Postseismic gravity changes observed from GRACE satellites
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ABSTRACT

The time series analysis of the gravity changes of the thy®echss megdhrust earthquakes,

i.e. the 2004 SumatAndaman earthquake, the 2010 CHildaule) earthquake, and the 2011
Tohokuoki earthquake, provides the possibility to identify their multiple postseismic
phenomenaWe have three sensors for earthquakes. The first sensor is seismometers, and we
can measure seismic waves with them. The rseensor, such as GNSS (Global Navigation
Satellite System) and SAR (Synthetic Aperture Rader), can measure crustal movements
associated with earthquakes. The third sensor is gravimetry. The first sansotcatch the

signal of postseismic phenomenaaese they do not shake the ground. The second sensor can
catch the signal of postseismic phenomena, but they cannot separate phenomena, such as
afterslip and viscous relaxation, because these mechanisms let the ground move in the same
polarity. However, ltese postseismic processes may result in different polarities in gravity
changes. This suggests that the gravity can be a powerful sensor to separated signals of different
postseismic processes.

GRACE (Gravity Recovery And Climate Experiment) is the tvéatebite systems launched in
2002 by NASA (National Aeronautics and Space Administration) and DLR (German Space
Agency). It provides the twdimensional gravity field of the earth with high temporal and
spatial resolution. GRACE gives us insights into massvements beneath the surface
associated with earthquakes. The gravity time series before and after large earthquakes with
GRACE suggest that the gravity (1) decreases coseismically, (2) keeps on decreasfag/for a
months, and (3) increases over a longeriod. In other words, the postseismic gravity changes
seem to have two components, i.e. the steorh and the longerm components. This new
discovery suggests that the gravity observations detected two different postseismic processes
with opposite plarities.

The mechanisms of coseismic gravity changes are relatively well known but those of short
and longterm postseismic gravity changes are not so clear at the moment. They are explained
with afterslip and viscoelastic relaxation to some extentptmtilems still remainNevertheless,
the gravity observation can do what seismometers and GNSS/SAR cannot do, i.e. to separate
different postseismic processes giving rise to gravity changes in different polarities.
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1 Introduction
1.1 Space Geodesy in geoscience

Space geodesy is the disciplioethe shape, size, gravity fields, rotati@mdso on of the
earth, other planetand themoon withspacetechniqguesGeodesy with satellitstarted in 1957,
when the firss at el | iktl ® MWwasu tl ieSowdehdnibn.Space geodedyas been
applied to many disciplineés geoscienceand hascontributed to theiadvance. For example,
GPS (Global Positioning System) and SAR (Synthetic Aperture Radar) are applied to
seismology, volcanology, meteorologsplar terrestrial physicsand so on. This is because
observatios from satellitesare oftensuperior tothoseon the groundn various aspect©ne is
the temporal continitly: satellites keeproviding observation dat until theystop functioning
Another aspectis thathuge amount oflatawill eventuallybecome available to researchers
giving all scientists chances to studging such dataOne moreaspects that satellite®ften
give twodimensional observation d@atwith uniform quality This cannot be achievetty
deploying many sensors dghe ground. Thesaspectanake space geodesy very important
approacthin geoscience

1.2 Satellite gravimetry

Gravity measurements generalhave played and will continue to play important rales
earth sciencebecause theprovide much informationon the matters beneath the surféat
we cannot see directly; the gravitglds reflecthow masss distributedhere

Satellite gravimetrytarted in 1958when USA launchethe satellitei Va n g u &racking! o
of this satellite enabled us to estimate low degree/order gravity field of the earth for the first
time. Satellite gravimetry can be doneseveraldifferent ways The firstoneis SLR (Satellite
Laser Ranging), which started in late 1960s.Satellites for SLR have a lot of
cornercubereflectors (CCRpn their surfaces. ThECRsreflect laserpulses emitted from the
groundstation,and peoplean measurthetwo-way travel times of the laser pulses between the
ground station anthe satellites. Thehanges in orbital elementepend on the gravity, so we
canrecoverthe gravity fieldmodel SLR has some benefits. First of atl,is relatively easy to
continuethe operation of SLR satellité®cause thellaveonly passive functioro reflect laser
pulses with CCRs (they do not need batteridspther benefitis that SLR isa relativelyold
technique, and we can go back further in time

