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Abstract: The occurrence of earthquakes is closely related to the crustal geotectonic movement and the migration of mass, which
consequently cause changes in gravity. The Gravity Recovery And Climate Experiment (GRACE) satellite data can be used to detect gravity
changes associated with large earthquakes. However, previous GRACE satellite-based seismic gravity-change studies have focused more
on coseismic gravity changes than on preseismic gravity changes. Moreover, the noise of the north—south stripe in GRACE data is difficult
to eliminate, thereby resulting in the loss of some gravity information related to tectonic activities. To explore the preseismic gravity
anomalies in a more refined way, we first propose a method of characterizing gravity variation based on the maximum shear strain of
gravity, inspired by the concept of crustal strain. The offset index method is then adopted to describe the gravity anomalies, and the
spatial and temporal characteristics of gravity anomalies before earthquakes are analyzed at the scales of the fault zone and plate,
respectively. In this work, experiments are carried out on the Tibetan Plateau and its surrounding areas, and the following findings are
obtained: First, from the observation scale of the fault zone, we detect the occurrence of large-area gravity anomalies near the epicenter,
oftentimes about half a year before an earthquake, and these anomalies were distributed along the fault zone. Second, from the
observation scale of the plate, we find that when an earthquake occurred on the Tibetan Plateau, a large number of gravity anomalies
also occurred at the boundary of the Tibetan Plateau and the Indian Plate. Moreover, the aforementioned experiments confirm that the
proposed method can successfully capture the preseismic gravity anomalies of large earthquakes with a magnitude of less than 8, which
suggests a new idea for the application of gravity satellite data to earthquake research.
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in earthquake-prone countries or regions around the world (Sa¢
et al., 2011; D’Alessandro et al., 2018). However, traditional means
of seismic monitoring, such as geodetic networks, can record seis-
mic precursors only within a limited area, and the seismogenic
process is difficult to replicate on a macro level (Zieger and Ritter,
2018; Martinelli, 2020).

1. Introduction

An earthquake can be an extremely destructive geological disas-
ter, causing great loss of lives and property and the disruption of
the national economic infrastructure (Allen and Melgar, 2019; Fan
XM et al., 2019). Therefore, seismic monitoring is of great practical
significance for seismic fortification (Tan CX et al., 2019). For this

reason, several seismic monitoring stations have been established N the late 20th century, the rapid development of remote sensing

technology enabled the realization of large-area observation and
real-time information acquisition, which effectively made up for
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the shortcomings of traditional means of seismic monitoring, such
as fixed-point observation (Marchetti et al., 2020; Mahmood, 2021;
Zhao XW et al,, 2021). For example, satellite radar interferometry
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could be used to obtain the postseismic deformation field covering
the entire seismic fault zone (Massonnet et al., 1994; Brozzetti et
al., 2020). Qu W et al. (2018) studied present-day crustal deforma-
tion characteristics of the southeastern Tibetan Plateau and the
surrounding areas based on global positioning system (GPS) data
for the periods from 1999 to 2007 and 2009 to 2011. They
concluded that regions with frequent earthquakes often corre-
spond to the transition zone between regions with high shear
strain and a plane strain gradient. Although the interferometric
synthetic aperture radar (InSAR) technology and GPS measure-
ments mentioned can better monitor the crustal movement on
the surface, it is difficult to detect the material migration and mass
change in the deep crust (Panet et al., 2010).

The gravity field reflects the internal structure and composition of
the Earth and is regarded as a historical representation of the
dynamic processes of the solid Earth (Sun HP et al., 2017; Sanso
and Barzaghi, 2020; Duan HR et al., 2022). Before and after the
1964 Alaska earthquake, the 1965-1967 Songdai earthquake
swarm in Japan, the 1974 Izu earthquake in Japan, the 1976
Gazley earthquake swarm in the Soviet Union, and the 2013 M 7.0
Lushan earthquake and gravity drop after the mainshock (Barnes,
1966; Wang LH et al,, 2023 Zhu YQ et al.,, 2023), the time-varying
information on gravity before earthquakes was observed with
time series of absolute and relative gravity data. The gravity data
obtained by the Gravity Recovery And Climate Experiment
(GRACE), which is representative of gravity satellite technology,
contains information on the crustal density distribution and can
be used to study the interaction mechanism between and within
plates before earthquakes (Wahr et al., 1998; Peidou and
Pagiatakis, 2019; Zotin et al., 2019; Gido et al., 2020; Velicogna et
al., 2020; Liu Cand Sun WK, 2023). Sun W and Okubo (2004) studied
whether the GRACE satellites could detect coseismic gravity
changes based on dislocation theory and concluded that GRACE is
capable of detecting coseismic deformation signals from earth-
quakes with a magnitude greater than 7.5.

Since then, gravity signals caused by several large earthquakes,
such as the 2004 Sumatra—Andaman earthquake, the 2005 My, 8.6
Indonesia earthquake, the 2010 My 8.8 Chile earthquake, and the
2011 Mw 9.0 Japan earthquake, have successfully been extracted
by using GRACE data (Han SC et al., 2006; Panet et al., 2018; Chao
BF and Liau, 2019; Mikhailov et al., 2020). However, these studies
have mainly focused on the dynamics of the coseismic gravity
field rather than on preseismic gravity anomalies, which are of
great significance for the early warning of earthquakes (Sasmal
etal,, 2021). For example, Chen SM et al. (2016) found a significant
gravity increase, up to 20 pGal/year, in southern Tibet between
2010-2011 and 2013. They suggested that these gravity changes
may have been related to strain accumulation and possibly mass
migration in a broad source region of the 2015 Nepal earthquake.
After the Wenchuan Ms 8.0 earthquake in 2008, the integration of
the national network and the regional network accelerated, form-
ing the whole gravity observation network on the Chinese conti-
nent. This network has made relatively successful medium-term
predictions for a series of earthquakes with Ms 6.0 or above (such
as the Ms 7.0 Lushan earthquake, the Ms 6.4 Menyuan earthquake,
and the Ms 7.0 Jiuzhaigou earthquake) in recent years and has
played an important role in the study of earthquake mechanisms
and earthquake prediction levels in China (Zhu YQ et al., 2023).

