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Scattering and Attenuation of Seismic Waves in the Lithosphere
— Single Scattering Theory
in a Randomly Inhomogeneous Medium —

By
Haruo Sato

National Research Center for Disaster Prevention, Japan

Abstract

Elastic structure of the lithosphere is found to be inhomogeneous from various
kinds of recent geological surveys and scismological observations. The appearance of §
coda waves following dircet § wave phase in a seismogram is an apparent evidence for the
existence of such an inhomogeneity. Interpreting S coda waves as singly scattered S
waves by inhomogeneities, distributed homogeneously and randomly in the medium, we
can analytically derive the space-time distribution of seismic energy density. The solu-
tion obtained well explains the observed facts that temporal decay curves of S coda
waves are independent of their hypocentral distances and earthquake magnitudes are
proportional to logarithms of their f-P ‘time. On the basis of this theory, backward
scattering coefficient g(n), characterizing the power of S coda wave excitation, is
measured to be 1.2 x 107 km™ for 1-30 Hz in Kanto, Japan. Quality factor, Q..
characterizing the amplitude attenuation of S waves, is also measured to be 6 x 1072 at
3 Hz and 107% at 23 Hz in this district. Compiling Qs" measurements in tectonically
active regions in the world, it is found that Qs’1 having a peak around (0.5 Hz decreases
with frequency in high frequencies of the power of -0.5 to ~0.9. and -0.7 especially in
Kanto. The ratio of Qp" to QS‘l is found to be from 1 to 2, higher than that in the
mantle, for frequencies higher than 1 Hz. No mechanism other than scattering by

random elastic structure can explains both amplitude attenuation and coda wave excita-
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tion. Here, a new statistical averaging method is proposed in accordance with seismologi-
cal attenuation measurements; attenuation should be estimated from an ensemble
average of square of scattering amplitudes, calculated by the Born approximation, after
the correction of the travel time fluctuation caused by slowly changing velocity struc-
ture. Qs" and Qp’l and g(m) newly theoretically predicted well match observed ones.
Quantitative analysis results in the randomness of the fractional fluctuation of the
velocity structure in the lithosphere should be represented by the von Karman-type
auto-correlation function of the order of 0.35, where the mean square is 7.2 x 1073 (or

1.3 x 107%) and the correlation distance is 2.1 km (or 5.1 km).
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1. F

VYV A7 2T EWAE LTONDAREETH LT L, Blid WA 0 A7 HELBEHO
%%@%ﬁ%éh%.%%%ﬁ@mﬂi%mﬁ#&%?-G(%K-%,1%1)MH,@
VI Y LEDRHRICERET AL, A7 4474 FOBUBEZEALT S LR v kol
oA v 7 w5 E0#E (Salisbury and Christensen, 1978 ; Niida, 1974) » 54,
W ickl 2O AEEMOEFEEIEESNS. VIBROSE IS %2R H L#EELGI,
%wM§&E%ﬁﬁmﬁ%%iﬁﬁé<ﬁﬁbfw%c&ﬁmmﬁfét(&muetm”
1979) L, ZRIEA v 3 =V 3 VIKIT & - T~ O N - HBRZ Ho BEERE S (Aki. 1982b)
%,@Hbﬁkéé@ﬁﬁﬁ%ﬂﬁ&?%i&%ﬁbfhé.ﬁﬁﬁﬁﬁ%@?&ﬁ%%@
TR, BREBHEEESER OV 3T THL B BEAIES THEC 2 EPL
TWa (Matsumura, 1981 ).

VY RT 2 TH B ETHENE, MBERESECRES AL PIE SEO 2 SO
DEPGIED (1R, REAKR TR FEERREATREIRELZ ST S,

Travel time fluctuation

& Amplitude attenuation

B —RREE (D) RO G
(28 OEXHT RIS,
Fig. 1. Schematical illustration of seismograms

in a homogeneous medium (a dotted
P coda S coda line) and in an inhomogeneous medium

Scattered waves (a solid line),

L&, Edomd #ikEs LToBEL S v & st REEROT, —RiciEiEd 21z 5h,
fﬁ%ﬁﬁﬂ,P&&Sﬁ@%ﬁ@ﬁﬁb,ﬁﬂéﬂtﬁ@Pﬁ&S&@@ﬂP:ffﬁ.
SKORITS 2 — S LN A TFRT 2 (1 EL). fil = DMEFERiCA SN 5
SIS, VYR7 - TIEAYARDBELT 2 0B EMEITELE DN,

