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The Gravity Recovery and Climate Experiment (GRACE) satellite system was launched in 2002, and has
been playing important roles in various disciplines of earth and environmental sciences through measuring
time-variable gravity field of the earth. It also offers a unique viewpoint to study earthquakes in terms of mass
redistribution. We provide a review of earthquake studies with GRACE, e.g. basic facts of the satellite system
and available data types, several kinds of non-earthquake gravity changes which may mask the earthquake-
related signals. We also summarize past researches about co- and postseismic gravity changes. Two dimen-
sional coseismic gravity changes were first observed with GRACE for the 2004 Sumatra-Andaman earth-
quake. After that, GRACE has caught coseismic gravity changes of the 2010 Maule, the 2011 Tohoku-oki, the
2012 Indian-ocean, and the 2013 Okhotsk deep-focus earthquakes. Such coseismic gravity changes are due
mainly to two factors, i.e., the density changes around the fault edges, and the vertical deformations of
boundaries with density contrasts such as the surface and the Moho. Short- and long-term postseismic gravity
changes are considered to stem from afterslip and viscoelastic relaxation, respectively, but further studies are
needed to quantitatively explain the observations.

Key words: Gravity change, Large earthquake, GRACE, Ground deformation, Density change, Afterslip,
Viscous relaxation, Hydrology
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R CHERORENL (WEN) 28T 2FEe, &%
Wi B > A 7 4 (GNSS, Global Navigation Satellite
System) X & B 1L — % (SAR, Synthetic Aperture
Radar) ## 2, s ERE 2 S AW TR0 %
B (2 ®) 28T 2 FEo=>oTHL. KT,
INDPLIERERLEL EEZEZONDLEZOFHE LT,
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§2. AIBEGRACE &EZDF—%

HJBUNIHE I BEeBE 2Bl TE 2 TETH
55, W LICEDFI 2B L CBIES 5 ks, A LE
B ACTHIROE 2 B 2 7E055 5. 18]
WX 2EDOEEMZILOBMORERIZE < HA2ID
FRH A (1951)], T OB m5A4i & 2D %A
RAe5 2 T&7-.

—7J, WREEIBIENG 1957 iz e MEFIZ L -
THH BTSN Sputnik BRI =53 5. HEES
BN, FITEIOEHMZLOBIMTRE REEET B
72, ZFNiZ, Sputnik FE DT — & 1ZHEDIWTHIERD
SEERPHIEE N2 ETHDH (B 213X Merson and King-
Hele, 1958). [RIEEH] |2 Hb Bk EE 735 0 FEER G FRBE 4 12 &
% B LE O BE) A Kozai (1959) 12 & » TERILE N
7o Flo, ANLEREOT— 123D W7 ERE ) OB
ZALDEERE, 1976 4F12FT 6 T 572 LAGEOS-1 #
BIZL o TCHIZR -7, CoOfREICIEI—F—F 2 —
TV 7V (A L2 FNO0E RS 5 B 28
BIIONTEY, WEIPSL—F— SV RAEESEL, &
BT L TR TELSVARA D &, FOEER
Mo B EEREOB MBI KO SN, Z OFH
3R L — 9 — I (Satellite Laser Ranging, SLR) & IF¢
I, BUET L B EEORETE IR D 2 W T
H5H. BHROPEEZOBERZLr S, HWIRETIHHD
DI DRI 2 HEET B 2L TE D, T2,
LAGEOS-1 O EEI1Z 5900km TH 0, —#&AIZ SLR &
EOBEIIT km L) KERMBEINL Z LA,
SLR R #i 45 X 912 GRACE HEFET L T2
EHO2RFEFTOHIIH L TGRACE 2 L) L EN
7oK EE 2 FE 072, GRACE #2120 2 MliBhaY 7 £ )
Y ZEHNTEL. LA L, ZOBHFITIAETY 50
JIFERE L2n 7o FICHIIR 2 W 0 AR & <, F -84
IR 5. 2T TRITNZBEICE) E
HZEAL % SLR B O ARIZHED VT Z D Z L3R T
HELVWOTH 5.

