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Gravity Recovery and Climate Experiment (GRACE) satellite has been produc-
ing many scientific results concerning seasonal changes in the Earth’s gravity field
since its launch in March 2002. On the other hand, global, regional, and local scale
deformations have been continuously investigated using Global Positioning System
(GPS) over the last two decades. Here I try to compare velocity field from GPS
and non-seasonal gravity changes from GRACE. We take two different approaches,
i.e. those in the wave number domain and in the space domain.

In the first approach we found that it is approximately up to degree 20-25 in terms

of the Stokes’ coefficients that secular changes of gravity well exceed measurement
errors in the gravity field recovered by GRACE. As for GPS, we found it rather
difficult to extract crustal deformation field expressed by spherical harmonics due
mainly to the inadequate GPS station coverage, i.e. we could recover such field for
only up to degree/order 4. Then we tried to compare results from GRACE and
GPS in space domain.

From the secular geoid height change map recovered by GRACE with spatial
averaging (averaging radius =350km,500km), significant regional gravity changes
have been observed in numbers of areas, namely Hudson Bay (Canada), Alaska,
Greenland, southeastern Africa, Southeast Asia, and in the southern part of South
America. For regions with recent and past ice melting, we compared gravity changes
and GPS velocities and confirmed that these changes reflect elastic and viscous
responses of the solid earth to the melting ice sheets and glaciers. As for East
Africa, we found that clear geoid height decreases reflect water loss by drought.
Gravity changes in Southeast Asia were found to reflect the coseismic jump in
the gravity field (and geoid height) associated with the 2004 Sumatra-Andaman
Earthquake rather than climate-driven secular decrease.

In this study, I investigated gravity/geoid changes associated with this earthquake.

Uplift and subsidence of the ocean floor and Moho due to earthquake cause deforma-
tion of layer boundaries. In addition to them, coseismic dilatation and compression
of crustal and mantle rocks cause the density changes of rocks. These factors con-
tribute to the coseismic gravity/geoid changes. Here, I tried to compare coseismic
geoid height changes observed by GRACE and the predicted changes, and found
that they are consistent with each other. I also detected postseismic geoid height
changes, characterized by slow uplift with a time constant of 0.6 year. The 1 year
postseismic geoid uplift was comparable in size to the coseismic subsidence. Such
a postseismic change cannot be explained with simple afterslip or viscous mantle
relaxation, and requires contribution from the diffusion of pore fluid.
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Fig. 1: Image of GRACE (left) GRACE consisis of two identical sattelites coorbiting at
~450km, separated by~ 220km. (right) GRACE has K-band microwave ranging (KBR),
receiver of GPS and accelerometer.
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Secular Annual Transient
Global | SLR SLR & GPS ) SLR
Ja(Yoder et al., 1983) |deg.1 (Blewitt et al., 2001)|.J2(Cox and Chao, 2002)
GRACE & GPS GRACE & GPS GRACE & GPS
Regional| on-going melting hydrological coseismic
(Tamisiea et al., 2005) (Tapley et al., 2004) (Han et al., 2006)

(Davis et al., 2004) (Hashimoto et al., 2006)

Table. 1: Past studies of crustal deformation in global, regional, and local scales with

various space geodetic techniques
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Fig. 2: Time series of Cy5. Solid circles show monthly gravity values (relative to reference
values). Horizontal error bars indicate time periods represented by individual data. The
blue line indicates the model incorporating components with linear, annual, and biannual

temporal changes.
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Fig. 3: Degree variances from GRACE (left) static, (middle) annually changing, and
(right) secularly changing gravity field. Solid and dashed curves denote signals and
errors, respectively. Errors were obtained a posteriori from post-fit residuals of individual
coefficient time series. Dotted curves show the Kaula’s rule (proportional to 1.6 x 107 /n?,
4.0 x 1071%/n? respectively).
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Fig. 4: Degree variances from GPS (left) estimated up to degree/order 4, (middle) up to
degree/order 7, and (right) up to degree/order 10. Solid and dashed curves show signals
and errors, respectively. Dotted curve show the Kaula’s rule calculated by converting
secular gravity changes from GRACE into surface velocities using Love numbers.
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Fig. 5: Distribution of GPS sites
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Fig. 6: Predicted secular velocity field corresponding to the Py component gravity
changes, from Mitrovica et al. (2001). This map shows vertical velocities although
Mitrovica et al. (2001) gives horizontal velocities as well.
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Fig. 7: Predicted secular Py velocity field from Mitrovica et al. (2001). This map shows
only vertical velocies.
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Fig. 8: Predicted secular degree 2 vertical velocity field (Pyy + Pa1) from Mitrovica et al.
(2001). They did not consider changes in Pss.