Aki (19690, [ 82— #id, ZERMICAHT 5 MIEHIEICE - THE S s
KCTHB| LOH>FEAERBL, ST—FIdRED ERICEH ZBEE(L | 2807 (Aki
and Chouet, 1975). o, FEHIE, 8l CREEREEZ) ONHEMS v 4 4o T
BLEOIREDOS Lic, HEOEEEHCE T WBETF vE -2 NZA0hH, S
THWTRNFEED [FFER] &, HRNICEL C &ic@lHTHEY L (Sato, 1977
a.1982¢). |iT, COETFTNEG LI L THEMLOMEF— 5 2T L, S2— 4o
SRR %, HIERYIFRRT Y5 2 — 2 — & LCHID TIBBICAIE L7 (Sato, 1978).
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H, Aki (1980a) ok H—EHAlSAE, S7—7ERBEOREZELTHO D HH,
BEMHE LR PAEEED S L, O R~ b vORREELOERZ S0 o, BFENLRE
WTHEANOQs! Mo EHICRESNE L 5T » 7o (fEfk - #58, 1980a, Roecker
et al., 1982 ; Gusev and Lemzikov, 1983). EFBEONHEOQs! E&5HETEZLL L,
DY A7 2T7IBFEQ1E, 0.5Hz Btz v — 7 AR L ESMEHENTHLTEE 0D,
BB EAF 2T b s TE 2 (Akl, 1980a).

Lirl, COLINBEBEMEERESAT 20l NETIREESA TS/ EOJEOD A
H=Rnb, HELE FHEECEST SS 2 - FEORIELHIAT L EnTEI0. Hibl
MORELSHOBREOKE XL, SI—FHOMEDES» OHEES N5 HILBEOKZ
S & BEWMICZE KT B L (Sato, 1978; Aki, 1980b)id, AEITREITE
AEELPRBEOENRN AN XL THBLLATRLTVE. ThETik, 775 LH%E
b B EOREEBEIC L > THET 2 &0 HERNAS I MMTRELHERR) 1, 1<
DI ENT X/ (Karal and Keller, 1964 ; Beaudet, 1970 ; Aki and Richards,
1980, pp. 728 — 751 ; Sato, 1979, 198173&)H, WFHDEFALTH, HEdW
OX OB L O b O WERAEHIc &, Q! BREKRELICHEALTLE
W, B> B oNd L) USABERTHDT QT L L EMTERVEEL AT
7.

Qs' OE AT BT AW AORKD, HERONEL D SEHEEONEAGERHIEICE
K42, EHOWLE L -THIEELENALLOTHAL B8, EFICL > THIHTER
SEhfc (Sato, 1982a). FEE CROMBEFTICE T, HEEOERDWYSEE
HEL CZORIBETAED, QMEARDTHEDEN G, & oh LoiEEiHEAD Bk
T, Wo< D EELT 2 HEAIEREICLZERHOWLERGE LY, BIBEEIREL
BONERE oI TtHs, EHL, 2407 —FED Q' A Mean wave formalism T
(Sato, 1982a, h), ~#7 Mo Q' & Q' A viF{UT (Sato, 1984 ) &t
BL, ek sAic ey —sE2BbaABTcRbT AL E, YD TR

Rmsis, 7 V7 L8 A AHERES D 5 HEROBILE £ hic L 5 REOHRALREE
EIHLIr, VYART=TICBEAS 3 - FEORRMEE & RO B REKG A il
S, EOREERAERWICEES A LAHNLE T 5.

BLETRI YR 7 = TOMEFRAHAR 2R THEPBEAUMLRE, E3BVTHS2 -4
EREO = 50 —RHMEE 2 U BT R RS, BA4ETHE, EEOHRELKLHN
HHIAD Q5! Litic, HAEXHMTO Q¢! RU Q' / Q¢ LLoBIFEHRE R~ HED
WALAREF L EBEIEEE LTl TA. B5ETHE, 7y 20w oFic L AHEL
HOEES - YEOMEOmEE, HilicLdzir¥F-—ozhs QY BRU Qi #H
e 5. H5 5H 1 fITEHEROMAMBEREERE TOWKEEO,IcL, H2HTAE
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FEHICLAEFOW L FEHIL L IR EOFRGEER<A, EIHTH, BillhoEs
Nz S 2 -y EMEBREL Q' R Q' / Qs HoOERIKENES, ERMICHRIATSE
LHEOBEUBHED T vy LD LEORE S LBEROMELZHAD. ChoDIEREH6
i LW, BITETCEHELBEORUNPSHE FRICHEN TH L L 0 HFHE 0L 20/
3.

EHIL, FrOREEZHTHY (Sate, 1977a, b, 1978, 1979, 1981, 1982a, b,
c, 1984 ; (@« ¥+, 1980a; Sato and Matsumura, 1980b; #AR-{th, 1881
DETREL TS, RO, 7V LBEICBYAHELLEEL V HBlED» S Eil—#
DU FREEREL, BEETLINEOLE 2 — 7 — 2575 Ldbie, HF-RAEZELNA b0
Thd.