FO%LHEEBINIMES % H 72 (B 213w
(2000)] 2%, HEIZHED) BEHELE T ICBIllTE 5 &
N0 7zDiE, 2002 4E12T7 A ) A HLZETH A (NASA)
& R A v fitZes i+ >~ ¥ — (DLR) 234 L T 5 kT
72 NI % GRACE OBIZ X 5. i, BIZEAL OB
5 WEFICHET T AHREI, (21T GRACE BRSNS
oo, KOS GRACE HIEZDOFEE Hv 7z,
GRACE & 500km OR#LEZ, D0 E AN E
1771812 200 km (T & #EINL TS GRACE-A & GRACE-

The distance between the twin satellites ( A & B ) becomes

mass excess mass deficit

Fig. 1. The GRACE satellite system is composed of
twin satellites, GRACE-A and GRACE-B. This
figure shows how the inter-satellite distance
change reflects the local gravity field. The gravity
irregularities let the two satellites in the same
orbit accelerate or decelerate with a certain time
lag, and the distance between the two satellites
changes in time.

BoWANFEOMEY AT L Th b, HrDOEREIL
WIERE G OAR—12 X > TR Z 40 K L 2255
15275, ZOo0HETHNFEEORATTNG 720, fiF
EMOEHED DT A2 LT 5 (Fig. 1). GRACE £, €
OfFEMEEEORZEMZ LT ~ 4 7 Tk L - TRTIC
FHl 2 2 LIk o THIERE DG OBIN 4TS 2022
W RReIx, F R EREDY CH L 100km FREE,
Higo 7 — % Td L 300 km~500km 2 )5, g0
T— 4 THILT0km BETH L. Lr->T, %<
OpE, WEISERNT 2 B ORMZ(LE B 5720
WZIEHEBEOF— 7 2MEibih s, £72, GRACE #E LM
B A5 720, WIROBINASREROBII L 1) % & 7
D, EREEHISIE SISO NENE TV ORBENE .
GRACE @ Level-0 7 — % LN ATETF— 7 1%, M
THEMOREMETH 5. MEROFE S LIS & SESA
R X o THRPE B MY D
5. Level0 F— #1213 FD LD RETHECEENT
BY, ZOFEFTEIAMETHL7-0RMINTH W
FNOIC BRI 72 S 4, Fo—BEREE A
BALDLDIE Level-1A 7— %, Z“EHHFE THEALD
Dt Level-1B 7— 7 EIFIEN, AEINTWE. X5
2 Level-lB 7 — % (&, E 4% BRI A B2 =R L
TeREDAREL (R b — 27 2850, $ b b0 7 —
FIEHEN, Level2 F— % L LTAREN S, —fk
MIZ Level2 77— % 1 Z—2HAATRESN, TOHD
VIR R MERE SIS MA Z ETE L, s F
NEVZAE~AUE, FETIOREMZEL & H O IR 73 RE Tl
ITENTES.

GRACE #A1E, Zo% o “C" 7 Climate 27179 Z
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ErHbD5b L HIZ, EBERNKOBERE L B L TRE
BENOWGEIAEL T LD E RiF s/, 2R
DO—FE § 3 TRLAB T B IRBEILIZAE S K « IKIRD A
B RIC D OERINICIER 722 L TH L. GRACE %
W72 o k) 2ifen% {1k, Level2 7— % % 15
HMeT 5. T KOBENIZHKZ FOMIEE L,
Level-2 7— # 2 LRI S NAE N o4 %, e Sl
TIKIEZALICHE T 5. ORI, KOMEIZ X D EEK
WIRDETNRN S 2 k2 ENZEE, WET 7]
ERHOTHIET 2052 H 5 (Wahr et al., 1998).

