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Abstract—The Gravity Recovery and Climate Experiment
(GRACE) has been a very successful project in determining math
redistribution within the Earth system. Large deformations caused by
earthquakes are in the high frequency band. Unfortunately, GRACE
is only capable to provide reliable estimate at the low-to-medium
frequency band for the gravitational changes. In this study, we
computed the gravity changes after the 2012 Mw8.6 Indian Ocean
earthquake off-Sumatra using the GRACE Level-2 monthly spherical
harmonic (SH) solutions released by the University of Texas Center
for Space Research (UTCSR). Moreover, we calculated gravity
changes using different fault models derived from teleseismic data.
The model predictions showed non-negligible discrepancies in
gravity changes. However, after removing high-frequency signals,
using Gaussian filtering 350 km commensurable GRACE spatial
resolution, the discrepancies vanished, and the spatial patterns of total
gravity changes predicted from all slip models became similar at the
spatial resolution attainable by GRACE observations, and predicted-
gravity changes were consistent with the GRACE-detected gravity
changes. Nevertheless, the fault models, in which give different slip
amplitudes, proportionally lead to different amplitude in the predicted
gravity changes.

Keywords—Undersea earthquake, GRACE observation, gravity
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[. INTRODUCTION

HE April 11, 2012, Mw8.6 earthquake off the west coast

of northern Sumatra, Indonesia, hit in a couple of hours by
the largest strike-slip earthquake ever recorded within the
oceanic lithosphere of the Indo-Australia plate. Broadband
seismological observations of the Mw8.6 main-shock indicate
a large centroid depth (30 km) and remarkable rupture
complexity [1].

Reliable estimation of co-seismic earthquake slip is
essential to evaluate the pre-locking status and the level of
stress release. However, existing slip models obtained by
various constraints or via inversion of observations exhibit
notable differences. Data from teleseismic networks have been
used to observe and model the co-seismic signature and slip
history of the Indian earthquake [2]-[5]. Different scenarios
have been proposed for this earthquake. Reference [2]
proposed a left lateral strike-slip fault trending north-northeast
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to south-southwest with maximum slip of 35 meters by using
31 teleseismic P waveforms (model-a). Reference [3] analyzed
28 teleseismic broadband P waveforms, 27 broadband SH
waveforms, and 45 long period surface waves. The fault they
proposed has the same direction (strike=20) as [2], while it has
maximum slip of 55 meters (model-b). Reference [4] analyzed
38 teleseismic broadband P waveforms, 13 broadband SH
waveforms, and 56 long period surface waves. They released
two fault slip distribution models. The first model (model-c)
proposed by them has approximately the same orientation as
[2] and [3], while it was a right lateral strike-slip fault with 70
meters maximum slip. The second fault model (model-d) has a
distinctly different orientation with the first model with a
maximum slip of 55 meters. Reference [5] used seismic wave
analyses to reveal that the 11 April 2012 event had an extra
ordinarily complex four-fault rupture (model-¢). The main-
shock rupture on a right-lateral strike slip fault trending west-
northwest to east-southeast (WNW-ESE) with maximum slip
of 30 meters, and then another rupture was triggered on an
orthogonal left lateral strike-slip fault trending north-northeast
(NNE-SSW) to south-southwest that crosses the first fault.
This was followed by westward rupture on a second WNW-—
ESE strike-slip fault offset about 150 kilometers towards the
southwest from the first fault. Finally, rupture was triggered
on another WNW-ESE fault about 330 kilometers west of the
epicenter. Figs. 1 and 2 show location and slip distribution of
mentioned faults.

Tables I and II compare some key parameters. As can be
seen from these tables, not only are there discrepancies in the
length and width of the fault plane, but also there are different
fault orientations. The difference in the predicted maximum
slip between the five models is as large as 30 meters, and the
difference in the fault depth ranges up to 9 kilometers.
Moreover, the slip distributions predicted by these models
have large discrepancies.

The fault models for the Indian Ocean earthquake have non-
negligible discrepancies. The discrepancies can be attributed
to the lack of amount of data due to measurement limits on
ocean in comparison with earthquakes hit on land for which
other source of data provide better constrains. In addition to
teleseismic data, spaceborne gravimetry data from GRACE
have been used to observe the co-seismic and post-seismic
signature of the 11 April 2012 Mw = 8.6 Indian Ocean
earthquake [6], [7]. Moreover, fault parameter inversion using
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GRACE data based on multiple centroid moment tensors and  gravity changes between GRACE observations and the
normal mode formulation have been demonstrated for a  predictions from the mentioned finite-fault models for the
number of large earthquakes include Indian Ocean earthquake 2012 Mw = 8.6 Indian Ocean earthquake off-Sumatra.

over the last decade [6]. In this study, we compare co-seismic
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Fig. 1 The slip models a-d
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II. DATA AND METHODS

To compute gravity change corresponding to the 2012
Mw8.6 Indian Ocean earthquake off-Sumatra, we use monthly
GRACE gravity solutions of Level-2 (RLO05) products from
the UTCSR. The C20 coefficients are replaced by satellite
laser ranging (SLR) estimates [8].