2. FUYLGRYEREDEE

2.1 FHBE

it PR TE A — ) v SRR U PR RE PR EREL T C S TRET, 8
B DA TIEH LT OMMBEENEC L TE 5. HUBRBESifeyy — (Bl
TTHER s — LIPS @, HEAM 3 rhOFEBHEEREHAIE Ca# - fid - F
B) B AEERUPERAERET -7 2K 2 alcmd. —ic, BEEMO - BEEs
T, MR~ R & - TH S 8 o ERhEs &, BEREFRELTE
BFELFELEEAZRDS, B2 aiclt, TOLH9EREEAOBENERIEA TR0,
LAPROARIET R v LBREEEOWLENELDE->THBI Lbhb.
oAb L PHEEOWS X (PREES e, TOFLMEE o) L LIS (a— o)
Ay TROHIENE) OHEMBBAKMES A Litk-T, T35 vy rbeERNIZE
BeaZEnTas. AHBREFT -0 5 v ¥ L NEAHIC L » THIMICEEIT 52
&id, THITL->THH TR XN/ (Sato, 1979 ; &« fh, 1081). HIE L% ERH
MWHOREEEA OGNS, PHEEEOEE45 k.~ sec DFIZ 0T, EHXILLIZ PR
HEOW S EO DM A3k, B2 bizasd. 7700 moMcE, e Fgiz—
BLTOWOED2HETYL 2= 5 X107 THY, HhiE e*= 1077 & P2 EDHE L 3.
7 D m S 60mALE T, EMENRRAIREFICRC—HL, TREIOGKL 5
THEYNSWVEZ E S, BEAHOEN ¢ IHDEFNEBLLIHHNEESE
TOROREHE @ & 0P Sshs, FRh & SHITIE 30 ~ 40m, FRETEIOmAEELEZ oL, HOME
B2 HOTERE, SHCBEEHNTH LY, TREFMTHE T 7920 mMffii Tl 8
<, BEERSZIEHRMAEFL Y 0B 0£ L&, VWHW5 von Karman® (Tatarsky,
1961) THBZ bbb,
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Fig. 2a P wave velocity and density logs of the seismological observation wells (The National
Research Center for Disaster Prevention) in Kanto, Japan [after Suzuki et al. (1981),
Fig. 3].
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Auto-correlation of Fractional Fluctuation of P-wave Velocity Log

] Kanto, Jopan
: |

x10 36°N

Iwatsuk e -
akyqn eSnimohsa

Fi hL
10 e ?
— Fuchu; 2024~2778m
-’-_-"l kY

— Iwatsuki; 2900~3508m T
; Shimehsa; 1515~2315m 8]

139°E 0'E

Average P-wave Velocity =5km/s

/;i\‘/‘v’\/wxx
10 - 200m

Lag Distance

H2b HEEBEHOMS, ROEIOUELCPEEFODLEOHT
THR 4% R MR (1980) |, FAME).

Fig. 2b Location of three wells, and autocorrelation functions of
the fractional fluctuation of P wave velocity lag [after S.
Kinoshita (1980), private communication | .

2.2 BREHAAE

221 WREREEMESH

MZOMH R S b, MTRBTOAEERELEHT 2FILDEBECLEMNTE B,
JLigED O SE KO HERICI BT 2 RGEIERMTEERE, 200450158 % 10k’ &
S 3kl EOBCERROFEE RS, Sl ~BALL Ly r vBIHOSKEE L
bR TS (Niida, 1974). BIRBELSBRZELTED, TOERIEZIFA o L—
VIAb - BROL-VS A NTHEST, LBOFTobfoxvrvidt, S2F0TF
BTOEEN3 aicrdd, SEERHIOmASEI00mBEEOABLL-»TED, A1
HMAE L. MH - K (1984) 1, BFICIRET 3L 5 iclie B0, 20, o
WU B OO EERRETT>12. HoR, RS biRaNA LI _=OFREREEIH L 6D
O, BRI EFENT A -5 =55, A BOEBEEEENA5, BE 100mh o
0 mBETERFCE > THOMICEITEE(LT 359 — 25T 3,

222 F74F54 ¢

KEECRMD M E DA ic s T, WY v 2 7 27O, #74454 +%
Hou 3 &8 TE S, ThiE, pOoTEBOME T ShtlEl) V27« 7H, B
7= FDIRIE G- TREEEZBE L, RBcEkELYE LRLALLDEE
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B3 a b, W@ ko SHORTmR
[(Niida (1974) , K6 £ 0.

Lharzolite

Fig. 3a Sectional view of rock types of the Horoman
ultramafic massif in Hokkaido, Japan [after
Niida (1974), Fig. 6].

