led  to

frequent earthquakes (Figure 1).  The Moho surface in the interior

of  the  TP  is  relatively  flat  but  undulating  on  the  periphery.  The

Moho  depth  increases  from  ~30  km  in  India  to  ~80  km  in  the

Himalayas  and  decreases  from  ~70  km  in  the  Bangong–Nujiang

suture  zone  to  ~45–50  km  in  the  Tarim  Basin  (Braitenberg  et  al.,

2000).

Despite  the  TP  attracting  much  research  attention,  incomplete

consideration of the hydrology, crustal thickness, and topographic

factors has hampered investigations of vertical crustal deformation

on the TP, and its spatial distribution remains poorly understood.

In this study, we used GRACE signals to invert the VCDV distribution

of the TP based on the assumption that the data consist of vertical

 
Figure 1.   Distribution of fault structures in the Qinghai–Tibet Plateau (TP) and neighboring areas. The thick black line with triangles represents

the boundary between the Indian plate and the Eurasian plate. The thick magenta lines indicate the main fault zones in the TP region (Duan HR et

al., 2020). The bright blue patches represent lakes, and the white patches represent glaciers. The thick black arrow indicates the velocity at which

the Indian plate is squeezing the Eurasian plate. F1, Altun Fault Zone; F2, Qilian–Haiyuan Fault Zone; F3, Kunlun Fault Zone; F4, Xianshui River

Fault Zone; F5, Longmenshan Fault Zone; F6, Bangongcuo–Jiali Fault Zone; F7, Red River Fault Zone; F8, Himalayan active belt; F9, Karakorum

Fault Zone. The horizontal axis is longitude and the vertical axis is latitude; the same as follow.
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crustal movements and hydrological factors. The results provide a
new perspective for understanding the kinematics of the TP. 

2.  Data and Methods 

2.1  Gravity Change Rate of Vertical Crustal Movement
Extracted from GRACE Data 

2.1.1  Calculation of the gravity change rate by using GRACE data

6, 7,⋯, 60

C6,6, C8,6,⋯, C60,6

C7,6, C9,6,⋯, C59,6

In this research, we used the RL06 GRACE data of order/degree 60
from 2005 to 2020 published by the University of Texas Center for
Space  Research  (UTCSR),  the  German  Research  Centre  for
Geosciences  (GFZ),  and  the  National  Aeronautics  and  Space
Administration  (NASA)  Jet  Propulsion  Laboratory  (JPL).  The
geocentric terms (degree one coefficients) were provided by Sun
Y et al. (2016), and the degree two coefficients were replaced with
satellite laser ranging (SLR; Loomis et al.,  2020).  The combination
of  decorrelation  filter  (For  example,  for  spherical  harmonic  (SH)
coefficient  of  order  6  (e.  g., Cn,6, n = ),  we fit  a  degree 4
polynomial  to  the  even  degree  pair  (e.g., )  and
remove  the  polynomial  fit  from  the  coefficients,  and  apply  the
same  to  the  odd  degree  pair  (e.g., );  P4M6)  and
Gaussian filtering (300 km) was used to weaken the north–south
strip noise and suppress the high-frequency noise (Chen JL et al.,
2010). The GIA effect was then deducted by using the GIA model
(spatial resolution: 1° × 1°) of Geruo et al. (2013). The least-squares
algorithm was used to calculate the gravity change rate (Steffen et
al.,  2009),  and  forward  modeling  was  used  for  signal  recovery
(Chen JL et al., 2015). 

2.1.2  Calculation of the gravity change rate by using hydrological
data

Hydrological  factors  mainly  included  glaciers,  soil  moisture  (SM),
lakes,  denudation,  permafrost,  snow water equivalent (SWE),  and
groundwater.  Among  them,  SM  data  were  from  the  Climate
Prediction  Center  (CPC)  soil  moisture  models  (spatial  resolution:
0.5°  ×  0.5°)  from  2005  to  2020,  SWE  data  were  from  the  Global
Land  Data  Assimilation  System  (GLDAS)  land  water  models
(spatial resolution: 1° × 1°) from 2005 to 2020 (Rodell et al.,  2004;
Rao  WL  and  Sun  WK,  2021),  glacial  data  were  from  the  average
elevation  change  of  glaciers  from  2003  to  2009  (Gardner  et  al.,
2013),  lake data were from NASA’s  Ice,  Cloud,  and land Elevation
satellite  (ICESat)  data  from 2003 to  2009 (Zhang GQ et  al.,  2011),
permafrost data were from an active-layer depth model from 1980
to 2001 (Oelke and Zhang TJ, 2007; Erkan et al., 2011; Xiang LW et
al., 2016), and denudation data were from Westaway’s (1995) esti-
mation of the amount of denudation on the TP. Given the uneven
distribution,  insufficient  depth,  and  inadequate  coverage  of
groundwater logging data in the TP region, the monitoring results
do not accurately reflect the actual groundwater situation; there-
fore,  the  influence  of  groundwater  was  not  considered  in  this
research.  Although  the  time  spans  of  the  various  observations
differed,  the  long-term  trends  of  these  observations  were  linear
and could be used to calculate the gravity change rate of  hydro-
logic  factors.  To  calculate  the  rate  of  gravity  change  attributable
to hydrological factors, various hydrological data were converted
into  60  order/degree  harmonic  coefficients  by  the  methods  of
Xiang LW et al. (2016) and Wang HS et al. (2006) to obtain data of

the same order/degree as the GRACE. Thereafter, Gaussian filtering
(300 km) and signal recovery were performed. 

