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using Empirical Green’s Function Method

Masakazu MIYAHARA and Tsutomu SASATANI
Division of Earth and Planetary Sciences, Graduate School of Science, Hokkaido University
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The 1994 Sanriku Haruka-oki earthquake (Mw?7.7) is the first plate-boundary earth-
quake in Japan, from which a lot of strong motion records have been obtained by modern
instruments. We construct an asperity source model of this event applying the empirical
Green’s function (EGF) method to these data; the asperity model explains broadband seismo-
grams and acceleration spectra. We use an empirical S-wave travel time curve estimated
from aftershock data to calculate the travel times from a fault segment to stations. This
modification in the EGF method is necessary to modeling the 1994 Sanriku Haruka-oki
earthquake with the large fault plane (145X 104km?) and the large distances (150 km~300 km)
from a fault segment to stations.

We assume two initial asperity models based on the waveform inversion results (slip
distributions) by Nagai et al. (2001) and Nakayama et al. (1997). The initial asperity models
are modified by matching the synthetic broadband seismograms with the observed ones.
The final model which shows the best agreement between the synthetic and observed
broadband seismograms consists of two asperities. One is located at the center of the
assumed fault plane and corresponds to the large slip area by Nagai et al. (2001). The other
is located at the western part of the assumed fault plane and radiates strong high-frequency
seismic waves from the small area.
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ABEOME I, WHEEICIED » oh, BERIZZ 2 5 T7Ic AT, ER 150 km OB %
B L7z, EHTTLA 7 HICRAREFARZOBRBEHIBOER THREL, AFLH.OICH
U EDSEE L7 (BEN, 1995).

ZEEE L PHEBEOBEERBICOWTRIINE TREE ORI L INTW S, kIt - i
(2001), Nakayama et al.(1997) iz, BEESHBEROEEA > 3—Y a o k) BIRBR2HE
LTw3, L#L, 202 00HRTHRE S N2 BEBRE, 7274 O, BEEEEE
ZERBWTENFIE ) BHZRL T3, Nakayama et al. (1997) (3B RBEHNIC 4SS B 2%
SRBEEBRREROTFAZERL TBY, ZoFERuc 3 /NE - 41(1995) o8 R M E N RN
AR %2, Nakahara et al. (1998) D> _o—"7"4 »oN— 3 22 L BHFFRIC & » T LS
nTna,

INLDHEHRLY, KAEOWEHEREIUTOL H ICHEIN T 5, =R 5 0 1HERE,
ARSI { DRIED LT HICTER L TV 205 BIOH 20~25 BEICIZRE T R) 2



REBREY 7)) — > BB EE £ FI > 72 1994 SEZ R B A TR OO BIGBIZ O HEE 199
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45%13 Z DRI e d N2 (R, 1995). 2L T, Z0# 20 I ERHIK 28Rz Bm L
EESRBBOWER CREL 2. NFRBEEVGEPLLERL LT, BEIRL» LEICERL
RENROMIZ, BREEEEEERFAFICE,P 222 EEZ LN, Z0LSiz, ZRIES
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Fig. 1. Left: Location map showing epicenters of the main shock (3%)
and aftershocks (¥%) used in this study. Strong motion stations (A)
and the assumed fault plane are also shown. The focal mecha-
nisms are taken from the CMT solutions determined by Harvard
University. Right: Vertical section of the fault plane.
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Table 1. Aftershocks used in this study and
their source parameters.

Aftershock of 12/29

Date 1994/12/29 5:52
Latitude 40.115
Longitude 143.022

Depth 0

Mma 6.4

Strike(deg) 174/29

Dip(deg) 22/72
Rake(deg) 57/102

Seismic moment 2.06 % 102°

Fault area(km?) 16

Aftershock of 1/7 7:37

convolution of rupture process in time domain

Fig. 2. Schematic illustrations of the
empirical Green’s function method
(after Miyake et al., 1999).

