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ABSTRACT
In this study, the focal mechanism of Indian Ocean earthquake is
determined by combination of GRACE gravity gradient change and
analytical model of Okubo [1992). To do so, the co-seismic gravity
gradient change resulting from Indian Ocean earthquake is derived
using monthly solution of GRACE level 02 data after removing the
contaminations from hydrological effects and post-seismic creep.
Since, De-striping methods lead to reduction and distortion of a
co-seismic gravity change signal, it is suggested to compute a set of
gravity gradient tensor components e.g. ΔVxx and ΔVxz, because
they are more sensitive to small-scale signals and they reduce the
striping errors without need to any de-striping filtering. Then the
computed gravity gradient components are compared with the gravity gradient components from Okubo model [1992], which accounts
the focal mechanism of the earthquake. By the way, the nonlinear
inversion algorithm is constructed and solved by Genetic algorithm to
find the best values of fault parameters for Indian Ocean earthquake.
For better constraining the fault parameters in the inversion process,
a sensitivity analysis is also conducted which reveals that the selected
model is highly sensitive to a strike angle, dip angle, length, width
and average slip, although it is less sensitive to a depth of a fault.
The ultimate optimal estimate of the fault parameters shows a good
correspondence compared with some existing slip models obtained by
various constraints or via inversion of seismic observations.

1. Introduction
Earthquake affects lives of many people every
year and poses inevitable threats to everyone who lives
in seismically active regions. Improved quantification
of earthquake events, such as geometries and orientations of the faults, is very important to understand the
mechanism of earthquake and subsequently leads to

better prediction of such events.
Traditionally, different data sources including seismological data, GPS data, Interferometric Synthetic
Aperture Radar data (InSAR) and tsunami data have
been used to determine the physical and geometric parameters, quantifying the earthquake faulting characteristics. However, there are some limitations on those
traditional methods for estimating the source parameters of large undersea earthquakes [Stein et al. 2012].
Earthquake causes mass redistribution in the
Earth’s crust and upper mantle, and permanently
changes the Earth’s gravity field. Therefore, it is possible to use the detected gravity change, as an independent and valuable observation to study earthquake
mechanism. GRACE offers a new means to observe
mass change due to earthquake deformations. It provides uniform coverage over both oceans and lands
and thus it is a very useful complementary sensor in
a conjunction with other earthquake measurements
particularly for monitoring undersea earthquake.
Earthquake results from a sudden rupture on the
surface of the fault. Many scientists developed mathematical theories to relate the earthquake deformations,
such as displacement, strain, tilt and gravity change,
with the geometry of the fault system. By the way, the
dislocation theory has been generally accepted as a
powerful tool to interpret the deformation and gravity change due to Earthquakes. Nowadays, there are
Different models of dislocation for the study of Earthquake source parameters. Some of them are valid for
a homogeneous half-space such as those of Okada
[1985] and Okubo [1991, 1992], and some others for
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homogeneous or a heterogeneous sphere like those of
sun and Okubo [1993, 1998]. They are usually used to
interpret observed co-seismic deformations and gravity change. Due to mathematical simplicity and ease
of computer programing, Okubo’s [1991, 1992] models for evaluating potential and gravity changes have
been widely used as standard formulations [Sun et al.
2009]. Okubo [1991] computed gravitational potential change in a homogenous elastic half space due to a
point dislocation. He developed his theory to a rectangular fault in a half space and computed gravitational
potential and gravity change in the form of fault parameters [Okubo 1992].
There are several attempts to constrain fault geometry with GRACE observations. Cambiotti et al. [2011]
used GRACE observations to constrain fault depth
for 2004 Sumatra-Andaman earthquake. Wang et al.
[2012a] used Markov Chain Monte Carlo algorithm to
simultaneously estimate fault-plane length, width and
slip on the fault using co-seismic gravity change observable from GRACE for 2010 Chilean Maule earthquake.
Similar techniques have been applied for 2011 Tohoku
earthquake [Wang et al. 2012b]. Some Field quantities
could better extract seismic signals in a comparison
with the gravity change observed by GRACE satellites.
Among these field quantities, some gravity gradient
components (i.e. ΔVxx and ΔVxz) can better outline the
rupture lines and are more sensitive to small-scale signals [e.g., Li and Shen 2011; Wang et al. 2012c]. Die et
al. [2014] used north components of gravity and gravity
gradient changes without any de-correlation or spatial
filtering to constrain seismic source parameters of the
2011 Tohoku Earthquake. Die et al. [2016] Improved
source parameter estimations for five undersea earthquakes from north component of GRACE gravity and
gravity gradient change measurements. Recently, the
formulation of Okubo’s [1991, 1992] model has been
developed in order to compute the gravitational gradient changes resulting from earthquake [see Fatolazadeh et al., 2015; Wang et al., 2012c]. This analytical
model was used to constrain the fault parameters of
the 2010 Chile Earthquake using gravimetric observations [Fatolazadeh et al. 2017].
On 11 April 2012, the equatorial Indian Ocean region was hit in a couple of hours by the largest strikeslip earthquake ever recorded (moment magnitudes
Mw8.6). Broadband seismological observations of the
Mw8.6 main-shock indicated, a large centroid depth (30
km) and remarkable rupture complexity [Duputel et al.,
2012]. Space-borne gravimetry data from GRACE have
been used to observe the co-seismic [Han et al. 2013,