2.1.3  Gravity change rate attributable to vertical crustal movement
We  assumed  that  GRACE  signals  mainly  consisted  of  vertical
crustal  movement  and  hydrological  factors.  Thus,  to  obtain  the
gravity  change  attributable  to  vertical  crustal  movement,  it  was
necessary to deduct the gravity change attributable to hydrological
factors, including glaciers, lakes, SM, permafrost, denudation, and
SWE. The relationships among the observations and physical vari-
ables can be described as follows:

VGRACE = VHydrological + VVertical crustal movement, (1)

VHydrological = VLake+VGlacier+VSWE+VSM+VPermafrost+VDenudation, (2)

VGRACE

VHydrological

VVertical crustal movement

VLake

VGlacier

VSWE

VSM

VPermafrost

VDenudation

where  is  the  GRACE  observed  gravity  change  rate,
 is the rate of gravity change attributable to hydrological

factors,  is  the  rate  of  gravity  change
attributable to vertical crustal movement,  is the rate of gravity
change  attributable  to  lakes,  is  the  rate  of  gravity  change
attributable  to  glaciers,  is  the  rate  of  gravity  change
attributable to SWE,  is the rate of gravity change attributable
to  SM,  is  the  rate  of  gravity  change  attributable  to
permafrost,  and  is  the  rate  of  gravity  change
attributable to denudation. 

2.2  Numerical Simulation of Signal Data Processing
Truncation,  spherical  harmonic  expansion,  filtering,  and  signal
recovery were  used  in  the  processing  of  GRACE  data  and  hydro-
logical data. To determine the loss rate of the above methods on
the  signal  and  the  effectiveness  of  the  signal  recovery  methods,
we conducted numerical simulation experiments.

First, the TP region was divided into 1° × 1° grids, and the gravity
signal of  each  grid  was  assumed  to  be  10  μGal,  which  was
regarded as the true signal (Figure 2a). A 60 order/degree spherical
harmonic  expansion  was  carried  out  to  recalculate  the  gravity
signal (Figure 2b), and the results accounted for 98.5% of the area
shown in Figure 2a. The true signal spherical harmonic expansion
truncated to  60  order/degree  was  obtained by  Gaussian  filtering
(300 km; Figure 2c) and accounted for 91.3% of the area shown in
Figure  2a.  Then  P4M6  and  Gaussian  filtering  (300  km)  were
applied to the results shown in Figure 2b to obtain the true signal
spherical  harmonic  expansion  truncated  to  60  order/degree
(Figure  2d),  which  accounted  for  86.9%  of  the  area  shown  in
Figure 2a.  From the difference between Figure 2c and Figure 2d,
we  obtained  the  influence  of  P4M6  filtering  (Figure  2e),  which
accounted for 4.4% of the area shown in Figure 2a. The signal loss
rate after P4M6 filtering was relatively small.

To  verify  the  effectiveness  of  the  signal  recovery  method,  we
used  the  data  shown  in Figure  2c as  the  input  signal  and  used
forward  modeling  for  signal  recovery.  After  30  iterations,  the
recovered  model  signal  (Figure  2f)  accounted  for  96.3%  of  the
true  signal  (Figure  2a),  confirming  that  this  recovery  method
was  able  to  recover  the  signal  effectively.  Gaussian  filtering
(300 km) was performed on the model signal (Figure 2f) to obtain
a grid  of  the  model  signal’s  spherical  harmonic  expansion  trun-
cated to 60 order/degree (Figure 2g), which accounted for 91.3%
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of the area shown in Figure 2a. The difference between Figure 2g
and Figure  2c (Figure  2h) was  found  to  be  ±0.02  μGal.  The  real
signal was truncated to 60 order/degree and the signal obtained
by Gaussian filtering (300 km) was used as the input signal.  After
the forward modeling method, the root mean square error of the
input signal changed from 1.43 μGal to 0.91 μGal. Combined with
the  small  error  value  of Figure  2h,  the  restored  signal  shown  in
Figure 2f was able to significantly reduce the error caused by the
leakage effect. 

