& emote sensing

Article

Evaluation of GRACE/GRACE Follow-On Time-Variable
Gravity Field Models for Earthquake Detection above Mw8.0s
in Spectral Domain

Ming Xu !, Xiaoyun Wan %*, Runjing Chen 3, Yunlong Wu *

check for

updates
Citation: Xu, M.; Wan, X.; Chen, R.;
Wu, Y.; Wang, W. Evaluation of
GRACE/GRACE Follow-On
Time-Variable Gravity Field Models
for Earthquake Detection above
Mw8.0s in Spectral Domain. Remote
Sens. 2021, 13, 3075. https://doi.org/
10.3390/rs13163075

Academic Editor:

Guillaume Ramillien

Received: 6 July 2021
Accepted: 3 August 2021
Published: 5 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Wenbing Wang 2

School of Land Science and Technology, China University of Geosciences (Beijing), Beijing 100083, China;
xuming19@cugb.edu.cn

Technology and Engineering Centre for Space Utilization, Chinese Academy of Sciences,

Beijing 100083, China; wangwenbin@csu.ac.cn

School of Computer and Information Engineering, Xiamen University of Technology, Xiamen 361024, China;
chenrj@xmut.edu.cn

Key Laboratory of Earthquake Geodesy, Institute of Seismology, China Earthquake Administration,

Wuhan 430071, China; ylwu@eghb.gov.cn

*  Correspondence: wanxy@cugb.edu.cn

Abstract: This study compares the Gravity Recovery And Climate Experiment (GRACE)/GRACE
Follow-On (GFO) errors with the coseismic gravity variations generated by earthquakes above
Mw8.0s that occurred during April 2002~June 2017 and evaluates the influence of monthly model
errors on the coseismic signal detection. The results show that the precision of GFO monthly models
is approximately 38% higher than that of the GRACE monthly model and all the detected earthquakes
have signal-to-noise ratio (SNR) larger than 1.8. The study concludes that the precision of the time-
variable gravity fields should be improved by at least one order in order to detect all the coseismic
gravity signals of earthquakes with M > 8.0. By comparing the spectral intensity distribution of
the GFO stack errors and the 2019 Mw8.0 Peru earthquake, it is found that the precision of the
current GFO monthly model meets the requirement to detect the coseismic signal of the earthquake.
However, due to the limited time length of the observations and the interference of the hydrological
signal, the coseismic signals are, in practice, difficult to extract currently.

Keywords: coseismic gravity change; degree variance; earthquake; GRACE; monthly time-variable
field model

1. Introduction

Since the launch of the Gravity Recovery And Climate Experiment (GRACE) satellite
in 2002, gravity field models recovered from GRACE observations have been widely used
in the research fields of global water cycle and land water storage change [1], global sea
level change and ice sheet mass balance [2—-4]. GRACE can detect the gravity changes
generated by large mass migration within the Earth’s system, and thus GRACE global
time-variable gravity field data are also widely used in seismological research.

Sun and Okubo [5] pointed out that the 1964 Mw9.2 Alaska earthquake caused a geoid
height change with a magnitude of 1.5 cm, which could be detected by the gravity satellite
mission. By simulating GRACE’s precision, Gross and Chao [6] showed that GRACE could
potentially detect the global gravitational field change caused by the 1960 Mw9.5 Chile
and 1964 Mw9.2 Alaska earthquakes. Mikhailov et al. [7] indicated that the precision
of the GGM-01S model is sufficient to detect the gravity field changes generated by the
1964 Mw9.2 Alaska earthquake, and if the model accuracy is improved by two orders of
magnitude, the coseismic gravity signal caused by the 2003 Mw8.2 Hokkaido earthquake
can be detected. Sun and Okubo [8] concluded that GRACE can detect coseismic gravity
signals generated by earthquakes with magnitude above Mw 7.5 for tensile sources or
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above Mw 9.0 for shear sources by studying different independent dislocation sources,
which was verified by the 2004 Mw9.1 Sumatra—Andaman earthquake [9,10].

In follow-up studies, coseismic gravity changes caused by the 2005 Mw8.6 Nias [11],
2010 Mw8.8 Maule [12-14], 2011 Mw?9.0 Tohoku [15,16], 2007 Mw8.4 Bengkulu [17,18],
2012 Mw8.6 Indian Ocean [19] and 2013 Mw#8.3 Okhotsk [20,21] earthquakes were detected,
among which the 2007 Mw8.4 Bengkulu and 2013 Mw8.3 Okhotsk earthquakes were below
Mw8.5. Chao et al. [22] analyzed the time-variable gravity signals during the GRACE
mission by using the empirical orthogonal function (EOF) method, and summarized seven
earthquakes with large coseismic gravity changes that had been detected by GRACE. The
spatial distribution and amplitude of coseismic changes were generally consistent with the
coseismic jump obtained by the least-squares method.

De Viron et al. [23] simulated nearly 2000 earthquakes with different source mecha-
nisms and locations around the world by the EOF method. The results show that with the
accuracy and resolution of the current GRACE, the possibility of retrieving signals of earth-
quakes exceeds 98% and 33% for earthquakes with magnitude above 9.0 and magnitude
8.3, respectively. Cambiotti et al. [24] simulated 291 coseismic and postseismic signals from
different earthquake sources and concluded that the next generation of gravity satellite
(NGGM) can detect the coseismic and postseismic signals of earthquakes with magnitude
above 7.8, and the magnitude threshold can be reduced to 7.0 if the background model has
high precision.

