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ABSTRACT:

GRACE satellites (the Gravity Recovery And climate Experiment) are very useful sensors to extract gravity anomalies after
earthquakes. In this study, we reveal co-seismic signals of the two combined earthquakes, the 2006 Mw8.3 thrust and 2007
Mw8.1 normal fault earthquakes of the central Kuril Islands from GRACE observations. We compute monthly full gravitational
gradient tensor in the local north-east-down frame for Kuril Islands earthquakes without spatial averaging and de-striping filters.
Some of gravitational gradient components (e.g. AVxx, AVxz) enhance high frequency components of the earth gravity field and
reveal more details in spatial and temporal domain. Therefore, co-seismic activity can be better illustrated. For the first time, we
show that the positive-negative-positive co-seismic AVxx due to the Kuril Islands earthquakes ranges from — 0.13 to + 0.11 milli
Eo6tvos, and AVxz shows a positive-negative-positive pattern ranges from — 0.16 to + 0.13 milli E6tvos, agree well with seismic
model predictions.
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1. INTRUDUCTION

A strong trust fault earthquake with magnitude Mw = 8.3
happened in the vicinity of the Central Kuril Islands, with a
fault area as large as 250 x 100 km? and moment release
between 1.6 -5.3 x 102 N m (Ammon et al., 2008; Lay et
al., 2009). It was strongest event of its type to be observed
in the Pacific Ocean within the past 42 years since the
catastrophic earthquake of March 28, 1964. On January 13,
2007, two months after the November 15, 2006 earthquake,
another earthquake of similar magnitude (Mw = 8.1)
occurred in the region of the Central Kuril Islands with a
fault area as large as 200 x 40 km? and moment release
between 1.4 -2.8 x 10?2t Nm (Lay et al., 2009). The seismic
parameters of the second earthquake differed significantly
from those of the earlier earthquake and it was normal
faulting events with bigger dip angle (Lay et al., 2009).
Data from teleseismic networks, geodetic networks and
tsunami sensors have been used to observe and model the
co-seismic signature and slip history of 2006 trust event
(Sladen et al, 2006;Ji et al 2006;Lay et al 2009) and 2007
normal event (Sladen et al, 2007; Ji et al 2007). In addition,
space-borne gravimetry data from the Gravity Recovery
And Climate Experiment (GRACE) satellites have been
used to observe co-seismic and post-seismic signature of
the 2006 and 2007Kuril Islands earthquakes (Han et al.,
2016).

Large earthquakes lead to observable co-seismic and post-
seismic deformations, of which co-seismic deformation is a
sudden and permanent jump, and post-seismic deformation
consists of subsequent slip and slow recovery with time
scale from months to years (or even longer) which is
usually less than co-seismic changes. For example the 11
March 2011 Mw 9.0 Tohoku earthquake post-seismic slips
(Ozawa et al., 2011) occurred with a moment of about 10%
of the main shock. However, Kuril events is distinctly
different; namely, the magnitude of post-seismic gravity
change becomes by far larger than the co-seismic change
within a few years (Han et al., 2016). Han et al (2016) also
shows that the predicted total co-seismic gravity change of
less than 1 micro-Gal at GRACE’s spatial resolution. This
was certainly below the detection threshold (Han et al.,
2013).

Some Field quantities can better extract seismic signals
other than geoid or gravity of the GRACE time-variable
gravitational field. These other GRACE Field quantities
include gravity gradients, vertical deflections, and
gravitational gradient tensors (e.g., Li and Shen 2011; Sun
and Zhou 2012; Wang et al. 2012a; Li 2015; Die 2015),
which are sensitive to small-scale signals.

In this study we calculated a predicted total co-seismic
gravity change of less than 1 which is consistent with Han
et al (2016). Moreover, we calculate gravity change by the
Release-05 (RL05) Level-2 monthly gravitational field data
products and we show that the gravity signal is below the
noise level. Furthermore, we compute full gravitational
gradient tensor and show that some of its components are
dominant of noise and reveal co-seismic gravitational
gradient changes.

2. GRACE DATA ANALYSIS

We used the Release-05 (RLO5) Level-2 monthly
gravitational field data products released by University of
Texas Center for Space Research (UTCSR), which are
consisted of fully normalized SH coefficients complete to
degree and order 60. The C20 coefficients are replaced by
satellite laser ranging (SLR) estimates (Cheng and Tapley
2004).

We use the SH coefficients Cnm, Snm used to compute
monthly full gravitational gradients tensor in a local frame
(x axis is at north direction, the y-axis to the east, and the z-
axis downward.)

In order to preserving original signals as much as possible

we did not apply any de-striping and spatial smoothing
procedure. To suppress seasonal variations and isolate co-
seismic change, we compute the difference between two
mean gravity field after and before the earthquake, which is
known as stacking approach based on that from Chen et al.
(2007).