Level-2 77— % % ffi 9 7121, GRACE 77— % I2& %
NBBEA R ER S ¥ ABER KT 57200
s AP VLETH L. ROERORVEOIEE
L, WIROFREE D 5L HARERT CplH (F
FHERBIETCTLEEMINLZ EDE%W) THDH., 2
DT EMBEREPEL, FHEAMEDOALNEEE
BEISE57:%, GRACE @ & 9 % KEEE Tl % 3
OWE LY, BEETHABEMAAS LD HAES
LAGEOQOS @ X 9 7= f# 20 SLR 8l 5 5wk 15 1 il
T&%. ZD72®, GRACE @ Cy3:#% SLR THHL
7EICE X H2 2 515 (Cheng and Tapley, 2004). 72,
GRACE 7 — # 13 Z2 [ R BE DSR2, EIRD A K —
7 ZARROBEIKRE N, DD, KEICAEbETHE
A& TP TR 1302 ZIRICOF T > T 7 4
VE— (§4 M) %Hid (Wahr et al, 1998; Zhang et al.,
2009). &5, MEMETHALZ EnH4EL S GRACE
WA ORI AZRET L2714V — b LETH D
(Swenson and Wahr, 2006). & 512 Cy, Cuy, S THIZHIERD
HOMEL L TEY, Bk ACEERBOFH O
FUZHE D KB BN L 72 3RO B OB LS L S
T, L2 LEDEIE—MICHIRELEZ R L7z
JEEATHRBEND 720, SRS DIEIZT — & BT Ok
IZIEEERIHE L ClAb e s,

NS OMBIIHMFHICIIHETHL DT, KADH
L BkHNEOFS (§35R) OfiEL Lo &l
TANY =%, SSHIZEMFETELENSNAE
B 5 U O 2 AKIEZLICIRE L7z Level 37— 4 &
RATIZ A SN T3 (FEIE TR GRACE Tellus ®
R=TV %W k). LevellB, Level-2 7— % I
http://podaac.jplnasa.gov/ % http://isdc.gfz-potsdam.de/
25, Level-3 77— # 1& GRACE Tellus (http://grace.jpl.
nasa.gov/data/) X 2 1 7 N K5 @ HP (http: //geoid.
colorado.edu/grace/) b %7 v a—FCT& 5. F7/2¥k
FMEoeE 70 77 21354 o HP (http://www.
geod.jpn.org/contents/book/program.html) 7 5 LT
x5,

) GRACE 7— % oML, AR LTt 5 —Tdh
% NASA © 2 = v MEM#ERFSERT (JPL), 7FH AKFFE
HWfsEt > & — (UT CSR), FA 7 #hEkBEfZE > & —
(GFZ) =P THBIATOITEY, LoTF—4b 5
VYU —=RFTEHEIENTEL., FIEARRME €
% —Tdh A7, http://grgs.obs-mipfr/grace 7»5137 7
> AE N FHWIFER ~ 4 — (Le Centre national d'études
spatiales, CNES) @37 ) — 7" (Groupe de Recherche
de Geodesie Spatiale, GRGS) 23LHL | 72 Level 2 77— %
A LN TE, CNES/GRGS 23E/ L 72 Level-3
7 — # 1% http://www.thegraceplotter.com CTHE 3 %
ZENTEDL., FIZNA Y OR Y REDE L 72D,
ftp://skylab.itg.uni-bonn.de/data_and_models/ITG-Grace
2010 5455 2 DT E 5. TOMIZ S EEBOW5EHE
BY2SE H L 72 GRACE O E I OfRHS http://icgem.gfz-
potsdam.de/ICGEM/ TAT-HHETH 5.

GRACE O 7 — # |ZIX W2, Z=[A9 72 B )54 S Hi Bk
KHOEmDOERISERNT L EVIHIRED LT, Z0H
WM ROz AT U (¥ A 3 21 mass concen-
tration O#%) HFTET A (Chao, 2016). L7 L ZA4Lidih
THESOBRERBE T &0 Citm s 5 BB ZEDO W2
HWEMIZIEIAMETHY, T TEINL EOR) &
VTS .

&C, Jeil L7z SLR & GRACE D 2R3 HRED 71,
TR BRI ERM T 2BoORXE o TUTOXH IS
MgTE 5, BhHGE, HKEEEZHATUTORXTSH 2
5N5 [ 21X Wang et al. (2012a)].

Gravity(®, ¢)=

GM & R
R Ez(”“)(mh)

éo(Cnmcos Mm@+ SumsSin m@) Pum(cos 6)

T IR, 01XsmE, GRIITETINER R
(THUER DT, R ZERMEHER DR &2 R L 7o
BE, n \3WE, m 35 Co S i3 A b —27 24258, P,
VY FVEEECH L. BESEIEbAIENO
YTFVIE, BEBEEY L LTEZNLTRY. R=
6370km 2w L, FM % SLR #E O k13 6,000
km F2E, —77 GRACE @ h 12 500km FEECTH 5. HAE
BENEWIEIE, HERD (ThbbakEw) 5
BERICHEL T, it T, n DYKE B ENE RS
WX LT, K E O GRACE (& SLR £ 1) BEWEKE % £
DODTHA.