During the course of the GRACE mission, i.e., from April 2002 to June 2017, a total
of 19 earthquake events with magnitude above 8.0 occurred. However, only seven of
them were detected during the flight period of GRACE [22]. Since all these earthquakes
generated mass variations, the question is why more than 10 earthquakes failed to be
detected and how accurate the monthly gravity field model should be in order to de-
tect all the earthquakes above Mw8.0. In order to answer these questions, this study
compares the coseismic gravity changes of earthquakes with magnitude above Mw8.0
and GRACE/GRACE Follow-On (GFO) monthly gravity field model errors in the spec-
tral domain. It further discusses the precision requirement of the monthly time-variable
field model for detecting the coseismic gravity changes of earthquakes with magnitudes
above Mw8.0.

2. Model and Method
2.1. Coseismic Dislocation Model

This study evaluates the coseismic changes using a half-space layered dislocation
model by adopting the PSGRN/PSCMP algorithm developed by Wang et al. [25]. The
input for the calculation includes the Earth layered model and seismic slip model. The
Earth layered model is a group of physical parameters that describe the crustal and upper
mantle layered information and can be found in CRUST2.0 [26]. The seismic slip model
consists of several sub-blocks describing the fault rupture surface.

The PSGRN/PSCMP program predicts the gravity changes at the “observation points”
on the deformed Earth’s surface, while the GRACE observations are given at the “space-
fixed points” [27]. Therefore, free-air reduction is conducted to convert the model-predicted
results into those at the “space-fixed points” [28] to ensure that the positions of the predicted
values are consistent with the GRACE observations. The seawater compensation effect is
non-negligible [12,29], and is quantified with the predicted coseismic vertical displacements
and the land—-ocean mask data over the region. The spherical harmonic (SH) coefficients
can be obtained as follows:

a? f(6,7) —
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where do = sinfdfdo; G is the gravitational constant; M is the mass of the Earth; a is the
mean radius of the Earth; (0, A) are the gravity signals predicted by the model; 6, A are
the latitude and longitude, respectively; Pj,, is a fully normalized Legendre function.

The model prediction values are only given in the near-field of the earthquake region
and the earthquake signals are mainly in local areas. Therefore, we use Equation (3) to
calculate the gravity variation of each degree in the earthquake area (in size of 20° x 20°
around the epicenter) and the point interval is 0.2° in both latitude and longitude directions:

l
¢1(6,1) = C;—]2\/[(1 +1) Y (Cpyy cos mA + Sy, sin mA) - Py (cos 6) (3)

The degree variance (i.e., the power spectral density) of earthquake gravity signals is
evaluated as follows:

@)
where k is the total number of sub-grids in the calculation area.

2.2. GRACE Time-Variable Gravity Field Model Error

In the released GRACE monthly model products, the standard deviation (std) errors
of each coefficient of the model are all given. Hence, the corresponding gravity error at
a point (6, A), denoted as 6g(6, A), can be obtained based on the error propagation law
as Equation (5) [30]. It is worth mentioning that this result is a formal error and may
overestimate the accuracy of GRACE to a certain extent [31]:

9g(0,1) = S - {ﬁz (1+1)%- (W) ﬁo [cos?(mA) - 6C3, +sin?(mA) - 657, ] - [m(cose)f}z (5)
= m=

where W, is the Gaussian smoothing factor; 6Cp,,, and 65y, are the error stds of SH coeffi-

cients; / and m are the degree and order, respectively; N is the maximum degree.

In order to suppress the interference of stripe noise and annual and semiannual
periodic signals, and to weaken the influence of random error, the stacking method is
usually used to detect the coseismic jump [10]. Considering the influence of the postseismic
signal, the two-year mean field before and after the earthquake is used in the stacking
method. The error of the results extracted by the stacking method based on the error
propagation law can be obtained as follows:

5gs = jE 63 6)

where Jg; is the error of the stacking method in the spatial domain; J3g is the average error
of the GRACE monthly model; k is the total number of monthly models before and after
an earthquake.

The degree variance of gravity errors is calculated as follows [32]:

So2 =
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The error of the stacking method based on the error propagation law can be obtained
as follows:

m=0
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where 8¢, is the error of the stacking method in the spectral domain; 6C;,,, and 45y, are the
average error std of SH coefficients of the monthly model.

3. Data
3.1. Fault Slip Models

In this paper, the Earth layered model and seismic slip model were used to calculate the
coseismic gravity changes of dislocation model prediction. Due to differences in both the
data sources and inversion methods used for deriving seismic fault slip models, significant
differences exist among the fault slip models [14,33]. We selected the fault slip models with
relatively high reliability for earthquakes, i.e., the 2004 Mw9.1 Sumatra—Andaman fault
slip model provided by Han et al. [9], the 2011 Mw9.0 Tohoku fault slip model released
by Caltech [34], and remaining fault slip models released by the United States Geological
Survey (USGS).

3.2. GRACE Data

The GRACE and GFO level-2 RL06 monthly time-variable field models used in this
study are provided by the Center for Space Research (CSR), with a maximum degree
and order of 96. The data length is 163 months for GRACE data, i.e., from April 2002 to
June 2017, and 24 months for GFO data i.e., from June 2018 to July 2020. During data
preprocessing, the degree 2 order 0 (C20) coefficients are replaced by Satellite Laser Ranging
(SLR) observations [35]; thus, the C20 errors should also be replaced by SLR observation
errors. To suppress the stripe noise, a 300 km Gaussian filter was used to process the SH
coefficients [32]. In some previous studies, the decorrelation filter is also used to reduce
the north—south strips in GRACE observations [10,14,18,21]. However, the signal may also
be attenuated or distorted by using the decorrelation filter [36,37]; thus, the decorrelation
filter is not applied in this study.