Die et al. 2016] and post-seismic [Han et al. 2015] signature of the Indian Ocean earthquake. Han et al. [2013]
demonstrated the fault parameters inversion of large
earthquakes, including that of Indian Ocean, based on
multiple centroid moment tensors and normal mode
formulation. They inverted four double-couple parameters (i.e. strike, dip, rake and scalar seismic moment)
simultaneously from the gravity changes [Han et al.
2013]. Similar techniques were applied to invert the
four double-couple parameters (i.e. strike, dip, rake and
scalar seismic moment) for Indian Ocean earthquake
from north component of GRACE gravity and gravity
gradient change measurements [Die et al. 2016].
It should be mentioned that data from teleseismic networks has also been used to observe and model the co-seismic signature and slip history of the Indian Ocean earthquake [Wei 2012; Shao et al. 2012;
Hayes 2012; Yue et al. 2012]. These models are shown
in Figure 1. Model I, by Wei [2012], is calculated using
31 teleseismic P waveforms. Model II, by Shao et al.
[2012], is calculated using 28 teleseismic broadband P
waveforms, 27 broadband SH waveforms, and 45 long
period surface waves. The fault that they proposed has
the same direction (strike=20) as the Wei [2012] while
it has distinctly different fault parameters and slip history. Hayes [2012] analyzed 38 teleseismic broadband P
waveforms, 13 broadband SH waveforms, and 56 long
period surface waves. He derived two slip models (Model III and IV). The first model proposed by him (model III) has approximately the same orientation as Shao
et al [2012] and Wei [2012]. The second model (model
IV) has completely different orientation with the first
model. Regarding model V, Yue et al. [2012] used seismic wave analyses to reveal that the 11 April 2012 event
had an extra ordinarily complex four-fault rupture. The
main shock ruptured on a right-lateral strike slip fault
trending west-northwest to east-southeast with maximum slip of 30 meter and then another rupture was
triggered on a left lateral strike-slip fault that crosses the
first fault. A few seconds later, two more ruptures took
place around the epicenter.
In this paper, an inversion method based on genetic algorithm is conducted for estimation of fault
parameters of Indian Ocean earthquake using north
components of the gravity gradient tensor (i.e. ΔVxx
and ΔVxz). In completing previous researches, instead
of solving for the moment tensor of a point dislocation source, we make an effort to find the focal mechanism for the finite fault model. To do so, at first, we
extract the co-seismic gravity signals due to Indian
Ocean earthquake from GRACE observations and
2
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Figure 1. The slip models of Indian Ocean earthquake (http://equake-rc.info/SRCMOD/).