L DHBENRIFBREOHE, TR — B

BEOBWE (AR - M, 1997) 2 fTbhT& %,

Irikura(1986) D&EEEG ) —> BHERER, o™
AN (Aki 1967) 1230 %, KHUE X/ NUB OIS
TIETRDEIHBEZ2EFRBL-ERBARETH

N, UToHRTEBENnS (Fig.2).

U(t)=c§ijé%F(t—tﬁ)*u(t) §))

tﬁzfi:f—%—%Jr ey (2)

B

Date 1995/1/7 7:37
Latitude 40.220
Longitude 142.308

Depth 48

Mma 7.2
Strike(deg) 179/22
Dip(deg) 21/70
Rake(deg) 69/98

Seismic moment 3.33% 10%¢
Fault area(km?) 81

Aftershock of 1/7 11:36

Date 1995/1/7 11:36
Latitude 40.276
Longitude 143.425

Depth 38

MimA 6.2

Strike(deg) 176/30
Dip(deg) 23/68
Rake(deg) 59/105

Seismic moment 1.23%10%
Fault area(km?) 16

_ 1 Wy
F=8+5 8 8| t=t-D ] ®
22T, UOBKHEIHT 2 0 RIF, w(D NUEOBINIE, "3 BaARN & Tk
B. F(NEKHIE & AMBRD T~ ) SEBHOM 2RI HIEMBTH Y, rBAREDT~
0 I e ) EM, A IRBEIGIC & > T L B AT/ 4 X EHR 2T 5 BEEBONAT

LY 1HDIEFNETH 5 (B - Ag, 1991).

NRXKMEMWMEET— 2 ' M) OWBHEOES (L) /I HEBEGEET— 4> F m) DWEHE D
Fn) okt ciKMEDIEHETE (do) E/IENFN (do.) EDTH Y, UToRiz &

NEFHIND,
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@R, BREHIC L 5, SIFOBIERBRHNOTNEERT2L0THSE. 22T, nid
BOEBRRE F A S BB A F TOWERE, &, IIREEBMRA L /AN, /) F TOMERE, Ve 3WHEEEE
ETHbd., £72, eyi3/BHER EBEEREEICL > TELZRMELZBCONT Y T oK
BTHB.

GRDOWERBF(OICBL T, AZ-(1997) BAREFOEBEAR7 + L1/t THLAAE
FOREZBT 5720, WRREREL T35, KEAZHHRILL 2 TEAT L L,

&b, AFRTIIAEREF() L LTRR T L, ©OREZHANZ.

PLEDFHEIC & 5 AR TIL, PEREELAREL, Q)RICBWTSEHEREY—E L L T
BHLTwb, NEMBNMEBENDARFEDBEAIKC B TIIKIEE S 5 B8 F THOEBEIE 72
B Z DREI BRI oS, AREFZR & 5 ICKIEE 2 & B F TO MRS 150 km~300 km &
BN T 2BEICE, SEEE—EL W) RECIME»r»LLEZ LN,

22T, LTOEEZITV, ZolBEERe L7z (Fig 3). 4, NI BB RE (95/
1/1; REA) LFEEORE (95/1/7, 7 37, KEB) »EBICIREEL LTS (INLORE
NFERIT Fig. LI/REN T 3), Fig. 3D EEIZ, MRK 2B 5 25 DnKREICE 2 EBOE
HIEeEkT SPEERCK > TERLZINTH S (217, FEANEEIZ, BLdTwvi)ikIkR
NTW3), Z20O%EIT, KEADSHEOR»ITHE (BIFREH, £ 22ECREB k%
WEL, TOFETREBOBEEZ2TLLTCERLDIOTH S, 72, TEIZ, i, KREBD
RPGEEZECLC READEE2TLLTERRLOTH S, ZoR» 5, RPTHEERR
WENMBICL>TRE->TEY), 2nEd—FLHET L L, EHNTHICL N ERBHS NS
NEFEE (BB SRE-TZERIC LI 0005, 23, BiBRo»H27 A2 260
FEDHE - RAICBNLZ L2 BRI T 5, &£-T, WiBHED? HBHS T TOEREIKE
WwW7L— FEENSEA, BB - BEECBYTHIEESEIC b > TS EHER —F
ET B EICIIMEY D B LRI NG,

