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[1] The 2011 great Tohoku-Oki earthquake, apart from
shaking the ground, perturbed the motions of satellites orbit-
ing some hundreds km away above the ground, such as
GRACE, due to coseismic change in the gravity field. Sig-
nificant changes in inter-satellite distance were observed
after the earthquake. These unconventional satellite mea-
surements were inverted to examine the earthquake source
processes from a radically different perspective that comple-
ments the analyses of seismic and geodetic ground record-
ings. We found the ‘average’ slip located up-dip of the
hypocenter but within the lower crust, as characterized by
a limited range of bulk and shear moduli. The GRACE data
constrained a group of earthquake source parameters that
yield increasing dip (7–16° � 2°) and, simultaneously,
decreasing moment magnitude (9.17–9.02 � 0.04) with
increasing source depth (15–24 km). The GRACE solution
includes the cumulative moment released over a month and
demonstrates a unique view of the long-wavelength gravi-
metric response to all mass redistribution processes associ-
ated with the dynamic rupture and short-term postseismic
mechanisms to improve our understanding of the physics
of megathrusts. Citation: Han, S.-C., J. Sauber, and R. Riva
(2011), Contribution of satellite gravimetry to understanding seis-
mic source processes of the 2011 Tohoku-Oki earthquake,Geophys.
Res. Lett., 38, L24312, doi:10.1029/2011GL049975.

1. Introduction

[2] The great Tohoku-Oki earthquake on March 11, 2011
shook the Honshu island in Japan radiating seismic energy
(Mw 9.0–9.1), deformed the surface near the epicenter per-
manently up to 10–30 meters horizontally and a few meters
vertically, and generated a devastating tsunami of tens of
meters in height [Ozawa et al., 2011; Sato et al., 2011; Simons
et al., 2011]. Various geophysical signals of ground, seafloor,
and sea-surface motions were measured by seismometers,
GPS, seafloor transponders, and tsunami gauges, and these
measurements have been exploited to understand the rupture
dynamics and spatial extent of slip [Lay et al., 2011; Pollitz
et al., 2011; Simons et al., 2011]. The analyses of ground-
based observations of the earthquake consistently indicate a
compact source with slip of 30–60 m, allowing a single
double-couple source to explain long-period seismic radia-

tion data [Shao et al., 2011]. However, the ‘average’ slip
appears down-dip [Ammon et al., 2011; Ozawa et al., 2011;
Simons et al., 2011], up-dip [Pollitz et al., 2011; Shao et al.,
2011] of the hypocenter (�24 km deep), or even shallower
near trench [Lay et al., 2011], due to the limited sensitivity
and coverage of seismic and geodetic observations to map-
ping the rupture processes [Lay et al., 2011; Pollitz et al.,
2011]. Although the fault plane was fixed to approximate
the dip of the top surface of the downgoing slab constrained
by seismic reflection data [Miura et al., 2005], the estimated
moment of this earthquake ranges from 3.9 to 5.8 � 1022 N-
m, depending on the analysis technique, source depth, data
weighting, the presumed Earth structure as well as additional
parameters. The inverted slip distribution and magnitude
among numerous models still differ substantially, although
they produce consistent fits to different kinds of traditional
ground measurements [Pollitz et al., 2011].
[3] Earthquakes, apart from triggering seismic waves and

causing surface displacement, redistribute mass within the
Earth and thus change the gravitational field. The coseismic
gravity change is due to deformation inside of the Earth as
well as on the surface (including the interaction with the
ocean) [Han et al., 2006, 2010; De Linage et al., 2009;
Melini et al., 2010; Broerse et al., 2011; Cambiotti et al.,
2011]. While the surface displacement is accessible from
other geodetic techniques such as GPS and InSAR, the
interior deformation, that includes changes in intrinsic
density (or volume) and vertical deformation of the dis-
continuities in density stratification of the interior, can be
addressed best through gravimetric observations [Okubo,
1992; Pollitz, 1997]. The coseismic changes in the gravita-
tional field are dependent on the seismic source depth, focal
mechanism (strike, dip, and rake) and physical properties of
the Earth as well as the earthquake magnitude (Figures S1
and S2 in the auxiliary material).1 For example, a seismic
source with smaller moment may produce larger gravity
change than the one with larger moment depending on these
parameters, especially, source depth and fault dip (Figures S3
and S4). A deeper seismic source with higher dip and a
shallower source with lower dip may produce similar gravity
change (Figure S5).