Fig. 9: Trajectory of the polar motion over the past decade from the International Earth
Rotation Service (IERS) (unit: milli-arcsecond).
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Fig. 10: Degree 2 non-plate-tectonic secular velocity field estimated from GPS data. De-
gree 2 order 0 component is not included. Color and vectors show vertical and horizontal
velocties, respectively.



0 30 60 90 120 150 180 210 240 270 300 330 360 14
o

-0.12 -0.06 0.00 0.06 0.12
vertical velocity(mm/yr)

Fig. 11: Degree 2 secular velocity field converted from time-variable gravity field from
GRACE using elastic tidal Love numbers ko and hy. Degree 2 order 0 component is not
included.
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Fig. 12: Spherical harmonic coefficients W), of isotropic Gaussian filters with the averaging
radius of 350km (red) and 500km (green), respectively, used for spatial averaging of
GRACE data.
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Fig. 13: Secular geoid height changes drawn with data from UTCSR. This map is cal-
culated using the averaging radius of 500 km. Clear geoid height variations are seen
in various areas, e.g. the Hudson Bay (Canada), Alaska, Greenland, South America,
Southeast Asia, and East Africa.
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Fig. 14: Secular geoid height Changes from GRACE (UTCSR), calculated with the av-
eraging radius of 350 km. This map shows the pattern similar to those in Fig. 13.
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Fig. 15: Secular gravity changes from GRACE (UTCSR), calculated with the averaging
radius of 350 km.



21

240° 270°

210°

o =
o ™
@
—
=
N
~
= “'E
g
&
o
o <
S o8
oF
o)
‘©
gc
Oo I-c
S o
B
\_I|cn
. Q
© o
=
o

30°

Fig. 16: Secular geoid height changes from GRACE (GFZ), calculated with the averaging
radius of 350km. When compared them with Fig. 14, and found that significant differ-
ences are seen in Antarctica and around Kamchatka. However, signals in high latitude
regions with on-going and past ice melting and those in mid-low latitude show patterns
fairly similar to Fig. 14.
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Fig. 17: Secular geoid height changes from GRACE (UTCSR), calculated using only
components with degree/order 20 or lower.
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Fig. 18: Time series of geoid height changes in Hudson Bay, Alaska, Greenland calculated

using GRACE (averaging radius: 350km). Solid circles show monthly gravity values

(relative to reference values) and horizontal error bars indicate periods represented by

individual data. Vertical error bars show a-posteriori 10 measurement error to bring chi-

square unity after regression. Solid curves show models with linear, annual and biannual

time variations.
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Fig. 19: Comparison between secular geoid changes from GRACE (averaging radius:
350km) and velocities from GPS sites in North America. Color shows gravity changes
from GRACE while triangles shows observed GPS vertical velocities. Red and blue
triangles show uplift and subsidence, respectively. The sizes of traiangles indicate vector
lengths. Correlations between geoid and velocity are negative in the recent and on-going
ice melting areas, and positive in post-glacial rebound areas.
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Fig. 20: Comparison between secular geoid changes from GRACE (averaging radius:
350km) and velocities from GPS sites in Northern Europe.

On-going ice melting: Past ice melting:
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d(gravity)/dt

Fig. 21: Relationship between gravity change and velocity in areas of on-going/recent ice
melting (left) and areas with past ice melting (right). In the former area, the solid earth
surface goes up while the gravity shows decrease. In the latter area, gravity increases as
the land uplifts.
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Fig. 22: Time series of geoid height changes in Argentine. A jump of unknown origin is
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Fig. 23: Comparison between secular geoid changes from GRACE (averaging radius:
350km) and velocities from GPS sites in South America.
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Fig. 24: Time series of geoid height changes in East Africa.

0200000000b00bO0o0bOobObOO0obLDOOobDO0ObO0o0ObOo0DbOoDDbO
000000 (Figure 25) 0 0000000000000 0O0OOOOOOOOOOOOO
00000000 (Thompson et al., 2002)0 GRACEO OO OOOOO 200200000
0000000000000 000GRACEODOOOOODODOOOOOODOODOOOO



00000000000000000000000000000000000000 28
O000 AgO00OD00DO0O0OO0 AsODO0ODOOODOODOODODO

Ao = Ag/2nG (12)