then we compute the full gravity gradient change resulting from this event. Finally, we compare our observation with an Okubo model [1992] to invert for the
fault parameters.
It should be emphasized that the extraction of
co-seismic signal of Indian Ocean earthquake from
GRACE observation needs the elimination of the effects of seasonal variations due to hydrological effects,
and the influence of post-seismic creep which needs a
specific considerations in the computation of co-seismic gravity gradient change.
Since the fault parameters are determined by the
inversion of gravity gradient components using Okubo [1992] model, it is necessary that the sensitivity of
this model to fault parameters is carefully investigat-

ed to show which fault parameters can be better constrained in the inversion process. This analysis reveals
that the model may be transparent with a respect to
some fault parameters and thus their values should be
determined from other observations.
2. Coseismic gravity and gravity gradient change
using GRACE observation
The Gravity Recovery And Climate Experiment
(GRACE) is a satellite mission jointly launched in 2002
by the National Aeronautics and Space Administration (NASA) and the Deutsche Forschungsanstalt für
Luft und Raumfahrt (DLR), that makes the detailed
measurements of the Earth’s gravity field, as well as its
temporal variations with a spatial resolution of several
3
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Figure 2. The post-seismic effects on two gravity gradient components ΔVxx and ΔVxz.

hundred kilometers and temporal sampling of about 30
days. The responsibility for extraction of the Earth gravity field models is with the GRACE project Science Data
System (SDS). The SDS is distributed between UTCSR,
JPL and GFZ.
In this study, we use the Release-05 (RL05) Level-2
monthly gravitational field data products released by the
University of Texas Center for Space Research (UTCSR)
[see Tapley et al., 2004], which are composed of fully
normalized spherical harmonic (SH) coefficients up to a
degree and order 60, corresponding to a spatial resolution of 333 km or longer.
Here, the monthly SH coefficients, Cnm and Snm,
are used to compute the components of the gravity gradient tensor in spherical coordinates in a 1°x 1° degree
regular grid over the region of study. Since our focus
is mainly on a local mass change, the local north-eastdown frame (NED) is introduced in such a way that the
x axis is directed to the north, the y-axis to the east, and
the z-axis downward and then the full gravity gradient
tensor in this local NED frame is obtained [Wang et al.
2012c].
Since in this study, the co-seismic gravity gradient
change is considered to constrain the focal mechanism,
it is necessary that the potential contamination from
the post-seismic signal associated with the 2012 Indian
Ocean earthquake is eliminated from GRACE observations. To do so, the gravity gradients of all months after
the earthquake, from June 2012 to June 2014 (for the period of two years after the earthquake) are used to fit the
following time-dependent function (Wang et al. 2012c]:

(

y (t ) = a + b 1− e

−t

τ

)

in which a, τ and b are the unknown parameters that
must be determined from the observations of gravity
gradient change to find the post seismic effects. Here,
these parameters are determined by non-linear least
square method. Then, the post-seismic signal which
is approximated by the second term in Equation (1)
is subtracted from these months’ solutions [Wang et
al. 2012c].
Figure 2 shows the post-seismic effects on two
gravity gradient components ΔVxx and ΔVxz.
It is seen that the post-seismic effects has the influence of about 0.15 miliEotvos on the gravity gradient
components and should be eliminated in order to isolate co-seismic signal.
GRACE observe the gravity variations due to total mass change in the Earth system dynamics, from
which, we aim to extract the related co-seismic signal.
Thus, it is necessary that the other important factors
in the GRACE gravity change be eliminated in order
to isolate the gravity and resulting gravity gradient
change due to earthquake. In this respect, the crucial
effect is seasonal variations due to hydrological source.
To suppress these influences and separate co-seismic
signal due to Indian earthquake, we subtract two
mean gravity gradient field after and before this earthquake which is known as the stacking approach based
on Chen et al. [2007]. The mean gravity gradient before this earthquake is computed from 24 solutions,
March 2010 to March 2012 , and the mean gravity
gradient after this earthquake is computed from the
last 24 solutions, June 2012 to June 2014. Data was not
available for the month of May 2012 due to the observation problem of GRACE satellites. By subtract-

(1)
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ing these two mean solutions, and indeed, omitting
the contaminations from post-seismic creep, the resulting gravity gradient change, contains the desired
co-seismic signals, can be obtained and compared with
the analytical model of Okubo [1992] to constrain the
fault parameters.