Moreover, when obtaining gravity anomalies, the commonly
adopted difference disposal of the gravity field with the gravity
field of adjacent months or the average gravity field of many years
cannot effectively remove the inherent north-south stripe noise
in GRACE data (Wang XL et al., 2019; Peidou and Pagiatakis, 2020).
On the contrary, it is more likely to cause the annihilation of
medium- and high-order information in the GRACE gravity field
model, which results in the loss of some gravity information
related to tectonic activity.

To explore preseismic gravity anomalies in a more refined way, in
this study we propose a method of characterizing gravity variation
based on the maximum shear strain of gravity, inspired by the
concept of crustal strain (Dermanis and Livireratos, 1983). The
offset index method (Tramutoli, 1998; Song DM et al,, 2018) is
then adopted to describe the gravity anomalies existing in the
time series of the maximum shear strain. The experimental results
on the Tibetan Plateau and surrounding areas with frequent
strong earthquakes confirm that the proposed method can
successfully extract the preseismic gravity anomalies of large
earthquakes with a magnitude of less than 8.

2. Introduction of the Research Area and Relevant Data

2.1 Study Area and the Case of Experimental Seismic Data
The study area selected in this research is the Tibetan Plateau and
its surrounding areas. Recognized as the highest, largest, and
most complex plateau in the world, the Tibetan Plateau is located
in the middle of the Asian continent and extends over the latitude
-longitude domain of 26°00'-39°47'N, 73°19'-104°47'E. Since the
Cenozoic era, collision between the Indian Plate and the Eurasian
Plate has formed a large-scale crustal uplift of the Tibetan Plateau,
resulting in a crust approximately 80 km in thickness (Cui et al.,
2003; Figure 1a). Because of warming of the crust, the internal
medium is highly viscoplastic, and the Indian Plate continues to
push the plateau northward. This causes the lower crust to
constantly drive the movement and deformation of the brittle
layer in the upper crust, thus further forming the complex seismo-
genic environment of the Tibetan Plateau (Royden et al., 2008),
which is the main area where strong land earthquakes occur glob-
ally.

Since the 21st century, the tectonic movement of the Tibetan
Plateau has typically been active, and strong earthquakes have
occurred frequently (Molnar and Lyon-Caent, 1989). From 2004 to
2016, 32 strong earthquakes of magnitude 6 or above were
counted in this region, including two large earthquakes of magni-
tudes greater than 7.5, namely the My 7.9 Wenchuan earthquake
and the My 7.8 Nepal earthquake, which occurred in the Long-
menshan Fault Zone and the southern Himalayan Orogenic Belt,
respectively (U.S. Geological Survey, http://earthquake.usgs.
gov/earthquakes/search/). Specifically, the Longmenshan Fault
Zone (F; in Figure 1b), located in the eastern part of the Tibetan
Plateau, is a NE-SW-extending structural belt with a length of
more than 500 km and a width of 30—50 km (Dirks et al., 1994). In
addition, the Main Himalayan Thrust Belt (F, in Figure 1b) is a
southward-protruding E-W arc tectonic belt, approximately
2500 km long and 300-500 km wide, which belongs to the south-
ern boundary of the plateau and is situated at the junction of the
Indian Plate and the Eurasian Plate (Burg et al., 1997). It should be
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Figure 1. Main structures and strong seismic activity of the Tibetan Plateau and its surrounding areas (red rectangle in panel (a)). (a) The global
crustal thickness map given by the CRUST1.0 model (http://igppweb.ucsd.edu/~gabi/crust1.html). (b) The black dots indicate the epicenters of
earthquakes of magnitude 6 or greater that occurred in the region between 2004 and 2016. F; represents the Longmenshan Fault Zone, and F,
represents the Main Himalayan Thrust Belt. Many fault zones are located in and around the Tibetan Plateau (Taylor and Yin A, 2009), and the
plateau have been divided into a number of active blocks (red lines) by these faults.

noted that within 3 months after the Wenchuan and Nepal earth-
quakes, several earthquakes of magnitude 6 or above occurred in
the seismogenic fault zone. Detailed information on these earth-
quakes is given in Table 1.

2.2 Data

2.2.1 GRACE data

The GRACE satellites, jointly designed by the Deutsches Zentrum
fur Luft- und Raumfahrt (DLR) and the National Aeronautics and
Space Administration (NASA), was successfully launched in March
2002 (Ince et al,, 2019). The GRACE satellite system consists of two
low-orbit satellites that operate in satellite tracking mode, which
includes a low-Low (SST-LL) mode and a high-Low (SST-HL) mode.
We use GRACE Release 6 (RL06) of the Level-2 product in this
work. This product was released by the Center for Space Research
(CSR) at the University of Texas at Austin (http://www2.csr.utexas.

edu/grace/RLO6.html). It contains 163 months of gravitational
field data from April 2002 to July 2017, with a maximum order of
96, a spatial resolution of 300 km, and a temporal resolution of
one month. Note that this product excludes the tidal and nontidal
variations in atmospheric and ocean mass (Swenson et al., 2008).
Because GRACE is a polar-orbiting satellite with a large orbital
inclination, the accuracy of the degree 2 coefficients of the GRACE
gravity field model is low. In this work, the degree 2 coefficients
are thus replaced by the measurement values of satellite laser
ranging (SLR) provided by the CSR (Cheng MK and Tapley, 2004).

2.2.2 GLDAS data

The Global Land Data Assimilation System (GLDAS) is a joint
project of NASA, the National Centers for Environmental Prediction
(NCEP), and the National Oceanic and Atmospheric Administration
(NOAA; Rodell et al., 2004) using data assimilation technology to
integrate satellite and surface observations into a unified model.
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Table 1. The My 7.9 Wenchuan earthquake and the My, 7.8 Nepal earthquake and their strong aftershocks.