The second type isomposed ofit wi n 0 , srdltiseréptesentesl IHRACE (Gravity

Recovery And Climate Experiment), launched in 2002. The gravigularitieschangenot
only the orbital parameter®f satellites but also tirevelocities Then,the relative veloity
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betweenthetwo satellites tef§ us howdifferentthe gravityfields arebetween the two satellites

GRACE has goodspatial and temporal resolution. Thepatial resolution of GRACE is
300~500 km. This is much better than that of SLR becthess&RACE orbit is much lower
than SLRsatellites For example, LAGEQOS, one of the most useful Slakellites has an orbit
as high asabout 6000 km. The temporal resolution of GRACE is about one month, which is
better than GOCE (Gravity field and steegtgte Ocean Circulation Explorer), the third type of
satellites to measure the gravity fielith an onboard gradiometelGOCE iscak d A Fer r ar i
the satelliteso b eorbiaolthe satélliteqthisl means its tspeed islthewe s t
highest) GOCE has the bestaal resolution of the three types. Each type of satellitestbas
benefitand hagproducedvaluable sets aat.

1.3 Gravity and earthquakes

Gravity observation is considered to be the third approach to understand earthquakes. The first
sensor is seismometers to observe elastic (seismic) waves, and the second sensor is GNSS
(Global Navigation Satellite System) liKBPS and SAR to observe static displacement of the
ground surface. Gravimetry, the third sensor, can observe the mass transportation under the
ground.

There are two kinds of gravity changes due to earthquakesanmb postseismic gravity
changes (we do notliscuss preseismic changes here). The mechanisms responsible for
coseismic gravity changes have been understood to a certain extent. The coseismic gravity
change occurs in two processes, i.e. (1) vertical movements of the boundaries with density
contrast,such as the surface and Moho, and (2) density changes in mantle and crust. They are
further separated into four: surface uplift/subsidence, Moho uplift/subsidence, dilatation and
compressiomwithin crust and mantle. For submarine earthquakes, movemesetoi/ater also
plays a secondary role. These mechanisms are shown in Figure 1.1. The mechanisms of
postseismic gravity changes are, however, not so clear.

Coseismic gravity change was first detected after20@3 Tokachoki earthquakgM,,8.0),
Japanby a ground array of superconducting gravimefargnishi et al, 2004. The second
example (also the®lexample with satellite gravimetry) was coseismic gravity changes by the
2004 Sumatrddndaman earthquakevi(,9.2) detected by th6&RACE satellites Han et al,

2006] Satellite gravimetry enabled similar studies for the 2010 MaMg8(8) [Heki and
Matsuq 2010;Han et al, 201G and the 2011 Tohok®ki (M,9.0) [Matsuo and Heki2011;
Wang et al. 2013 earthquakesThese reportshowedthat coseismicgravity changes are
dominated by thelecreaseon the back arc side of the ruptured fault reflecting the density drop
of rocks thereHlan et al, 2004.

0 f
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Postseismic gravity changesere first found for the 2004 Suma#tadaman earthquake
[Ogawa and Heki2007; Chenet al, 2007]. They showed that the gravity increased after
coseismicdecreasingFigurel.2) by fitting the function (1.1) with the leasjuares method.
They also revealed that postseismic gravity changes show opposite polarity and slight
trenchward shift, i.e. gravity increase occurred directly above the ruptured fault.

For the other two \O-class earthquakes (2010 Maule and 2011 Tohoku), the time series of
postseismic gravity changes have not been reported yet. Here we use the nasdyl rieéwveP
(RLO5) GRACE data which were improved in accura¢pahle et al, 2012 Chambers and
Bonin 2013, and study common features in the aad postseismigravity change®f these
megathrust earthquakes

I model the gravityG as a function of timéas follows,

0 G GO QO — QA o — 00 ¥YQ Qp AgE (L1

v~ s 0 o
Oo R \
0O o0
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o © F

)

wherea, b, ¢, dande are the constants to be estimated with the {e@sares method) is
the time when the earthquake occurred, the second term means the secular trend, the third and
fourth terms correspond to the seasonal changés2p/1yr), Y'Qis the coseismic gravity step,
and the last term is the postseismic gravity chahi§g.is the step function, andis the time
constant.