does not include surface crustal deformation (the free
air gravity change). Consequently, the contribution by
the vertical displacement part must be removed from
the Okubo model. This effect is known as the free-air
correction and is expressed by the term βΔh(x1, x2),
where β takes into account the free-air effect due to
the surface vertical motion of Δh. [see Li et al., 2014,
Sun et al 2010]. On the other hand, since the Indian
Ocean earthquake has been occurred at the ocean
floor, but the Okubo model has been developed for
dry land, the second correction known as a seawater
correction should also be considered. the seawater
correction means, the ocean water’s passive response
to the co-seismic crustal displacement at the ocean
floor, e.g. at the sea floor where crust goes up, water is
evacuated, means there is a loss of mass; and at places
where crust subsides, water flows in, means there is
an increase of mass volume. These passive responses
of ocean water to co-seismic crustal motion can be
very large, up to the same order to the gravity change
by the solid Earth deformation. In this study, we have
implemented a Bouguer approximation to compute
these effects on co-seismic gravity gradient change
[see Fatolazadeh et al. 2017]. The necessity of seawater correction was also shown by Linage et al. [2009],
Broerse et al. [2011] and Cambiotti et al [2011].

3. Analytical model of co-seismic gravity change
The gravity change due to earthquakes can be expressed by simplified but effective way, in which earthquake is modeled as dislocations on a rectangular plane
in a homogeneous elastic half-space [Okubo 1991, 1992].
Fatolazadeh et. al [2015] developed this formulation in
order to compute the gravity gradient changes resulting
from earthquake [see also Wang et al., 2012c].
In order to use Okubo model in a conjunction
with GRACE gravity gradient change computed in
the previous section, it is necessary that two auxiliary corrections are applied to Okubo model. First, one
should be cautious that the analytical model of Okubo has been developed for a deformed earth surface
because most traditional gravity measurements are
performed on the terrain surface. However, GRACE,
observe co-seismic gravity changes from space. In this
case, the conventional dislocation theory cannot be
applied directly to the observed data because this data

Figure 3. Sensitivity to strike angle: the pattern of ΔVxz for the fault strike angles of 20°, 30°,90°,150°, 210°and 360° (1-6). Fixed fault
parameters are: fault length 380 km, fault width 40 km, dip angle 80°, depth 5.67 km, slip magnitude 5 m, rake angle 0°. The purple line
shows fault orientation. (Units in miliEotvos).
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Figure 4. Sensitivity to a fault length: pattern of ΔVxz for the fault lengths (a): 200 km, (b): 400 km and (c): 600 km, fixed fault parameters
are: strike angle 20°, fault width 40 km, dip angle 80°, depth 5.67 km, slip magnitude 5 m, rake angle 0°.

fault width to be 40 km, dip angle to be 80°, depth of
top edge of fault to be 5.67 km, slip magnitude to be
5 m and rake angle to be 0°(left lateral strike slip). To
reveal the sensitivity of the model to a specific fault
parameter, all other fault parameters are fixed to the
chosen values, with only the looked-for parameter as
a variable.
In order to evaluate the sensitivity of model to
strike angle, the values 20°, 30°,90°,150°, 210°and
360° are set for the strike angle. According to Figure
3, as the strike angle increases clockwise from 20° to
360°, the spatial pattern of the ΔVxz rotates clockwise
in the same manner.
To test the sensitivity of model to the fault length,

4. Sensitivity analysis of Okubo model
It is important to note that, during the inversion
process to constrain the fault parameters, some of
the fault parameters may not be well constrained [see
Wang et al. 2012a ,2012b]. To find out which parameters could be well constrained, a sensitivity analysis
should be performed.
To demonstrate the sensitivity of analytical model to various fault parameters including fault strike angle, dip angle, depth, length, width and slip, we carry
out several synthetic scenarios estimating gravity and,
gravitational gradient change based on the Okubo
elastic half space model. We consider a typical fault
with a strike angle to be 20°, fault length to be 380 km,

Figure 5. Sensitivity to with of a fault: pattern of gravity gradient changes for the profile along 3°N for widths of 50 km, 150 km, or 250
km, respectively. Center of the fault plane is fixed. Fault strike angle, length, dip angle, depth, slip, rake angle, are fixed at 20°, 380 km, 80°,
5.67 km, 5 m, 0°, respectively.
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Figure 6. Sensitivity to dip angle of a fault: patterns of gravity gradient changes for the profile along 3°N for dip angle of 40°, 60°, and 80°,
respectively. Fault strike angle, length, width, depth, slip, rake angle, are fixed at 20°, 380 km, 40 km, 5.67 km, 5 m, 0°, respectively. Center
of the fault plane is fixed.