Epicenter location

Seismogenic fault Data Mw Depth (km)
Longitude (°E) Latitude (°N)
2008 May 12 103.322 31.002 7.9 19.0
2008 May 12 103.618 31.214 6.1 10.0
Longmenshan
2008 May 25 105.423 32.56 6.1 18.0
2008 August 12 105.494 32.756 6.0 6.0
2015 April 25 84.731 28.231 7.8 82
2015 April 25 85.540 27.629 6.1 10.0
2015 April 25 84.822 28.224 6.6 10.0
Himalayan Orogenic Belt
2015 April 26 86.017 27.771 6.7 229
2015 May 12 86.066 27.809 7.3 15.0
2015 May 12 86.162 27.625 6.3 15.0

The various land surface field information is organized in the form
of grid data, such as global precipitation (rainfall and snowfall),
evapotranspiration (soil water evaporation and vegetation tran-
spiration), surface runoff, subsurface runoff, soil moisture, surface
temperature, and surface heat flow. The GLDAS-2.1 model data
(https://Idas.gsfc.nasa.gov/gldas/) include soil moisture 0-2 m
underground and snow water, with a temporal resolution of one
month and a spatial resolution of 1°.

3. Method

To explore information on the tectonic activity before earth-
quakes, here we propose a method for extracting gravity anomalies
on the basis of the maximum shear strain of gravity. Because the
maximum shear strain is calculated by the second-order gradient
of the GRACE disturbance potential, this method can suppress the

GRACE data for
adjacent months

stripe noise better than can difference disposal, thus effectively
improving the sensitivity of gravity anomaly detection. A detailed
description of the process is given in Figure 2.

This method consists of three specific steps:

(1) Removal of the effects of seasonal changes in hydrologic infor-
mation. To extract gravity signals related to tectonic activity, the
periodic changes in the gravity field caused by seasonal variations
in hydrology should be removed first so as to obtain the increment
of disturbance potential without interference of the hydrology.
See Section 3.1 for details.

(2) Calculation of the maximum shear strain of the crust before
earthquakes. After removing the influence of hydrology, gravity
information contains much purer information on crustal move-
ment and material migration, but it is still necessary to pick out

S1: Disturbance potential
increment after removing
hydrologic information

~ 4
o

GLDAS
hydrological model

$2: The maximum shear strain

S3:The offset index K

Figure 2. Flowchart of the proposed method.
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some physical parameters to achieve the quantitative characteri-
zation of pre-earthquake tectonic activities. Inspired by the
concept of crustal strain, we introduce the maximum shear strain
of gravity in this study. In other words, on the basis of Step 1, the
gravity strain tensor is obtained by further calculating the second-
order gradient of the increment of disturbance potential, and
then the maximum shear strain of gravity is ultimately generated
to characterize the pre-earthquake tectonic activities. Simultane-
ously, note that the stripe noise is effectively suppressed once the
second-order gradient of the disturbance potential is used. The
specific procedures are described in Section 3.2.

(3) Spatiotemporal analysis of anomaly information before the
earthquake. To further characterize the anomalies in pre-earth-
quake tectonic activities and explore the spatiotemporal evolution
of pre-earthquake anomalies, the offset index K is calculated on
the basis of the time series of maximum shear strain. Furthermore,
the spatial distribution characteristics of the K value are analyzed.
Section 3.3 is devoted to a detailed description of the implemen-
tation process.

3.1 Removal of Hydrological Information

The gravity changes can be recovered based on GRACE satellite
data in terms of spherical harmonic coefficients, which are actually
the solution to the partial differential equation of the disturbance
potential, satisfying the following Laplace equation (Sun W and
Okubo, 2004; Eshagh and Abdollahzadeh, 2012; Tang H and Sun
W, 2021):

GM 00 R n+l n
)

T(r, 6,¢) = T Z (ComCOSM@P + Spmsinm@)Ppm(cosB), (1)

n=2 m=-n

where GM is the geocentric gravitational constant, (r, 6, ¢) repre-
sents the spherical coordinates, R is the mean radius of the Earth,
Pom(cosg) is the fully normalized Legendre function of degree n
and order m, and Cp,,, and Sy, are the potential spherical harmonic
coefficients.

In addition, the potential coefficient of the gravitational field can
be used to calculate the density change of the Earth'’s surface so
as to represent the spatial distribution change of the Earth'’s
surface mass, which can be expressed as

[}

ZRPE“ 2n+1
-3 z 1+k,

n=2 N m=-n

Lo(8, @)

(Camcosme + Symsinm@)Ppm(cos8),
()

where, pg is the average density of the Earth and k, is the load
Love number of degree n (Tang H and Sun WK, 2018).

However, the changes in surface mass calculated by GRACE data
are caused by the combination of tectonic activities and seasonal
changes in hydrology (Rao W and Sun WK, 2022). Furthermore,
the gravity variations caused by seasonal changes in terrestrial
water storage (e.g., abundant rainfall in the Sichuan Basin in
summer; Tang L et al.,, 2020) are relatively significant. In particular,
the influence of hydrological signals in GRACE data can be elimi-
nated by utilizing the soil water and snow water data provided by
the GLDAS hydrological model. For this purpose, the spherical
harmonic coefficients of GLDAS data are first expanded and cut
off to degree 96 (consistent with GRACE observations) to obtain
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the hydrological spherical harmonic coefficients C9ldas and Sldas,
After that, by the difference between (9'das, Sgldas and the spherical
harmonic coefficients C9race, Sgrace of GRACE data, respectively, the
corrected spherical harmonic coefficients ¢ and $°"" with-
out the influence of soil moisture and snow water can be
obtained. Finally, as shown in Equation (3), the influence of
seasonal changes in hydrological signals can be further filtered
out after difference disposal of the aforementioned spherical
harmonic coefficients of adjacent months:

orrect orrect
{Act, - comeet _ ot

tin

correct  correct
AS, = St~ Sy 4

(©)

where C;°" and 5;°"*" are the spherical harmonic coefficients of
the ith month without hydrological factors, and ¢;*"*" and ;>

are the spherical harmonic coefficients without hydrological
factors in the subsequent month.

Let AC,, AS;, AC,,, and AS,  be the differential spherical
harmonic coefficients (as shown in Equation (3)) of adjacent
months after difference disposal. The corresponding disturbance
potential increment AT; and AT;.; can thus be obtained if the
potential spherical harmonic coefficients C,p, Sqm in Equation (1)
are substituted with AC,, AS, and AC,,,, AS,,,, respectively.