1. Surface uplift/subsidence

4. Movement of sea water

3. Crustal/mantle . Crust
dilatation/compression

2. Moho subsidence/uplift

Mantle

Figure 1.1 The four major mechasmsresponsible focoseismic gravity changes
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98 Figure 1.2 The postseismigeoid height changes of the 2004 Sumatndaman earthquake
99 shown byOgawa and Hekj2007]. The geoid height decreased when the earthquake occurred
100 and increased slowly afterwards.
101
102
103 2 Data and Methods
104 2.1 GRACE data
105
106 GRACE datacan be downloadedrom http://podaac.jpl.nasa.goWPO.DAAC: Physical
107  Oceanography Distributed Active Archive Center) lbitp://isdc.gfzpotsdam.de/(ISDC:
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Information Systems and Data Center). §deata are provided liye three research centers, i.e.
UTCSR (University of Texaenter for Space Research), JPL (Jet Propulsion Laboratory), and
GFZ (GeoForschungsZentryufotsdam)UTCSR and JPL are in USA, and GFZ is in Germany.
These three institigns analyze data based on somewhat different approaches so the data sets
differ slightly from center to center.

There are three levels of GRACE data available to the users:-1By¢level2, and Level3.
Level1B gives the data of the ranges (distanbet)veen the twin satellites together with their
changing rates, and it takes some expertise in technical details to use then? Hateelare
provided as spherical harmonic coefficients, and we need only certain mathematical knowledge
to use them. Leved data are composed of space domain gravity data after being filtered in
several ways. Because it takes neither technical nor mathematical knowledge to use them,
Level3 is the most friendly to users. However, LeSdallata do not give us much information
because many filters have already been applied. In this study-2elsh analyzed at UTCSR
are used.

Level2 data are composed of spherical harmonic coefficients (Stokefficients). They
coefficients can be converted to the static gravity fige{d, /) of the earth by the equation (2.1)
[Kaula, 1966;Heiskanen and MoritZ1967].

ok o0 & p 6 Al Y O&I-T OBl
WhereG is the universal gravity constam, is the mass of the eartR,is the equatorial radius,
P..(sin— is then-th degree andtth order fullynormalized associated Legendre function. An
example of the static gravity field of the earth is shown in the figure 2.1.
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Figure 2.1 The map ofthe static gravity field of thearthin November 2013 calculated from
Level2 GRACEdata Degrees and orders of spherical harmonic coefficients are up to 60.

Figure 2.1 shows the mean of the gravity is about 9.8antthe gravity on lower latitude is
stronger than that on highaBut this is contradictory to the fact that the gravity on lower
latitude is weaker because the centrifugal force of the rotation of the earth works. The reason of
this contradiciton is that the gravity fields measured by satellites do not include ceatrifu
forces and gravitational pull of the equatorial bulge is isolated. Becaus&athéerm
predominates in the eafhgravity fields, | removed it and plot the rest of the gravity
components in figure 2.2. When we discuss tiragable gravity, we usé&2o from SLR
observations becausko values by GRACE are less accurate.
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Figure 2.2 The map of the static gravity field of the earth in November 2013 calculated from
Level2 GRACE data after removing ti@&o component.

Figure 2.2 shows that the gravignomaly is so small that gravity is uniformly 9.8 /s
throughout the surface. In order to highlight the gravity anomalies, we should use the unit of
mGal (1Gal = 1cmf3 and should also mak@w zero because it gives the mean value of the
gravity field. Figure 2.3 and figure 2.4 show the gravity anomaly with the unit mGal.
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Figure 2.3 The map of the static gravity anomaly of the earth in November 2013 calculated
from Level2 GRACE data. | remaed theCz0 andCoo components.
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Figure 2.4 The map of the static gravity anomaly of the earth in October 2013 calculated from

Level2 GRACE data. | removed thexo and Coo components. This looks almost identical to
figure 2.3.
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Figures 2.3 and 2.4showthe gravity anomaly in Novemband October, respectivelfhey
representlifferenttime epochsbut they lookalike because theemporal changes of ttgravity
fields aresmall. In order to studiime-variablegravity, we haveo use the unit ofAGal. Figure
2.5 shows the difference of the gravity fields in November 2013 from October 2013.