Figure 7. Sensitivity to depth and slip of a fault surface: Modeled gravity gradient changes for the profile along 3°N for depth of 5km, 10km,
and 15 km, respectively and slip of 5m, 10m and 15m, respectively. Fault strike angle, length, width, dip, rake angle, are fixed at 20°, 380 km,
40 km, 80°, 0°, respectively. Slip is 5 m in first case and depth is 5.67 km in second case. Center of the fault plane is fixed.

the values of 200 km, 400 km, and 600 km are taken for
the fault length, with all other parameters fixed and the
variations of gravity gradient components ΔVxx and
ΔVxz are considered. As shown in Figure 4, the spatial
magnitude increases and signal pattern of ΔVxz is elongated along the strike direction. Thus, the broadness of
the signal along the strike direction and the magnitude
of the signal will provide constraint for the fault length.
For each width values of 50 km, 150 km and 250
km, gravity gradient changes are computed for the

profile along 3°N (Figure 5). As can be seen, ΔVxx and
ΔVxz signal magnitudes increase while the position of
peak values doesn’t change. The pick negative value rise
from -0.8 to -4 miliEotvos for ΔVxx. Therefore, the sensitivity of gravity gradients to width is significant.
When dip angle takes on the values of 40°, 60°,
80°, the magnitude of gravity gradient change increases
since more mass around two sides of the fault plane is
deformed. As shown in Figure 6, the signal shifts to the
east for about 0.5 degree when the dip angle increases.
7
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To test the sensitivity of the model to a depth parameter, the depth of the top edge of the fault takes
the values of 5 km, 10 km and 15 km with all other
parameters hold fixed. When the fault depth increases, the surface gravity change may decrease, since the
deformed medium gets further away from the ground
surface. However, it can also cause the increase in the
gravity change since an additional volume of internal
medium being elastically deformed as well. Thus the
overall effect may be increase or decrease depends on
the values of other parameters.
Figure 7 shows that the overall magnitude of
gravity gradient increases with very low sensitivity.
Finally, we consider changing of slip magnitude
from 5m to 15m. One can see in Figure 7 that it increases gravity gradient field very much and this parameter provides a good constraint on the fault plane.
The result of the sensitivity analysis revealed that
the model is sensitive to most of the fault parameters
such as slip, dip, strike, width, length and is less sensitive to the depth.

GRACE data, and the function F which is obtained from
Okubo model [1992]. F is either ΔVxx or ΔVxz, which is
a function of α,δ,L,W and U which are strike angle, dip
angle, length, width and average slip, respectively.
The key parts of the inversion, are the “evaluate”
and “Okubo” functions. The “evaluate” function defines the meaning of fitting. In this instance, it is the
sum of the absolute differences between the computed gravity gradient changes from Okubo model, and
the measured gravity gradient changes from GRACE
data. To minimize this fitting index is the goal of inversion algorithm. To do so, the model is run with many
set of initial values for α,δ,L,W and U, and in each
case, the computed gravity gradient change by Okubo
model is compared with the gravity gradient change
obtained from GRACE observation to compute the R
criteria in Equation (2). The set of parameters, among
all possible choices, that minimizes R is selected as an
optimal solution.
It should be noted that the gravity or gravitational gradient change computed by the analytical model, has different spatial resolution compared with the
spatial resolution of GRACE observation. Thus, we
need to make the model predictions consistent with
GRACE results. In order to do that, we disassemble
the model-predicted gravity change into spherical harmonic coefficients to a degree and order 60 commensurable with the respective GRACE data products, and
then a 350 km isotropic Gaussian smoothing is used to
cure the problem of spatial resolution.
To show the procedure for the model prediction,
we calculate co-seismic gravity change for Indian
Ocean earthquake, for selected set of fault parameters
before and after mentioned corrections (e.g. seawater
correction, free-air correction). The effects of isotropic
Gaussian smoothing is also illustrated in Figure 8.
Moreover, we calculate the co-seismic gravity gradient change associated with Indian Ocean earthquake
(Figure 9). Figure 9, first row, shows full gravity gradient tensor of Indian Ocean earthquake calculated by
Okubo model [1992]. The GRACE-derived co-seismic
gravity gradient tensor (Figure 9, second row) agrees
well with the model prediction.
As you can see from Figure 9, ΔVxx and ΔVxz
components dramatically suppress stripes errors and
show a maximum positive gradient changes of 0.37±
0.08 milliEotvos and 0.59 ± 0.09 milliEotvos respectively and the positive-negative-positive pattern of ΔVxx
and ΔVxz distributed from north-west to south-east of
the fault plane which agree well with the model predictions and other components are polluted with other