2. Measurements of Coseismic Changes
in GRACE Inter-satellite Ranging Data

[4] The coseismic gravitational potential changes, in turn,
influence the orbital motion of spacecraft [Han et al., 2010].
The inter-satellite distance changes (i.e., range-rate) between
two GRACE satellites orbiting at 480 km altitude have been
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measured with the onboard K-Band Ranging (KBR) instru-
ment. These are the fundamental observations used to con-
struct monthly time-series of global gravity fields delivered
by the mission since 2002 [Tapley et al., 2004]. We exam-
ined these range-rate measurements near the epicenter before
and after the earthquake (the satellite ground tracks west of
the epicenter are shown in Figures 1a and 1f, respectively).
When four weeks of pre-earthquake GRACE measurements
(Figure 1b) and the two weeks after the earthquake
(Figure 1c) are compared, significant changes were observed
between the latitudes 35–43°N. To retain only the changes
by the earthquake, we removed nuisance ‘mass variation’
signals that coexist in the GRACE measurements such as
those due to fluctuations in the ocean, atmosphere, snow
level and land water storage. The reference global mass
distribution from these various background signals was

estimated from one month worth of the GRACE data
immediately before the earthquake (in terms of ‘usual’
spherical harmonic coefficients). This was used to compute
the effect of non-earthquake signals in the data after the
earthquake (shown as gray in Figure 1c), assuming no sig-
nificant changes occurred from non-earthquake sources
during one month.
[5] The residuals, defined by the difference between the

actual observations and the predicted non-earthquake sig-
nals, reflect the coseismic changes in range-rate (Figure 1d).
The corresponding synthetic range-rate changes were com-
puted (see auxiliary material), using global centroid moment
tensor (GCMT) [Nettles et al., 2011] and USGS CMT [U.S.
Geological Survey, 2011] solutions as examples. The dif-
ference between two seismic solutions is large with the
maximum of �0.2 � 10�6 m/s (Figure 1e) and, when

Figure 1. GRACE measurements of range-rate change before and after the earthquake. (a) The satellite ground tracks near
the epicenter from February 11 to March 10, 2011 (before the earthquake). (b) GRACE observations before the earthquake.
(c) GRACE observations from March 11 to March 31, 2011 (after the earthquake). The gray lines indicate the predicted non-
earthquake effect for the data after the earthquake. They were determined from the data immediately before the earthquake.
(d) The residual GRACE data after removing the non-earthquake signals. (e) The synthetic range-rate responses from two
seismic CMT solutions. (f) The satellite ground tracks during March 11 to 31, 2011 corresponding to the data shown in
Figure 1c. (g) The individual passes of the GRACE observations and seismic model synthetics of coseismic range-rate
change (see Figures S4a and S4b for the corresponding synthetic surface gravity change). A pair of passes at each mean
longitude (shown at the bottom of Figure 1g) is from ascending and descending tracks with a time difference of 12 hours.
For clarity in the plot, only two weeks of the GRACE data west of the epicenter were shown; data east of the epicenter are
shown in Figure S6 in the auxiliary material.
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compared with the measurements, USGS CMT was found to
overestimate the coseismic range-rate (i.e., gravity) changes.
This demonstrates how the gravity response from seismic
source is not simply proportional to the size of the earth-
quake, because the scalar moment of USGS CMT is 20%
smaller than that of GCMT. Finally, the largest range-rate
changes from GRACE were observed west of the epicenter
implying the location where coseismic gravity change is
substantial (Figures 1g and S6 presenting the GRACE data
east of the epicenter).
[6] Three seismic CMT solutions [Duputel et al., 2011;

Hayes, 2011; Nettles et al., 2011] with the centroid moment
sources in the lower crust (15–24 km depth), as defined by
PREM [Dziewonski and Anderson, 1981], agree with the
GRACE range-rate measurements yielding more than 65%
of variance reduction (VR) (Figure S7a). However, USGS
CMT specified with the source at 10 km depth within the
upper crust gives distinctly poorer agreement with VR less
than 40%. Since the centroid depth is not generally well-
constrained by long-period seismic data [Kanamori and
Given, 1981], we tested these CMT solutions within a
depth range of 3–40 km. We found that the synthetic gravity
change from all CMT solutions may be reconciled with the
GRACE range-rate observations, if the source depth is
adapted to be within the lower crust characterized by a cer-
tain range of elastic parameters such as compressional and
shear moduli and density (Figure S7). An earthquake source

at shallower depth may cause larger coseismic gravity
change than the same source at deeper (and more rigid)
layer, because the ambient material of the shallower layer is
more deformable in volume and shape.

