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Bonnefoy-Claudet et al., 2006), Z DIEEFIEE, K
PO RREELELTARFEICL D SIEHBERE L I
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SNDMENT —F OERMTFIEL L TEHE CHMEEE

(SPAC : Spatial Auto Correlation) % (Aki, 1957) &
B — s (F-K) # (Capon, 1969), Centerless
Circular Array (CCA) ¥ (Choetal., 2006) %154
T35, £, It Tid, Refraction Microtremor (ReMi)
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2004), TERD SPAC iEIZ X BMEHTIE, WMENCE T2
FEBRIEAET— FREBTILRELT, BKRE—F
DEELZER L THETMITON S Z ER—RBTh o7z,
L LEROTFT—ZIZBWTI, BAEENRELLBI1IZ2
NTMABEERKRE L RENBERRELNDZ E03b
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(Ohori et al., 2002; /NEIZA, 2004), ZD7=®, MK
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SPACEOERE— FOH|WF & LTIE, Aki (1957)
DIRE LINAREE DR 5 ICxtd 5 SPAC R % &
KE—RIZERAL, 20O SPAC RENGFE IND RE
FLAREE & U T AR 15D Tokimatsu et al. (1992)
S/NENE A (2004) 12X > TIREINTWS, F2EH -
~/H Y ¥ (2008) IHUER THIEERICE SV 2E
POFEZEBEL TS, UL, Tokimatsu et al.
(1992) /NENEH (2004) DOFEIL, ZIRZEFERS—
SOOPETHY, #LE SPACHE (¥ - A, 1993) Dk
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ERB LI ZO0OMITFRIEERET Lz, —2I3EHOFIR
BHREEZER LRBIMHEEELZHETIFETHY,
H 9 —-DiF Asten et al. (2004) MBIT-o>TWVB X HIT,
SPAC {RE DO BEME L BIRE % LT 32 FIETH 5,
74—V RCTRESNIMENT —Z 1%, HTFTO=KT
BELZRBRLEZLDOTH DD, HMEIOMET CII—KRTH
THERZRE LIZBITE2IToT\5, FDH, 74—
NWRTF—EnbRBOoNIBREESL, AV JHEAW
7= PS BB bBEIE SN —RTHIEE 5 2 & b EF
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—IVRF—F &b L IR EIT o T,

9, BIRE— FRERT 5 UE#EEICS L, Discrete
Wave-number Integral (DWI) (Bouchon and Aki,
1977) ZRWEEEY 2 2 b—y 3 Vi & 0 gLEE T

Fig. 1. Geometry of array and plane wave.
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o : . whx ) (3)
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(Wathelet et al., 2005) OBEAFAGLH B, ZDXH 7k
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ETHULAZ L LT B,
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3.1 B

BRDOZ RN D, BRE— FEEMTIHAIE,
BREIIERT— FOBROSBHBBRTITHATLIZ &M
T& 72\ (Ohori et al., 2002; /NHIZ A, 2004), T D7z
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ZINFNET— FOEDO Y —, MNEAEETHS,
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Lo TnbLEZLND,

ARXTIIEET— FDOTU—t e LT, Tokimatsu et
al. (1992) MREL7EKET— FOMBIRE\ELZFIA LT,
7272 L, Tokimatsu et al. (1992) X A TERZ AV /-
REEEEIZ OV TR ZIToTRY, Z0HE, K (6)
IZBT By ENVESIIREES 725, Tokimatsu et
al. (1992) IZ & & E— FOMBMREIIKRATRIN S,

P(o)=c,(0)4] (@) ®

Z Z T, A;i¥ Harkrider (1964) IZBWTEZINLTW
5%F— ROIRBSE (Harkrider, 1970) ThH 2, Zi
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B ow,Ax) & EE LT,

BHRRFHEFEL, ETRAOLIIE, AREK o
TEINLHREE c 2 AR5, E—REEROSNyEIL
% L Bkt — &5 E L= 8% SPAC 2% X (6))
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oo 55)- 55 (25

ZIT, M IEBRNCB T AZREBHEBTH Y, P (o), c0)
BENFRE LIZET/UCRHGT 5 | B— FOHEHE
BEMNHEETHD, HOARAEH o OERIMAEE
clw,A)iE RMS 25/ e TAHMMEE L T2, Zhid