0 30" 60° 90" 120" 150" 180" -150° -120° -90° -60" -30° O°

0" 30 60° 90" 120° 150° 180° -150" -120° -90° -60° -30° O°
C——————) microGal
-2 9 -6 -3 0 3 6 9 12

Gravity Change

Figure 2.5The gravity fields in November relative to those in October 2013.

Figure 2.5 shows the strong nedbuth stripes. These stripes appear becaussOERlata
are noisy in shortvavelength components; GRACE satellites orbit the earth in a polar circular
orbit at the altitude of about 500 km, taking about 90 minutes per one cycle (they experience
about 550 revolutions every month). This suggests thdiawve to take certain meansaioalyze
(e.g. applyingspecialffilters) time variable gravity with the GRACE data.

One way to avoid these stripes is to use northward components rather than the downward
componentof the gravity field. The north components dot show the stripes because the
GRACE satellites move in the norslouth direction. We can calculate this by differentiating the
gravity potential with respect to the latitude. Figure 2.6 shows the distribution of the northward
component of the gravity eilmges between October and November, 2013.
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Figure 2.6 The northward component of the gravity changes from October to November in
2013. Strong nortisouth stripes in figure 2.5 have disappeared.

The northward gravity changes observed with GRASEellites are shown in figure 2.6.
They are largely free from strong stripes although short wavelength noises still remain. After all,
we have to apply additional filters to GRACE data.

2.2 Spatial filters
2.2.1 De-striping filter

The filterto remove stripes is called -@é&riping filter proposedoy Sweason and Wah{2006].
They found that the stripes come from the higlystematic behaviasf the StokeScoefficients
in the GRACE data. The Stokewpefficients ofCnis are shown in figure 2.@s an example.
There the red points (the evens of coefficients) are always bigger than blue points (odds) when
is larger than 30 and black line connecting them goes zigzag stréagigson and Walfi2006]
considered that this is responsible for the stripes, and tried to suppress the stripes by getting rid
of this systematic behavior. To do that, two polynomial functions were fitted with the
leastsquares method to each evens and odds of coeffideptrately, and residuals between
the values of original data and the fitted polynomial were taken as thefdestriped

10
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coefficients. Figure 2.8 shows the gravity change calculated with tisérided coefficients.
This destriping filter is called a®5M10, which means that polynomials of degree 5 were fitted
to the coefficients of degrees and orders 10 or more.

In this section, the gravity changes were calculated at first and then-gtepdw®y filter was
given because this order makes sense tcenst@hd the dstriping filter. Practically, the
destriping filter is applied to the data at first, and then the gravity changes are calculated to
obtain the time series.
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Figure 2.7 This figure gives conceptual explanation of thesttging filter. (above) The solid
black line indicate the Stokésoefficients of order 16, i.eYCnis (Cn1sin November 2013 Cnise
in October 2013) as a function of degre@ he red points denote the values of coefficients with

evenn and blue points denote those with addlhe broken lines are the curves fitted to each
color& data with polynomial degrees = 10. (below) The broken black line is the same line of the
solid black line above. The purple line shows the difference betwedsiack line and the fitted
polynomial curves. The horizontal straight line means zero.

11



222
223

224
225
226
227
228
229
230
231
232
233
234
235
236
237

238
239

240

241

0° 30° 60° 90" 120° 150° 180" -150° -120° -90° -60" -30° O’

0 30° 60° 90" 120° 150° 180" -150" -120° -90° -60° -30° O°
—————— ) microGal
-2 -9 -6 -3 0 3 6 9 12

Gravity Change

Figure 2.8 The gravity change in from October to November 2013 calculated with the
fide-striped coefficients.

Figure 2.8 shows that the -g&riping filter effectively suppressed longitudinal stripes to a
certain extent. However, it is not sufficient, and so the coefficients need to be further filtered as
described in the next section (even the northward component data have to be filtered in the same
way).