ZZTAMRETIE, QR0 SPHREZ—E L eI, MBE LTREL2RBICL 28N
HETOERDP LELNLMMR(Fig. 4) 23, £ 7242 M L8RS E COEREFEL 2,
BB SEICHRE2ELZ 2EEL VY, TNEWRICT 213 BT KRESREIE
BTV, ZZITREBHEEIZHO>WT 1 >0 2 B GER 2FFE L 72, DR % Fig.
4R,
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Fig. 3. Top: Synthetic waveform from two aftershocks (95/1/1 event and

95/1/7, 7:37 event) using observed S-wave travel times (vertical
broken lines). Here we assume that the two events occurred at the
same time. For the epicenters, see Fig. 1. Middle: Synthetic
waveform using the apparent S-wave velocity for the 95/1/1event.
Bottom: Synthetic waveform using the apparent S-wave velocity for
the 95/1/7 event. This figure shows the different apparent velocity
depending on the epicenter location. We conclude based on this
figure that an assumption of the constant S-wave velocity in the
empirical Green’s function method is not appropriate for large inter-

plate earthquakes.
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- 55.0]
& 50.03
£ 4503
g 4003 Fig. 4. Tentative travel time curve of S-
£ 3804 waves used in this study. This curve
::g: e aom is estimated based on observed travel
2003 # hac times at several stations from a few
1503 y=310'%%40.2463x+3.1264 o ha:‘t aftershocks. For the aftershock epi-
1004 4Mm centers and the station locations, see
5.03 m ura A
o Fig. 1.
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S URMBRRO—HELER L 076 BRIC L > TRHEIL 72, 512, AREE BB H—
BEERTRD &) L FMliBI% 2 AL TRERL RO 2BNEFIC L2 (25 - fis, 1999).

zt(uobs— usyﬂ)z zt:(aenv,obs“ aerw,syn)2
i

(D) (Sar)| (St Saem.on)

2 1 BUIBRBETE (sovs) & BB (tam) & DEMLDRE TIRF BB —HELRL, 52
TR R D BRBRNBEZE CRBREEBO—BEICHIET 2. (MRAOED 0113 E
Yialb—ra VHRCEEEER TR L TWwaELERT. I EBUSORSHIIRD,
ZOWEME, BERELDLEICL TS Iab—a Y ORREFEL 22,

(7)

residual values=

V. BliBETIN, BR/INSA—%

ZRE AP MBI AAL TV — R TREL 20, AEDES 3OOKBEZHEL
72 (Fig. 1), MiGEMIKEWZ L #ZEL, BRBRN 7)) — Bz, BEMBEO b RfHET
BELLREY, BHTREL AR, RTRELLEARREZBEH L LA (Fig. ). 2nso
RKREDI—F—JAEE ok ENBIF T A—F13, UTORTEIND M foDBIFER(Sato et
al., 1997) # 53K 7z,

log Mo= —3log fo+24.17%+0.17 (8)

o728z Mahdavian and Sasatani (1996)ic & 3, MBEOBRR LM -> TRIEZT-> T
5, ZZThHM\Z Harvard CMT # 2 v 7 OfEi ¢ v 7z,
AR OEBIC DWW I MR ©KE L 23547 Sato and Hirasawa (1973) 12 & 2 B{ER»

LRIz,
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f—als (9

27120, @3BIRE T S BlE L BBREEE L OBRICE VREZERTH), 22Tk Vr=
0.8VsicBiF 2 0.28 MV, al3REMBOEETH 5. £ VsiTIE, ZOHEDMGETHE
EBERD LRKD LN 3.0 km/sec # HVv»7z(Suyehiro et al,, 1994).