3. Inversion for Earthquake Source Parameters

[7] The GRACE measurements open a new opportunity to
examine the earthquake source through gravitational poten-
tial normal modes (involving spheroidal modes). Analogous
to inversion of long-period seismic waveform data through
spheroidal and toroidal displacement modes in the elasto-
gravitational eigenproblem [Gilbert and Backus, 1968], we
have estimated the earthquake double-couple source para-
meters from the GRACE range-rate data with a presumed
location of slip. By fixing its latitude, longitude, and depth,
the gravity response functions (i.e., Green’s functions) were
computed a priori. The linear observational models of the
GRACE measurements were, then, constructed with respect
to the moment tensor elements indicating orientation (strike,
dip, and rake) and size (moment) of the fault dislocation.
[8] In inversion of the GRACE inter-satellite range-rate

measurements, we solved simultaneously for scalar moment
M0, dip d, and rake l parameters with a fixed fault strike and
variable depths, and alternatively, with a fixed depth and
variable fault strikes (Figures 2, top and 2, bottom, respec-
tively). In the former case, the estimate of scalar moment

Figure 2. GRACE estimates of the earthquake source parameters from inversion of one month of range-rate data after the
earthquake. (top) GRACE solutions of scalar moment, dip, and rake with a fixed fault strike of 196° at various depths within
the lower crust for ‘slip’ centroid (i.e., point dislocation). The moment and dip estimates change monotonically with depth,
while the rake estimates are relatively constant regardless of depth. (bottom) GRACE solutions with variable strike at a fixed
centroid depth of 17 km. A change in strike is compensated by the rake parameter without causing much change in moment
and dip parameters. The monotonic relationship between rake and strike is also found from various seismic CMT solutions.
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decreases from 6.3 to 3.8 � 1022 N-m (Mw 9.1 to 9.0) when
depth varies from 15 to 24 km with formal error as large as
�10% of the estimate. At the same time, the dip estimate
increases with depth from 8 to 18° � �2°. In contrast, the
rake estimate of 82° � 3° is constant, regardless of which
depth is used. The solutions at other depths (shallower than
15 km or deeper than 24 km) could be ruled out because they
produce considerably less agreement (smaller VR) with the
measurements. When depth is fixed and strike varies, the
inversion shows opposite trends. Namely, the rake estimate
monotonically increases with increasing strike (which also
can be inferred from the geometry of the fault), while the
scalar moment and dip estimates are relatively constant. Any
error in the strike estimate will be compensated with the rake

estimate, and, fortunately, less likely leaks into the estimates
of moment and dip that are usually not well-constrained,
albeit more crucial for assessing tsunami and postseismic
processes. The trade-off between strike and rake could also
be found among various seismic CMT solutions. However,
monotonic changes in dip or moment estimates with depth
are not found in, for example, global CMT analyses of long-
period seismic waves for this earthquake [Nettles et al.,
2011].
[9] We adopted the GRACE solutions estimated with a

fault strike of 196° and compared with seismic CMT solu-
tions (Figure 3). The long-period seismic data analysis
for shallow earthquakes is confronted with the trade-off
between scalar moment and dip [Kanamori and Given,
1981], which makes various seismic CMT solutions more
consistent when compared in terms of M0 sin 2d, instead of
M0 and d individually. The GRACE solutions of M0 and d
at lower depths (15–20 km) are particularly in accordance
with the seismic CMT solutions in terms of M0 sin 2d.
However, the GRACE depth, indicative of where most of
the moment was released, is shallower than the depths of
seismic CMT solutions and of the hypocenter (24–32 km).
It supports the idea of concentrated slip up-dip of the
hypocenter, which is also found from other analysis based
on GPS and long period seismic data [Lay et al., 2011;
Pollitz et al., 2011; Shao et al., 2011]. The point source
approximation (centroid) of various finite fault models
[Ammon et al., 2011; Hayes, 2011; Shao et al., 2011;
Simons et al., 2011], obtained by taking a weighted mean of
multiple moments (or slips) in each model, were also
compared. In general, the centroids of these models are
consistent with seismic CMT solutions, however, lower
magnitude [Ammon et al., 2011] or deeper centroid [Hayes,
2011] is also found.