2.2.2 Fan filter
The best filter to make the spatial distribution of gravity change smooth is thdireosional

Gaussiarfilter, called Fan filter Wahr et al, 1998;Zhang et al. 2009]. The definition of this
filter and how to apply it to the coefficienteesshown with equations (2.2) ~ (2.6).

Ou o ~ e,z o foon —— oA

YC[ g ~ E pw w Y6 Aied> YY ORie 0 OEF
(2.2)
W p (2.3)
0 — - (2.4)
6 —® o (2.5

12



242 A —— (2.6)

243 wherew andw are the weighting function with Gaussian distribution at degraed m,
244  andr is the averaging radius. Weights with differematre shown in figure 2.9.
245

1.0 ' :

r=100km

r = 500km r = 250km

r=1000km

00 I I 1 1 I
0 10 20 30 40 50 60

246 Degrees (n)
247  Figure 2.9The values ofNV(n)as a function of degraefor the different values af, i.e. 100 km,

248 250 km, 500 km, and 1000 km. For larger degrees, the weight becomes smaller.

249

250 Figure 2.9 shows that the fan filter givemaller weights to coefficients of higher degree and
251  order. That is why the shortwave noises are reduced by this filter. The gravity changes from
252  October to November 2013 calculated with GRACE data after tistrigeng filter and the fan

253  filter are showrnin Figure 2.10.

254
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Figure 2.10 The gravity changefrom October to November 2013. (above) Tdmwvnward
components of gravity change calculated from GRACE data with begkrigang (P3M15) and

Fan filter ¢ = 250km). (below) The northward components of gravity change calculated from
GRACE data with Fan filter (= 250km).

2.3 GLDAS model

14
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In this study, GLDAS Noah modeRpdell et al. 2004] is used to remove the contribution of
land hydrology to gravity. GLDAS model is made from the observed data of precipitation,
temperature, and so on, and given as monthly valugs abp degree grid points, except for
Antarctica and Greenland. Thetdagive the amount of water (kgfnthere, so it has to be
changed into spherical harmonic coefficients and into those of gravity by formulations given in
Wahr et al.[1998]. They are filtered in the same way testiepe and reduce shestavelength
noisesas for the GRACE data. Before converting to spherical harmonic coefficients, grid values
in Greenland/Antarctica were set to zero.

2.4 Time series analysis

The function (2.7) is fitted to the GRACE data with the lsagtares method to estimate the
postsesmic gravity changes and ttienction (2.8) is used to get the time series of gravity
deviations by eliminating components not related to earthquakes.

O O OO W NEd — Q@ 0 — 00 YQ Q QYo

(2.7)
O 0 wo WHTO — QOEJ o — (2.8)

There"Q Yo are certain functions to be fitted to the tihecaying components after the
earthquakes antthe others in (2.7) are the same as (1.0Qis the gravity changes obtained by
removing the secular and seasonal components. We will discusskimbaof "Q Yo best
models the postseismic gravity changes in the chapter of results and discussion.

2.5 Model calculation

The software package byunet al. [2009] is used to calculate coseismic gravity changes
together with fault parameters showrBanerjee et a).[2005] for the 2004 Sumatvandaman
earthquakeHeki and Matsud2010] for the 2010 Chile (Maule) earthquake, &natsuo and
Heki[2011] for the 2011 Tohokwki earthquake.

The contribution of sea water to gravity also has to be added bedamst al[2009] gives the
amount of gravity changes diryo earth, which has no water on it. The earthquakes give the
surface of the earth deforn@at and it makes the sea water move, so the observed gravity
changes haveontributiors of both dry earth and sea water. The correction is simply achieved
by assuming the gravity field made by thin sea water layer as deep as the vertical crustal
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3 Results and discussion
3.1 Reanalysis of postseismic gravity changes of 2004 Surfatdaman earthquake.

