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Abstract

This paper introduces a scheme to compute co-seismic change of deflection of the
vertical. To compare the theoretical deflection changes with the GRACE-observed ones,
the dislocation Love numbers are truncated and the Green’s functions are computed with
application of a Gaussian filter. This study further examines the problem of seawater
correction to modeled geoid and deflection changes. As an application of the dislocation
theory and the computing scheme, we consider the 2010 Chile earthquake (Mw8.8) using
two fault slip models, to compute the co-seismic geoid and deflection changes considering
seawater corrections. Results indicate that the co-seismic geoid and deflection changes can
be detected clearly by GRACE observation, and the co-seismic geoid change is not sensitive
to the fault slip models; whereas the co-seismic deflection changes are sensitive. These
behaviors provide us a new and useful approach to invert seismic faults using GRACE-
observed deflection changes as constraints.
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1 Introduction

Many scientists have presented dislocation theories to inter-
pret observed co-seismic deformations such as displacement,
strain, tilt, and gravity change, such as theories for half-
space media by Okada (1985), Okubo (1992) and Wang et al.
(2006) among others. These theories are mathematically sim-
ple and are widely used in practical applications in modeling
co-seismic deformation even today.

Scientists also developed dislocations theories for a more
realistic Earth model, such as Pollitz (1992), Sun and Okubo
(1993), Sun et al. (1996, 2006, 2009), Piersanti et al. (1995),
Sabadini et al. (1995), Soldati et al. (1998) and Tanaka
et al. (2006). Previous results indicated that co-seismic
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deformation accompanying a large earthquake occurs not
only near the epicenter, but over the whole earth. For that
reason, we are compelled to investigate global co-seismic
deformations using both a theoretical model and practical
observation. A spherical dislocation theory is considered
to be necessary to model/invert the fracture fault and to
calculate the co-seismic deformations over the earth surface.

The coseismic gravity field changes are similarly
detectable by gravity measurement. For example, coseismic
gravity changes generated by the Tokachi-Oki earthquake
in 2003 were detected using superconducting gravimeters
(Imanishi et al. 2004). Furthermore, according to Gross and
Chao (2001) and Sun and Okubo (2004), the satellite gravity
mission GRACE is theoretically able to detect the coseismic
gravity changes caused by earthquakes with magnitude
of 8 or greater. Subsequently, the co-seismic and post-
seismic gravity changes caused by 2004 Sumatra–Andaman
Earthquake (Mw9.3) and the 2010 Chile earthquake (Mw8.8)
were detected by GRACE (Han et al. 2006; Panet et al. 2007;
Ogawa and Heki 2007; Chen et al. 2007; Linage et al. 2009;
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Heki and Matsuo 2010; Zhou et al. 2011b). Therefore, to
interpret the observed deformation and to reflect the effects
of the earth curvature and vertical structure, the dislocation
for a spherical earth model is important and necessary (Sun
et al. 2009).

Sun and Zhou (2012) presented a new scheme to compute
the change of deflection of the vertical, expending the current
dislocation theory for a spherical earth model (Sun and
Okubo 1993). Then, as an application, the Green’s functions
are used to calculate co-seismic deflection changes caused
by the 2011 Tohoku-Oki earthquake. Results show that
this earthquake generated considerable co-seismic deflection
changes, and detected by GRACE.

GRACE provides us with a global potential model for
each month; it is not only useful to compute gravity and
geoid changes, but also to compute change of deflection of
the vertical. The deflection of vertical is defined as derivative
of the geoid and it is expected to be more sensitive to co-
seismic deformation than geoid. It has the potential to open a
new approach to study co-seismic deformation with GRACE
data.

In this paper, we briefly introduce the computing scheme
to compute the change of deflection of the vertical. Then
we apply the scheme to compute the co-seismic deforma-
tion caused by the 2010 Chile earthquake (Mw8.8), to see
whether the co-seismic change of deflection of the vertical is
detectable or not, and assess the sensitivity of this quantity to
co-seismic slip models.

2 Co-seismic Geoid and Deflection
Changes for a Point Dislocation

We define the dislocation model at radial distance rs on an
infinitesimal fault dS by slip vector �, normal n, slip angle
�, and dip angle ı in the coordinate system .e1; e2; e3/; unit
vectors e1 and e2 are taken, respectively, in the equatorial
plane in the directions of longitude � D 0 and �

2 , and e3

along polar axis r. Relative movement (displacement) of the
two fault sides is defined as U . In the following, we present
the Green’s functions of co-seismic change of deflection of
the vertical by following the scheme of Sun et al. (2009).