COGRACE 77— %flio 2 ri2kbh, #NFTSLR
2 CIIATTREZ o 72 HE I AE D B kIt
EMCTEZE)IC%), BT CICHERSLHERDOE
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NZACIIER L72Wi7ek st S Cwv b, el ol

) A3 GRACE 2 3K OBEER* L2 HWE LT
HHELEFeNzdDTHY, 2002 FEOFTH FIFRFICIZH
BROWEICAEIIIIEH SN FIFHEES N TV A h o
7o LaL, 3TH RIFTESRLS 2004 SEFAY b T-T »
¥ U HFE (M. 9.2), 2010 £~ 7 LHIE (M, 838), 2011
EFCLH T HEE (M, 9.0), 2012 454~ FiE (A
~ b E) HE (M, 86) 7 EOKMEMNRIEL, €D
WEIHE) BEREFENE(LL LTI LIEHNTE
72. GRACE EEIZEFMILLTEBY, 2017 FI2idZ Dtk
f#t% GRACE-FO (FO iZ Follow On) 254TH EiF s %
FETHAH. GRACE-FO 13 H ) 0l 58 J5 i H %
K2 GRACE LR U TH 5728, VERED BN 2210 11
WfFcE v, 2T 2 RHHEY Wz 2 RN
55 i, mENESOREA(LT— 5 2 H5E=YE
TN RD HEN SN L KER WL DOETIVO
YRFHAELED SN TWAH 72D, BITE X Y 352
WUHENL 2 57259 .

DB, HICfE) EOZ Lo &, M EIEmIc
Lo T SNZWEICHE) ENEOME LB E 2>
2, GRACE O#EEIBIMNC L o TR Z SNz HEIC
9 BHEIZOWTINE TOREZ T 5.

§3. GRACEBIET—ZIC&EZEh3SHEIITFHI

GRACE Br2oO7— % #fIHTUL, #HTE 71
F—12b E5000, —FICHIEREIOZLE 1 <A
70V (uGal) BEOKE E THRINT 22 LN TE 2.
72721, 1Gal &1d 1lem BREN T, MES TIEILERE
DHEALL LTEBIMICE b Twh, F-FEET
A9 980 cm BRI TH B 72, 1uGal 1ZHEE S @
TGO —FHELVD, FEFIHNGZEMTSH S,
GRACE RS T LN EN 2 WETE L7290,
ZF DRI BRI IE D% 57 B 1 b 72 o TIHEEICHIH &
NTwa, ik, GRACE BE 07— IZiZiEDA}
DI EN R ETDE L EEFNTVRDL W) T L%
HHT 5. 22T, HIEDYOSETO GRACE fTED
RFEWZEED S, HBIROHTE IS 255 OB
HEFREDDOEHNTSH. GRACE HEDLE L ED
RN, SRE (2013) oA, HARNHA ST «
TTRELTWS [T A N ] (H AN A 2,
2014, http://www.geod.jpn.org/web-text/) @ [GRACE
BH7-o6L7-b0] 2ERBaninv,

ZZTHRAT LD, (1) ENOFEHELO EERT
& D REKIZE B LEKRDEDEA (e.g. Tapley et al,
2004), ) NAMZ: L A EFIZX BT ROME (e.g
Rodell et al., 2009), (3) IR LSIZHIA % & D EMMY 20k

PRR2IKI DOFLH (e.g. Jacob etal, 2012), (4) KIARIEIZ
B9 % 4 D (e.g. Tamisiea et al, 2007) DIUDOTH 5.