Plagioclass
Lharzalite

Gabbre

& XREF
H EFMA
+ RO

~we

-”\,'Apr’ﬂ

‘ |
L0 |

|‘ T T

E3b IRGHEEEESAO (LMo R L (/M- KE (1984)].

Fig. 3b Spatial change in the chemical composition of the Horoman
ultramafic magsif [after Obata and Nagahara (1983)].
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Salisbury and Christensen (1978) (&, Newfoundland © the Bay of Islands
( ophiclite) complex (X[4a) WD, the Blow-Me-Down massif @E&EEIT-7-. <
CTE, AL o EOFMIC, EREXRE - &Glk - “MaxsvHTo -4V vi7
vl 7 a4y VERHOINCBRICEATH R &b, COFRDKERBELBERICH
STCRORENFORS RN TS 5. Hold, FHLA07rDEADPELDS lEES
HEL (B4 b)), BITERO MSEEEBE L O AT /. METERMLAZSAE,
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of Islands complex OHIE
[ Williams (1971) £91J.

Fig. 4a Geology of the Bay of Islands com-

i plex, Newfoundland [after Williams
g el

(1971)].
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([ Salisbury and Christensen (1978) , K5 &£ D],

Fig.4b P and 8 wave velocities as a function of depth in the Blow-Me-Down massil [after
Salisbury and Christensen (1978), Fig. 5].
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B BHITEDORL « Bk« L2 7 5 70K« BEE N SIc L -T, - BIcEESET
LTLEZ EMMenTHS. L, 20 the Bay of Islands complex &A1, F
7 b=y JUBBRICBEREZITEST, BYbb O ToRV LV LSS 5.
RMBEREEOF 3 BTG T AES L3 ~6.4kmdfid, AFFLIFA b A5 H T
MR U Tus ba s bIA LAY EYHTOTHY, PHEEIRETS~T. 4kn/
seC, SEEEF3.75~3.9kmsec &, HEE Ltz DML TWL B8, FiGEs
LOFoDEE3~4 BREHLC LML brohh 3.

Karson (1982) {3, Z OFMEICAIET S the Lewis Hill massif #HpFici#EL, &
WU oo PsmEAaE L. oMbkl oo & 5icid oL BRET 4 &
T, PIVRT 4 - LWIEIC L BHEIEE) VR 7 TORREEOMA LZEASNT VS,
DORE (B14 ¢) ek, PUEEDOFEA LD 5HXF16FFEES D, the Blow-Me-
Down massif DZ4kD & A&,

=< s —a——q
QUARTZ DIORITES -y
GREENSCHIST FACIES
YETAGABEROS e
APPHIBOLITES & PAFIC
WHEISSES . !
MYLONITIC ULTRAMAFIC ' . i
ROCKS ' o —d

LHERZOLITES & FELDSPATHIC I
LHERZOLITES

GABBROS, OLIVINE-GABBROS,
& TROCTOLITES . i

DUNITES, WEHRLITES, &
{ ASSOCIATED ULTRAMAFIC ¥ - 1
CUMULATES

HARZBURGITE & DUNITE gy
TECTOMITES

T T T T 1
4.0 S:[D E.rU TI.D 8.‘]
COMPRESS IONAL HAVE VELDCITY (Kw/S)

B4 ¢ The Lewis Hill massif 3105 P, |EBicaitd aE
HFTOFAEEBAT, TOHFAFEHETRT [Karson (1982),
H3kbl.

Fig. 4c Bar graph showing the mean and range of P wave velocities for the
various tock groups in the Lewis Hill massif at confining pressures
appropriate to each group |after Karson (1982), Fig. 3].

2.3 VIBROSEIS Ic&28E
RIEOFNUERHEAD FHL LT, VIBROSEISHE (the Continental Oil
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company OEEREE) &5, JBKEAKETE COCORP (Consortium for Continental
Reflection Profiling) #S#EIMICHBEFZ D BAFTEHEY, FOAEOE~E (2 800k
Pbdts-Ta, —FEiz5480 13.5 b o EHGREEN S, 8~32Hz o P4 20 sec
M CTHE =S, M TRBENBEERI0micBR L BB L -~ THicA 5. £5
HERITIC L - T, REHGRE, MEEES v -5 v 2 (=P <55 , OBmES
MEEERFHROBMNE LTCEVEE TR A LTS5, THEBER O AN 25 sec 12,
BRSI LTk fL» oDRMEERHOCZ 2T S LTw3. 5 01E Schilt et al.
(1979) ic kBT 44 I ¥ YOMTHETHD, EREBRORHES Kb LT3,
RATFTODKNERD, MEROWE (the Wind river thrust) OEETH 1D, HEEH 30°
THRE2BkMEC FTEMT AT E0TES. COAERBEREARORFEHNTHED
T, BEHMDA Y E—F y 2EEBEL 2T, REGAHKEARMODAHBDEESS
DHWZECRTTHHY, TOTLNLE OO LR - RBEIBRHESATL A,
Schilt et al. {3, (LUHFREEmD» S10mEEOR 5y -V TREEHKHAHETSH 3,
HENIC IS ORFPEHAR N ED5, 25y FEIRMET3L98B-520&LER
R ARG C EMTELY, BerEERE—ORFEEVHIDITREL, VAVNAHE
KHEHEDOEL Y T, ESHaDBRERY L TEREL<EHEOLDTHS, WerE
FOTOREFMBHEDE TN, MBROMLD I REEA®RBLTCLITHS, &
COCORPORABRRE AT LOT S, Oliver et al. (1983013, xoic, [THIZRdEHE
RBLMEREERVZOTOLREBS OHYD, 20TOv Y b & ddERE L rET