2.3  Model of Surface Gravity Changes Caused by Vertical
Crustal Movement

In Figure  3a,  for  an  individual  block  unit  (upright  cuboid),  the
gravitational force of an external point, P(x, y, z), can be calculated
by using Equation (3) (Duan HR et al., 2020):

g(x, y, z, a1, a2,b1, b2, h1, h2, ρ)
= −Gρ

»»»»»»»»»»
»»»»»»»»»»»»»»»»»(ε − x)ln[(η − y) + q] + (η − y)ln[(ε − x) + q]

+ (τ − z)arctan [ (τ − z) + q(ε − x)(η − y) ]»»»»»»»»a2

a1

»»»»»»»»»
b2

b1

»»»»»»»»»»
h2

h1

,

(3)

q =
√(ε − x)2 + (η − y)2+ (τ − z)2

where G represents universal  gravitational constant, g represents
the gravity influence value of upright cuboid on ground points (x,

y, z), ρ represents density and .

r0

Z1 = r0 = Hmax − H Z2 = Z1 + T

We  used  multiple  upright  cuboids  to  simulate  the  crustal  model
(Figure 3b), and we set the maximum topographic elevation (Hmax)
point of the study area as Z = 0. The first upright rectangle on the
left  corresponds  to  the  partition  between  the  crust  and  the
mantle as Z2, the corresponding topographic height as H, and the
corresponding crustal thickness below the ocean surface as T. The

 indicates the difference between H and Hmax, and its coordinates
on the Z-axis are  and .

In Figure  3a,  the O-XYZ coordinate  system  is  as  follows:  the

k (ε, η, τ)
ground  point  is  the  coordinate  origin O,  the X-axis  points  north,

the Y-axis points east, and the Z-axis extends down vertically. The

range of the upright cuboid in the coordinate system is [a1, a2], [b1,

b2],  [h1, h2];  is an arbitrary point inside; and P(x, y, z) is an

arbitrary  point  outside.  In Figure  3b,  the  rectangles  filled  with

diagonal  lines  represent  upright  cuboids,  which  were  used  to

simulate  the  crustal  model  with  multiple  upright  cuboids.  The

bottom  surface  of  each  upright  cuboid  is  the  partition  interface

between the  crust  and  the  mantle,  and  the  top  surface  is  repre-

sented as topographic undulations. The top of the rectangle filled

with horizontal dashed lines represents the sea level.

The  vertical  crustal  deformation  included  surface  uplift  (subsi-

dence)  and  the  uplift  (subsidence)  of  the  Moho.  We  used  an

upright cuboid to simulate the vertical deformation of the Earth’s

crust, assuming that the surface rises dz and sinks kdz at the Moho

surface, and the gravity change of the calculated point was calcu-

lated by Equation (4):

Δg (x, y, z) =g (x, y, z, a1, a2, b1, b2, h1 − dz, h2, ρcrust)
− g (x, y, z, a1, a2, b1, b2, h1, h2, ρcrust)
+ g (x, y, z, a1, a2, b1, b2, h1, h2 + kdz, ρmantle_crust)
− g (x, y, z, a1, a2, b1, b2, h1, h2, ρmantle_crust) ,

(4)
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Figure 2.   Numerical simulation results. (a) True signal grid. (b) True signal spherical harmonic expansion truncated to 60 order/degree. (c) True

signal spherical harmonic expansion truncated to 60 order/degree with Gaussian filtering (300 km). (d) True signal spherical harmonic expansion

truncated to 60 order/degree with P4M6 and Gaussian filtering (300 km). (e) Impact of the P4M6 filter. (f) Model signal. (g) Model signal spherical

harmonic expansion truncated to 60 order/degree and Gaussian filtered (300 km). (h) Difference between (g) and (c). Note the different scales in

each panel. T60, spherical harmonic expansion truncated to 60 order/degree; G300, Gaussian filtering (300 km).
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Figure 3.   (a) Model of the upright cuboid. (b) Hypothetical crustal

model.
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ρcrust

ρmantle_crust

where  denotes the density difference between the crust and

air,  denotes the density difference between the mantle

and  crust,  and k is  the  vertical  deformation  coefficient  of  the

surface and the Moho surface.

P (x, y, z)
According to the cumulative gravity effect in the entire study area,

the  change  in  gravity  caused  by  the  vertical  motion  of  all  the

upright  cuboids  (number n)  at  point  was  calculated  by

Equation (5) (Duan HR et al., 2020):

dg (x, y, z) = n

∑
n=1

Δgn (x, y, z) . (5)
 

2.4  Inversion of the VCDV
To  avoid  oscillations  and  jumps  in  the  VCDV  distribution,  the

quadratic difference Laplacian operator was used to constrain the

roughness of velocity distribution. The specific inversion algorithm

was as follows (Duan HR et al., 2020):[ D
λL

] v = [ dg
0

] , (6)

v dg
λ

L

where D is Green's function, that is, dz = 1 mm, the gravity change

calculated according to Equation (5),  is the VCDV,  is the gravity

change rate caused by the vertical crustal movement, and  is the

smoothing  coefficient,  which  can  be  determined  by  using  the

compromise  curve  of  residuals  and  roughness.  Additionally,  is

the Laplace smoothing matrix. 