We reanalyzed the postseismic gravity changes of 2004 BarAadaman earthquake with
newer data(Release 05}han those used i@gawa and Hek[2007] (Release 02with the
function (1.1), and found that the gravity had decreased for a few months after the earthquake
and increased slowly. This canno¢ foundfrom the function (1.1) because the component of
the function(1.1) for postseisnu gravity changes is only one exponential, which is used for
long-term increasing (the red curve in figBel). Then, we gave one more empatial to the
function (function (3.1)), and fittedt to both the short and longterm postseismic gravity
changs (the blue curve in figure 3.1)This discovery got us wondering how abauavity
changesf other earthquakeasndtwo-dimensional distribution of postseismic gravity changes
sowe analyzed the time series of gravity changes of the 2004 Sufimateeman earthquak
2010 Chile (Maule) earthquake, and 2011 Tohokiuearthquake.

0 O 0o WEBHIO — QOEJ o —

06 YQ Q p AgE  Q P Ao (3.1)
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Figure 3.1 Time series of gravity changdasefore and aftethe 2004 SumatrAndaman
earthquakeat 4AN9E (shown in figure 3.2fitted with two different modelsThe white circles
are the time series after remogiseasonal and secular gravity charagebsthe steps at the 2005
Nias earthquake and 2007 Bengkulu leguiake.The vertical lines indicate theearthquake
occurraces The redand blue curves arited with postseismic change with one component
(t=1.2 yeay andwith two componentqt,=0.2 year and,=2 year) respectively The gravity
decreasémmediatelyafter the earthquakie well modeled only with the blue curve

3.2 Ca and postseismic gravity changafithree Mw9class earthquakes
3.2.1Downwardgravity changes (Observed and calculated)
3.2.1.1 Coseismic gravity changes

17



335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370

In Figure3.2we comparehedistributions ofcaseismic,andshort and longtermpostseismic
gravity changesf the threemegathrusevents.The signatto-noise ratio is not good especially
for the Maule earthquake due to the relatively small magnitude and large land hydrological
signals. In factthis area is known to have experiencaddrought in 2010The removal of
hydrological signals by GLDA®Ioes not work well enough in this region (Figure 3.3) due
possibly to insufficient meteorological observationsto be input to theGLDAS modek.
Neverthelesscharacteristic gravitgignalsare seemearthe epicente.

Figure 3.2(a-1, b1, and €l) shows that the coseismic signatures of the three cases are
dominated bygravity decreasesn the back arc side of the fault with smaller insss@n the
fore arc sideThe latter are often attenuated by the existence of seawgkr §nd Matsup
2010]. Suchcoseismicchangesare wellunderstoodwith the theory discussed in section 1.3.
The signature of the latter after spatial filtering, and appears as the gravity decrease on the back
arc sideof the ardHan et al, 2006].

The results of model simulatiare shown in Figure 3.5 ~ 3.@alculate with the methodn
the section 2.5Each of them has difference between the result of observation and that of
calculation but the gravity changes are observed well to some extent; our results are pragmatic.

3.2.1.2 Postseismic gravity changes

Themiddle column of Figure 3.2 suggests the shortterm postseismic gravity changes also
show negative polarities, although their centers seem to shift fromapaalegions toward
trenches. On the other hand, the ldegn postseismic gravity changesegthight column of
Fig.3.2) have positive polarities and occur directly above the ruptured fault. These features are
common in the three earthquakes.

The elastic response the afterslipshould occur as the continuation of the coseismic gravity
changes.The distribution of the postseismic gravity chargey the afterslip of the 2011
Tohokuoki earthquakés shownin Figure3.8, whichwas calculated with the software $@in et
al. [2009] from the afterslimlistribution shown in Figure 3.9 calculated from GPS dakeey
are both dominated with negative changes. However, the trenchward shift of the center exists,
and this cannot be explained simply by the slip distribution difference (center of afterslip is
shifted downdip from that of the main shoclogawa et al.2012]). In addition to that, the time
constant of the sheterm postseismic gravity change of the 2011 Tohuolkiuearthquake (0.1
year) is different from the afterslip (0.4 yearOzawa et al[2012], but the mathematical model
is different from ours).