N
WYOMING LINE 14 WYOMING (LINE2
COCORP WYOMING LINE ! 20 tm
Wind Rivar Wine
Green Rivar Bosin SOUTH PSS CITY Wind River Basin He Date

am
sw STATION NUMBERS STATION NuMGERS RATION. IS ‘
[ o % [0 1o 20  amwe Mo a0 4 o 0 10 2c 2o 300 30 Jdon | s %0

TWO WAY TRAVEL TIME fira)

5 VIBROSEISHIC k-»THEGHE, Bl 744 3 v 7O FOHERMEE O
[ Schilt et al. (1979) , M4 a k£b).

Fig. 5 Composite line drawing of seismic sections in southwestern Wyoming obtained by using
the VIBROSEIS technique [after Schilt et al. (1979), Fig. 4a].
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FoZ0&KElafd] E0D I HBEUIERRRDTAT, AEEEESTHEGGL
W] ERRT B,

2.4 ZRIA oN—T a3 vk

HMBEHEOERICL 5XTW - § EEALY 5 £ 5B KREAEEREOAEICE, HESED
FIEIERE 7 — 7 1B ZRotA v 35— Y 2 vk (Aki et al. 1977) #5, O oOREN%EE
SHTVD., COHETIEIMEE 7oy 7icnElL, MEXTHASOSEKROT LS E2HE
HARICL > THEWE-TE L 70y 7 KEHESREL T, HWEREE KDL, 7oy 20
A& S BFTicMO 2RO R L D RN ICRVBENS D, LoMiEitoamERic
L-THBRsNS. BEE—H30mfBREICEST LBEL, Bo0 5 EEREIL0mER
DEEOO—NZAT7 40y —ZBLTRLBELZZIONS. KL TIIE SiIch
WEOT LAHAIDBTOOTEY, —DHmD/NSH 7oy 708 L THEERDS &0
A BILEINTNE, BT TO =KL v i— Vo viEic k2 3EBERTORREOL
i, Aki (1982m) ik o TI 5.

MWDo 8wy bvich B TOPEEBED | Bh S, WHE ¢ 4, TEvs+Mo
LASATIRI3.2% (Aki et al., 1976), H U7 4 v=TMHALDUSGSDT LA Tid
3.1% (Husebye et al., 1976), /9 —®D NORSARTIZ3.4% ( Aki et al,
1977), BEdMTid 6~ 7% (Horie and Aki, 1982), BAS « iR TILR 6 aic
ek 2126 % (Ishida and Hasemi, 1984), L#iESHL. dLT7T 7D -
EYR—7 T, PRESEMADA vi—Y s vpElsonTEHED (M6b), 6~8
BHOREZOW O FMMILEN TS (Roecker, 1982).

Wiz, HEEBEPASELECE DS ) BRI 5524, Mereu and Ojo (1981) i
FELTVAS, ES Lic—RTHEmMd 2 #ERED Lic, #o2MODLE (e~ 3%,
@~ 10~15km) ZEREOHELEEE DD, TOhE BRI LD - 2B iR TRl
NA5THAIEHHBEEZHMEAETY 2 I L— L, EEOERMME, SHLEDESDLC
EEFIRL TS,

2.5 REHROERTEHH

RS - EETHENE, PHROBEIREEAROATHD, SEORBITIEGICH
LT HEADAHTHAH. Lo LEECENE 02 ERO =kiifig, PHHETEMLY
FRRICHRZT 5N ER->TWA L, SEMGEFEIMOESERE->. chEd, HEsHA
REEZESFEROBATHILSNIZRICLIEDEEZELBZNET, VYR T 2 TOAREEN
FHBNICRD LTS EWA LS. Matsumura ( 1981) 1, X 3.5 kn o S EIHIFH
(K 2) oflEicEEs i = EERMmEN (AEREE 1 He) KtL-THiS A bhi:
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37°NT T T T
/
’ LAYER 2 (20 - 45 KM) /.’
EE'N/!_ -
! .~o‘q‘24‘74‘
<05 loi ‘4.2 \rpf’4a< oo/ 2.8
35N)~ :_|_g\ g4 4\-"_35 I”os/(\é/ 7
AR (LN B a {0'& [-34 a6
A /éé_ ﬂ
e Ty LA
L _
\3%'E |3l§°E \3‘9’5 140°E [41°E