To suppress seasonal variations and separate co-seismic
change, we subtract two mean gravity field after and before
the earthquake which is known as stacking approach based on
that from [9]. In order to reduce striping errors we use
Gaussian 350km filter. In the SH domain, Gaussian smoothing
is to apply a weight to each SH coefficient differences [10],
[11]. The difference of SH coefficients ACy,, AS;, of each
monthly field are then used to compute gravity change.

The gravity change Ag is given by:

N GM

Ag(6,1) = leoﬁ(l -1

St =0 Pun (cos 8)(ACy, cos mA + A Sy sinmA)

where 0 and A are colatitude and longitude and py,, is
normalized associated Legendre function. What is more, this
difference include post-seismic signals related earthquake. So,
to eliminate the mentioned effects in the GRACE

observations, first, we adopt at a 1° x1° grid a time-dependent
function [12].

y@t)=a+ b(l - e_t/f)

where a is constant term, T and b are the relaxation time and
total post-seismic gravitational gradient change at end of the
relaxation.

Fig. 3 (a) shows observed gravity changes computed by
differencing the two year mean field before and after the
earthquake in which consist of both co-seismic and post-
seismic signals. Fig. 3 (b) shows the post-seismic gravity
changes by time series fitting. Fig. 3 (c) shows co-seismic
gravity change, computed by removing post-seismic effects.

TABLE I
COMPARISONS OF KEY CHARACTERISTICS IN THE FINITE-FAULT
Length Width Depth Strike Dij Rake Max Magnitude . .
Model (k rﬁ) (km) (k};) (deg.) (deé). ) (deg.) slip(m) (i,lw) Latitude  Longitude
a 375.00 40.00 21.36 198.87  79.95  360.04 70 8.56 2.3658 93.0812
b 255.00 48.00 21.00 108.34  86.98 172.30 55 8.56 2.3554 93.0545
c 380.00 40.00 22.90 20.00 80.00  358.19 55 8.64 2.3100 93.0600
d 384.00 60.00 22 20.00 64.00 1.00 35 8.57 23110 93.0630
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Fig. 2 The slip model-e
TABLEII
KEY PARAMETERS OF MODEL-E
Model-e Length Width Depth Strike (deg.) ((];g) (E(lizl;.e) Max slip(m) Mag\x/}&t;de Rupture time(s)

A 120 50 30 106 75 185 37 8.54 0

B 130 50 30 106 75 185 37 '

C 120 50 30 16 80 370 11 794 30

D 130 50 30 16 80 370 11 ' 70

E 200 50 30 109 80 180 26 8.3 60

F 150 50 30 111 74 180 12 7.84 110
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Fig. 3 (a) The GRACE observed gravity changes due to the 2012 Indian Ocean earthquakes is computed by differencing the 2 year mean field
before and after the earthquake in which consist of both co-seismic and post-seismic signals. (b) The post-seismic gravity changes by time
series fitting (c) The co-seismic GRACE gravity change is computed by subtracting a and b

TABLE IIT
THE 7-LAYERED HALF-SPACE MODEL OF INDIAN OCEAN MW 8.6 EARTHQUAKE (THE PARAMETERS ARE FROM CRUST 2.0)
layer Depth(km) vplkm/s] vs[km/s] plkg/m"3] Viscosity (10"Pa s) material
1 0 5.79 3.19 2600 0 Elastic body
2 15.00 6.79 3.89 2900 o Elastic body
3 24.40 8.1 4.48 3380 0 Elastic body
4 40.00 8.09 4.47 3380 0 Elastic body
5 60.00 8.08 4.46 3380 0 Elastic body
6 80.00 8.00 4.38 3370 0 Elastic body
7 115.00 7.98 4.36 3370 1 Maxwell body

In order to predict gravity changes, we use the FORTRAN
code PSGRN/PSCMP provided by [13], which is based on a
semi-analytical approach for a layered half-space [13]. The
five mentioned fault slip models and the 7-layered half-space
model (Table IIT) based on the CRUST2 seismic velocity
models [14] are used as input.