The longterm postseismic gravity changes may reflect multiple processes except for afterslip.
So far,severaimechanisms have been proposedfiepostseismic gravity changesg.viscous
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relaxation of rocks irthe uppemantle[Han and Simons2008;Panet et al.2007 Tanaka et al.
2006; Tanaka et al. 2007, diffusion of supercriticalwater around the dowdip end of the
ruptured fault Dgawa and Heki2007]

The viscoelastianantle relaxation can play the main role of ldagn postseismic gravity
change Figure3.10 shows the postseismic gravity changes for two years from observation and
from calculation on viscoelastic postseismic deformation with the methokhredka et al
[2006] andTanaka et al[2007]. This figure suggests that the mantle relaxation has the strong
possibility to explain postseismic gravity changes. However, this does not disprove other
possibilities and also has a problem that the viscoelastic relaxalies a long timél0 years
or more generallypecause of thbig viscosity of rocks irmantle The averaging viscosity in
the uppermantleat ~100km is more than 10720 (Pa sd®i[et al, 2013]andthe calculation
results take 8 10718 (Pa sec)This small viscosity has to be taken to explain the l@mrgn
postseismic gravity changes with the viscetamantle relaxation. Even the mantle under
the faults of 2004 Sumatvandaman earthquakesre much softer than thaverage the
long-term postseisin gravity changes of 2010 Chile (Maule) earthquake and 2011 Tasioku
earthquake take only a few months to get increased. It is not very natural that all of the
viscosities of the rocks under the faults of the three megathrust earthquakes are mutttatower
average Viscoelastic mantle relaxation has strong possibility that it plays an important role of
long-term postseismic gravity changes but it cannot explain them completely.

Thediffusion of supercriticalwateraround the dowadlip end of the ruptured fautan explain
the postseismic gravity increase in thimdscale to some exterbut there have been no
decisive evidence to prove or dispraveAnd there is another problem: both of viscoelastic
relaxation ad diffusion of supercritical water do nexplain the distribution of the changes, i.e.
they occur directly above the rupture area.
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Figure 3.2 Coseismic (left), and sheterm (middle) andlongterm (right) postseismic gravity
changef the threeM9 classearthquakes.e.the 2004 SumatraAndaman(a), the 2010Maule

(b), andthe 2011TohokuOKki (c) earthquake The postseismic gravity changese expressed
with 2 year (the 2004 Sumatfmdaman) and 1 year (the other two earthquakes) cumulative
changs. Time constants are shown on the figurae yellow starsand black squareshow the
epicentersand the approximate outlines of the faults that slipped in the earthquakes. The red
circles in (a) and the black circles in in (a), (b), and (c) show thespainose gravity time
series are shown in Figure 3réd circles) and in Figure 3(Black circles).The yellow squares
show the areas whose data are used f@sEin section 3.2.Zhe contour intervals in (a), (b),
and (c) are 4rGal, 3nGal, and 3nGal, respectivelyThe gravityshow coseismicecreases
then keepdecreamg for a few months(shortterm postseismic). It theincreases slowly
(longterm posseismic) with slightly different spatial distribution from the other two
components.
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411

412  Figure 3.3 Co- (left) and postseismic (middle and right) gravity changes calculated with
413 GRACE data and GLDAS model. GLDAS model gives noises to saod longterm (middle
414  and right) gravity changes.
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415

416  Figure 34 Time series of gravity changes before and after the three megathrust earthquakes at
417  the black circles shown in Figure 3.2. The white circles are the data whose seasonal and secular
418 changes were removed. The vertitranslucentines denote the earthquakecurrence times.

419  All the three earthquakes suggest the existence of two postseismic gravity change components
420  with two distinct time constants.
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Figure 3.5 The distribution of observed coseismic gravity change of 2004 SurAatlaman
earthquake (leftandthatof calculated with the software 8un et al[2009] and the fault model

of Banerjee et al[2005] (right) as section 2.5. The amount of gravity changes are near each
other but the spatial patterndempletelydifferent. This may be because the fault model is not
so good to explain the coseismic gravity change.
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Figure 3.6 The distribution of observed coseismic gravity change (left)2010 Maule
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earthquakeand that of calculated with the software &un etal. [2009] and the fault model
shown inHeki and Matsug[2010] (right) as section 2.5Che left figure and right one is similar

to each othefThe yellow squares, black squares, yellow stars, and black points are the same as
Figure 3.2.
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Figure 3.7 The distribution of observed coseismic gravity change (left) of 2011 Tobé&ku
earthquake anthat of calculated with the software &un et al[2009] and the fault model
shown inMatsuo and Hekj2011] (right) as section 2.5. The left figure and righe is similar

to each other to some extefite yellow squares, black squares, yellow stars, and black points
are the same as Figure 3.2.
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448  Figure 3.8 (left) The same figure as-@ of figure 3.2. (right) The gravity changes of the
449  afterslip calculatedavith the slip distribution from GPS data shown in Figuret8:®r. Matsuo
450  The amourgof gravity changes are near but spatial patterns are different.
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452  Figure 3.9The slip distribution of the afterslip of 2011 Toheski earthquake calculated from