4. Results and Analysis
4.1. The Error of Monthly Time-Variable Field Models

Truncating SH coefficients to degree and order 60 and processing the coefficients
with the Gaussian filter, the global error distribution of each month model was derived by
Equation (5). Figure 1 shows the global average and standard deviation of the error of each
monthly model. According to this figure, the data of September 2004, July 2012 and Febru-
ary 2015 exceed the average error by two times of the mean error std (1.93 uGal). Therefore,
the data in these months were removed in order to remove the possible gross errors.

10 T T T T
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Figure 1. Global mean and standard deviation of monthly time-variable gravity field model errors.

Figure 2 shows the average global error distribution of GRACE monthly models. The
errors are distributed symmetrically in the north and south, are greater in low-latitude ar-
eas and decrease with increasing latitude. The amplitude ranges from 0.33~0.98 uGal
and 0.21~0.61 pGal in the GRACE and GFO results, respectively. The gray dots in
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Figures 2 and 3 are the locations of the earthquakes above Mw8.0 during the GRACE
mission. It is found that these earthquakes occurred in areas with latitudes of —45°~45°,
where the average error of GRACE and GFO is 0.76 uGal and 0.47 uGal, respectively. The
precision of the GFO monthly model is around 38% higher than that of GRACE.

40°S|. @

180° 120°W  80°W 0° 60°E 120°E 180°
0 0.25 0.5 0.75 1
uGal

Figure 2. Global average error distribution of GRACE monthly time-variable gravity field model.
The gray dots represent the locations of the earthquakes above Mw8.0 during GRACE mission, and
the “beach balls” from global CMT catalog.

pGal pGal

Figure 3. Global error distribution of stacking method in monthly models of GRACE (a) and GFO
(b), respectively.

It should be noted that the coseismic gravity change extracted by the stacking method
is the mean field before and after the earthquake, and thus contains the postseismic signal.
With an increase in the data length in the stacking method, the influence of the monthly
model error for coseismic gravity signal detection decreases. However, if the data length is
too long in the stacking method, the postseismic effect would be great. Since the influence
of the postseismic effect on the coseismic signal is different, the influence of the postseismic
effect extracted by the stacking method would also be different. For example, GRACE can
detect the significant postseismic signals caused by the Kuril earthquakes in 2006 and 2007,
but cannot detect their coseismic changes [38]. Chile is still affected by the postseismic effect
of the 2010 Mw8.8 Maule earthquake, but the influence of the postseismic effect within
3 years after the earthquake is smaller than the coseismic signal [39]. Considering the
coseismic and postseismic effects, the mean field of 2 years before and after the earthquake
is used to detect the seismic signal in this study.

Taking the average error of the GRACE monthly model (as shown in Figure 2) as the
monthly model error, Figure 3 shows the GRACE and GFO error distribution derived by
the stacking method, i.e., from Equation (6). According to Figure 3, for the error of GRACE
and GFO, the amplitude is in the range of 0.10~0.28 uGal and 0.06~0.18 pGal, and the
average error is 0.22 pGal and 0.14 pGal in latitudinal regions of —45°~45°, respectively.
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The PSGRN/PSCMP program was used to derive the coseismic gravity changes of
earthquakes above Mw8.0 during the GRACE mission. The SH coefficients were truncated
to degree and order 60 and a 300 km Gaussian filter was used to smooth the signals, which
ensured that the resolution of the results was consistent with the GRACE monthly model.
Table 1 shows the statistics of the coseismic gravity predictions calculated by the dislocation
model, and the GRACE observations by the stacking method. According to Table 1, the
coseismic signal of the 2005 Mw8.6 Nias earthquake cannot be clearly extracted by the
stacking method. This is because the epicenters of the 2004 Mw9.1 Sumatra—Andaman and
2005 Nias events are less than 200 km away, and the time interval is only three months.
However, using wavelet analysis or the EOF method, the signal of the 2005 Mw8.6 Nias
event can be extracted [11,22]. Approximately 13 h after the occurrence of the 2007 Mw8.4
Bengkulu event, an aftershock of Mw7.9 occurred on the northeastern edge of the fault
of the Mw8.4 event. The above two events must be included in the comparison of model
prediction [18], because the coseismic prediction amplitude of Mw?7.9 is larger than 10% of
Mw8.4. The Mw8.2 event occurred less than 2 h after the 2012 Mw8.6 Indian Ocean event,
and thus these two earthquakes could be detected by GRACE simultaneously, and the
Table 1 does not present the model prediction of Mw8.2 because USGS has not published
the slip fault model. This is the main reason for the difference between the prediction and
observation of the 2012 Mw8.6 Indian Ocean event (—1.86~+1.85 vs. —3.08~+6.34 uGal).
Considering that the effect of the Earth’s curvature on a strike slip source with a depth
of 600 km constitutes 20% of the surface coseismic change [40], the 2013 Mw8.3 Okhotsk
coseismic gravity change was derived by the spherical dislocation model [21].

Table 1. Statistics of the model-predicted and GRACE-observed coseismic gravity changes of earth-
quakes above Mw8.0 during GRACE mission and monthly model errors (unit: pGal).