Bl CBRET 5 &, TIEKRGEOEATKE HFGT
% GRACE 7 —# 1%, GNSS O 77— % L X, ZF
HiZ b2 L& T 2N AR E V. 2ol
TALZBIRT5 2 & T, @RI Z BT 52 &
WTE S, TOZLIEPEE T 2 € v A — AMEST
FERTE AR OHIL TR E {, WEREOHIE LMK D
PEFLASH NI T/ S,

REEALIZRE S & 2 5N A IKIRRLIKIT OG5 1%
TN =Ty FRWEM, TIAN, NyT=T, TV
7 EILIgCEE T, GRACE 7" — % 7% & f4E O K O Rl
mrfEE TS (W2 HiE, 2014). L2 L GRACE ®
ZEMRBEAMEN 72, 7 D T E L LK O Rl
WEMIET DS, KOBEIZ X 2T LA~ N
PRI BT 5 W T KA E I & 2 EI1A (Rodell et
al, 2009) & OSFEENHE L\, F 7zl T A U 72K
IZHALIAA, DT TIED 2 TP W T — 2 &
TOEME b 7267,

BoKIAIRME & 1&, KIS SRR R HIe & 7 5 TV 7IKIR
SRR L 7R, FOMME TR L T 7o it R L ik
MArgEhyCcEE (k) 39288 THD. BKlRIZE- T
I B~ 2 MVIIES® 5 ) LA -0, &
NEACTRBEN IR E LTHRZOND, COBRIES
FHIUAHEELRP AN P FETHET, RATER lem
FEONG Z2 R L LT GNSS T #ill b
(Milne et al., 2001).

DX HIZGRACE D7 — % OHIZIE, BEKOFEZ
b=, ABEEBOFMN 2R L L CHN L KO REHE
R, BRI AR TH 2 2KINEIEZ EOfk 4 2G50
FEENTVD, FRICERIZBES TR E 2 E7ME % £
B, Bk RUEEEIC X 5 BKE OF 4 A8 & RO L C
FHIZALOIRIE S AHANIZLT 5. Tho 3 HERE
B F -RBERSFICEZETH L b O0, HEICHE)FES
ZAL 2 WF7E 9 5 GRACE i ICIdfE 2 b 726 .
oT, INLOFGZBEYIIRET L7202, ZOH)
BEHLEEECHEFL TBLENH .

§4. GRACET—AZICEEh25EE L ZOERE
GRACE DT —#IZEE N85 (/4 X) TEER
DEFTHED L. EH—0b DIIEEEED S KD 22/ 4
FRRED AL (300km Hifs) ICHKT 5, HEERS (&
RO TREL GDBT VI AGBETHL. BO
LDIE, GRACE FHlT 27— BNENEZDOHDT
7% <, MR#LE F15 GRACE B E M OMFETH 5 2
EN B L AIftEIRAETH 5.
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(a) No Filter

(c) De-striping Filter

ki (b) Fan Filter

(d) Fah + De-striping Filters

-40 -30 -20 -10

e —— = RTGT]

10 20 30 40

Gravity Change

Fig. 2. The demonstration of the two filters widely used in the GRACE data processing. Here we
compare the gravity fields between August 2015 and February 2016. The four panels show: (a)
no filters, (b) only the fan filter (anisotropic Gaussian filter, averaging radius is 250 km) (Zhang et
al., 2009), (c) only the de-striping filter (cubic function is fitted on degrees and orders of 15 and
more), (d) both the fan filter and the de-striping filter. We used the Release 5 Level-2 GRACE
data from CSR with degrees and orders complete to 60.

GRACE #5213, (ZITMPE 2 AT L 2 A 5 fhir 2L )
AT CTENXBUML Tn5E. 3T74bE GRACE
R, EomALEImoZEME % EA IS LT
W5 IO, EIOEMEILORILE S IE RS
AN AL A AR —T, GRACE 2 OfLE
LT WM HI DML, & % HrTo GRACE
WEOMEET—% &, GRACE #EDHEk % mdt 7
— L CR—OFEE IR L 7-BOBE T — 5 225K
SND. b b E IO LIZHE b b 5
AT — 72DV TROONLZ EICR D, D
72, EIIOZEMEALORIGRI T RIER AT R 5
V. EOREE, H RGN OEDREEMO S F I
0, FnEHXEICTTy M5 LRVt (FEIbicE
LEPIROBRE) BN D (Fig 22). O D0#EER K
BT A HFEINEFTIECERINTVDS (FE
2013) %5, ZZTIEHEDOET LM T LB TbNIS
REW WL BNTHI2L D5,

B—DRRETHLHEERTICRELEENLE T VY
LEFEL, SRTTOH I T T 4 — % 7220
LI & o> TR T E 5. 7275 LEBIIR I O
T=FIZOWT, HWEREEGE ANBNINELTER

LOBEALE FITALZ EIZX > TITbNLS (Wahr et al.
1998: Zhang et al., 2009). 4 _DRFETH HHtfat,
FILZOOHETHREIN TS, —D HIitimRE
TANE =% 5T, 2o HIZES ORI
(SRR 2= OB AL T I AHY) I2FEH L TT — 2 2
M3 25HETHS.