5. Focal mechanism of Indian Ocean earthquake
In this section, the GRACE gravity gradient components, ΔVxx and ΔVxz, resulting from Indian Ocean
earthquake are used to constrain the corresponding
fault parameters using Okubo [1992] model. As was
shown in the previous section, the selected components of gravity gradient, computed from Okubo
model [1992], are not very sensitive to the fault depth,
thus it is suggested to fix the depth of the fault to a
known value and use the depth information from
other sources. For the Indian earthquake, Wei [2012]
suggested that the rupture started from 5.67km depth
along the mega thrust interface. Thus, we may fix the
depth for the top edge of the fault as 5.67km. The rake
angle is also fixed as 0° in our inversion, i.e., we only
invert for the left-lateral strike slip component and
neglect thrust component. This simplification can be
justified by Wei [2012] results, which showed that the
thrust (dip-slip) seismic moment is one order of magnitude smaller than the strike-slip seismic moment.
In order to estimate the remaining fault parameters including, strike angle, dip angle, length, width
and average slip, the genetic algorithm is used to solve
the following nonlinear equation:

R = l − F (α ,δ , L, W , U )

(2)

In which R (evaluate function) is a residual norm
between observation (l), which is obtained from
8
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Figure 8. Dislocation model predictions of co-seismic gravity change due to the 2012 Indian Ocean earthquake using Okubo formulation.
1) Gravity change without free-air correction, 2) gravity change after free-air correction, 3) gravity change after free-air correction and seawater correction, and 4) corrected gravity change smoothed with 350 km Gaussian filter. (Units in μGal).

signals (e.g. striping and other noises). We know that
GRACE stripe errors are distributed in north-south direction. Therefore by taking derivative with a respect
to x-axis (north direction) these variations dramatically

suppress which can be seen in ΔVxx and ΔVxz. But by
taking derivative with a respect to y-axis, GRACE strip
errors are enhanced which can be seen in ΔVxy, ΔVyy,
ΔVyz components. Moreover the gravity gradient ob-

Figure 9. Modeled and observed gravitational gradient changes for the 2012 Indian Ocean earthquake, first row: Modeled co-seismic gravitational gradient changes (using Okubo formulation), second row: GRACE-derived gravitational gradient changes (Units in miliEotvos).
White line is a chosen profile, which is used in Figure 11 and 12.
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tained in this way does need any de-striping and spatial
smoothing procedure and thus the original signal does
not disturb in this way. However, for gravity observation of GRACE, at least the Gaussian filtering should
be applied in order to refine the co-seismic signal.
In order to show that the selected gravity gradient
components have better consistency with both analytical model and GRACE observation, we quantify the
goodness of fit criteria by computing the R2 statistics
(i.e., variance reduction). Variance Reduction (VR) of
the GRACE observations with a seismic model synthetics is defined as
VR = 1−

var(data − model)
var(data)