If a dislocation occurs in a spherical medium, such as
a spherically symmetric, non-rotating, pure elastic and iso-
static earth, the excited geo-potential change  .r; �; �/ is
given by:
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number of co-seismic potential change, defined as kn;ij
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obtainable by solving the linearized first order equations of
equilibrium, stress–strain relation, and Poisson’s equation
for excited deformation (Takeuchi and Saito 1972) PY D AY,
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, and dot “ÎĞ” represents the
derivative with respect to r. A is a coefficient matrix depend-
ing on the earth model. Solutions Y satisfy the discontinuity
condition across the radius of the source (Saito 1967) and the
free boundary conditions.

Since i D 1; 2; 3I j D 1; 2; 3, there are 9 possible
combinations of i and j, correspondingly, the total solutions
of all y should be nine. However, the number of independent
solutions of yn;ij

k;m
.a/ is four. In this study, we choose (yn;12
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,
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) as four independent solutions. They are
excited by vertical strike-slip, vertical dip-slip, horizontal
opening along a vertical fault, and vertical opening along
a horizontal fault, respectively. After solutions of yn;ij

5;m are
obtained for source functions, the dislocation Love number
k

n;ij
5;m.a/ can be determined, so that the corresponding co-

seismic geoid and deflection changes of vertical can be
derived as the following (Sun and Okubo 1993; Sun et al.
2009).
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Considering the definition of potential change  .a; �; �/
in (1), the above deflection changes can be further written as
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If we define Green’s functions of the co-seismic deflection
changes (take the vertical strike-slip component as exam-
ple) as
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the corresponding change of deflection of the vertical
become

�12.a; �; �/ D O�12.a; �/ sin 2� (9)

�12.a; �; �/ D O�12.a; �/ cos 2� (10)

The above Green’s functions are useful to calculate
co-seismic deflection of the vertical changes excited by
four types of independent sources. In combination, these
components allow calculation of a displacement field that is
excited by an arbitrary seismic source.

3 The Green’s Functions
with a Gaussian Filter

The present theoretical expressions can be used to interpret
the GRACE observed data. Due to the limited spatial res-
olution of the GRACE measurements, usually a Gaussian
filter is used to smooth the GRACE data. To compare them
with the observed co-seismic deformation, the modeled co-
seismic deformations must be filtered in the same way.
Usually, one first computes the co-seismic deformations
according to a dislocation theory and a seismic slip model,
and then applies a filter to the modeled results (e.g., Sun
et al. 2009; Zhou et al. 2011a). In this computing scheme,
all the dislocation Love numbers of kn;ij

k;m
.a/ are involved

in the computation, where the harmonic degree n must be
large enough to guarantee convergence; for a very shallow
source, a truncation of the Love numbers kn;ij

5;m.a/ goes to
a large number N . For example, when the source depth
d D 20 km, the truncation number is N D 3; 185. Figure 1
shows the normalized dislocation Love numbers kn;ij

5;m.a/

with truncation at N D 3; 185. The Green’s functions are
calculated by summing up these dislocation Love numbers. It
means that a large amount of numerical computation should
be made. The problem is that the high frequency part of the
dislocation solutions has no contribution after the filter is
applied.

To reduce the unnecessary computation time, we may
consider applying the Gaussian filter to the dislocation Love
numbers, so that the Green’s functions of co-seismic deflec-
tion change become
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Fig. 1 Sea-water corrections to the change of deflection of the vertical
(left: N–S; right: E–W) with 300 km Gaussian filter. The upper panel
shows the result for the USGS (2010) slip model, while the lower panel
gives the results for the Vigny et al. (2011) model. Unit: mas
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wherewn is a spectral form of the Gaussian filter (Wahr et al.
1998). The coefficients decrease quickly as harmonic degree
n increases. When n D 140,wn already drops to seven order
of magnitude smaller. Due to the fast convergence behavior,
the filtered dislocation Love number Nkn;ij

5;m.a/ drop to almost
zero at n D 140. This property implies that we may only
compute dislocation Love numbers for n � 140, no matter
how deep the source depth is. Even for 1 km source depth,
we need only consider the dislocation Love numbers for n �
140, instead of n D 63;700.

To verify the validity of the computing scheme, we com-
pare the coseismic geoid changes caused by the 2010 Chile
earthquake, calculated by: (a) using conventional Green’s
functions to integrate over the fault surface, and then filter
the modeled geoid change with Gaussian filter (r D 300
km); (b) using the filtered Green’s functions and then inte-
gration finally. The comparison shows that the geoid changes
calculated by the two schemes are almost identical, with the
maximum difference of about 0.1 mm, which is considered
caused by the numerical error. It implies that the above
computing scheme is valid and efficient.
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It should be pointed out that the Gaussian filter concept
is important not only for the deflection of the vertical but
also for the changes of gravity and geoid height in order
to reduce the computing time. It should also be mentioned
that the discussions in the paper are valid only for satellite
gravimetry. For terrestrial gravity/deflection measurements
and comparisons, the filter is unnecessary.