3.2 The Maximum Shear Strain of Gravity

Gravity changes refer to the variations in gravity at some point on
the Earth’s crust at two distinct time states (Dermanis and Livir-
eratos, 1983; Fatolazadeh et al., 2020). In this study, considering
that the temporal resolution of GRACE data is one month, we
hereby use adjacent months as observation windows of gravity
field deformation, where AT, denotes the increment of the refer-
ence disturbance potential (before deformation), whereas AT,
represents the increment of the current disturbance potential
(after deformation). Likewise, I and y denote the gradient vector
fields corresponding to the two increments above, respectively. In
the local north-oriented frame (Zhang Y et al., 2018), the
Lagrangian form of the gravity strain tensor E can be calculated as

follows:
1 ay\" (o V12 -l
Ei—§|:(a_’.) (6_l')_l = E(Bi Bi.1B; —I), (4)
where
TR T (R)
TR T R

and R = (X, Y, 2); | is the identity matrix; and B; and Bj;; correspond
to the second-order Hessian matrix of the disturbance potential
increment AT; and AT,,,, respectively (Eshagh, 2008; Petrovskaya
and Vershkov, 2008; Eshagh and Abdollahzadeh, 2012):
o1 8T o
ox2  oXaY oxazZ
or, &1 T

aYox ayr avez
o T T,
920X dzoY or

Actually, the Lagrange gravity strain tensor calculated by Equation
(5) is a symmetric matrix. In general, €11, €12, and &;3 represent the
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components of elongation in the three coordinate directions:
g1 €12 €13
E=| e en &3 | (6)
€31 €32 €33

The quantities Amax, Amin, Which are the maximum and minimum
eigenvalues of the gravity strain tensor E above, are called the
(Lagrangian) principal strains. Indeed, the principal strains Amax,
Amin are the eigenvalues of E and can be computed as the roots of
the characteristic equation:

det(E—M) =X —tr (E) A + det (E) = 0, @)
which are

A = % {tr () + [tr (£ - adet (E)] ! 2},
A = %{tr(E) ~[er (e - 4det(E)]”2}. (®)

The maximum shear strain (MSH) is defined as the difference
between the maximum and minimum eigenvalues of the gravity
strain tensor E above, representing the anisotropic part of defor-
mation in the infinitesimal vicinity of the point of interest:

MSH = Amax = Amin- )

The physical interpretation of MSH is the shear strain across the
direction of its maximum value (always positive) under the action
of stress. For this reason, we use the maximum shear strain of
gravity in this study as a characterization to describe the strength
of tectonic activity.

3.3 Spatiotemporal Analysis of Anomaly Information
Before the Earthquake
To better understand the seismogenic process of the fault zone by

- EEER

Time series of
maximum shear strain
at the pixel position

Maximum shear strain

AN

The offset index K
time series of the
current pixel position

The K value image of
each period

further extracting the pre-earthquake anomalous changes, data
on the maximum shear strain time series are analyzed in this study
by means of the offset index K (Tramutoli, 1998; Song DM et al,,
2018). Additionally, the threshold of the offset index K value needs
to be preset for anomaly detection of different time series at each
pixel point. The calculation formula of offset index K is given as
follows:

_ MSH(x, y, t) = tpsu(x, ¥)

Kix y, t
by, OwmsH(X, y)

, (10)

where (x, y) represents the pixel position, t is the time dimension
of the sequence data, MSH is the maximum shear strain value,
UmsH refers to the mean value of the MSH data series, and oysy is
the standard deviation of the MSH data series.

Figure 3 shows the process of calculating the offset index K based
on the maximum shear strain of gravity. According to the Pauta
criterion of statistics, a sample is judged as an outlier if it falls
outside the range of three standard deviations from the mean of
the sample set (Li LM et al.,, 2016; Seheult et al., 1989). This is the
basis for selecting the threshold value of offset index K as 3 in this
study. Note that the calculation of the offset index value is aimed
at changes in each pixel in its time series and has nothing to do
with other pixels in the spatial domain. In addition, from detecting
the time series anomalies in each pixel, the distribution character-
istics of the K value of each pixel in the spatial domain are also
observed so as to obtain an understanding of the spatiotemporal
evolution of anomalies.

In addition, the scope of seismogenic zones corresponding to
different magnitudes is different. Dobrovolsky et al. (1979) gave
the formula for calculating the seismogenic area, based on a large
number of experiments and observation results, as shown in
Equation (11):

8000
e MSH value
6000 o
4000
L ]
2000
L]
[ ]
0 ° Py ° o .0 0.0 P )

0 5 10 15 20 25 30 35
Time (month)

_ MSH — piys

Omsh

0 [¢] K value anomaly

K

Kvalue

o = N W N~ U1 O

0 5 10 15 20 25 30 35
Time (month)

Figure 3. Process of calculating the offset index K based on the maximum shear strain.
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where R is the radius of the seismogenic area and M is the earth-
quake magnitude. According to the equation above, the larger is
the earthquake magnitude, the larger will be the corresponding
seismogenic area.

4. Experimental Results and Analysis

In this work, the Tibetan Plateau and its surroundings are taken as
the study area. The gravity strain tensor is calculated according to
the second-order gradient of the increment of the disturbance
potential. In addition, the time series of the maximum shear strain
of gravity is derived for each pixel 2 years before the earthquake.
The gravity anomalies in the time series can then be depicted by
the offset index K. Finally, the temporal and spatial variation char-
acteristics of gravity anomalies before earthquakes are analyzed
on the observation scale of the fault zone and the Tibetan Plateau,
respectively, to explore the possible pre-earthquake tectonic
activities in the Longmenshan Fault Zone, the Himalayan
Orogenic Belt, and the Tibetan Plateau.

4.1 Spatiotemporal Characteristics of Pre-earthquake K
Values at the Fault Zone Scale

The occurrence of earthquakes is closely related to the tectonic
activities in fault zones. To further explore the seismogenic mech-
anism, in this study we investigate the characteristics of pre-earth-
quake tectonic activity of the Longmenshan Fault and the southern
Himalayan Orogenic Belt, which are the seismogenic fault zones
responsible for the Wenchuan earthquake and the Nepal earth-
quake, respectively. In addition, to verify that the gravity anomaly
is a unique phenomenon before earthquakes, comparison experi-
ments are carried out between nonearthquake years and seismo-
genic years. In particular, the offset index values for the
nonearthquake years are calculated by using GRACE satellite data
from 2005-2006, 2007—-2008, and 2009—-2010. The detailed calcu-
lation process is as follows. First, on the basis of the maximum
shear strain of gravity, the offset index K values are calculated for
each 0.5° x 0.5° grid within the fault zone area in the three periods
mentioned above. The average of these three K values, in notation
of Ky, is then used to represent the corresponding state in the
nonearthquake years. It should be noted that the nonearthquake
years mentioned in this study do not specifically refer to years
without earthquakes but to the time periods for comparison with
the earthquake periods.