3.  Results 

3.1  Gravity Change Rate of the TP
As shown in Figure 4, the gravity change rate in the southern part

of the TP was negative (with a maximum value of up to approxi-

mately −1.2  μGal/a),  whereas  those  in  the  northern  TP  and

Sichuan Basin were positive (with maximum values of up to ~0.2

and ~0.3 μGal/a, respectively); the gravity change rate in the north-
eastern TP  was  nonsignificant  (~0.0  μGal/a).  To  more  clearly

express  these  gravity  change  rates,  two  regions  (A  and  B  in

Figure 4) were selected for analysis.

The  gravity  change  trends  using  data  from  the  three  institu-

tions  (CSR,  JPL,  and  GFZ)  were  similar,  with  a  downward  trend

and corresponding  gravity  change  rate  of  −0.78  ±  0.12  μGal/a

(Figure  5a).  The  gravity  changes  in Figure  5b show  an  upward

trend  with  a  corresponding  gravity  change  rate  of  0.17  ±

0.02 μGal/a. These gravity changes were mainly influenced by the

comprehensive  action  of  various  factors  (including  crustal

tectonic movements and hydrological changes; Rodell et al., 2009;

Yi S and Sun WK, 2014). 

3.2  Gravity Effects Related to Hydrological Factors
The  TP  is  known  as  the  Water  Tower  of  Asia  because  it  is  rich  in

water  resources,  including  glaciers,  lake  water,  SM,  SWE,  and

permafrost. Owing to its unique geographical location, denudation

is also severe, and the influence of denudation on gravity change

cannot be ignored.

As shown in Figures 6a–6c, changes in glaciers, SM, and lakes play

major roles  in  the  hydrological  effect,  with  corresponding  maxi-

mum gravity effects of 0.42 μGal/a (90.02°E, 36.67°N),  0.31 μGal/a

(89.02°E, 22.00°N),  and  0.30  μGal/a  (86.19°E,  32.17°N).  These
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Figure 4.   The gravity change rates on the Qinghai–Tibet Plateau (TP).

The black plate boundary lines are from Zhang PZ et al. (2013).

Regions A and B were selected for further analysis.
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effects  account  for  33.04%,  28.23%,  and  23.42%  of  the  total

hydrological  factors,  respectively,  based  on  the  relationship

, where  is the maximum value of the absolute

change  in  gravity  for  each  hydrological  factor  and i refers  to

glaciers,  SM,  lake  water,  denudation,  permafrost,  and  SWE.  The

contribution of glaciers to gravity change is  mainly concentrated

in  the  Himalayas,  the  Karakorum  Mountains,  and  the  western

Kunlun  Mountains  and  is  related  to  glacial  melting  caused  by

global warming (Qiu J, 2012). The contribution of SM to the gravity

change  rate  is  mainly  positive  and  is  concentrated  in  the  south

and east of the TP; this distribution is generally consistent with the

25˚

30˚

35˚

40˚

45˚

−0.44

−0.33

−0.22

−0.11

0.00

µGal/a

Indian Plate

Tibetan Plateau

Tarim Basin

Sichuan

Basin

Burman Plate

North China

Plate

(a) Glaciers

0.00

0.08

0.16

0.24

0.32

µGal/a(b) SM

0.00

0.06

0.12

0.18

0.24

0.30

µGal/a(c) Lake

0.00

0.02

0.04

0.06

0.08

0.10

µGal/a(d) Denudation

−0.064

−0.048

−0.032

−0.016

0.000
µGal/a(e) Permafrost

110˚70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚

(f ) SWE

−1.2

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0.2
µGal/a(g) Vertical crustal movement

25˚

30˚

35˚

40˚

45˚

Indian Plate

Tibetan Plateau

Tarim Basin

Sichuan

Basin

Burman Plate

North China

Plate

110˚70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚

25˚

30˚

35˚

40˚

45˚

Indian Plate

Tibetan Plateau

Tarim Basin

Sichuan

Basin

Burman Plate

North China

Plate

110˚70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚

25˚

30˚

35˚

40˚

45˚

Indian Plate

Tibetan Plateau

Tarim Basin

Sichuan

Basin

Burman Plate

North China

Plate

110˚70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚

25˚

30˚

35˚

40˚

45˚

Indian Plate

Tibetan Plateau

Tarim Basin

Sichuan

Basin

Burman Plate

North China

Plate

110˚70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚

25˚

30˚

35˚

40˚

45˚

Indian Plate

Tibetan Plateau

Tarim Basin

Sichuan

Basin

Burman Plate

North China

Plate

110˚70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚

25˚

30˚

35˚

40˚

45˚

Indian Plate

Tibetan Plateau

Tarim Basin

Sichuan

Basin

Burman Plate

North China

Plate

110˚70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚

−0.045

−0.030

−0.015

0.000

0.015
µGal/a

 
Figure 6.   Gravity change rates attributable to hydrological factors and tectonic movement: (a) glaciers; (b) soil moisture (SM); (c) lake water; (d)