ZREE AP HENBEFEE T, BERAMMEBEENA v ox—v a3 v bk - (2001) &
Nakayama et al. (1997) i2 & ) T TICHESI N TS, LaL, THSDETVELLNRY 5
Tw3 (Fig. 8 8H). AH-MET AT, §XY)DRELHE UBEINETAR) T4 EF
3 ) H—DTHBH%, Nakayamaetal TETFNTELLL ELZDNDT AR T4 HFEL T
5, ZITE, INLNDETNERMMETVE L T#T 2D 5. $72, BERERE LT, o
DGEEBET S5, —OlF, BEIREOERED L ABICRIET 5354 (Fig. 5 o Casel, Case
2), b2l BT AN T 4 THZICHEELIBHL, ARICEET 28546 THS (Fig5n
Case3, Cased). ZZTl3, WiEOBEHERLET—FA, #&%2FT—F B &Mt4. 252, Na-
kayama et al. (1997) 25 L T\ 2SN OSSR L EEBREER (Zhit 722y 74 H
EW32) DFFEHWLEDN»E S PERFT 22012, ThEBWwi:34 (Fig.5 » Case2, Cased)
v (Fig 59 Casel, Case3) IcDWwTiIalb—ar 7). kHF-hEdre
Nakayama et al. €7 /VENFIICHKL C, BERADEN, TR T HOEELZEL,
4ONDH—ZZDONWTyIalb—rary#ERTS (Fig 5).

BRI Y — B LTV 2354, ZOMBOWIARSBMTH S Z L HWE
ThdH, BRZNLEBEGGICIE, BBEECIZ2EIETIN WL, b L/ ME
DB ERT T 52 L IZWEETH L. £22C, ZZ T3, IRIS oEMii&gs L X i/ HED
BB AT L7z, Fig. 612, Zo&KRE (94/12/29 & 95/1/7, 11:36) i< & 5 ANTO &l
2B 5 PEREMBEREZRT. 94/12/29 KRED P HITIZ o0 VAR LB, 95/1/7,
11:36 KREBEDOPWIZELDTL Y I NIGE—DNDINANATH DB, ZORETH S, 94/12/29 &
BREERE»LLD, INERBH7 ) — KL L TLHWEZ ERBEY TR NI %545,
BT AR, 94/12/29 REBERBRE ) — 2 Bl L THREARET > Twizds, T
B S TBRUNERICE LSS Z RO THETH - /2. Zhid, BT WRERHE BB
TN = BBICHN I EicL b EEZ LS.

V. BITRR - B

RIS, skFHE-H(2001) @ € 70, Nakayama et al(1997) D ® T N% ZNFNAEET L E L,
T AR T 4 OE, WEEREE L Y3 P IA Ty P2 —CTHRERIT- . BEL &7 —
Az BT (N nFT % Fig. 71237,

AKH-Al (2001) DEFEETNEMPET N E L CHLNLT AR T4 7% Fig. 8()ic R
Y. e, Br—AICBIT 2B & SRR & o hEBl % Fig. 9 12RT, Fig. 9icBwTig,



(a)

(b)

Fig. 5. Four cases considered in this study taking into account differ-
ent rupture modes and existence of a special asperity (AH: a
high-frequency source). Case 1: circular rupture mode and no
existence of the AH, Case 2: circular rupture mode and existence
of the AH, Case 3: nucleation of rupture on each asperity and no
existence of the AH, and Case 4: nucleation of rupture on each
asperity and existence of the AH. (a) Asperity models based on
Nagai et al. (2001) source model. (b) Asperity models based on
Nakayama et al. (1997) source model. Hatched areas indicate
asperities and the rupture modes are also shown. A solid star is
the epicenter of the main shock and an open star is nucleation
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case3 cased
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1 T
T
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Makayama et al. model

point of rupture on the asperity.
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Fig. 6. Comparison between IRIS P-wave displacements from two after-

shocks. Upper: 94/12/29 aftershock. Lower: 95/1/7, 11:36 after-
shock. Note that two P-wave pulses exist on the 94/12/29 record.