. .. GRACE Removed
Model Predictions Observations GLADS
2003 Mw38.2 Hokkaido —0.75~+0.44 - -
2004 Mw8.1 Macquarie —0.27~+0.30 - -
2004 Mw9.1 Sumatra—Andaman —14.00~+3.73 —13.59~+7.45 —13.59~+7.44
2005 Mw38.6 Nias —1.49~+1.24 - -
2006 Mw8.0 Tonga —0.28~+0.41 - -
2006 Mw8.3 Kuril —0.74~+0.09 - -
2007 Mw38.1 Solomon —0.36~+0.11 - -
2007 Mw8.0 Peru —0.49~+0.16 - -
2007 Mw8.1 Kuril —0.13~+0.31 - -
2007 Mw8.4+Mw?7.9 Bengkulu —1.76~+1.08 —2.04~+1.67 —2.12~+1.56
2009 Mw8.1 Samoa —0.16~+0.20 - -
2010 Mw8.8 Maule —5.22~+1.41 —6.13~+1.73 —5.77~+1.70
2011 Mw?9.0 Tohoku —10.99~+3.62 —7.86~+4.60 —7.85~+4.56
2012 Mw8.6 Indian Ocean —1.86~+1.85 —3.08~+6.34 —3.17~+6.34
2013 Mw38.0 Solomon —0.23~+0.20 - -
2013 Mw8.3 Okhotsk —1.10~+0.601 —1.07~+0.89 —0.96~+0.90
2014 Mw8.2 Iquique —0.54~+0.18 - -
2015 Mw8.3 Illapel —0.85~+0.02 - -
GRACE mean error - 0.33~0.98 -
GRACE stack error - 0.10~0.28 -
GFO stack error - 0.06~0.18 -

1 This result is from Zhang et al. [21].

Table 1 also shows the peak-to-peak ranges of GRACE observation after removing
the Global Land Data Assimilation System (GLDAS) hydrological model. It can be found
that the hydrologic correction of the 2010 Mw8.8 Maule event is larger than that of other
earthquakes and closer to the model-predicted result (—6.13~+1.73 vs. —5.77~+1.70 uGal),
which indicates that hydrologic factors may have a greater influence on earthquakes near
the mainland than the islands.
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The model predictions of amplitudes of the seven detected earthquakes [22] are
essentially 1.5 times larger than the average error of the GRACE monthly model (0.76 pGal),
and the coseismic prediction amplitudes of 2003 Mw8.2 Hokkaido, 2006 Mw8.3 Kuril and
2015 Mw8.3 Illapel are equivalent to the average error. Although the amplitude of coseismic
prediction of other earthquakes is essentially larger than the error of the stacking method
(0.22 pGal), the coseismic gravity signal of related earthquakes has not been extracted from
GRACE observations. This may be due to the north-south striping error or the interference
of hydrological and interannual signals, and the calibration error of the monthly models
overestimates the accuracy of the model to a certain extent [31]. In order to further evaluate
the ability of time-variable gravity field models for coseismic gravity change detection,
this study adopted the signal-to-noise ratio (SNR) as the index to analyze the coseismic
gravity signals. This is because the signals can be detected only when the SNR reaches a
certain threshold.

4.2. Comparison in Spectral Domain

Coseismic gravity variations of earthquakes above Mw8.0 were derived by the method
introduced in Section 2.1, and then further expanded to SH coefficients up to degree 60.
Figure 4 shows the distributions of model prediction and GRACE model errors in terms of
degree. The red solid line is the GRACE stack error curve calculated by the average error
stds of GRACE RL06 163 monthly models based on the error propagation law, while the
magenta solid line is the GFO stack error curve calculated by GFO 24 monthly models.
The other lines are the degree variance distribution curves of signals of earthquakes
above Mw8.0.

10°
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2010 Mw8.8 Maule - - 2003 Mw8 .2 Hokkaido
1otk 2012 Mw8.6 Sumatra — Other earthquakes
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Spherical Harmonic Degree

Figure 4. Degree amplitude spectra for GRACE/GFO stack error and model-predicted coseismic
gravity of earthquakes above Mw8.0 during GRACE mission.

According to Figure 4, the amplitude distribution of degree variances of 2004 Mw?9.1
Sumatra—Andaman (green solid line) and 2011 Mw9.0 Tohoku (cyan solid line) are one
order of magnitude larger than the GRACE stack error (red solid line) less than degree 30,
and essentially in the same order of magnitude after degree 60. This indicates that GRACE
was able to detect the above two earthquakes [10,15]. The magnitude of 2010 Mw8.8 Maule
(yellow solid line) is larger than the magnitude with the GRACE stack error less than degree
40, and that of 2012 Mw8.6 Indian Ocean (green dotted line) is larger than the GRACE
stack error less than degree 30. The amplitude distribution of the 2012 Indian Ocean event
should be stronger than that in Figure 4, since this event was in fact Mw8.6 + Mw8.2 and
the equivalent magnitude of the two events would be Mw8.7. Therefore, GRACE is able
to detect the 2010 Maule and 2012 Indian Ocean events [14,19]. In the first 20 degrees,
the coseismic degree variances of 2005 Mw8.6 Nias (cyan dotted line) and 2007 Mw8.4
Bengkulu (yellow dotted line) are larger than the errors of the stacking method, and they
have the same order of magnitude as the stack error in the first 40 degrees, which is
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consistent with Han et al. [17]. This means that it is possible to detect the coseismic signals
of these two earthquakes by improving the SNR. For example, Panet et al. [11] extracted
the coseismic signal of 2005 Mw8.6 Nias by wavelet analysis; Zheng et al. [18] extracted
the 2007 Mw8.4 Bengkulu signal by the time series analysis method; and Chao et al. [22]
extracted the coseismic signals of the above two earthquakes by using the EOF method.