Ny VBB TRER TE 2V SPACREZ~ v &/ B%K
K74 9T AV I THILLLVRDONDIEETHS
72, EERIZZDOX S REETobo TWARERILF
FELTELY, RENIAFMEE (NHIZ2, 2004; FHH,
2008) L MEII D, F7z, Tokimatsu et al. (1992) IZ
phase velocities of superposed modes & E# L 7=,
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26, B SPAC FREZBEII~Ny v VERKICT £ v
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WRBENTAAEEE (oA DHEEEIZR->TNBEEX
biLd,

LU 6, 20X 572 RENTAEEEZ AV 7o
WHEZ, % MA (1993) BTolt L) RBLRIFIR
BTERB/ENT — % 28D THENTT % IL8E SPAC HEIZ
WRTZZEEEZLD L, BRXETIEMTIZRY, £
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\E {cobs (v)—c (o, )}2 — Minimize

ZIT, conl ) TBET — & 025 PE3E SPACIEIC L 0 #E
EENTBBNABEETH 5,
3.1.2 SPAC REZRWL5F&

SPAC IBIZ & 0 ;iR A HEE S 2 2 L1k, BB ERE
EREBENC L - TREICERT 5 Z & CHEICHTHEE
DIEBNRTEDZ LWV RILBWTKEEETH S, Lh
LM b, Ank L7‘:J: IRPHEEIZEIDA o N—=T 3
MRATE TIT D /AT, i (WABEE) Z#EL
&<T%f4/ﬂ—/a/MﬁdT%T%é;T&bB,
RENTOAREEOHEZITH Z & 72 <, 8 SPAC 173k
LARE LTV b E T 323 SPAC{RE D bhig
1T HETH D,

Asten et al. (2004) IEENCEENDHEART— FR
HHTAEREL, MEEEEH#HET D Z L7%2<, SPAC
BEEESTA U NN—Va VEITHOTWVD, A=Y

LB RFREMO B BEEIIRAD L S ICEEE
ns,

2
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Z 2T, SPAC (e, M) 1IN T — & > HHETE S L 7= BRI
SPAC %% TH 5,

EBICZDFER, BRE—RE2EELEZR (6) T
EHZINT-SPACHREICAEZICERT 2 Z LBFETH
%, ME (2008) TEERESNTWA LT, RENTHHA
HELXHETDIHELITRLY, SPAC REx~v &N
B CIERIT A2 MER RN, £ =T a3 VOB,
EFNMEBEDEBILED 5, WEHT —F IIEHKRE—
FREENTRY, FEZEHRMEARNBELRLIT —FNBEF
ETHEATIE, A=Y 3 O BBEKIIKRED X
HITRIND,

Ax
¢ (@)

P(a))
J;Z{SPACW(M Ax;)- Z @) 0[ J} — Minimize (13)

3.1.3 REMNTHAIARERE & SPACHRHMER LSBT FED
HER

Fig. 212, RBMNIALFEEE & SPAC /¥ x AV iaA v
A~Va/%ﬁ®7m—?k hERT, EfMBERT
— RN, AMEE L T HEET T ISR SR
HEOT7u—F ¥y —bThd, A=V a VR TIX

ThLDEBBE L BREDBELR/MITEET LER
O, #NEHEE#EET NV E LTEAT S (Fig. 2 B8),
BT — 7 DT FEEE LTHESPACEEZAVWAS &

Initial Model

Observed Waveform Data l Modified Model Forward Calculation

Observed SPAC coefficient
SPAC ps(w, Az)

Comparison
Eq.(13)

Least Square Fitting

SPAC coefficient of Superposed Modes
_E>______). zzfxw) (wAz)
Pw) Jo ci(w)

Amplitude Response & Phase Velocity
Ai(w) ci(w)

Least Square Fitting

Observed Phase Velocity
Cobs (w)

Comparison
Eq.(11)

Phase Velocity of Superposed Modes
cs(w)

Convergence

Inverted Model

Fig. 2. Flow of microtremor data analysis using higher modes.
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T 5, RHNTAMEEZ AV - RETIRER RN AL
HWERPRD DO, KE— FOBBAFEEE & AR
B SHE XN EH SPACREEZ Ry 2 /VEKIZT 4
T AT THLENDD (Fig. 2 Least Square
Fitting), AR L7Z LS ICEKE— FEEDLHEOER
SPAC REI~N v ENVEHMTIIRATERVDOT, Ny
EABEEETLUTAZ LTI VRRENE LD AREELRD
%, B8 SPAC fR35H> b BRI RENTALFRERE 2R D5
ALRBOBRENTEIND,