4 Seawater Corrections toModeled
Co-seismic Deflection Changes

The above theory is valid for the solid earth, so that the
surface uplift on earth surface is replaced with air. However,
large earthquakes often occur in ocean areas, and the defor-
mation in the ocean bottom is replaced by seawater, which
causes additional potential and gravity changes.

We use here an approximate approach in computing the
seawater effects. We should consider seawater change caused
by the vertical displacement at the sea bottom, because the
solid part of the Earth model has already been taken into
account in the conventional dislocation theory. To compute
the seawater contribution to co-seismic gravity change, we
may consider the vertical displacement beneath the comput-
ing point as a Bouguer layer, so that the seawater correction
can be simply estimated as

ıgw:c:.a; �; �/ D �2�G	wur .a; �; �/ (13)

where the super-script “w:c:” stands for seawater correction,
G is the Newton’s gravitational constant, 	w D 1:03g=cm3

is the seawater density, ur .a; �; �/ is the co-seismic vertical
displacement. To make the seawater correction to the geoid
change, the seawater change cannot be treated as a Bouguer
layer. In this case, the spatial distribution of the seawater
change can be computed by performing numerical integra-
tion, i.e.,
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where l.�; �I � 0; �0/ is the distance between the computing
point and displacement point, S stands for the ocean surface.
Similarly the sea water corrections to the coseismic deflec-
tion change are

ı�w:c: D 1

a

@ıNw:c:.a; �; �/

@�
(15)

ı�w:c: D � 1

a sin �

@ıNw:c:.a; �; �/

@�
(16)

We consider a computing area bounded by longitude from
�63ı to �85ı, and latitude from �45ı to �20ı. Using the
USGS (2010) and Vigny et al. (2011) fault slip models for
the Chile earthquake (Mw8.8), we compute the seawater
corrections to co-seismic deflection change using (15) and
(16). Integration is limited in the ocean area. The computed
seawater corrections with the 300 km Gaussian filter are
plotted in Fig. 1. Figure 1 shows a large seawater effect to the
deflection change, reaching �0.4 to C1.3 mas for the ı�w:c:

component, and �0.4 to C0.6 mas for the ı�w:c: component,
respectively. In addition, Fig. 1 shows that the seawater
correction is large over the continent. The phenomenon is
considered due to the seawater distribution near the coast,
and the deflection change (derivative of the geoid) appears
roughly around the edge of the seawater.

5 Co-seismic Deflection Changes
by the 2010 Chile Earthquake

The 2010 February 27 Chile earthquake (Mw8.8) ruptured
the boundary between the Nazca and the South American
Plates known as the Constitución–Concepción seismic gap
(Madariaga et al. 2010). This was the second largest earth-
quake (after the 2011 Tohoku-Oki one) to occur since the
2004 Sumatra–Andaman earthquake, and has a good chance
of showing coseismic change of deflection of the vertical
detectable with GRACE.

We first process the GRACE data to obtain co-seismic
deflection changes caused by the 2010 Chile earthquake.
We use the GRACE Level2 data sets composed of Stokes’
coefficients up to degree 60, released by the Center for
Space Research, Univ. of Texas. To reduce the significant
longitudinal “stripes”, we apply the scheme with decorrela-
tion filtering P3M6 (Swenson and Wahr 2006) and 300 km
Gaussian smoothing. To extract the coseismic jumps, we first
remove the seasonal and long term trend signals by least
squares. Co-seismic geoid and deflection changes are plotted
in the first panel in Figs. 2 and 3, respectively. The result
shows that the coseismic geoid and change of deflection are
clearly detectable by GRACE and displays as dominantly
negative changes. However, the main blue-violet negative
lobe in the E–W component is probably noisy in GRACE
data due to the orbit and stripes.