4.1.1 Effect of hydrological signals

Because the GRACE observations also contain information on
hydrological changes in the Earth’s mass, it is necessary to remove
the hydrological anomalies and obtain information on the gravity
anomalies caused only by tectonic activities before using the
GRACE observations to study the gravity anomalies of earth-
quakes. To further illustrate the interference of hydrological infor-
mation with the seismic signal, gravity change maps have been
drawn showing the hydrological influence.

Figures 4a and 4b show the hydrological gravity distribution in
the three fault zones studied in this work, with hydrological gravity
values ranging from —1.21 to 1.30 and 0.70 to 6.27 pGal, respec-
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tively. The maximum hydrological gravity values within each
region during the earthquake month, with 6.27 uGal values in the
southern Himalayan Orogenic Belt region. However, Wang L et al.
(2012) and Matsuo and Heki (2011) pointed out that the maximum
gravity change caused by the largest earthquakes (M 9.2 Sumatra
earthquake in 2004 and the M 9.0 Tohoku-oki earthquake in 2011)
in the 21st century was approximately 10 pGal. Thus, this inconsis-
tency implies that the interference of hydrological signals cannot
be ignored in seismic research.

It can be further observed from the elliptical shapes in Figures 4c
and 4d that, by comparison with the original data, after removing
the hydrological signals, GRACE data were more stable during the
nonseismic period, whereas the gravity change amplitude
increased during the earthquake. For example, Figure 4c shows an
obvious step-shaped decline in gravity value after removing the
hydrological interference during the preseismic period. These bits
of evidence indicate that the gravity anomaly information related
to the tectonic activity of the fault zone is well highlighted after
filtering out the hydrological factors from GRACE data, which
further illustrates the importance of removing the hydrological
interference.

4.1.2 Spatiotemporal characteristics of pre-earthquake K Values in
the Longmenshan Fault Zone

Considering that the My 7.9 Wenchuan earthquake and three
aftershocks, namely, the My 6.1 Wenchuan earthquake, the
My 6.1 Qingchuan earthquake, and the My 6.0 Qingchuan earth-
quake, all occurred in the Longmenshan Fault Zone within 3
months, they are regarded as one earthquake sequence. Detailed
information on these four earthquakes is shown in Table 1. Figure
5 shows the variation curves of total gravity offset index values
(K> 0) and total gravity anomaly values (K > 3) in the Longmenshan
Fault Zone 2 years before the earthquake. We find that 3 months
before the Wenchuan earthquake, that is, half a year before the
earthquake sequence, the gravity offset index values and gravity
anomaly values in the fault zone both underwent a rapid increase
simultaneously, and they reached their maximum value in 2 years.
Therefore, it can be speculated that the tectonic activity in the
fault zone was particularly active from February to April in 2008.
To obtain the evolution law of gravity anomalies more clearly and
intuitively before the earthquake, we obtain the spatiotemporal
variations of the offset index K of the earthquake sequence that
occurred in the Longmenshan Fault Zone half a year before the
earthquake (Figure 6). The maximum K value is as high as 4.6,
marked by the blue box in Figure 6b. Further observation shows
that the number of high offset index values in Figures 6b and 6d is
greater than those in other periods and is the most obvious in
Figure 6b. Therefore, this result confirms the phenomenon that
the tectonic activity in the fault zone was particularly active
during the 3 months before the earthquake. For a better visual
effect of the spatiotemporal changes in gravity anomalies before
earthquakes, we specifically display the spatiotemporal distribu-
tion of K values greater than 3 in Figure 7.

Figure 7b shows that a large area of anomalies appears in the
middle and north sections of the Longmenshan Fault Zone at 1
and 3 months before the My 7.9 Wenchuan earthquake and its
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Figure 5. The variation curves of total gravity offset index values (K > 0) and total gravity anomaly values (K > 3) in the Longmenshan Fault Zone
2 years before the earthquake. The purple dotted line indicates the time of the My 7.9 Wenchuan earthquake.

two aftershocks (the My 6.1 Wenchuan earthquake and the My
6.1 Qingchuan earthquake), that is, 4—6 months before the My 6.0
Qingchuan earthquake, which is three times the area of the previ-
ous period (Figure 7a). This result shows that gravity anomalies

had occurred in the middle and northern sections of the Long-
menshan Fault Zone at this time. Combined with the fact that the
GRACE gravity variation values calculated in this study were posi-
tive during this period, it can be inferred that stress accumulation

Wang H et al.: Extracting preseismic gravity anomalies based on the maximum shear strain
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had occurred on the fault, with a large amount of strain energy
where the instability had reached a high level. Before this, only a
few anomalies occurred in the southern part of the Longmenshan
Fault Zone, as shown in Figure 7a. Note that the epicenters of the

earthquake sequence are all located in the area of the anomaly
mentioned above, among which the epicenters of the My 6.1 and
Mw 6.0 Qingchuan earthquakes are located within 50 km of the
maximum K value.
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Figure 7d shows the spatial distribution of gravity anomalies one
month after the My 7.9 Wenchuan earthquake. We find that obvi-
ous gravity anomalies occurred again in the Longmenshan Fault
Zone. In particular, high anomalies were distributed along the
strike of the fault zone and mostly gathered around the north of
the fault zone. According to the spatial distribution of gravity
anomalies in Figures 7d and 7e, it can be inferred that the main
tectonic activity zone of Longmenshan Fault Zone had moved
northward at this time. Coincidentally, the My 6.0 Qingchuan
earthquake verifies this conjecture well because it occurred at the
northeast end of the Longmenshan Fault Zone 2 months later. It
also indicates that compared with a single earthquake, the
spatiotemporal analysis of the earthquake sequence is able to
capture characteristics of the tectonic activity in the fault zone
more comprehensively. Figure 8 shows that during the same
period of nonearthquake years, the maximum K value on the
Longmenshan Fault Zone was only 2.8, implying that there was
no gravity anomaly.
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4.1.3 Spatiotemporal characteristics of pre-earthquake K values in
the Southern Himalayan Orogenic Belt