—77, SPAC #%¥% A\ I-fEHT FIEI3, SPAC RED
BT (Fig 2 BRIV LE) T, o=V g VATRET
HY, MEEEZHETHLEN WD, RENTAIE
HEFHETAHAICELDZBREIRELRY, ZOX
512, SPAC &% W= FikiE, BRE— FEEET
B ERBBEOZEBERBOT — & ZRFFICHE D Z LI
LBBEPELRNEVWS BT, RENIAHEEEEZ AW
FFRELVENATVD EWVWZ B,

UEDEZENG, BRE— FEZEET MITIZBNT
I, Asten et al. (2004) IZX» THREIN SPAC 1%
ORI E1T ) FEN, B2 RBEROTEL TH
WS ZENTE, LVEBHREITFETHIEEZ
bhd, LrLadb, BlElF—FiErostBEINn?
SPAC f&#kizix, NT72& BN KEL, EiRrY7e SPAC %
BN EDLH B0, BEWRA A=V a
21T 5 =121, Wathelet et al. (2005) 23{T- T3
LITFE LW SPACREERSMENRH D, LI L,
B TIXERASI b 72 <, SPAC &z AW =L EMNR
AVNN—=Ta YRS ENTND LIV R 720, U,
HGEHEBROBBETIE L, A A=Y a3 IZRiT
HRBETH D20, ARETIHEIEE BEREOEEMED
KRB, A o=V a V2T 3ERITITDRVD
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e LT,
ERAWRBINFEEEB LB, A —Va U E
#r L LT Asten et al. (2004) @ SPAC % %FIH4T 3
FEZREATHICLTY, Fig 20EOT—4 7o
—F 2 — MI U723 o TERI RENTALFEE & FATCK
WDTBLLIERFEETHD EEZ DD, TOEAIX
ZOBR RN AAREE DS A =T a VETIZE W
THELRIPEAETMIELT, Z<OEREEDZ
EMTEDLEZLNDEDTH D,

3.2 BRE—FAEHBT HIMBEBOLZT2L—T 3
v
LSETHRLIX, BRE— REEAEMET — X7
BYLE SPACEOEAICBE LT, MESEEEL THL
WERIEDREEIT o1z, SPAC R¥%E AW =T FIEIC
ONTEYIalb—varTF—FR7 4— )V FTF—4 T
U CEA SN EH SPAC R¥ s, BRE— FEERE
L 7z 385 SPAC 8k & OEASMDORIEIT 2 STV,
I T, BMKRE— FREMT 3 UE#EEICR LT, DWI
(Bouchon and Aki, 1977) #RHWEHEY I =2 L—v
22D, TNHOFEICH L TRIFE2ITo 7,
Fig. 3IZRE LIz K EFUBEEET NV ETRT, ZDE
TE, EZRBOSKEEENE=ZBIVREWD, F
MEXFENEETDILORETNVEMIRTE S, ZOH
THEETMIFLTa vy R =) v 7 R
kv, BHoBEBRLEFEONRT —hRERD-, Fig. 4
WEDOEREZNZN 2 KET— NETRY, Fig. 4b 205
Ao E 91, 5Hz 2»6 7T5Hz B W T 1 RE—F
DD RT—BEWLEEZ L -TED, X (6) TES
N5 SPACREIZB N T I IRE— FOEERTFHRENS,
Fig. 51 DWIickBvIalb—varhbitEsh
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Fig. 3. Model for simulation.
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Fig. 6. Array shape.
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Multi-mode analysis of Spatial Auto Correlation (SPAC) method
considering different correlation distance

Tatsunori Ikeda *, Toshifumi Matsuoka”, Takeshi Tsuji* and Koichi Hayashi™

ABSTRACT

In microtremor data analysis, the fundamental mode component has been considered as predominant.
However, recent studies demonstrate that microtremor analysis such as the SPAC method requires
consideration of higher modes of surface waves. To investigate microtremor data including the higher modes,
we review analysis methods by using simulated microtremor data. Although calculation of phase velocities of
superposed modes from SPAC coefficient has been proposed for microtremor analyses which include the higher
modes, we cannot apply these methods to microtremor data obtained using multiple-receiver spacing. Here, we
propose two new methods which can analyze data with multiple-receiver spacing. The first method calculates
the phase velocities of superposed modes incorporating multiple-receiver spacing. The second is to compare the
observed value with the theoretical value in SPAC coefficient. As a result, phase velocity and SPAC coefficient
calculated from simulated microtremor data are well consistent with those derived from these two methods. By
applying to field data, these two methods can be considered as applicable methods. It is concluded that these
new analysis methods enable us to use higher modes in the microtremor data obtained from multiple-receiver
spacing.

Keywords: microtremor array measurements, SPAC method, higher modes, microtremors, surface wave
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