We then compute the theoretical co-seismic deflection
changes using the above computing scheme. To compare the
modeled co-seismic deformation with the GRACE observed
ones, the dislocation Love numbers are truncated at degree
60 in computing Green’s functions, and the P3M6 and
300 km smoothing Gaussian filter are applied. The modeled
geoid and deflection changes for the two slip models are
basically the same in magnitude.
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Fig. 2 Coseismic geoid changes measured by GRACE (upper panel)
and modeled by USGS (2010) (lower left) and Vigny et al. (2011)
(lower right) fault slip models. The P3M6 and 300 km Gaussian filter
are applied. Unit: mas

We then add the sea water corrections to the theoretically
computed the co-seismic deformations, to obtain the final
co-seismic geoid and changes of deflection (Fig. 3). The
modeled geoid changes for the two slip models are identical
in both magnitude and distribution pattern. The N–S deflec-
tion changes for the two models are almost the same as the
GRACE observed one in distribution pattern, but larger in
magnitude and a difference in orientation with the GRACE
one, which might be generated by the leakage of soil mois-
ture signature. It is expected to be removed if the GLDAS
model is introduced. Note that the N–S component of the
deflection of vertical is intrinsically immune of longitudinal
stripes, which is a great benefit to use deflection of vertical
for various studies with GRACE. The E–W component
shows big differences in the distribution pattern and the
model predictions are smaller in magnitude. This difference
might be caused by two reasons. One reason is that because
the GRACE orbit flies in nearly the N–S direction, the E–W
component of the observed deflection change contains larger
error than that of the N–S component. Another reason is
considered from the error of the fault slip model. It should
be pointed out that even if the deflection change for the two
models it is not very large, it becomes even more striking
for larger earthquakes. A similar comparison for the 2011
Tohoku-Oki earthquake shows even larger difference in the
E–W component of three slip models (Sun and Zhou 2012).

Fig. 3 Coseismic changes of deflection of the vertical (left: N–S; right:
E–W) measured by GRACE and modeled by USGS (middle panel) and
Vigny (lower panel) fault slip models. The P3M6 and 300 km Gaussian
filter are applied. Unit: mas

This phenomenon indicates that the deflection change is
sensitive to the fault slip model. It can be considered due
to the fact that the deflection is a mathematical differen-
tial of geoid, and is naturally sensitive to high frequency
part.

In summary, we presented a scheme to compute
co-seismic deflection change of the vertical. As an
application of the computing scheme, we considered the
2010 Chile earthquake using two fault slip models. The
modeled co-seismic geoid and deflection changes indicate
that the co-seismic geoid change is not sensitive to the fault
slip models; the co-seismic deflection changes are sensitive
to the fault slip models. These behaviors provide a new and
useful approach to invert the seismic fault using GRACE-
observed deflection changes as a constraint.



274 W. Sun and X. Zhou

Acknowledgements The authors thank Dr. Vigny for providing the
digital fault model, and are grateful to the constructive comments
by three reviewers. This study was financially supported by
the CAS/CAFEA International Partnership Program for Creative
Research Teams (No. KZZD-EW-TZ-19) and National Nature Science
Foundation of China (Grant No. 41174063).

References

Chen JL, Wilson CR, Tapley BD et al (2007) GRACE detects coseismic
and postseismic deformation from the Sumatra–Andaman earth-
quake. Geophys Res Lett 34:L13302

Gross RS, Chao BF (2001) The gravitational signature of earthquakes,
in gravity, geoid, and geodynamics 2000. In: Sideris MG (ed) IAG
symposia, vol 123. Springer, New York, pp 205–210

Han S-C, Shum CK, Bevis M et al (2006) Crustal dilatation observed
by GRACE after the 2004 Sumatra-Andaman earthquake. Science
313:658–662

Heki K, Matsuo K (2010) Coseismic gravity changes of the 2010
earthquake in Central Chile from 163 satellite gravimetry. Geophys
Res Lett 37:L24306

Imanishi Y, Sato T, Higashi T, Sun W, Okubo S (2004) A network of
superconducting gravimeters detects submicrogal coseismic gravity
changes. Science 306:476–478

Linage C, Rivera L, Hinderer J et al (2009) Separation of coseismic
and postseismic gravity changes for the 2004 Sumatra–Andaman
earthquake from 4.6 yr of GRACE observations and modelling of
the coseismic change by normal–modes summation. Geophys J Int
176(3):695–714

Madariaga R, Métois M, Vigny C, Campos J (2010) Central Chile
finally breaks. Science 328:181–182

Okada Y (1985) Surface deformation caused by shear and tensile faults
in a half-space. Bull Seismol Soc Am 75(4):1135–1154

Okubo S (1992) Potential and gravity changes caused by shear and
tensile faults. J Geophys Res 97:7137–7144

Ogawa R, Heki K (2007) Slow postseismic recovery of geoid depression
formed by the 2004 Sumatra–Andaman Earthquake by mantle water
diffusion. Geophys Res Lett 34:L06313

Panet I, Mikhailov V, Diament M et al (2007) Coseismic and post-
seismic signatures of the Sumatra 2004 December and 2005 March
earthquakes in GRACE satellite gravity. Geophys J Int 171(1):
177–190