The amplitude distribution of degree variances of 2015 Mw8.3 Illapel (blue solid line)
is similar to that of 2005 Mw8.6 Nias and 2007 Mw8.4 Bengkulu in the first 15 degrees,
whereas the spectral amplitude is reduced by half an order of magnitude after degree 15,
which leads to the failure of the detection of this earthquake. The spectral amplitude of
other events is apparently smaller than the GRACE stack error, so it is difficult to detect the
corresponding signals in practice. Note that the results of the 2003 Mw8.2 Hokkaido event
show almost the same characteristics as those given by Sun and Okubo [8].

The method of truncation and spatial filtering is used to improve the SNR due to
the low SNR of the high-degree part of the gravity field models, and 300 km Gaussian
filtering is conducted to smooth the coseismic signals and model errors. Figure 5 depicts
the amplitude distribution of cumulative degree variances and with a 300 km Gaussian
filter. The cumulative degree amplitude spectra of earthquakes detected in practice are
within degree 60 (i.e., 2004 Mw9.1 Sumatra—Andaman, 2005 Mw8.6 Nias, 2007 Mw8.4
Bengkulu, 2010 Mw8.8 Maule, 2011 Mw9.0 Tohoku and 2012 Mw8.6 Indian Ocean), in
which the coseismic signals are clearly greater than the GRACE stack errors. The 2003
Mw8.2 Hokkaido, 2006 Mw8.3 Kuril and 2015 Mw8.3 Illapel events are close to the GRACE
stack errors at the 60th degree, and the other earthquakes are nearly half an order of
magnitude smaller than the stack errors. Therefore, the precision of the GRACE monthly
model needs to be improved by one order of magnitude in order to detect earthquake
events above Mw8.0 without considering the influence of other factors.

1D1§ T T T T

10 -

=
2
T

Gravity Anomaly (pGal)
=
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T

2004 Mw9.3 Sumatra —2015 Mw8.3 lllapel

10°E 2011 Mw9.1 Tohoku - - 2006 Mw8.3 Kurll E
2010 Mw8.8 Maule - - 2003 Mw8.2 Hokkaido
2012 Mw8.6 Sumatra —OCther earthquakes 1
10% 2005 Mw8.6 Nias — GRACE stack error 4
2007 Mw8.4 Bengkulu — GFO stack error 3
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Spherical Harmonic Degree

Figure 5. Cumulative degree amplitude spectra for GRACE/GFO stack errors and model-predicted
coseismic gravity of earthquakes above Mw8.0 during GRACE mission.

The cumulative degree variance amplitudes of the 2004 Mw9.1 Sumatra—Andaman,
2010 Mw8.8 Maule, 2011 Mw9.0 Tohoku and 2012 Mw8.6 Indian Ocean earthquakes
are significantly greater than the errors of the stacking method at degree 60, and other
earthquakes are equal to or smaller than the errors. In order to further compare the
magnitudes between other coseismic signals and GRACE errors, the ratios of the model
predictions to the cumulative stack errors (i.e., SNR) in the spectral domain are derived
as shown in Figure 6a. Please note that the SNRs of the 2004 Mw9.1 Sumatra—Andaman,
2010 Mw8.8 Maule, 2011 Mw9.0 Tohoku and 2012 Mw8.6 Indian Ocean earthquakes are not
presented in Figure 6a, because the values of these earthquakes are significantly larger than
those of other earthquakes. According to this figure, the high SNR of coseismic changes is
mainly distributed in the low degrees, and the distribution and peak position of SNR for
different earthquakes are different due to the differences in the source mechanism. The
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2005 Mw8.6 Nias and 2007 Mw8.4 Bengkulu earthquakes have obviously higher SNR than
other earthquakes in Figure 6a. Among the detected earthquakes, the SNR of 2005 Mw8.6
Nias is the smallest. However, it arrives at 1.86 at degree 60, but other earthquakes that
have not been detected so far all have an SNR less than or close to 1. It should be noted that,
although the SNRs of 2015 Mw8.3 Illapel, 2006 Mw8.3 Kuril and 2003 Mw8.2 Hokkaido
earthquakes are all approximately 1, it is difficult to detect the coseismic signals using
GRACE time-variable products. This may be caused by the influences of other factors,
such as strip errors, hydrological signals, etc., which will be discussed in the next section.
Hence, considering the influences of other factors, in order to detect earthquake signals
using GRACE products, the SNR needs to be larger than 1 up to degree 60, such as 1.8.
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Figure 6. Ratio of the model-predicted coseismic gravity changes to cumulative stack errors of
GRACE (a)/GFO (b) in spectral domain, respectively.

Assuming that the discussed earthquakes occurred during the GFO mission, Figure 6b
shows the SNR for the GFO stacking method. The SNR of GFO is clearly higher than that of
GRACE (shown in Figure 6a). For example, the SNRs of 2005 Mw8.6 Nias and 2007 Mw#8.4
Bengkulu are both around 3.1 at degree 60, and the SNRs of 2015 Mw#8.3 Illapel, 2006 Mw8.3
Kuril and 2003 Mw8.2 Hokkaido are 1.61, 1.52 and 1.57 at degree 60, respectively. This
means that GFO can detect more earthquake gravity variations than GRACE without
considering the influence of other factors.