denudation; (e) permafrost; (f) snow water equivalent (SWE); (g) vertical crustal movement.
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trend of equivalent water height of the SM (Rao WL and Sun WK,
2021).  The contribution of  lake water to gravity change is  mainly
concentrated in the central TP, with a magnitude of up to ~0.21 to
0.30 μGal/a,  which  is  related  to  a  significant  area  expansion  of
numerous lakes (Zhang GQ et al., 2011).

As  shown  in Figures  6d–6f,  changes  in  denudation,  permafrost,
and  SWE  play  a  relatively  minor  role  in  the  hydrological  effect,
with corresponding  maximum  gravity  effects  of  0.10  μGal/a
(109.83°E, 45.00°N), 0.06 μGal/a (86.19°E, 45.00°N), and 0.05 μGal/a
(72.70°E,  30.50°N).  These account  for  6.72%,  4.96%,  and 3.63% of
the total  hydrological  factors,  respectively. Westaway (1995) esti-
mated  that  the  total  denudation  of  the  TP  was  0.90  km3/a  and
that the equivalent loss rate of the mass layer was approximately
0.8  mm/a.  The  terrain  of  the  Sichuan  Basin  is  lower  and  less
affected  by  denudation.  Therefore,  the  equivalent  loss  rate  of  its
mass  layer  was  assumed to  be 0.0  mm/a in  this  study.  Assuming
that the denudation rate follows a simple Bouguer layer, its contri-
bution to  the  gravity  change  is  approximately  0.09  μGal/a  (Sun
WK  et  al.,  2009).  The  contribution  of  permafrost  to  the  gravity
change is  mainly  concentrated in  the north  of  the TP,  where  the
magnitude reaches  −0.06  μGal/a,  which  is  consistent  with  the
trend in the daily active-layer depth variation of ~1.4 cm/a in the
same  region  (Xiang  LW  et  al.,  2016).  The  contribution  of  SWE  to
the  gravity  change  is  mainly  concentrated  in  the  Pamir  Plateau,
where the magnitude reaches −0.05 μGal/a and is related to snow
melting  caused  by  rising  temperatures  (Yao  TD  et  al.,  2012).  The
overall  spatial  distribution  of  gravity  change  obtained  in  this
study  is  shown  in Figure  6g.  The  northern  region  of  the  TP,  the
Sichuan  Basin,  and  the  Tianshan  region  show  positive  gravity
changes, with magnitudes reaching ~0.00 to 0.20 μGal/a, and the
areas north of the Indian plate and west of the Burman plate show
negative gravity  changes,  with  magnitudes  reaching  approxi-
mately −0.40  to  −1.00  μGal/a.  The  gravity  changes  in  other
regions  (Figure  6g,  cyan regions)  are  relatively  small,  with  values
reaching approximately −0.20 to 0.00 μGal/a. 

3.3  Crustal Thickness of the TP and Its Periphery
We inverted the crustal thickness of the TP by using the EIGEN6C-
4 (European  Improved  Gravity  model  of  the  Earth  by  New  tech-
niques  6C-4)  gravity  field  model  according  to  the  method  of
Moritz (1990).  Topographic data were obtained from the ETOP01
global model with a density of 2,670 kg/m3. A mean crustal thick-
ness  of  46  km  and  a  crust–mantle  density  difference  of
−470  kg/m3 were  obtained  from  the  CRUST1.0  (global  model  of
the Earth’s crustal structure; Sjöberg and Abrehdary, 2021).

The correlation coefficient of crustal thickness and CRUST 1.0 was
~0.86 in this work, which is similar to that of 0.87 reported by Xu C
et  al.  (2017).  The  results  of  this  study  showed  that  the  crustal
thickness  near  Ritu  County  reaches  70  km.  This  value  is  slightly
larger  than  that  (68  km)  obtained  by Zhao  GD  et  al.  (2020) and
Chen WJ and Tenzer (2017) but lower than that (80 km) of Shin et
al.  (2015) and Baranov  et  al.  (2018).  Within  the  TP,  the  average
crustal thickness of the Lhasa plate is approximately 69 km, which
is much larger than that of the Himalayas (50 km). This thickness is
consistent with the results of Stolk et al. (2013) and Chen WJ and
Tenzer  (2017) and  is  close  to  the  average  crustal  thickness  of  70
km calculated by Li HO et al. (2008) on the basis of seismic data. 