width, dip, strike and slip are, 364km, 58km, 77°, 23°
and 5.4 m, respectively, which have been evaluated by
the inversion of ΔVxx component. Figure 11 shows
ΔVxx along the chosen profile across the fault (this profile has been shown by white line in Figure 9 for both
ΔVxx and ΔVxz). The green curve related to GRACE
results and the blue curve is related to Okubo model.
The ultimate optimal estimate for fault length,
width, dip, strike and slip are, 387km, 52km, 81°, 22°
and 5.9 m, respectively which have been determined
by the inversion of ΔVxz component. Figure 12, shows
ΔVxz along the chosen profile across the fault (this profile has been shown by white line in Figure 9 for both
ΔVxx and ΔVxz). The green curve related to GRACE
results and the blue curve is related to Okubo model.
In order to define the lower and upper bounds of
the error estimate for the components of GRACE observations in the inversion process, the parameter uncertainties are calculated by the errors in the GRACE
observations. The difference between the lower and
the upper bounds of the GRACE data estimates of
fault-plane length, width, dip, strike and slip, calculating from ΔVxz, are 11 km, 8 km and 1.1°, 1.4 ° and
1.3 m respectively when the algorithm converges to a
fault plane.
In Table 1, we compare our results with five slip
models (model I to V) previously discussed at the introduction of this study. According to table 2, there
are many discrepancies in slip models. This shows
that there is a tradeoff among fault parameters. Furthermore, source parameter inversion using different

(3)

where var() is an operator calculating variance. VR is
computed with six components of gravity gradient
tensor. Figure(10) shows R2 statistics with different
gravity gradient components. The GRACE-derived
co-seismic gravity gradient tensor (Figure 9, second
row) agrees well with model predictions yielding
more than 50% of VR. Moreover, the two gravitational gradient components, ΔVxz and ΔVxx better fit the
GRACE data yielding more than 60% of VR. According to Figure 10, among six components of gravity
gradient tensor, we can arrange ΔVxz, ΔVxx, ΔVxy,
ΔVzz, ΔVyz and ΔVyy in a decreasing order of VR.
ΔVyy has distinctly poorer agreement with the value
of VR less than 45% Therefore, we use these two components to constrain the fault parameters.
The ultimate optimal estimate for fault length,

Figure 10. Variance Reduction (VR) of the GRACE observations and Okubo model for each component of gravity gradient tensor.
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Figure 11. Comparison of ΔVxx obtained by Okubo model with ΔVxx computed from GRACE observation along the white profile in
Figure 9 (Units in miliEotvos).

Figure 12. Comparison of ΔVxz obtained by Okubo model, with ΔVxz computed from GRACE observation along the white profile in
Figure 9 (Units in miliEotvos).

source of data may result in a different fault geometry
and fault parameters. The total seismic moment M =
μULW where μ is a mean rigidity (assuming mean rigidity of 33 GPa quoted from Vigny et al. [2011]), is
also shown in this table.

the changes in the gravity gradient tensor resulting
from Indian Ocean earthquake have been derived.
It is shown that the two components of the gravity
gradient, namely, ΔVxx and ΔVxz are free from striping error of GRACE observations distributed in the
north-south direction. By suppressing the effects due
to seasonal variation of hydrological source and the
influences of post seismic deformation, the co-seismic
signal is recovered. Finally, the co-seismic gravity gra-

6. Conclusion
In this study, using the observations of Level 02,
monthly gravity field solution of GRACE satellites,
11
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model

L (km)

W (km)

Dip(°)

Strike(°)

Slip(m)

Total seismic
moment(Nm)

This study (Vxx)

364

58

77

23

5.4

3.76×1021

This study (Vxz)

387

52

81

22

5.9

3.91×1021

Model I

384

60

64

20

8.9×1021

Model II

380

40

80

20

1.02×1022

Model III

375

40

79.95

198.87

7.76×1021

Model IV

255

48

86.98

108.34

7.76×1021
1.26×1022

Model V
Table 1. Different slip models for Indian Ocean earthquake.

dient change are compared with the analytical model
of Okubo [1992] to invert for fault parameters. Moreover, we demonstrate that GRACE data can provide a
good constraint to fault length, width, strike, dip and
slip of Indian Ocean earthquake, but it is not suitable
to invert for fault depth. The ultimate optimal estimates for fault length, width, dip, strike and slip are,
387km, 52km, 81°, 22° and 5.9 m, respectively which
are computed by the inversion of ΔVxz component.
On the other hand, the inversion of ΔVxx results in the
values of , 364km, 58km, 77°,23° and 5.4m, for fault
length, width, dip, strike and slip respectively.
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