5. Discussion
5.1. Other Factors on Extraction of Coseismic Signals

The error sources in the extraction of coseismic signals are not only the monthly
time-variable gravity field model errors, but also the influence of other factors, such as
strip errors, hydrological signals, differences in slip fault models, influences of other
earthquakes, etc.

5.1.1. Strip Errors

Figure 7 shows the global gravity changes from GRACE observations by the stacking
method between the mean signals of 2011 + 2012 and 2009 + 2010. Figure 7a presents the
results without any filter and shows obvious “north-south strip” error due to the correlated
errors of SH coefficients. As shown in Figure 7b, the strip error was effectively suppressed
with 300 km Gaussian smoothing. It should be noted that if a decorrelation filter is also
used, the strip error could be better suppressed [28]. However, the signal would also be
attenuated or distorted [36,37], and thus a decorrelation filter is not applied in this study.

Although the 300 km Gaussian filter is applied, there is still a weak “north—south strip”
error (~0.6 uGal). Figure 8a,c show the dislocation model predictions of the 2006 Mw8.0
Tonga and 2007 Mw8.0 Peru fault models, with ranges of —0.28~+0.41 and —0.49~+0.16 pGal,
respectively. Compared with the predictions, we can see “similar signals” from GRACE
observations (such as the white circles in Figure 8b,d). However, the magnitude of pre-
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dictions is relatively small and the “signal” amplitude is similar to the nearby strip errors.
Therefore, it is difficult to derive the “signal” caused by the 2006 Mw#8.0 Tonga and 2007
Mw8.0 Peru earthquakes due to the strip errors. It should also be noted that the magnitude
of the strip error, i.e., 0.6 nGal, is close to the magnitude of the mean error of GRACE
(see Table 1). This may be the reason that the smallest SNR of the detected earthquakes

is around 2.
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Figure 7. GRACE global gravity changes between the mean of 2011+2012 and 2009+2010. (a) Without

any filter; (b) With 300 km Gaussian smoothing.
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Figure 8. Coseismic gravity change in the 2006 Mw8.0 Tonga and 2007 Mw8.0 Peru earthquake
region, respectively. (a) The dislocation model prediction of 2006 Mw8.0 Tonga. (b) Coseismic
gravity changes by stacking method in the 2006 Mw8.0 Tonga region. (c) The prediction of 2007
Mw8.0 Peru. (d) Coseismic gravity changes in Peru region. The white dotted lines represent “similar

coseismic signals”.
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5.1.2. Influence of Hydrological Signals

This study adopted the plant canopy, soil moisture and snow water of the Global Land
Data Assimilation System monthly model (GLDAS, Noah) [41] to derive the changes in
terrestrial water storage, which are expanded to SH coefficients truncated to degree and
order 60 with 300 km Gaussian filter processing to ensure the consistency of the resolution
of the results and the GRACE observations. The residual RMS of GLDAS data are derived
by deducting the annual period, semiannual period, trend term and constant term from
the initial GLDAS time series from 2002 to 2012. The residual GLDAS are used to evaluate
the influence of hydrological signals.

According to Figure 2, most large earthquakes with M > 8 occur near Sumatra,
Japan, Chile and Peru. In Figure 9, the left figure shows the gravity change caused by
hydrological variations provided by GLDAS at points A and B. The right figure shows the
distribution map of GLDAS RMS residuals and marks points A and B with white triangles.
Figure 9a exhibits the time series of selected points Al and B1 in Sumatra, with an obvious
annual period (—4.5~+0.7 pGal), and the residual RMS of GLDAS in the Sumatra region
is probably below 0.7 nGal. Figure 9b shows the time series of selected points near Japan
with peak-to-peak a range of —1.3~0.2 uGal. According to the residual RMS distribution,
the hydrological signal level is around 0.4 pGal, which is consistent with Li et al. [42].
Figure 9¢,d shows the time series of selected points and RMS variations in Chile and
Peru, with the amplitude in the range of —2.6~+3.6 and —8.1~+3.5 uGal, respectively, in
which the amplitude variation of the hydrological signal is generally larger than those
of Sumatra and Japan. The RMS residuals of these two areas are around 0.7 nGal and
1.2 puGal, respectively, and the error of the GLDAS hydrological model has a significant
influence on the extraction of coseismic signals, such as 2015 Mw8.3 Illapel (—0.85 uGal)
and 2019 Mw8.0 Peru (—1.1 uGal). Therefore, the interference of land water near the coast
of the continental plate (e.g., Chile and Peru regions) is greater than that near the island
(e.g., Sumatra and Japan regions), which means that the coseismic gravity change is more
difficult to detect near the coasts of continental plates.
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Figure 9. RMS of GLDAS time series from 2003 to 2013 over the earthquake region. The GLDAS time series corresponding
to selected points A and B in the left figure, which are marked with white triangles in the right figure. (a) Sumatra region;

(b) Japan region; (c) Chile region; (d) Peru region. Note the colorbar range differs among the subfigures.
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5.1.3. Influences of the Differences in Seismic Slip Models