3.4  Inversion of the VCDV Distribution from the TP

ρcrust ρmantle_crust

To obtain the gravity change rate caused by vertical crustal move-
ment,  hydrological  factors  were  deducted  from  the  results
obtained in section 3.1. An XYZ coordinate system was established
in accordance with the information presented in section 2.3.  The
study area was divided into a grid with a spatial resolution of 1° ×
1°,  totaling  1,126  upright  cuboids.  The  top  and  bottom  of  each
upright cuboid were taken as h1 = Hmax – H and h2 = h1 + T, respec-
tively,  when  the  effects  of  the  crustal  thickness  and  topography
were considered. Finally,  assuming a linear function between the
magnitude  of  the  surface  uplift  and  the  magnitude  of  Moho
surface  subsidence  in  the  TP  region,  based  on  the  results  of Sun
WK et al. (2009) and Jiao JS et al. (2019), we took k of Equation (4)
as  16,  as  2,670  kg/m3,  and  as  600  kg/m3.  The
VCDV  distribution  was  obtained  according  to  the  model
described in sections 2.3 and 2.4.

Figure 7a shows the VCDV distribution of the TP. The colors from
light  green  to  red  represent  positive  vertical  deformation  and
those from  light  green  to  blue  represent  negative  vertical  defor-
mation.  The  results  showed  that  the  VCDV  distribution  of  the  TP
has  the  characteristics  of  spatial  inhomogeneity.  The  region  is
dominated  by  positive  vertical  deformation  except  for  the
Sichuan Basin, the northern TP, and the western Tarim Basin. The
positive VCDV is most obvious in the southern TP, with a velocity
of  ~1.1  mm/a.  The  VCDV  reaches  ~0.5  mm/a  in  the  eastern  TP
and ~0.7 mm/a in the northern Tarim Basin and North China plate.
The  negative  VCDV  is  most  obvious  in  the  Sichuan  Basin,  with  a
velocity of approximately −0.4 mm/a. The VCDV is approximately
−0.1 mm/a in the northern TP (surrounded by F9, F8, and F1). The
VCDV is low between F2 and F3, with a velocity of ~0.0 mm/a. The
apparent vertical deformation velocity on the southern margin of
the TP may be caused by groundwater depletion in northern India
(Liu J et al., 2015). 

4.  Discussion 

4.1  Evidence from GPS and Seismic Activity for the VCDV
of the TP

We compared the inversion results in section 3.4 with GPS crustal
deformation  over  25  years,  the  distribution  of  seismic  activity
over  the  past  100  years,  and  fault  activity  over  10,000  years  (see
Figure 7). The VCDV of the TP was consistent with the GPS velocity
field. The GPS horizontal velocity decreased abruptly whenever it
passed  through  blue  areas  (e.g.,  Q1,  Q2,  and  Q3  in Figure  7b).
In  region  Q1,  the  GPS  horizontal  velocity  was  ~31.4  mm/a  when
it  crossed  the  southern  margin  of  the  TP  and  was  ~15.9  mm/a
at  the  Tarim Basin.  In  region Q2,  the  GPS horizontal  velocity  was
~24.1  mm/a  when  it  crossed  F4  and  was  ~5.0  mm/a  when  it
reached  F2.  In  region  Q3,  the  GPS  horizontal  velocity  was
~24.1  mm/a  when  it  crossed  the  southeastern  margin  of  the  TP
and  was  ~9.0  mm/a  when  it  reached  the  eastern  Sichuan  Basin.
We assumed that the tectonic deformation of the TP was continu-
ous  and  that  horizontal  convergence  (divergence)  volume  flux
compensated  for  the  vertical  uplift  (subsidence)  of  the  region.
According  to  the  relationships  among  the  horizontal  velocity
differences,  the  VCDV  differences,  and  the  distances  between
blocks,  the  constants  between  blocks  could  be  determined  (Rao
WL  and  Sun  WK,  2021).  We  chose  A′ (79.80°  to  82.83°,  30.38°  to
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32.61°, 19.60 mm/a, 0.64 mm/a; the data types are longitude, lati-

tude, GPS horizontal velocity, and VCDV and are the same below),

B′ (93.07°  to  96.41°,  27.62°  to  31.59°,  22.12  mm/a,  1.02  mm/a),  C′
(84.52° to 86.38°,  35.46° to 37.41°,  16.18 mm/a, −0.11 mm/a),  and

D′ (99.07°  to  100.81°,  34.46°  to  36.80°,  12.35 mm/a,  −0.08 mm/a).

The  constant  between  regions  A′ and  B′ was  0.11  ×  10−5,  which

was  close  to  the  constant  0.73  ×  10−5 between  regions  C′ and

region  D′.  This  result  indicates  that  the  VCDV  distribution  was

consistent with the GPS horizontal velocity distribution.