B6a Ziond vo¥—¥a YiEid k- TRk S S, B .
SR D EE X 20 ~Abkmi 351 B P ik RS, i
Slowness DA (%) [(Ishida and Hasemi (1984},
16—2 .87,

Fig. 6 (a) Velocity structure determined by the three-dimensional
inversion method: horizontal structure of P wave velocity
for depths from 20 to 45 km in the Kanto-Tokai area, Japan.
Numerals are percent changes from the initial P wave slow-
ness |after Ishida and Hasemi (1984), Fig. 16-2].

/7, N —le t/Z 7/&4‘0&;‘ Prﬂ:&JStEZEE%iﬁ
DEHEKTIE. HTREETOHEZ (%) [ Roecker (1982) ,
B7EDI.

Fig 6 (b) Velocity structurc determined by the thrce dimensional
inversion method: vertical sectional view of Pand S wave
velocity structure in the Pamir-Hindu Kush region. central
Asia. Nemerals are percent changes from the initial wave
velocity |after Roecker (1982), Fig. 7].
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WIEHIT DWW, —RTHB O 2T -7, EE&HE S 0.8 sec Mo kA EEH» ot
AT vy vEDLD, FOTEHENELARCEOTHS. BB 3 MERFHEOTER
B, SAEAFOES, PHT25sec, SIETE 3T, MEHoORHFEOEEL
BBT A LpTE L. BEEEHELSANAEEE OIS F NI P EHO =ZRTHMIE
$Hikicn 0, RNEEEEBRRKETHEO KNS FNE S HBOBIERFEIC s b, Hick
ELASEEY, EIEAREEMIVNS D Elei 5. Wiz, T oolds iz < Lk
BERRIZIS YD, BELDSHE D@ TREERSKE VL LS T Ex DT, BRI St
LIcHIEED S @M% gt L TiSf, S NEEELRAEGHo%E, BE e oy bLE
DHFTTH L. —BUSTORITHERETIRS 20, AHEDILAIOFES 100kblEic i,
DILD DAEEWSRTET 5T Lhibh 5.

" QL
/ |
L
>
X -~
/\;
o e oy 30°
x (O ‘\
36° = o b
L o \
ECR AR ARTATIRRTIRIY p— S |
" x
o
D ®
2
34"1
PR TR T
138° 140° 142° 0O 100 200 Km

DEPTH

E7 SHHE0LBsec MOZMTHMD 7 247 FH (B BAEEGHE) ONF. [z 0 ~
0.38, XHIZ0.38~0.53, BAIL0.58 ~1%F£bHd [Matsumura (1981), 15k
91,

Fig. 7 Distribution of the aspect ratios (min./max.) for S wave three dimensional particle
motion in 0.8 sec: 0, 0-0,38; x, 0.38-0.53; ®, 0.58-1. [after Matsumura (1981), Fig. 15].
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2.6 FEithhBOT7 L1 8A

ABPPEIREE 5 > 5 Ll & BRI BELN S OTHIRE, RESGEODLE L LT
H o015 (Chernov, 1960). FMHIEE M I3 &M TR T PHk E £ 4 LNBEDT, Tt
LOWSLEET LAGRAICLDAELC, EEBED S » ¥ atis ERIICED 30 L 0T
x5,

Aki (1973) i, PHEEOWS Fich v 2 Mo [CHEMEAKELT, LASAK
B LEMHMEP B (0.5 Hei) %ML, € — 4%, a=10mORYEHBESESHGIC
BE60kmic iz > TO ATV BEHEL, Capon (1974) @, [EHTO0.8Hz & o
HEMMBEP K T— 2 A4 L, ¢ 1.9%. ¢=12kn, [ &5 136kn & HETE LT3, Bertoussen
et al. (19753, NORSARTOEMMEP M F—4 (0.THz4) 2@Fd 3 ick
D.IhTLATe=08~16%, ¢ 8~25kn, K74 Te=05~20%. a=30
~60km, JIZIFE 100knLl EE0H 5 v 7 AMEOLEAREL TV S, Vinik (19814,
NORSARDFT— 4 2T LT, e = 1.6%, ¢ 13kmEHET 2,