—O HOMEKERZ 7 1 Vv & —1%, WA T R
A RN, WU EEDA =27 ARHOMEIEEK
DRI EFHORBOBORFMN e LTHLS S
LIZEHLZZLDTH S (Swenson and Wahr, 2006).
GRACE @ Level-2 77— % (ERmFAMBEEORE) O
RO A N — 7 A58 % WO NER 12, REDYMH
BOREE FHOBREI5T, ZO& 2120 LCREI
BT 22 HA L R/ N RETHTID, KA OREES
HADPOLORAIZESMRATLI)IDTH L. 72750
GRACE 23 P43 [ EE 2 R ORI 121 E 2 D &) 258
HENLBNTD, TOT 4 NVE—bHDHME (15 KEEIC
EBHZEDNL) LD EWREDA N =7 AREDO M
M. MRk T vy =k ot R A G D
452 TGRACE 7— 7 IC&FEFNA _FHHOERET
D DEKS NS (Fig 2. €O—HT, 74 V5 —0
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R L FRFICEZZ O TLE ) L ITERY
DT E% 5 2w,

B OMACE 2 E 3 5 53, MifmbEE 7 1 v
5 — xR RO M EZ BT 5 1 Th 5.
M AL 53 1E GRACE O#LEICI > 72 A OS5 TH D
MEAm R D W B Z T2 W, L7z o T, #timks:
TANY =T 2LENELS, F5E2i50dI12ED
EWV)REGHEDSH 5.

oI, HITT T4V —RfiwRE T 1 V5 —
RS TICENO EVRGICER LR 5 Fike
LT, ARA D=7 ZBHIC L o TEERWIZE 2 51T
W% GRACE D7 =% 75, BrrmZz iz X o THRE
DIFNFHIROZALZ I B LT 5 HENSH 5
(e.g. Longuevergne et al., 2010). HiZEE 2L ES
EMT 25 EICECHCO NGBS AL ET VB
(BRI 1> 7 — & 12§ 2 2R D7 = —7 L v ME
M CHW SIS BEHE) (Simons et al, 2006) TH 1, 2
BIEEBOE G TN OB TREBT LI &1L -
T, JRPFTH AL 2 BRI i 2 e TE S
(e.g. Han etal, 2013; 2015). Z A HERE L%, K
M7 2288 — 2 BB W KD D BB B 5 i
L, ZOBSEMBT2 2 LIS T2, CoFEER
M L72Wge12i%, MEFRDN oG T, 728 2137
V=V TV RRTIAN, WY, EBOKKERY 7
FNERZ, TOEEHELY RS 2P LTSN
(Harig and Simons, 2012; 2015). % L CHRIZHENZE T
i3, GRACE Ttz b 2 HiiEREE )2 Lo ik By F ik
RORGIEZER Y — OB EH 0T, ZORFEEZD
BHNE L T 5.

$72, GRACE @/ A XSRS T v 7 L1128
NbZEIZERL, ZOBEOGHITHEHNT/ A X
EHETOIMERN L 74V —bREEINTVES
(Wang et al, 2016). S D7 4 V¥ — I IMEHAN 2 IR I
HEONTBY, ZOFEPEFELEIZBT S5 GRACE @
T YR DTEE R TTED—2I2 %5725,

ZOENZ, FEEEDT v ¥ LREE GRACE BHD
MR AN T R E R TH 528, WEOF5 Z
F AR, HIZ §3 Tl ik B S1E
MBS AL b, 2 GRACE R OAREDORRT
HHEEROFEGHEBLZTNER SRV, ZOHIE
X, 728 ZATE T — Z 2 E D TR S Lo BRI 7
fi 7K 4341 € 75 )V T3 % Global Land Data Assimilation
System (GLDAS) (Rodell et al, 2004) 7 & % FHWTH1 9
WAL H D, FEKETFTIVICIZMIZ D Water-Global As-
sessment Prognosis (WaterGAP) (Doll et al., 1999; Aus
der Beek et al, 2011) 2 &E0H 5. Lo L, WIindkk

KEE RGBT — 5 12T T B 70 Bl A
RO CHEEASK RV, 20 L) 2E, Ao T
BEEHHTLE I WIS 5 ), MK L T
LETH .