453 GPS data.
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Figure 3.10(left) The same figure as-@ of figure 3.2.(right) The gravity changes of the
viscoelastic mantle relaxation calculateith the viscosity = 8 10718 (Pa sed)y Prof. Tanaka
at Tokyo Uniersity, with the method oTanaka et al[2006] andTanaka et al[2007]. Both of
the amounts and spatial patterns of gravity changes arsivdfsr.

3.2.2 Ftest

The Ftest isdoneto deny that signals are actually noises. THedt is a statisticdlypothesis

tests to get the possibility of coincident of two groups, so the possibility that two groups are
different is high when the possibility oftEst is low.This test is done with below formulas (3.2)
~(3.5).

At first, the shorterm postseismigravity changes are presumed to be noises. Then each data
becomes independent because they are just noisedgesbdan be done. If the results ofest
say the possibiliés of coincidenceaarehigh, the hypothesithat they are noises is affirmegiut
the possibilities are low, the hypothesis is denied and thetghnortgravity changes are actually
signals.

| estimatel the difference ofrariancesvhen the number of exportéal components is one and
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two with the data within yellow squares in Figure 82two months after the earthquatkedo
F-test
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Where, = variance,( = standard deviationk = values of datagd = the mean og, n = total

number ofx, 1 = flexibility of the data (=n1 1), and g is the gammdunction (e is the
exponential) The f gives the possibility that the difference of variances of two groups is
insignificant.In this studyx is an observed gravity value andis a value of the fitted function.

Each time constant for the function with single exponential is decided so that the vafiance
whole data gets the least (Figure 3.11). But time constants for the function with double
exponential cannot be decided in this way because the ahdrtongterm postseismic gravity
changes with the time constants taken in that way become muchttzgeroseismic gravity
changesn both terms of amounts and spatial distribugion gravity changegFigure 3.12)
Though the mechanisms of postseismic gravity changes arelg@i this isunreasonable
obviously The double time constants are decidedlsd the functions fithe data near the
epicentersvell visually. Although this isot the greatest method asdould be improved, the
result of Ftest also shows that postseismic gravity changes have two components.
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Earthquake Time constants (yr) | » Tariance Possibility of coincidence
1.1 1.11079
2004 Sumatra-Andaman 90 1.3 X 10%(-27)

02&20 0.08579
1077 2.39388

2010 Chile (Maule) 40 9.4 X 10°(-3)
02&1.0 1.13140
1.0 0.51032

2011 Tohoku-oki 56 6.2 X 107(-3)
01&04 0.25755

496

497  Table 3.1The results of Fest. The possibilities of coincidenaee very small. The difference
498 between the results of singdxponentiafunction fitting and doublexponentiafunction
499  fitting is significant.
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503 Figure 3.11 Variances (the whole of observed dgtavdata after the earthquakes) and time
504 congants.
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Figure 3.12The gravity changes calculated with the time constants of 0.3 year and 0.4 year,
which gives the least variance. The all marks are the same as Figure 3.2. This figure shows that
the methof getting the least variance (or RMS) cannot be used to get two time constants.

3.2.3 Northward gravity changes (Observed)

The northwardco- and postseismic gravity changes are also calculated from the GRACE data
with the Fan filter ( = 250km) and without dstriping filter. They are shown in Figure 3.13 ~
3.20. Coseismic gravity changes have northward components but postsg@wty changes
are not clear and there areo rsignificant difference of the variances betwetre
singlecomponent fittings and the doubd®@mponents fittings. This does not prove nor disprove
that postseismic gravity change has two components.
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