The Nepal earthquake sequence consists of six strong earthquakes
that occurred less than a month apart, as detailed in Table 1. In
this study, we also calculate total gravity offset index values and
total gravity anomaly values 2 years before the earthquake in the
southern Himalayan Orogenic Belt area. The results are shown in
Figure 9. We find that the gravity offset index values and gravity
anomaly values in the fault zone both appeared as phenomena of
significant increases 6 months before the earthquake, and they
reached a maximum during the period from 2013 to 2015. Figure
10 shows the spatial distribution of gravity offset index values in
the southern Himalayan Orogenic Belt 6 months before the earth-
quake. As can be seen from Figure 10, significant gravity changes
in the southern Himalayan Orogenic Belt occurred 3-6 months
before the Nepal earthquake sequence, and the maximum K value
was located approximately 50 km from the epicenter of the My
7.8 Nepal earthquake, as shown in Figures 10b and 10c.
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Figure 8. Spatiotemporal variation of the K values in the Longmenshan Fault Zone in nonearthquake years.
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Figure 11 shows the spatiotemporal distribution of gravity
anomalies whose K values are greater than 3. As shown in Figure
11b, a large area of anomalies appeared in the southern
Himalayan Orogenic Belt region 6 months before the My 7.8
Nepal earthquake. In particular, all these anomalous regions were
located around six epicenters, and they occupied almost one third
of the map area. The anomalies mentioned above indicate high
stresses around the six epicenter locations. Thus, it can be inferred
that the compression of the Indian Plate on the Tibetan Plateau
was significantly enhanced from October 2014 to January 2015
and that the tectonic activities on both sides of the fault zone
were extremely active. As can be seen in Figure 11f, multiple
anomalies appeared along the southern Himalayan Orogenic Belt
from March to May 2015, and the six epicenters of the Nepal
earthquake sequence were all at locations with high anomalies.
Considering that the gravity variation in GRACE data was positive
during this period, it can be inferred that stress accumulation had
been completed on the fault belt. However, the GRACE gravity
variation of the fault zone and its southern region were negative
when the earthquake happened, which suggests that the occur-
rence of the Nepal earthquake sequence was due to the fracture
of the fault zone after the stress had reached a critical value. As
shown in Figure 12, there were no gravity anomalies (the maximum
K value was only 2.6) in the southern Himalayan Orogeny during
the same period in nonearthquake years.

In sum, compared with a single earthquake, the seismic sequence
can better reveal the process of tectonic activity in the fault zone
before the earthquake. We find that before the earthquake, strong
tectonic activities usually occur in the fault zone, thus bringing
about the phenomenon of obvious stress concentration. Specifi-

cally, the distribution of the anomalies appeared along the fault
zone, and the maximum anomaly occurred approximately 50 km
from the epicenter half a year before the earthquake, suggesting
it may be a kind of earthquake precursor signal.

4.2 Spatiotemporal Characteristics of Pre-Earthquake K
Values at the Plate Scale

4.2.1 Wenchuan earthquake case

Figure 13a displays all K value changes in the first half year of the
Wenchuan earthquake, and Figures 13b and 13c show the
spatiotemporal distribution of K values greater than 3 in this
period. As can be seen in Figure 13a, the higher offset index K
values on the Tibetan Plateau show a characteristic congregating
distribution during the 6 months before the Wenchuan earth-
quake.

Figure 13b shows that from December 2007 to February 2008,
almost half a year to 3 months before the Wenchuan earthquake,
a wide range of NE-trending gravity anomalies first appeared in
the southern Tibetan Plateau. In addition, a large area of abnor-
malities appeared in the northwest part of the plateau. One
month later, the My 7.2 Yutian earthquake occurred in this region.
This was probably due to the materials on the plateau being
blocked by the Tarim Basin in the process of migrating northward
under the compression of the Indian Plate, causing a massive
accumulation of material in the northwestern plateau. That accu-
mulation allowed the stress to build up in this area, which eventu-
ally led to the occurrence of the Yutian earthquake.

At the same time, the theory of material eastward flow holds that
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Figure 12. Spatiotemporal variation of pre-earthquake K values in the southern Himalayan Orogenic Belt in nonseismic years.

since the collision between the Indian Plate and the Eurasian
Plate, material on the Tibetan Plateau has flowed from west to
east (Clark and Royden, 2000; Royden et al., 2008). Therefore, on
the basis of this theory, it is not difficult to infer that when the
material flows to the South China Block and is blocked by it, the
direction of migration changes to the southeast, resulting in the
accumulation of a large amount of material in the south of the
South China Block. This inference is consistent with the large area
of gravity anomalies that arose in the region during this time
period. As the northwest boundary of the South China Block, the
Longmenshan Fault Zone may have accumulated stress during

the eastward movement of the crustal material of the Tibetan
Plateau. This speculation can be confirmed by the occurrence of a
large number of gravity anomalies in the Longmenshan Fault
Zone 3 montbhs later, as shown in Figure 13c.

Figure 13c shows the distribution of gravity anomalies in the
study area during the 3 months before the Wenchuan earthquake.
We find that the large range of gravity anomalies in the Himalayan
Orogenic Belt is basically consistent with the trend of that moun-
tain range, accounting for about one quarter of the total number
of anomalies on the map. This result suggests that the plateau
continues to experience compressional stress from the Indian

Wang H et al.: Extracting preseismic gravity anomalies based on the maximum shear strain
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Plate. The My 7.2 Yutian earthquake occurred in the Altyn Fault
Zone as extrusion stress was transferred to the inner block of the
plateau. Xu XW et al. (2013) later confirmed that the crust rupture
zone produced by the Yutian earthquake was a tensile shear
rupture zone with both normal slip and left-lateral strike-slip
components and that its seismogenic fault belongs to the NE-
trending tensional tectonic zone at the southwest end of the
Altyn Tagh Fault. Combined with the GPS data (Gan WJ et al.,
2007), signs of the Bayan Har, Qaidam, and Qilian Blocks sliding
eastward were clear during the period of this earthquake. Because
the Longmenshan Fault Zone lies between these three blocks and
the South China Block, a large amount of stress accumulated in
the Longmenshan Fault Zone and its northwest side appeared
blocked because of the strong obstruction by the South China

Block, which provided the seismogenic conditions for the
Wenchuan earthquake one month later.