This difference include post-seismic signals associated
earthquake. To remove the mentioned effects in the
GRACE data, we adopt at a 1° x1° grid a time-dependent
function.

y(© =a+b(l—e 77

Where a, t and b are constant term, the relaxation time and
total post-seismic gravitational gradient change. Then the
co-seismic gravitational gradient changes were extracted by
computing the difference between two mean gravity fields
before and after earthquake.

3. MODEL-PREDICTED GRAVITY CHANGE

In order to predict gravity changes comparable with
GRACE results we need two corrections which are free-air
correction and seawater correction (Li, 2014).

First, we calculate gravity changes and vertical deformation
with the half-space layered PSGRN/PSCMP code (Wang et
al.2006). The calculated gravity changes contain
contributions of both mass redistribution and effect of
position changes at the calculating points because of the
surface deformation. GRACE could not observe the latter
contribution. After implementing the free-air correction
(e.g. PAh(x1, x2), where B = 0.3086 *10-5 /s2 takes into
account the free-air effect due to the surface vertical motion
of Ah), we obtain the gravity changes on space-fixed
points, which are attributed to mass redistribution caused
by the earthquake (Sun et al. 2009)

Second, the dislocation theory above is assumed dry earth,
so the deformation that occurred in the ocean bottom is
replaced by sea water, As the mass redistribution due to
seafloor deformations is partly compensated by seawater,
the correction can be obtained by a Bouguer layer reduction
based on seawater density and predicted vertical
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displacements of the seafloor (e.g. —2nGpwAh(x1, x2)
where G denotes the Newton’s gravitational constant, pw =
1.03gem—3 represents the sea water density and Ah(x1, x2)
is the co-seismic vertical displacement) (e.g, Li and Shen
2011; Wang et al. 2012; Li and Shen 2015).

Gravity changes predicted by dislocation models have a
spatial resolution of several hundreds of kilometers. Thus,
we need certain processing steps to make the model
predictions consistent with GRACE results. In order to do
that, we use 350 km isotropic Gaussian smoothing. The
most commonly spatial smoothing method used is Gaussian
smoothing (Wahr et al. 1998).

The calculated gravity change is transformed to geo-
potential spherical harmonic coefficients up to degree 60.
Then, each component of gravity gradient change is
computed at a regular grid on Earth’s mean semi-major
axis (6378.1363 km) from the geo-potential coefficients up
to the maximum degree (60) commensurable with the
respective GRACE data products. The decomposition of a
function on the sphere into a series of spherical harmonic is
done by weighted least-square method (Sneeuw, 1994).
And the calculated spherical harmonic coefficients are used
to obtain full gravitational gradient tensor.

The dislocation model computation requires two types of
inputs. One is an earth model reflecting geophysical
properties of the crust and mantle in the earthquake region,
and the other is a slip model describing the fault slips
caused by the earthquake.

To show the procedure for the model prediction, we
calculate co-seismic gravity changes before and after
corrections for the 2006 Mw8.3 thrust earthquake of the
central Kuril Islands, which are depicted in Figure 2. We
use (Lay et al., 2009) slip model (Figure 1). In addition, we
use five layered earth model extracted from CRUST?2 (table
1).

KurilIsiands

Google
Figure 1. The 2006 Mw8.3 thrust earthquake of the central Kuril
Islands fault slip distribution (Lay et al., 2009)

Table 1. The 5-layered half-space model of the 2006 Mw8.3 thrust
earthquake of the central Kuril Islands (the parameters are from

CRUST2.0)
layer Depth(km) vp[km/s] vs[km/s] plkg/m"3] Viscosity ~ material
(10'%Pa
s)
1 2 3.6 1.2 2200 © Elastic
body
2 6.00 5.6 3.34 2800 ) Elastic
body
3 12.00 6.67 3.82 2900 © Elastic
body
4 22.00 7.44 4.06 3050 ) Elastic
body
5 50.00 8.20 4.89 3400 1 Maxwell
body

The significant difference between figure 2a and 2b
demonstrates the necessity of free-air correction. There
could be evident difference between results with and
without seawater correction, which can be clearly revealed
also by the case of the 2006 Mwa8.3 thrust earthquake of the
central Kuril Islands. Figure 2c represents the model-
predicted co-seismic gravity changes of the 2006 thrust
earthquake after seawater correction for the oceanic areas.
Compared with the prediction without seawater correction,
the amplitude of the positive gravity changes in the near
field decreases from 300 micro-Gal (figure 2b) to 150
micro-Gal (figure 2c). This illustrates that the
compensation effect of seawater is non-negligible.