In addition, we found that the VCDV of the TP was consistent with

the GPS vertical velocity distribution (Pan YJ et al., 2018; Figure 7c).

The differences between the results and the GPS vertical velocities

for  all  subregions  in Figure  6c were  less  than  ±0.13  mm/a  (see

Table  1).  These  results  showed  that  the  VCDV  distribution  was

consistent with the GPS (horizontal, vertical) velocity distribution.

The  VCDV  distribution  of  the  TP  was  also  consistent  with  the

distribution  of  thrust  earthquakes  and  faults.  The  VCDV  of  the

southern area was positive in areas where many thrust earthquakes

had occurred (e.g., Mw 5.2 in 1980, Mw 6.5 in 1980, Mw 5.7 in 1985,

Mw 6.8 in 1991, Mw 6.1 in 2009, Mw 7.3 in 2015, and Mw 7.8 in 2015).

The southern margin of the TP contains a number of thrust faults

(black  lines  in Figure  7d).  The  VCDV  around  F2  was  also  positive
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Figure 7.   The vertical crustal deformation velocity (VCDV) distribution of the Qinghai–Tibet Plateau (TP). (a) The VCDV distribution, where the

white dots represent ultrapotassic + adakitic magmatism (~30 to 9 Ma), the yellow dots represent potassic (+ crustal) magmatism (~15 to 0 Ma),

the red dashed line represents the northwestern Tibet low wave speed (low-V) zone, the solid blue line represents the convectively removed

lithosphere (mostly Tibetan), the dashed blue line represents the underthrusting front of the Indian lithosphere, and the magenta lines represent

strike-slip faults. (b) Distribution of the VCDV and the horizontal global positioning system (GPS) velocity under the Eurasian plate (Wang M and

Shen ZK, 2020), where the red arrows indicate the GPS horizontal velocity with a 70% error ellipse confidence level. The Q1, Q2 and Q3 in Figure b

represent the three subregions of the Tibetan Plateau (See three black boxes). (c) Distribution of the VCDV and the vertical GPS velocity, where

the red arrows indicate the vertical velocity and the blue lines indicate the error. The Ⅰ , Ⅱ, Ⅲ, Ⅳ and Ⅴ in Figure c represent the five subregions

of the Tibetan Plateau(See five black boxes, the same as follow). (d) Distribution of the VCDV and the thrust faults and earthquakes, where TE

denotes a thrust earthquake and TF denotes a thrust fault. Data on the focal mechanism solutions were obtained for the years 1976 to 2013

(magnitude ≥ 5.0 Mw and depth of 10–279 km, from http://neic.usgs.gov/, http://data.earthquake.cn and previous studies, e.g., Deng YH et al.,

2018). F1, Altun Fault Zone; F2, Qilian–Haiyuan Fault Zone; F3, Kunlun Fault Zone; F4, Xianshui River Fault Zone; F5, Longmenshan Fault Zone; F6,

Bangongcuo–Jiali Fault Zone; F7, Red River Fault Zone; F8, Himalayan active belt; F9, Karakorum Fault Zone.

Table 1.   Comparison of the global positioning system (GPS) vertical
velocities and the vertical crustal deformation velocities (VCDV).

Region VCDV (mm/a) GPS (mm/a) Difference (mm/a)

Ⅰ 0.753 ± 0.151 0.756 ± 1.851 ±0.003

Ⅱ −0.147 ± 0.022 −0.210 ± 0.731 ±0.063

Ⅲ 0.703 ± 0.056 0.744 ± 1.351 ±0.041

Ⅵ 0.633 ± 0.133 0.555 ± 1.450 ±0.078

Ⅴ 0.184 ± 0.120 0.310 ± 0.715 ±0.126
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and  reflects  many  thrust  earthquakes  and  fault  zones.  However,
even though multiple  thrust  earthquakes have occurred near  F5,
the VCDV in this  area is  negative,  implying that  the resolution of
the results is not sufficient to recognize the linear tectonic uplift of
the fault zone. 

4.2  Lithospheric Activity and the VCDV of the TP
For 50  Ma,  the  Indian  plate  has  been  compressing  (and  subse-
quently  subducting  beneath)  the  TP  in  a  north–east  direction,
forming multiple, nearly east–west stretched tectonic belts within
the  TP.  Simultaneously,  mantle  convection  beneath  the  lithos-
phere  has  caused  a  shortening  and  thickening  of  the  crust
(England  and  Houseman,  1989). We  considered  the  correspon-
dence  between  the  vertical  deformation  distribution  and  the
lithospheric activity in the southern, central, and northern regions
of the TP.

The  positive  VCDV  of  the  Himalayan  belt  was  mainly  caused  by
strong deformation of the crustal lithosphere. In the southern TP,
continent–continent collision has resulted in lithospheric extrusion
and deformation, further forming a series of domed tectonic belts
(Fu JG et al., 2017).