3. Sa—-¥@

3.1 BELSRIRZ

MRS (v 7= F 2= F M, $5) @S a— i o0 TR, RO LS EHESHD -
TG,

A) T LA Bl kA, S SEEERS OERT 3 EEME T (A et al,
1958 ; Aki and Tsujiura, 1959), incoherent SEELIETH B,

(B) FifHHMAR T BB, SiE ST — 4TIk —HL (Tsujiura, 1978), #H1F 3.5
kmTHMEERC LSS 2 — FEHAHHIESNS (Sato, 1978) TEho, Wil &
b 1Hz S0 SRABEKAOS 2 - yiid il s i Sich b,

C) Sa—-SERIROHMEOHETREEL TH 0, SHREELPEEOE - TE/E8d L
WIREBEASKELE O (N8BME).

D) PiEIER» GHIER2 A X~z {5 £ TOEM GEFR, [—PER: ti-p)
DX E, Wlad oRDIME- I =F 2 — FM, LOMiciE, BOFOHEBEAS 3
(Bisztricsany, 1958 ; Soloviev, 1965 ; Tsumura, 1967).

S I — RO REMGERMGE, BRI AMEBEREINL0 F - LEL, HIER®
EHEEHEENOEERFRECEHFATIHM . Ak (1969) @&, ST—-FEEID AL
ST A ANAERBEICL SR TMELETH S E O BIREIRIEL, Aki and Chouet(1975)
i$ EEEHEA), B), (O 2RELL LT, BRICEITSS 37— ¥ EIRIEOHIELE K.
R St secRICBMNS N AS 3 k%, SHEEESE Ak secd LT, BBt/

= b=
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————
L rl.lmkinp

8 iy NNEEOFLRA.

beiﬂ t"m‘e EGS?@I‘” YGmUﬂUSh‘ EGFThQUer Fig. 8 Seismograms of small local earthquakes.

2)mDOKH FICHHT AREERSICE - TR AHILSh D TEREHETHEL L EZ,
WEAEEANTNEZOREE t™ T kP LTRDT BT L E L.

WHA S, S2—9HIcT AR MEERAR T TRIEOAZEET S, ML
NF -G EEEEATE 2 Lhn s, MBEF vEEZLL, BEMLOD T HLFE
—EHECAEC SEOETRENG LS, HE B LE5bETEILLHEDE—F&L
THEEMES SHEILOAEZZEZ TRV, FEHE, ) VYR 7 = TIEHELBS—Bro 7
YELEHMLTOASDOLEREL, —KELEO T A VF-FMAGbE AT EiItL»T
S -y gD WS40 FHarcks, HEIC), D) 28 &izys
T Lz (Sato, 1977a, 1982c).

3.2 —RHEEER
ZOBMRATNIRT LI, VYR T2 TREAND S vy A FEEREL RS 6
2F). o7 vy, BN L THEEAE LTEL. T TR, SRk
HNB T vV LSy, SEMICHESNET vy e fRicaT L TWEEELLS (F
9). WHED T v FABEREOL D NEILALET D, Fh ek THEHERIC
B EiFuld 5.

AFHV s EmELEC Y B &, BEHRicEELIESE LS. 22 TE, SSHElOAEFEA
HC &Ll ABSEDENHRE (v, ) OREATTRAERN, BARH
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UV AT = 7IBE & MBEROMEL & BE—TE

ICHELS N D T 2L ¥ - DK (erg/ sec) &, ABHED T 4 &~ HRHER lerg/sec
caf) EDlkE, BELBSWER do/de (o) £5F35 (Landau and Lifshitz, 19594,
p. 296). ZITRRIMEAZHOOT. MIAKDSTEEE n (0 3) L4 5L, HifTk
B0 OB WG IE n do/d @ T#HY, Chernov (1960) % Aki and Chouet
(1875) If, ¢4 = fL:

g(w,c):4nn(j;) (3.1)
ZELFREL (Scattering coefficient) EIFATLA. HAID T 30¥— B ED AL
BN ESEARFHCHELS N A T 52 v ¥ — %, SMEURE g, , TO0A T E bR

£ & RS,

gm0 = (S5 a0 = - Fav, O de (3.2)
THEHHC OMEADMiT 3 RENE M (L, T4+ FREEL, BELICE 2
THNF-ORT e CHOT B g @ g O VTSI - TED, BESEHTS
W g=go (—3E) L455. HELIKLZHE Q7' @, —AYDTsr¥—0RTH
b0, BEENEELT,

x X X Scatterer

B9 So—-yiEROBE Sa—-sEIE, 3 ryaesh
TEHREAMIC L > T—REGELS it o ER AT &5
Ab6N5B,

Fig.9 S coda waves are interpreted as a superposition of
waves singly scattered by inhomogeneities randomly
distributed.
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do
dg