We compute the co-seismic gravity field variations in a
10°x10° region with cell size of 0.3°%0.3° commensurate with
the local distribution of GRACE. The model-predicted gravity
variation is the result at the space-fixed point, which does not
contain the free air correction caused by the vertical
displacement on the earth’s surface [15]. The space-fixed
point gravity variations are consistent with GRACE results, as
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the satellites in space do not ‘see’ this air correction term on
the deformed earth surface [16]. Moreover, the dislocation
theory above is assumed dry earth, so the deformation that
occurred in the ocean bottom is replaced by sea water, because
of the sea bottom displacement causes additional potential and
gravity changes. The correction can be done by a Bouguer
layer reduction [17], [18].
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where G denotes the Newton’s gravitational constant, p,, =
1.03 gem ® represents the sea water density and Ah is the co-
seismic vertical displacement.
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Fig. 4 Predicted gravity change on space-fixed point with and without Gaussian filter 350 km: (a) model-a; (b) model-b; (c) model-c; (d)
model-d; (¢) model-e
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The amplitude and spatial distribution mode of the
predicted gravity field variations differ significantly from the
corresponding GRACE results because of the limited spatial
resolution of GRACE. The GRACE satellites are known
sensitive only to the low-frequency gravity change due to the
attenuation of the signals. To obtain a comparable spatial
resolution in the model-predicted gravity field variations, we
express the regional distributions as the SH coefficients to
degree of 60 and adopt 350 km Gaussian. According to Fig. 4,
the predicted gravity changes of five slip models before
applying Gaussian filter are distinctly different while after
applying Gaussian filter, the spatial patterns of total gravity
change predicted from all five slip models become similar at
the spatial resolution attainable by GRACE observations, and
consistent with the GRACE-detected gravity changes (Fig. 3
(c)). By applying Gaussian filter we remove high-frequency
signals because GRACE has a limited spatial resolution of
several hundreds of kilometers, while gravity changes
predicted by dislocation models contain short-wavelength
signals. Moreover, we show GRACE observations are not
sensitive to slip distribution and orientation of fault. For
instance, although model-a and model-b (Figs. 1 (a) and (b))
not only have different slip distribution but also have different
orientation, the predicted gravity changes after applying
Gaussian has the same amplitude and spatial pattern.
However, the gravity changes of both slip models before
applying Gaussian reveal rupture line consistent with fault

micro-Gal
8

orientation. Therefore, the applications of spaceborne
gravimetry to earthquake studies are seriously limited by low
spatial resolution, mainly because the length of faulting is of
the same order of magnitude as the limiting resolution of the
GRACE data.

The amplitudes from the five models are discernibly
different. Since the five models give different slip amplitudes,
they proportionally lead to different amplitude in the predicted
co-seismic gravity change. Peak values in the negative signals
predicted by Models a—e are -4.1 micro-Gal, —5.2 micro-Gal, —
7.3 micro-Gal and -9.8 micro-Gal, respectively (Fig. 4).
Similarly, reference [19] shows that models with different slip
amplitudes, lead to different amplitude in the predicted co-
seismic gravity changes and they conclude that the GRACE-
derived amplitudes can be used to independently constrain the
fault parameters of the Maule earthquake, since these are
discernibly different from the amplitudes derived by other co-
seismic slip models. Although all Models are derived from
teleseismic wave analysis, the maximum slip amplitudes are
range from 37m to 70m, presumably because of different
model assumptions and data distributions, as well as different
intrinsic ranges of apparent velocities in the observations [4].

GRACE-detected gravity changes are compared with model
predictions on two profiles along latitudes 6 N and 1.5 S (Figs.
5 and 6). Among the five slip models the predicted gravity
changes of the model-e is closer to GRACE-detected gravity
changes which can be seen in Figs. 5 and 6.
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Fig. 5 Comparisons of co-seismic gravity changes for the profiles along 6 N between GRACE observations and the predictions from the five
finite-fault models
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Fig. 6 Comparisons of co-seismic gravity changes for the profiles along 1.5 S between GRACE observations and the predictions from the five
finite-fault models

III. CONCLUSION

The five fault models had been used to compute gravity
changes of the 2012 Mw = 8.6 Indian Ocean earthquake off-
Sumatra. The model predicted co-seismic gravity changes had
non-trivial discrepancies. However, after we smoothed the
predicted gravity changes with a 350 km Gaussian filter; the
predicted gravity changes lost details and discrepancies
vanished, although the superiority of some fault models to
others was discernible. Moreover, we showed GRACE
observations are not sensitive to slip distribution and
orientation of fault because the length of faulting is of the
same order of magnitude as the limiting resolution of the
GRACE. Nevertheless, the predicted co-seismic gravity
change for different fault models was different in amplitude,
which in turn leads to model evaluation. GRACE time-
variable gravity measurements have been successful to study
seismic deformations. Meanwhile, due to GRACE low spatial
and temporal resolutions and strong spatial noises, the
applications of spaceborne gravimetry to earthquake studies
are seriously limited. The challenges necessitate further
improvement in the field of satellite gravimetry application
and earthquake study, especially when higher spatial and
temporal resolution are expected from next generations of
satellite gravimetry missions.
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