The  Himalayan  tectonic  belt  is  dotted  with  pale  granites  (46–
10 Ma) along a length of ~3,000 km (Wu FY et al., 2020; Huang F et
al.,  2021),  corresponding  to  the  distribution  of  positive  VCDV  in
this  region.  In  the  central  TP,  the  positive  VCDV  of  the
Lhasa–Qiangtang tectonic belt corresponds to lithospheric demo-
lition  and  melting  and  the  distribution  of  ultrapotassic  and
adakitic magmatism (Xu WC et al., 2015). In addition, the distribu-
tion  of  positive VCDV  corresponds  to  a  lithospheric  demolition
and melting phenomenon inferred from seismic stratigraphy data

(Chen  M  et  al.,  2017).  The  negative  VCDV  in  the  northern  TP  is
related  to  recent  potassic  (+  crustal)  magmatism  activity.  In  the
northern TP,  a  narrow,  low-wave speed zone exists  at  a  depth of
80 km, corresponding to both recent potassic (+ crustal) magma-
tism (Chen M et al., 2017) and a negative VCDV (Figure 7a). 

4.3  Influence of Hydrology, Crustal Thickness, and
Topography

To  analyze  the  influence  of  various  additional  gravity  effects  on
the  VCDV  of  the  TP,  the  VCDV  distribution  generated  by  pure
tectonic movement (see Figure 7a) was used as a reference. From
Figures  8a and 8a′,  it  is  evident  that  the  maximum  influence
of  hydrology  on  the  VCDV  is  approximately  −0.4  mm/a  (in  the
northwest)  to  1.0  mm/a  (in  the  central  region),  which  can  be
primarily attributed to changes in the glaciers, lake water, and SM.
Figure  8b shows  the  VCDV  distribution  that  considers  crustal
thickness of 60 km (Duan HR et al., 2020). From Figures 8b and 8b′,
it  is  evident  that  the  influence  of  the  degree  of  crustal  thickness
on  the  VCDV  is  approximately  −0.06  to  0.06  mm/a.  The  effect  is
most  pronounced  for  the  southern  TP,  where  the  value  ranges
from ~0.03 to 0.06 mm/a, primarily because the simulated crustal
thickness  of  60  km  at  this  point  is  inconsistent  with  the  true
value.  From Figures  8c and 8c′,  it  is  evident  that  the influence of
the  degree  of  topography  on  the  VCDV  is  approximately  −0.03
to  0.01  mm/a  and  is  dependent  on  altitude.  High-altitude  areas
in  the  central  TP  are  greatly  affected  by  the  topographic  effect,
whereas  the  surrounding  low-altitude  areas  are  less  affected.
When  the  altitude  is  between  0  and  3,000  m,  the  influence  is
approximately  −0.01  mm/a,  but  when  the  altitude  is  between
4,000  and  5,000  m,  the  influence  reaches  approximately
−0.03 mm/a. 
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Figure 8.   Analysis of factors influencing the vertical crustal deformation velocity (VCDV). Without considering the (a) hydrology, (b) crustal

thickness, and (c) topography. With the influence of the (a′) hydrology, (b′) crustal thickness, and (c′) topography.
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5.  Conclusions
The TP is in a state of motion owing to the collision and extrusion
of the Indian and Eurasian plates. To obtain the VCDV distribution
characteristics  of  the  TP,  we  removed  hydrological  factors  from
the GRACE data to obtain the gravity change of the vertical crustal
movement.  Furthermore,  the  VCDV  was  inverted  by  using  an
upright cuboid model in which the crustal thickness and topogra-
phy were considered. The major conclusions drawn from the find-
ings of this study are as follows:

(1) The gravity change of the TP shows that uplift  occurs in most
areas, with a few areas experiencing subsidence. The VCDV of the
southern,  eastern,  and  northern  TP  is  approximately  1.1  mm/a,
0.5 mm/a, and −0.1 mm/a, respectively.  The VCDV distribution of
the  TP  is  consistent  with  the  distribution  of  crustal  deformation,
thrust earthquakes and faults, and regional lithospheric activity.

(2)  Among  the  hydrological,  crustal,  and  topographical  factors
that affect the velocity of vertical crustal movement, hydrology is
the  most  significant,  followed  by  crustal  thickness  and  then
topography.  The  main  hydrological  factors  affecting  the  gravity
change are glaciers,  SM, and lake water,  which account for  up to
84% of the total hydrology.

The results of  this  study have a far-reaching impacts on geomor-
phic evolution and the occurrence of various geological disasters.
At the same time, there are also some problems in our study, such
as the  consumption  of  groundwater,  heterogeneity  of  under-
ground  density,  denudation  and  horizontal  crustal  movement,
which are not considered. More data types with higher resolutions
are required to estimate the effects of these factors in the future. 
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