§5. WRERICHEIBEAZTRDAD=XL

51 WEEBOSIBEEHEL

W R SE B I > THEBRCE DA EMIC LT 52 &
BELP2SHEN TV D (e.g Matsuzawa, 1964). #Hi 5
TENZENT 2861, R ETEEIC L > TENE
OLETHEIHERGRTEDLLI LIZE T, EINA
MIFOEALERTHEED L5, 2 ClEE U ZEHEZED
BB 2ENOZBAb R LA, MR mHZE(LD
FRERIEZoH 0, BiEEEh 2D % O AR i
(M35 - ERHSE) O - (L, BEEEh ) T
DEFDOEM « WIRTH L. MOV ECHD 7
STENEACEFET 2 ET VG, EIRBHE 2 E
L7235 D% Okubo (1992) 12 & o TRH SN, D% Sun
et al. (2009) 12 & o CTERHFR 22 Rt & % F5 o 72 BLEM 2
WIRIZBTHET VIR E N, TREDETIVIEET
B0 770 LTOAFTRETHL. LLHAICER
HiE b EHZEAIEE uGal 7 5%+ uGal TH 5.
FEile « JhRE & FEAfE « Ik & v ) ORI Z T,
MR THRAS B T, RO LT 2B i
KOBEHP RN EENELET 26T, Zhik
Okubo (1992) % Sun et al. (2009) D711 75 L TH EE
ENTn Wiz, FHEERIHEKEEORIEL N %
VLS B (Broerse et al., 2014). FEAHIZS 6 123 5 75,
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Fig. 3. Time series of the east component of the GNSS station position and the gravity change
observed by GRACE at the point (140E, 39N) shown in Fig. 5c as the yellow circle. The GNSS
data are from the F3 solution of the GEONET station 960555 (relative to 950462 in Kyushu). For
the GRACE gravity data, both of the fan filter (averaging radius is 250 km) and the de-striping
filter (polynomials of degree 3 for coefficients of orders 15 and higher) have been applied. The
vertical orange line shows the time of the occurrence of the 2011 Tohoku-oki earthquake, and
the blue and red curves show the models fit to the time series of the GRACE and GNSS data,
respectively. The ratio of the seasonal changes relative to coseismic steps is much larger in the

GRACE data than in the GNSS data.
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B T % v T Matsuo and Heki (2011) 2385 L Tw
L. M, ZOMFEICHE) HHZLIEDL ) —o0FEIIEH
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culation Explorer) 12X > Ty 2 5N T35 (Fuchs et
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Fig. 4. The time series of the gravity changes before and after the three megathrust earth-
quakes, L.e., the 2004 Sumatra-Andaman earthquake, the 2012 Indian-Ocean earthquake, and the
2011 Tohoku-Oki earthquake, at coordinates given after the earthquake names. The average
seasonal changes have been removed. The contributions of the 2012 Indian-Ocean earthquake
and the 2004 Sumatra-Andaman earthquake have also been removed from the time series at
(97E, 7N) and (89E, ON), respectively. The vertical orange lines show the occurrences of the

earthquakes.
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(Fuchs et al., 2016).

S HIZGOCE P2 72 #EDFZ L LT, L IX
EFEBIAR 20 W SELRIR VB AHE ST b, GOCE
13 300km % T [0l 2 EHE % H B L-CB Y, SREZn
HERTZ B L TWb. ZOMEERDS, WELSENS
30 4rf & 55 4rfall, FNE N 22 & RN 122 T,
KEHFZLmbo TE-MEBERBEZHMBLOTH S
(Garcia et al, 2013). NTHEDHE FOMERTE LT
PREE L 7MB e EhITH 5.