4.2.2 Nepal earthquake case

Figure 14a shows all changes in K values in the first half year
before the My 7.8 Nepal earthquake, whereas Figures 14b and 14c
display the spatiotemporal distribution of K values greater than 3
in this period. As shown in Figure 14a, the frequency of occurrence
of high offset index K values between 6 and 3 months before the
earthquake is significantly greater than that during the 3 months
before the earthquake. Moreover, through further analysis of the
high offset index K values, we find that between 6 and 3 months
before the earthquake, several high anomalies greater than 4
were centered at the epicenter and distributed along the fault

Wang H et al.: Extracting preseismic gravity anomalies based on the maximum shear strain
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zone in the Himalayan Orogenic Belt. Simultaneously, a large area total area of the Indian Plate and the Tibetan Plateau, respectively.
of gravity anomalies was also gathering on the south side of this

belt As shown in Figure 15, the red and blue lines represent the

change processes of R in the Tibetan Plateau and the Indian Plate,
The anomaly characterization method proposed in this study is respectively, 2 years before the earthquake. During the 2 years
based on the maximum shear strain. Although it can determine before the earthquake, the crustal mass density of the Indian Plate
well where the anomaly exists, it cannot directly judge whether was seen mainly to decrease, with the R value nearly always below
the abnormal region is due to stress extrusion or stress release. To 0.5, whereas between 6 and 3 months before the earthquake, the
this end, the variation in crustal mass density calculated based on area of mass density increased continuously, until it covered 53%
GRACE data is analyzed here to help determine whether the of the total area of the Indian Plate. Figure 16 is a visual presenta-

abnormal area is a stress compressive zone or stress release zone. tion of the changes in crustal mass density of the study area in
Generally, the crustal mass density increases in a compressive different time periods. As shown in Figure 16b, the mass density
zone and decreases in a tension zone. Therefore, to explore the increased on the southwest side of the Himalayan Orogenic Belt
characteristics of mass density variation in the seismogenic region from 6 to 3 months before the earthquake, indicating that this
2 years before the Nepal earthquake, we calculate the proportion, region was under a state of stress compression at this stage,

denoted as R, of the increased area of crustal mass density to the which made it possible to trigger the subsequent Nepal earth-
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(c) Distribution of gravity anomalies (K > 3) 1-3 months before the earthquake. The green closed curves indicate areas of significant anomalies.
The dotted blue arrows indicate the likely movement of material over the plateau. M = months.
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quake. Gravity anomalies can also be observed near multiple
faults on the Tibetan Plateau during this period. We speculated
that the Nepal earthquake was triggered as a result of the Indian
Plate pushing the Eurasian Plate where the Tibetan Plateau is
located and that the force was transmitted to the interior of the
plateau.

However, note that the area of gravity anomalies within the entire
study area was significantly reduced during the 3 months before
the earthquake, as shown in Figures 9 and 14c. This phenomenon
can also be observed in Figure 15. As indicated by the blue line
therein, the increasing area of crustal mass density within the
Indian Plate decreased significantly during the 3 months before
the earthquake. Instead, areas where mass density decreased
were expanding during this period. Judging from the red curved
segment in time period C in Figure 15, the material gradually
flowed out from the Himalayan Orogenic Belt and south, then
migrated into the interior of the Tibetan Plateau, under the
continuous northward pushing effect of the Indian Plate to the
Tibetan Plateau. As a result, the strain energy accumulated in the
Himalayan Orogenic Belt and its southern regions was gradually
released and the crustal mass density inside the Tibetan Plateau
was increasing. According to the meta-instability theory proposed
by Jin MA et al. (2012), the process of “stress accumulation and
then release” indicates that the boundary between the Indian
Plate and the Eurasian Plate had reached a state of instability
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during the 3 months before the earthquake. In the end, the Nepal
earthquake broke out with a rapid release of stress on the fault
zone. Moreover, Chen SY et al. (2020) utilized satellite remote
sensing land surface temperature products to analyze the rela-
tionship between the stress change before the Nepal earthquake
and the temperature response. They concluded that the observed
coseismic temperature decrease was qualitatively in accordance
with the coseismic stress drop on the upper side of the thrust
fault. Considering that these changes occurred before the earth-
quake, they may even have served as precursors to the Nepal
earthquake, further confirming the speculation above.

5. Discussion

5.1 Other Earthquake Cases

In this study, no filtering operation is carried out in the process of
calculating the maximum shear strain of gravity, which eventually
avoids the loss of higher order information in GRACE data. In addi-
tion, the maximum shear strain of gravity is calculated based on
the gravity gradient, which has a good suppression effect on the
striping noise (Wang L et al,, 2012; Li J et al., 2015; Dai CL et al.,
2016). In other words, the maximum shear strain of gravity can
effectively suppress noise without losing gravity information. To
further verify the effectiveness of the proposed method, four
commonly used GRACE data processing methods are used as
comparisons to comprehensively analyze the preseismic gravity
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anomaly extraction results obtained from multiple earthquake
cases. These comparison methods include three Gaussian filtering
methods with filter radii of 250, 300, and 500 km, respectively, and
one postprocessing method combining Gaussian filtering (with a
filter radius of 300 km) and a correlated-error filter.

The statistical results in Table 2 show that the proposed method
can extract pre-earthquake gravity anomaly information for all the
earthquake cases with a magnitude of 7.5 and above, whereas the
highest successful extraction rate among the comparison methods
is only 50%. For earthquake cases with a magnitude of 6 and
above, the highest successful extraction rate among the existing
methods is only 38.5%, whereas the proposed method is as high
as 61.5%, which is 1.6 times that of the existing methods. This
result fully demonstrates that the method of extracting gravity
anomalies before an earthquake without filtering can greatly
improve the sensitivity of gravity anomaly information. In addi-
tion, it can be concluded that Gaussian filtering with a filtering
radius of 500 km will cause the loss of seismic signals in GRACE
data, which is basically consistent with the results of Sun WK et al.
(2011) and Zhao Q et al. (2015). In conclusion, the method
presented in this article can extract the pre-earthquake gravity
anomaly information well for large earthquakes with a magnitude
of 7.5 or above.