Piersanti A, Spada G, Sabadini R et al (1995) Global post-seismic
deformation. Geophys J Int 120:544–566

Pollitz FF (1992) Postseismic relaxation theory on the spherical Earth.
Bull Seismol Soc Am 82:422–453

Sabadini R, Piersanti A, Spada G (1995) Toroidal/poloidal parti-
tioning of global post-seismic deformation. Geophys Res Lett
21:985–988

Saito M (1967) Excitation of free oscillations and surface waves by
a point source in a vertically heterogeneous Earth. J Geophys Res
72:3689–3699

Soldati G, Piersanti A, Boschi E (1998) Global postseismic gravity
changes of a viscoelastic Earth. J Geophys Res 103(B12):29867–
29886

Sun W, Okubo S (1993) Surface potential and gravity changes due
to internal dislocations in a spherical Earth, 1, Theory for a point
dislocation. Geophys J Int 114:569–592

Sun W, Okubo S (2004) Co-seismic deformations detectable by satellite
gravity missions – a case study of Alaska (1964, 2002) and Hokkaido
(2003) earthquakes in the spectral domain. J Geophys Res 109(B4),
B04405

Sun W, Okubo S, Vanicek P (1996) Global displacement caused by
dislocations in a realistic earth model. J Geophys Res 101:8561–
8577

Sun W, Okubo S, Fu G (2006) Green’s function of co-seismic strain
changes and investigation of effects of Earth’s curvature and radial
heterogeneity. Geophys J Int 167:1273–1291

Sun W, Okubo S, Fu G, Araya A (2009) General formulations of
global co-seismic deformations caused by an arbitrary dislocation in
a spherically symmetric Earth model – applicable to deformed Earth
surface and space-fixed point. Geophys J Int 177:817–833

Sun W, Zhou X (2012) Co-seismic deflection change of the vertical
caused by the 2011 Tohoku-Oki earthquake (Mw9.0). Geophys J Int
189, 937–955. doi:10.1111/j.1365-246X.2012.05434.x

Takeuchi H, Saito M (1972) Seismic surface waves. Methods Comput
Phys 11:217–295

Tanaka Y, Okuno J, Okubo S (2006) A new method for the computation
of global viscoelastic post-seismic deformation in a realistic earth
model (I). Geophys J Int 164(2):273–289

Swenson SC, Wahr J (2006) Post-processing removal of correlated
errors in GRACE data. Geophys Res Lett 33:L08402

USGS (2010) http://earthquake.usgs.gov/earthquakes/eqinthenews/
2010/us2010tfan/#scitech

Vigny et al (2011) The 2010 Mw 8.8 Maule Megathrust Earth-
quake of Central Chile, Monitored by GPS. Science 332:1417.
doi:10.1126/science.1204132

Wahr J, Molenaar M, Bryan F (1998) Time variability of the Earth’s
gravity field: hydrological and oceanic effects and their possible
detection using GRACE. J Geophys Res 103:30205–30230

Wang R, Lorenzo-Martin F, Roth F (2006) PSGRN/PSCMP—a new
code for calculating co- and post-seismic deformation, geoid and
gravity changes based on the viscoelastic-gravitational dislocation
theory. Comput Geosci 32:527–541

Zhou X, Sun W, Zhao B et al (2011a) Geodetic observations
detected co-seismic displacements and gravity changes caused by the
Tohoku-Oki earthquake (MwD 9.0). J Geophys Res 117:B05408.
doi:10.1029/2011JB008849

Zhou X, Sun W, Fu G (2011b) Gravity satellite GRACE detects
coseismic gravity changes caused by 2010 Mw 8.8 Chile earthquake.
Chin J Geophys 54(7):1745–1749 (in Chinese)

http://dx.doi.org/10.1111/j.1365-246X.2012.05434.x
http://earthquake.usgs.gov/earthquakes/eqinthenews/2010/us2010tfan /#scitech
http://earthquake.usgs.gov/earthquakes/eqinthenews/2010/us2010tfan /#scitech
http://dx.doi.org/10.1126/science.1204132
http://dx.doi.org/10.1029/2011JB008849

	Computing Scheme of Co-seismic Change of Deflection of the Vertical and Applied in the 2010 Chile Earthquake
	1 Introduction
	2 Co-seismic Geoid and Deflection Changes for a Point Dislocation
	3 The Green's Functions with a Gaussian Filter
	4 Seawater Corrections to Modeled Co-seismic Deflection Changes
	5 Co-seismic Deflection Changes by the 2010 Chile Earthquake
	References