To make the model predictions consistent with GRACE
results we need to smooth modeled- predicted gravity
change. The smoothed results are depicted in figure 2d,
from which we can find that the magnitude is reduced from
several hundred of micro-Gal to several micro-Gal, and the
spatial pattern is dominated by relatively larger scale
features after 350 km Gaussian smoothing.
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Figure 2. Dislocation model predictions of co-seismic changes due
to the 2006 Mw8.3 thrust earthquake of the central Kuril Islands.
a) Gravity changes without free-air correction, b) Gravity changes
after free-air correction , c) Gravity changes after free-air
correction and seawater correction, and d) Corrected gravity
changes smoothed with 350 km Gaussian filter. (Units in micro-
Gal)

4. CO-SEISMIC SIGNAL OF KURIL
EARTHQUAKES

ISLANDS

The 15 November 2006 Mw8.3 thrust and 13 January 2007
Mw8.1 normal fault earthquakes of the central Kuril
Islands were strong enough to be detected by GRACE.
Since these two earthquakes happened so close. We take
the difference of two 2-year mean gravitational fields
before and after the two combined earthquakes. The
observation is a combination of co-seismic signals
associated to the 2006 event and 2007 event, as well as the
viscoelastic relaxation of the asthenosphere (Han et al,
2016). To remove the potential contamination from the
post-seismic signals associated with these earthquakes the
gravitational gradients of the months after the 13 January
2007 normal fault earthquake (from 2007 February to 2009
March) were used to fit a time-dependent function
(equation 1).

Han et al (2016) found the gravity increase of ~ 4 micro-
Gals, observed consistently from various GRACE solutions
around the epicentral area during 2007-2015, and it
claimed that post-seismic gravity changes are greater than
co-seismic changes. However, we show that co-seismic
signals are big enough to be detected by GRACE by
calculating AVxx, AVxz components which are less
polluted by noises. Furthermore, we show that gravity
changes due to these combined earthquakes are below the
noise level so some field quantities (e.g. AVxx, AVxz) can
better extract seismic signals other than gravity of the
GRACE time-variable gravitational field. And these two
field quantity are sensitive to small-scale signals. We
calculate predicted gravity changes of less than 1 micro-gal

(figure 3d) and also we show GRACE-derived gravity
changes (figure 3c) which are below noise level.

For calculating predicted co-seismic gravity and gravity
gradient changes, the finite fault models of the 2006 trust
event (Sladen 2006), and the 2007 earthquakes (Sladen
2007), are used.

~2) 2006 TrustFault -~

6) 2007 Normal Fault <~

[ icro-gal

08 08 04 22 g 0z

Figure 3. Co-seismic gravity changes a)Predicted gravity changes

of the 2006 trust fault earthquake b)Predicted gravity changes of

the 2007 normal fault earthquake c) GRACE result by taking the

difference of two 2-year mean gravitational fields before and after

these earthquakes d) Predicted gravity changes of both the 2006
and the 2007 Kuril Island earthquakes

Figure 4 represents gravitational gradient tensor of Kuril
Islands earthquakes, first row is predicted gradient changes
associated to the 2006 trust fault earthquake, second row is
predicted gradient changes associated to the 2007 normal
fault earthquake, third row is predicted gradient changes of
both earthquakes, last row is GRACE-derived gradient
changes. We know that GRACE stripe errors are
distributed in north-south direction. Therefore by taking
derivative to the x-axis (north direction) these variations
dramatically suppress. As you can see from figure 4, AVxx
and AVxz are dominant of noise level and show a
maximum positive gradient changes of 0.11 milli E6tvos
and 0.13milli Eotvds respectively and the positive-
negative-positive pattern of AVxx and AVxz distributed
from north-west to south-east of Kuril Islands which agree
well with model prediction. And other components polluted
with other signal (e.g. striping and other noises).
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Figure 4. Modeled and observed gravitational gradient changes for
Kuril island earthquakes. First row: Seismic model predicted total
co-seismic gravitational gradient changes of the 2006 earthquake
(trust fault), Slip model in use: (Sladen 2006), Second row:
Seismic model predicted total co-seismic gravitational gradient
changes of 2007 earthquake (normal fault), Slip model in use:
(Sladen 2007),, Third row: Seismic model predicted total co-
seismic gravitational gradient changes of 2006+2007 earthquakes,
Last row: GRACE-derived gravitational gradient changes, [units in
milli E6tvos]

5. CONCLUSION

The 2006 and 2007 Kuril Islands earthquakes are detectable
by GRACE. Monthly GRACE time variable gravity
solutions are capable of monitoring some of gravitational
gradient components (e.g. AVxx, AVxz) of two combined
earthquakes. A positive-negative-positive pattern prevails
in the spatial domain of the horizontal components of the
gravity gradient changes due to the Kuril Islands
earthquakes. And they agree well with model prediction.
However, the predicted co-seismic gravity change
computed less than 1 micro-gal which was below noise
level. Therefore, the gravitational gradient components
(e.g. AVxx, AVxz) are independent to GRACE stripy error
and amplify high frequency components of gravity field
which reveal more detail in spatial and temporal domain.
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