4. Discussion

[10] The surface gravity change computed from one of our
preferred GRACE solutions (M0 5.4 � 1022 N-m, dip 10.5°,
rake 82°, strike 196°, depth 17 km) found the primary
gravity change in the onshore region with �8 mGal or
greater in magnitude extending over 700 km and a second-
ary anomaly of 4 mGal or less offshore (Figure 4a). The
maximum gravity difference among the GRACE solutions at
various depths in the lower crust is about �1.5 mGal at the
spatial resolution of 500 km. All three recent great earth-
quakes including the 2004 Sumatra-Andaman islands and
the 2010 Maule, Chile caused consistently the larger nega-
tive gravity onland and the smaller positive gravity offshore
[Han et al., 2006, 2010; De Linage et al., 2009; Heki and
Matsuo, 2010; Matsuo and Heki, 2011]. This is the charac-
teristic spatial pattern of the coseismic gravity change after
undersea thrust earthquakes accompanied by crustal dilata-
tion [Han et al., 2006].
[11] The GRACE estimate of coseismic moment may be

larger than the seismic estimate because the data over a
month were used in the inversion. The analysis of post-
seismic GPS displacement data predicts 10% of the coseis-
mic moment release (�4.5 � 1021 N-m) occurred over a
month after the main rupture [Ozawa et al., 2011]. The
postseismic gravity change would be distinctly different
from the coseismic one in its spatial pattern (Figure 4b). The
northwest migration of the negative peak is due to the

Figure 3. Scalar moment M0 versus fault dip d for variable
depth parameters, for GRACE CMT, seismic CMT solu-
tions, and moment-weighted averages of various finite fault
models. The GRACE estimates of M0 and d at each depth
(shown on the right of the symbol) are presented with the
respective formal errors (open black circles with error bars).
Various seismic CMT solutions are given at different depths
(color symbols with depths shown on the left). Multiple
CMT’s in each finite fault model were averaged with the
weights specified by moment (or by slip, if moment is not
available) to obtain an approximate point (centroid) repre-
sentation (blue square [Shao et al., 2011], blue triangle
[Simons et al., 2011], blue diamond [Hayes, 2011], blue
circle [Ammon et al., 2011]). The scalar moment estimate
from seismic methods, for example from global CMT solu-
tion, varies with filter parameters and centroid depths at the
range of Mw 9.03 to 9.16 or, equivalently, 4.0 to 6.0 �
1022 N-m [Nettles et al., 2011]. The green line is the ‘isoline’
delineating the same value of M0 sin 2d as the one of
GCMT. Due to the moment-dip ‘trade-off’ in the long-
period seismic data analysis, M0 sin 2d is better constrained
than each of M0 and d. Except for the USGS CMT and a
point approximate of two finite fault models [Ammon et al.,
2011; Hayes, 2011], others are consistent in terms of M0 sin
2d and depth. Although all of the GRACE solutions at depths
of 15 to 24 km fit the range-rate measurements equally well
(Figure S8), the GRACE solutions at shallower depths (15–
19 km) are most consistent with the majority of the seismic
results at depths greater than 20 km.
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location of afterslip downdip from the main shock, while
the large ratio of the positive to negative gravity anomalies
is due to the slip as it moves into a deeper layer such as the
upper mantle. Viscoelastic relaxation may contribute to
such postseismic gravity change, as shown to be dominant
particularly at a large spatial scale after the 2004 Sumatra-
Andaman rupture [Han et al., 2008].
[12] Being sensitive to gravitational normal modes, the

GRACE data offered another perspective into the source
mechanism and processes associated with the rupture in
great earthquakes that complement analysis based on
observations of vertical and horizontal surface displacement.
This independent view through an alternative physical
quantity helps understanding of the earthquake process by
untangling the uncertainties in various parameters and by
delineating the slip centroid depth in the lower crust. The
spatially- and temporally-integrated fault solution such as
from GRACE will be beneficial especially to global geo-
dynamic investigations of changes in rotation and figure of
the Earth [Chao and Gross, 1987]. Continuous observations
of gravitational potential changes will be useful to charac-
terize the mechanical and rheological properties of the
Earth’s interior and the evolving postseismic deformation
that may lead to a better understanding of seismic hazard
following great earthquakes. The sensitivity of GRACE data
to depth and dip indicates the importance of moment distri-
bution as function of depth. A simultaneous inversion of
GPS, GRACE, and seismic records for co- and post-seismic
slip distribution will give a self-consistent view of this mega-
thrust earthquake and the Earth’s response to it. The future
GRACE follow-on mission equipped with enhanced instru-
mentation [Watkins et al., 2011] will allow exploiting
gravitational potential data in the analysis of smaller and
thus more frequent seismic events.
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