The predictions of fault slip models are different due to differences in both data sources
and inversion methods. Figure 10a shows the degree amplitude spectra of 2010 Mw8.8
Maule coseismic gravity changes predicted by different fault slip models (as in Figure 4).
According to this figure, the predictions are obviously different due to the different models
used. The Tong model [43] has stronger power at a lower degree, but this is lower than
other models after degree 35. Moreover, the University of California, Santa Barbara (UCSB)
model [44] is larger than other models after degree 22. Figure 10b shows the ratio of the
coseismic gravity changes of 2010 Mw8.8 Maule to the cumulative GRACE stack error
in the spectral domain (as in Figure 6a). The SNRs of the three models at degree 60 are
slightly different after smoothing. Vigny et al. [33] compared the GPS observations and
coseismic displacements predicted by the above three models and found that UCSB had
the lowest coincidence. However, although these three models lead to different SNRs, all
the SNR values are far larger than 1 and thus it is reasonable to suggest that GRACE has
the ability to detect the signal of the 2010 Mw8.8 Maule earthquake. Hence, SNR analysis
in the spectral domain is helpful in order to verify which earthquakes can be detected by
time-variable gravity field products.
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Figure 10. (a) Degree amplitude spectra of 2010 Mw8.8 Maule coseismic gravity changes predicted
by different fault slip models. (b) SNR of 2010 Mw8.8 Maule based on different fault slip models in
spectral domain. The red, green and blue lines represent USGS, Tong and UCSB model, respectively.

5.1.4. Influence of Earthquake Location

The gravity changes and degree amplitude spectra caused by the same fault model are
different due to the differences in independent sources, and a tensile source has stronger
power than a shear source [8]. If the same earthquake event occurs at different latitudes,
the coseismic changes are also different due to the different Earth layered model and
land—-ocean distribution. The model errors at mid-latitudes are smaller than those at lower
latitudes; thus, the SNR is higher than that of earthquakes at lower latitudes if the same
earthquake occurs in the mid-latitude region.

Sun [45] simulated the perturbed gravitation generated by different independent
sources at different depths. It is shown that the spatial pattern of gravity variation of a focal
depth of 637 km is larger than that of a focal depth of 100 km. Moreover, the amplitude
of perturbed gravitation of 637 km is smaller than that of 100 km; however, on the whole,
they are in the same order of magnitude.

In earthquake-prone areas, the seismic signals will affect each other when the coseismic
signals are extracted. For example, there were five earthquakes with magnitude above 8.0
in 2004-2012 in Sumatra, and the postseismic decay of 2004 Mw9.1 Sumatra—Andaman
will affect the detection of the coseismic signals of subsequent earthquakes [18]. Figure 11a
shows the predicted coseismic gravity changes of the 2007 Mw8.4 Bengkulu earthquake,
which presents a positive-negative spatial pattern near the epicenter, with an amplitude
of —1.6~+1.0 uGal; Figure 11b shows the GRACE-observed coseismic gravity changes
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of 2 years before and after the earthquake, in which the spatial distribution of coseismic
signals is consistent with the model prediction in the earthquake area. However, there
are obvious gravity signal differences in the northwest, mainly due to the postseismic
gravity change caused by the decay of the 2004 Mw9.1 Sumatra—Andaman earthquake.
Therefore, the coseismic gravity changes extracted by the stacking method may include the
postseismic signals of other earthquakes in earthquake-prone areas. In actual earthquake
detection, this issue should be considered.

(a)
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Figure 11. Coseismic gravity change in the 2007 Mw8.4 Bengkulu earthquake region. (a) The dislocation
model prediction by USGS fault slip model. (b) Coseismic gravity changes from GRACE observations.

5.2. Influence of Spectral Leakage in Spectral Domain

The coseismic gravity change is a local signal, so we use the method in Section 2.1 to
evaluate the spectral degree of amplitude of earthquakes. However, different calculation
regions will lead to different spectral results. Taking 2012 Mw8.6 Indian and 2007 Mw8.4
Bengkulu as examples, Figure 12 shows the model-predicted coseismic gravity changes
with different calculation regions. Note that the results are truncated to degree 60 without
filtering processing. The green line in the left figure is the spectral degree amplitude curve
of coseismic gravity changes with a calculation region of 10° x 10°, corresponding to
the calculation area of the green dotted box in the right figure. It can be found that the
calculation area of 10° x 10° contains local signals in a small area, but cannot contain all
the main seismic signals, so the high-degree signal is strong whereas the low-degree signal
is weak (see Figure 12a,c). The blue line is the result with a calculation region of 30° x 30°,
which corresponds to the whole area in the right figure. The calculation area contains
the main coseismic signals and more long-wavelength signals. However, with a larger
calculation region, the coseismic signals will also be averaged in a larger area and weaken
the strength of the coseismic signals. For example, the signals of 30° x 30° are smaller
than those of 10° x 10° during degree 30~60 in Figure 12a,c. This study selects 20° x 20°
as the calculation region to derive the changes of earthquake in the spectral domain, as
shown by the red line in Figure 12. This is because 20° x 20° can contain the main signals
of the earthquakes discussed in this study and can also reduce the influence of the signal
weakening due to an excessively large region.
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Figure 12. Model predictions of coseismic gravity change in spectral domain and spatial domain for
different region ranges. (a,b) are the 2012 Mw8.6 Indian Ocean coseismic gravity change in spectral
and spatial domain, respectively. (¢,d) correspond to 2007 Mw8.4 Bengkulu event. The green line is
10° x 10° region and red line is 20° x 20° region.