5.2 Interplate Tectonic Activity
Some scholars believe that tectonic plate movements and the

interactions between plates are the main factors contributing to
seismic development and occurrence (Keilis, 1990; Zhang PZ et al.,
2003; Zhang GM, 2005; Ismail-Zadeh et al., 2007). And according
to Equation (11), when the magnitude is 8, the radius of the seis-
mogenic zone is more than 2700 km, whereas when the magnitude
is 9, the radius of the seismogenic zone can increase to more than
7000 km. Therefore, the gravity variation in the Tibetan Plateau
and the Indian Plate, 3000 km or less away from the Sunda
Subplate, can be inferred to have been abnormal during the 6
months before the famous My 9.1 Sumatra earthquake occurred
on the Sunda Subplate in 2004. To confirm this hypothesis, we
take the occurrence of large earthquakes as the observed time
node and investigate the temporal synchronization of pre-earth-
quake gravity anomalies between the Tibetan Plateau and its
adjacent plates, such as the Indian Plate and the Sunda Subplate,
as shown in Figure 17.For this reason, this study draws the variation
curve of total K values for all pixels in the regions of the Tibetan
Plateau, Indian Plate, and Sunda Subplate, respectively, from 2003
to 2016. The results are illustrated in Figure 18. As marked by the
red circles, 6 months before the Nepal earthquake occurred at the
boundary between the Tibetan Plateau and the Indian Plate, K
values on the Tibetan Plateau, Indian Plate, and Sunda Subplate
all underwent a rapid increase simultaneously and soon reached
their maximum values. Furthermore, 3 months prior to the My 9.1
Sumatra earthquake that occurred in the Sunda Subplate,
synchronous and remarkable increases in K values were observed

Table 2. Pre-earthquake gravity anomaly extraction results of the proposed method and existing mainstream methods.

Preseismic gravity values based on existing methods

D Event K values Gaussian filter Gaussian filter Gaussian filter (R = 300 km) + Gaussian filter
(R =250 km) (R=300km) correlated-error filter (R =500km)
Al T? A T A T A T A T
1 Wenchuan My, 7.9 Y 1-3 N N N N
2 Sichuan My 6.1 Y From-1to 1 N N N N
3 Sichuan-Gansu My 6.1 Y 1-3 N N N N
4 Qingchuan My 6.0 Y 5-7 N N N N
5 Xizang My 6.1 N N N N N
6 Yutian My 7.2 N N N N N
7 Yutian My 6.2 N N N N N
8 Yutian My 6.9 Y 3-5 N N N N
9 Nepal My, 7.8 Y 3-6 Y 3 Y 3 Y 3 N
10 Nepal My 6.6 Y 3-6 Y 3 Y 3 Y 3 N
1 Nepal My, 6.1 Y 9-11 Y 3 Y 3 Y 3 N
12 Nepal My 7.3 N N Y 3 Y 3 N
13 Nepal My, 6.3 N N Y 3 Y 3 N
8Y5N 3Y10N 5Y8N 5Y8N OY13N
100% Y 50% Y 50% Y 50% Y 0% Y
(for My > 7.5) (for My > 7.5) (for My > 7.5) (for My > 7.5) (for My > 7.5)
61.5%Y 23.1%Y 385%Y 385%Y 0%Y
(for My > 6) (for My > 6) (for My > 6) (for My > 6) (for My > 6)

A, anomaly. The presence (Y) or absence (N) of gravity anomalies in the time series is determined.
2T, time. The unit of time is a month, and the occurrence time of the earthquake is the origin time. A positive number indicates before the earthquake,
and a negative number indicates after the earthquake. For example, from —1 to 1 indicates one month before and one month after the earthquake.
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Sumatra earthquake.

in the Tibetan Plateau, Indian Plate, and Sunda Subplate, and all
reached their maxima during the period from 2003 to 2014, as
expressed by the blue circle in Figure 18.

In sum, it can be supposed that a strong correlation of tectonic
activities exists between adjacent plates, based on the fact that
gravity anomalies on adjacent plates were synchronized before
large earthquakes. Moreover, it confirms that the Nepal and
Sumatra earthquakes may be related to the enhanced interactions
between the Tibetan Plateau, Indian Plate, and Sunda Subplate.

6. Conclusions

The GRACE system is widely used in earthquake monitoring
because of its great ability to detect changes in the seismic gravi-
tational field. In this study, we propose a method of extracting the
pre-earthquake gravity anomaly information based on the maxi-
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mum shear strain. Exploratory experiments are carried out on the
Tibetan Plateau and the surrounding areas, located among the
Pacific, Indian, and Eurasian Plates, with the highest altitude, most
complex topography, and most frequent strong earthquakes. Ulti-
mately, the spatiotemporal characteristics of gravity anomalies
before the Wenchuan earthquake and Nepal earthquake are thor-
oughly analyzed, and the main conclusions can be summarized as
follows:

(1) At the observation scale of the tectonic fault zone, we find that
gravity anomalies of large areas occurred nearby the epicenter
many times about half a year before the earthquake and that
these anomalies were distributed along the fault zone. At the
observation scale of the plate, we find that when an earthquake
occurred on the Tibetan Plateau, a large number of gravity
anomalies also appeared at the boundary of the Tibetan Plateau
and the Indian Plate. Conversely, unlike the gravity anomalies of
large areas appearing in the preseismic period, no obvious gravity
anomalies appeared during the nonseismic period, no matter
whether at the plate or fault zone scale. This finding indicates that
the tectonic activities in intraplate and interplate regions before
an earthquake were more active than those in the nonseismic
period.

(2) Because the maximum shear strain is calculated by using the
second-order gradient of the disturbance potential, the proposed
method can effectively suppress the stripe noise from GRACE
data, thus greatly increasing the sensitivity of detecting pre-seismic
gravity anomalies. Therefore, it becomes possible to detect the
pre-seismic gravity anomalies of earthquakes with magnitudes of
less than 8, such as the Wenchuan earthquake and the Nepal
earthquake. In general, this study provides new ideas for applying
gravity satellite data to earthquake monitoring research.
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