Heki and Matsuo (2010) &% OF Matsuo and Heki (2011)
TlE, B SN HEREELE KT 5729012,
GNSS 12 & 2 Mg BN & » TR SN zlirfE/ 87
A—% L Sun et al (2009) 70T T AEFHACTEEL
TeENEALOM A V7, BE & R R < —3

L, HEEEDZEC oW CREEFEO G & WE T 7L
THEUFE R ICHH SN L 2 EDHEID ST
(Fig. 5).

fDHEH & L Cid, Han et al (2010; 2011) 23Z 2
2010 4E~ 7 L AR & 2011 4EBIb#b)7 RSF R Rz 12
PES B OHERZALE Level-1B 7 — % 5 & E 5 H
L7z. %7z Cambiotti and Sabadini (2013) (%, 2011 43
JeH AR EIZ OV T, ALVET YBEE HWT
RIEE ORI Z W OPDIEAINY — 12551 T
Z D RGr O W RV ENT 2 4T - 72, £ 72 Sun and Zhou
(2012) 1%, 2011 FHALH TR FFHEMPHEICE L T, Kk
DAY T v 74N =T 4 X%xhpEL, &
TIOFILRS &, fEERE 74 vy — %l L 72O LT
W5 DOW 7 B MR DAL Z KD 72, WIhoblb,
RN OFEIC L o TELVDOERDDH DO OO, HWEFED
FEZEALIZ OV TIE, Hekiand Matsuo (2010) & Matsuo
and Heki (2011) TSN DEH TV EDS
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Fig. 5. Examples of the coseismic gravity changes for the 2012 Indian Ocean earthquake (a, b)
and the 2011 Tohoku-Oki earthquake (c, d). The contour intervals are 1xGal in (a) and (b), and 2
©Gal in (c) and (d). (a) and (c) are derived from the GRACE observation data by estimating
coseismic steps in the gravity time series at grid points from January 2003 to December 2015. In
(a), the contribution of postseismic gravity changes of the 2004 Sumatra-Andaman earthquake
have been removed using the method given in Tanaka and Heki [2014]. (b) and (d) are calculated
using the algorithm of Sun et a/. [2009] and the fault parameters shown in Table 1. The yellow
circle in (c) shows the point whose gravity change and eastward displacement are given in Fig.
3. At the yellow circles in (a, ¢), the time series of the gravity changes are shown in Fig. 4. The
focal mechanisms are shown at the epicenters of the earthquakes. The black rectangles under
beach balls show the faults given in Table 1. The GRACE data have been filtered is the same

way as in Fig. 2d.

6.5 2012 F A 2 RNEFEMEE 2013FFFK—V U RHE
MEOHEFEHNZEL
Hanetal (2015) 1%, 5D AL 7 VBEE W72
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5).
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Table 1.

Fault parameters used to calculate coseismic gravity changes in Fig. 5. These parameters (rectangular

faults with uniform slips) were inferred with the grid-search method using the GRACE observation data.
Latitudes, longitudes and depths indicate those of the centers of the faults.

Lat. Lon. Dislocation Rake Depth Strike Dip Length Width
Indian-Ocean 2.35° 92.82° 350m 20km 106° 80° 200 km 40km
Tohoku-Oki 28.00° 142.00° 75m 24km 205° 9 450km 180 km
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Fig. 6. Examples of the co- (a) and long-term (2004-2015) postseismic (b) gravity changes of the
2004 Sumatra-Andaman earthquake estimated with the GRACE data from January 2003 to
March 2016. (c) The time series of gravity changes at (6N, 94E). The contour intervals are 2 uGal.
The focal mechanisms are shown at the epicenters of the earthquakes. The black rectangles
under beach balls show the segments of the faults of this earthquake. The contributions of the
2012 Indian-Ocean earthquake have been removed. In (b), the value at each grid shows the
amount of the postseismic gravity change over 11 years (2004-2015), estimated by fitting the
postseismic data using an exponential function with the time constant of 3.5 years. The red circle
in (a) represents the point where the gravity time series shown in Fig. 4 (high) are taken, and the
blue circles in (b) represents that of (c). The contributions of the 2012 Indian-Ocean earthquake
have also been removed from the time series. The other symbols are same as Fig. 4 and Fig. 5.
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¥ 72, Shahrisvand et @l (2014) X, —HMH Z & @
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