5.3. Coseismic Signal Detection of 2019 Peru Earthquake

The 2019 Mw8.0 Peru event was an earthquake with a magnitude above 8.0 that
occurred during the GFO mission. Thus far, the coseismic gravity change has not been
extracted from the GFO observations (as shown in Figure 13). Figure 13a is the dislocation
model prediction values, in which the coseismic gravity changes mainly represent a neg-
ative pattern near the epicenter, with an amplitude of —1.1 uGal. Figure 13b shows the
variations between the GFO observation of 11 months before and after the earthquake, in
which there is a negative change near the epicenter, and an obvious hydrological signal in
the eastern part of the earthquake region. Figure 13c shows the coseismic gravity change
after removing the hydrological signal provided by the GLDAS (—3.7 uGal). Comparing
Figure 13b,c, the interference of the hydrological signal is obviously smaller but not com-
pletely removed, and obvious stripe noise exists around the epicenter; thus, the gravity
changes caused by the earthquake are not shown clearly. According to Figure 9d, the
residual RMS of GLDAS in Peru is approximately 1.2 uGal, which is equivalent to the
magnitude of the 2019 Mw8.0 Peru coseismic signal. Hence, the influence of hydrological
signals may be one of the reasons that this earthquake has not been detected so far.
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Figure 13. Coseismic gravity change in the 2019 Mw8.0 Peru earthquake region. (a) The dislocation
model prediction by USGS fault slip model. (b) Coseismic gravity changes from GFO observations.
(c) Coseismic gravity changes from GFO observations with hydrological signal removed by the
GLDAS model.

The blue line in Figure 14 shows the ratio of the coseismic signal of the 2019 Mw8.0
Peru earthquake to the error of the GFO stacking method (as in Figure 6). The SNR is highest
at degree 25, and is 1.78 at degree 60. The red line denotes the SNR of the 2005 Mw8.6 Nias
event for the GRACE error of the stacking method, and the SNR of the two earthquakes
is essentially the same at degree 60. The results indicate that the precision of the GFO
monthly model is not the main limiting factor for extracting the coseismic gravity change;
therefore, the precision can meet the requirements for detecting the coseismic signals of the
earthquake. However, due to the lack of observations and the influence of hydrological
signals, the coseismic gravity change has not been extracted successfully.
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Figure 14. Ratio of the coseismic gravity changes to cumulative error of stacking method in spectral
domain. The blue line is the ratio of the coseismic signal of the 2019 Mw8.0 Peru earthquake to
the error of the GFO stacking method. The red line is SNR of the 2005 Mw8.6 Nias event for the
GRACE error.

6. Conclusions

By truncating the SH coefficients of time-variable gravity field models to degree 60
and smoothing the coefficients with a 300 km Gaussian filter, this study firstly evaluated
the precision of the GRACE/GFO products. The results show that the data of GRACE
models in September 2004, July 2012 and February 2015 have greater noise than those of
other months; hence, they were not used in this study. It was found that, at this spatial
resolution, the precision of GFO is around 38% higher than that of GRACE.

In the spectral domain, this study compared the coseismic gravity changes above
Mw8.0 earthquakes and the errors of GRACE/GFO models (see Figure 4). According to
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the amplitude distribution of degree variances, it was found that among the seven large
earthquakes that have been detected by GRACE [22], the 2004 Mw9.1 Sumatra—Andaman
and 2011 Mw?9.0 Tohoku earthquakes generated gravity changes with magnitudes larger
than the GRACE stack error less than degree 50. The degree amplitude spectra of 2010
Mw8.8 Maule and 2012 Mw8.6 Indian Ocean are larger than the stack error less than degree
30. The 2007 Mw8.4 Bengkulu and 2005 Mw8.6 Nias events are larger than the stack error
in degree 20, indicating that if high-degree error is effectively suppressed and the SNR is
improved, GRACE is able to detect the coseismic signals of these earthquakes. According
to the distribution of cumulative degree amplitude spectra, all the detected earthquakes
have an SNR far larger than 1. This means that other factors should also be considered
in order to detect earthquakes successfully. According to this study, the precision of the
GRACE monthly model needs to be improved by one order of magnitude, if the objective is
to detect all the earthquake events above Mw8.0 without considering the influence of other
factors. Finally, SNR analysis in the spectral domain is helpful in order to verity which
earthquakes could be detected by time-variable gravity field products. It is suggested that
the SNR should be stronger than 1 if considering the influence of other factors.

Although the GRACE observations of 2006 Mw8.0 Tonga and 2007 Mw8.0 Peru are
somewhat similar to the model predictions, the coseismic signals of these two earthquakes
have not been detected so far. This is because the amplitude of the coseismic signals is
too close to the error of the surrounding “north-south strip” and it is difficult to separate
the signal from the error. This means that strip errors have a significant influence on the
detection of earthquake signals, and GRACE-like satellites with non-polar orbit are needed
to resolve this issue. The spatial pattern of the GRACE observations of 2019 Mw8.0 Peru
after hydrological model correction are similar to the predictions of the dislocation model
(—1.1 pGal). However, the amplitude of GRACE observations is three times the prediction
value. This indicates that other signals such as hydrological residual signals still exist in
the GRACE observations. This was investigated by the analysis of GLDAS time series. It is
clear that the error of the hydrological model should be considered in coseismic extraction.
We also found that the SNR of the GFO stack error of 2019 Mw8.0 Peru at the 60th degree
is essentially same as the GRACE stack error of 2005 Mw8.6 Nias, and the precision of the
monthly model of GFO is not the main factor leading to the failure of the extraction of
this earthquake. The coseismic signal of this earthquake is likely to be extracted with the
release of more products and with more effective removal of hydrological signals.
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