000 GOO0000000000Figure 1500000000 2ugal/yr0000000
000002ugal/yr000000 4.7¢/em?000000000000000 5em000
000000000000000000000000000000000000000
000000000000000000000000000000000000000
0 O Heki (2004) O O Thornthwaite (1948) 000 0000000000000000O0
000000000000000000000000000000000000000
00000000 (Figure 200000 000000000000000000000 10cm
000000000000000000000000 5em 000000000GRACE
000000000000000000000000000000000000000
00 GPSO000000000000O00OFigure270000000000000000

RAINFALL DATA (Moshi Airport)

[EAE

|

I I ..'.-.g.'
]

EIE.' 2 .u_;- 5

il
!I.II:llllnI'.l.

wilal

S = [
nm.m

HEE EEEEENEN
W T - e
a0 I8 0 3 30 0 0 I IR

Fig. 25: Changes in annual precipitation in East Africa. Horizontal and vertical axes
show time and precipitation, respectively. Precipitation has reduced to one half in 2002.
(http://polepoleclub.ld.infoseek.co.jp/kako-log0602.html)
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Fig. 26: Simulated seasonal variation of soil moisture in Tanzania. Green and blue lines
indicate soil moisture and evapotranspiration, respectively.
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Fig. 27: Comparison between secular geoid changes from GRACE (averagign radius:
350km) and velocities from GPS sites in Africa.
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Fig. 28: Time series of geoid height changes in Southeast Asia. Vertical gray lines show
the occurrence time of the 2004 Sumatra-Andaman Earthquake. (top) The bule line
shows the modeled time series composed of linear, annual and biannual components.
(middle) A clear gravity jump seems to have occurred associated with the earthquake.
(bottom) Blue and red lines indicate modeled time series before and after 2004,/12/26.
Linear and seasonal components are assumed same throughout the period. The blue line
is extrapolated to the postseismic period to visualize their differences from red one.
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Mantle

Fig. 29: Image of coseismic gravity changes. Uplift and subsidence of the ocean floor
and Moho cause the deformation of layer boundaries with density contrasts. Coseismic
dilatation and compression of crustal and mantle rocks cause the density changes of rocks.
They contribute to the mass distribution perturbations and gravity/geoid changes.
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Fig. 30: Graviy changes (in pgal) after the 2004 Sumatra-Andaman earthquake. (top left)
Coseismic gravity changes observed with GRACE. (top right) Coseismic gravity changes
predicted using uplift and dilatation calculated with Okada(1992). The figures are taken
from Han et al. (2006). (bottom) The left map shows gravity changes obtained using
GRACE monthly mean global spehrical harmonic coefficients. The right map is the same
as the top left map but with a larger spatial averaging radius (800km).
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Fig. 31: Time series of geoid height changes at (N10 E92). Vertical gray lines show the

occurrence time of the 2004 Sumatra-Andaman Earthquake. (top) Blue and red lines

are modeled in the same way as the Fig. 28 bottom. (middle) An additional parameter

showing change of secular rate is added in the postseismic period. (bottom) one more

prameter is added to model the decerelation of the postseismic trend change.
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Fig. 32: Time series of geoid height changes at (N10 E98) drawn in the same way as Fig.

31.
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Fig. 33: Time series of geoid height changes at (N10 E92). (top) Blue and red lines are
modeled using equation (13), equation(14) (7 = 0.6 year), respectively. (middle) The
same time series as (top) are redrawn after removing secular and sesonal components.
(bottom) The same time series as Fig. 31 (bottom) are redrawn after removing secular
and sesonal components.
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Fig. 34: Time series of geoid height changes at (N10 E98). See the caption of Fig. 33 for

detail.
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Fig. 35: Geographic distribution of (top) coseismic jump of geoid height and (bottom)
1-year cumulative postseismic geoid height change.
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Earthquake observed with GPS. The afterslip is considered to have release seismic mo-
ment comparable to the main rupture, and have caused surface displacements similar in
direction to coseismic jumps (Heki et al., 1997).
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Fig. 37: Co- and postseismic movements of the 2004 Sumatra-Andaman Earthquake of
GPS points in Southeast Asia. The postseismic velocities is similar in the direction to
the coseismic displacements (Hashimoto et al., 2006).
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Fig. 38: Present velocities of GPS points in Chile and Argentine. The oceanward crustal
movements there are explained by viscous flow of mantle rocks with Maxwell viscoelas-
ticity, induced by the 1960 Chilean Earthquake (Hu et al., 2004).
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Fig. 39: Comparison between crustal movements observed with InSAR (top left) and
those predicted by the pore-elastic (top right), afterslip (bottom left) and viso-elastic
models (bottom right). Pore fluid diffusion causes postseismic changes opposite in sense
to coseismic ones with relatively short timescales (Jdsson et al., 2003).
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