IR 5 BT, e, AvE

7 URA, HAC, OFU TomiEF 5

DB ERL T3, BEEERER 4

B, b T4 T P T —DkER, ;3 — { ; ' ]
2.4 km/sec X167z, Fig. 7 & g2

Fig. 9 7 b, LIFOZ 2 5505 5. '

BEEMR e LT3, T—FA (M R R S R 1 2 3 4
k) LNy E—F Baoklhshs Nagai etcaasl(.5 mode | Nakayamaceatseal. mode|
S7%residual &% %, /2, TA Fig. 7. Average residual values () and their standard

. - . deviations (vertical bars) for four source models.
NV T4HEZERL K, Left: based on Nagai et al. (2001) source model.

residual DEEME L F D58 L Right: based on Nakayama et al. (1997) source
5<% 5T a. Fig 9 OB model

WEERL &, TANY 74 HOFED, HAC ORBN LK+ HHT 2DICUETH LT &7
b,

Nakayama et al. (1997) DEFEE TN 2T TN E L TELNT AR 74 €7 10% Fig.
8z, Fiz, B —RIZBT HBBWTY &SRB & DB % Fig. 9 10RY. BIREHERER,
EFE DR 5 3WOMEE (Fig. 1) H¥fi# 5 1.8 km/sec, 2.4km/sec, 3.0km/sec *1&5
N7z, residual DMl (Fig. 7), RUBRIER & ARBERO—BOBER, LB~k H-MeT
NWEMMET N E LRBE L TWES, 7277, residual oadkils, kH e 7 L 2808€ 7L
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~ 7N
\ ) ﬂ:::‘
I\’-
Nagai et al. model Nakayama et al.model

Fig. 8. Comparison of our asperity model with slip
distribution on the fault plane estimated from
waveform inversion. (a) Nagai et al. (2001) source
model and (b) Nakayama et al. (1997) source model.
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Fig. 9. Comparison between observed waveforms and synthetic ones at
URA , HAC and OFU. A comparison of acceleration spectra is also
shown. The synthetic waveforms are calculated based on Nagai et
al. (2001) source model (see Fig. 5(a)) and Nakayama et al.(1997)
source model (see Fig. 5(b)).
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Fig. 9. continued
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Fig. 10. Comparison between observed waveforms and synthetic ones at

all stations.
seismograms.

The comparison is made for three component velocity
The synthetic waveforms are calculated based on

Nagai et al. (2001) source model (see Fig. 8(a)).
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Table 2. Asperity source parameters of the 1994 Sanriku
Haruka-oki earthquake. The parameters for the Main
shock are taken from Nagai et al. (2001).

Mainshock asperity 1 asperity H
S 6700km* 800km* 81km®
M, 4.7*10% 2.4*10%(51.8%) 2.8*10%%(5.9%)
do 20bar 540bar 540bar
D 12m 4.7m 54m

R - (1995) i3, BRI THE— A2 FHBBEIABEND BB THEEL TS, 20T kiR
FREDE— X2 FBREDY 51 .8% & T A AMENBHER LN TH S,

VI. # B
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S5, ZHNDAT—V3BEMOEVIEENRNE 250 60T ), BL Z 24 Wik T 5.
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LT, MiBERRIBT 2= T 4 TOEHEI BT, ZORHCEE— AV F O#52% 2B 2
Na, ZLTEIRAT—Y LT WBEENT 274 TERKZE R L 2ErF4k
5. WiIEEHRIBT 2 T 4 LMEEEN T 2R 7 4 CORBEOIGHETEIRF LEZR
LT 3%, BBEET 2 7 4 OFIBEFEEI ML, 2 v TEFRBICELL 2729,
EEEEMELLZEEZ LND,
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BENRRE > T2 EHBENS,

HF TORBABERA v 3= g v & 5 =BT 2 0B EFRGBREOHEE Tlt, WE
iR T 2 T 4 OB L SR B L 2 B E SR T 2R T 4 OB R — T ik
IEHIHEK Lo, T, ZOMBEBENT AR T 4 OB L > CTE L RHBERN R
Bowins, BA 2N —2 3 VI L DT ONRE 4 5 RBEEHFEEAN TN B2HTH B, KB
BTIIREBN ) - BEEEAVIEI LY, Ey BRI CERAAEE S 2 ) W8 m s
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BEFENVELTHWEZ Db,
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