Qs' = gihy /@ = (fp/®) $n (5 )de (3.8)

EROTCLEDTES.
BEAEEROF A, BlNEE 3 i LORBRES r, KB, RELGBOBES, L3
5. 7 OBEEE (r,, 0, ¢) &L, SilfE%E v E95 (MOBK). SKOBET
WE—=FW,, TRUF—EHOMENGEE R, )T 5. L, FR(O, 6)do=
dz LEBLEENTO260LT 5. RMFEHOBEICE, R=1Th3. BEETOME

e R EA O D E LT, BHOMBELA 7L 8% 0lt) TEbdT &, Z ick
I BRI 5D L A ovF — FRRE L,

WeR (0, 6) 8 (t—1, B8y) (dr 1)

t%(t&ﬁ?%%.raﬂ%ﬁ@k%é¢ﬁ§K<BNfﬁﬁkéﬁﬂﬁ,ﬁﬂ%@ﬂ%
TRFPHEEALTLENTE 5. BEOBICHILZMMIREKEL, % OBMELGERE chp)
EEL. BRSAHMOBAARMIC BATERICBILE N A SHEO T 7 F — 13, Bif7fARS
=1

(gt¥) (47)) - WoR(8, 8) 8 (t—r1,/ 8y) . (4r 12)

THALNS. BAKICED BT 7 vF —BER, CHICBITS S MERE O 1, oW
2EAEDTT, SHOEHREE 8, THBC LItk >THONE. HILANS ¥ & Lic i
LT B ETRE, Tk 24080 5O MELEMO FREME L TR, 20 — ok
BRI, CHAEMELED T 22 EMichl - THAT AT Lic kb, —Rils 2
WE-BE E, 2183,

- W, R (6 538 5
Ex(ro,t)*"m g ) Wy R ( ’¢)6(t—r—ﬂi)dz (3.4)
0

B, drrl dmrf

B0 RIEEF A EERORS, BAls
IR 3 E R A,

Fig. 10 The hypocenter and the observer are
) located at the origin and on the third

\'-. LA axis, respectively, in the cartesian co-
=~ Hypocenter ordinate system.

-
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VY RT = TiCH T ZHEROMELL BRI

CoERAIT Sato (1977 a) itk » THIHTHZ S417z. Kopnichev (1975) (3, i\
EOBEEEAT, 2WCOBECRAEOERABTO S, HILOBS ghibFOREE
WED, Sa-SEOTRAVF-FERE, TRbANE., COEBEESE, ML
ST 1ot 1y = Bot EBMAEEFEMNE (CLFTHEERREIES) O LORERRS L 5. ZilB
LG E A REE T SR EFEFFYUEZSR (Morse and Feshbach, 1953, p.661) %
BATBE, (r+ ) /1o 28 L OEED —DICBRC EHRHET, CoOBSIERicH
5.

(ro/2) [(v2=1) (1—w?)V% siné (3.5)
zy3 = (rg/ 2) [1+vw)

CTT (v, w, ¢) GRERGHEMNEEZET, oI 1 <vle, —1<Cw<1, 0<
¢ 2n THDH. BlREv=1, w=—11g, Bl&EEZ v=1, w=1 05T 3 (411
ZH). v=(rgt ) 1, 1D, BRI 0 (t —Crat ) Fy) = (B 15) 0 (v
=Bt 1) EECIENTE, v Bt ry S EDERTHBE NI & R
AT ESTEL (KI2). BIFTH, vid At/ 2FbTHDET S, Kt oEns
Hiz, HELBAFERPEL SH LI CREL VAN ST T EAthins, LAYy LIk
M0 LA TEPORMLN, vENT -y —& L THIZEESH SN S (Ki13a).

Zy

{21 = (1g/2) ((vi—1) (1 —w?))%cos¢

1 +vw
cos § - — — —
v+w
(3.6)
2= i
008 ¥ = —5 7 ~

WHAOFHIC0 Lz OMZE< D, WEAY G S0l v IckHG L TEBME Ymnin =2
cos™h (v7h) Ao, BfADiONT, S 3 FERicE ST AEELAE, BAHDA

Z

z 0
0422 1. 92 5y
06 [T~ 08

-08, " 08 ST o e 1 e

R o B REOREEEER. R
S o REFELICE S,
_(1)_99,? e 0?9 Fig. 11 The hypocenter and the observ-
) s TRl S /'rfr,, _.\ B er are taken at the foci of the
N \;\0\ \ Observer prolate spheroidal coordinate
Hypocenter system,
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icHlIfREnsL2icih s Lobhhis (MIShERE).
£HLT, BS (3—4) BREMGEMERTICE T

El(ro,t)=H(v—1)4:vE02 dqﬁfd gm(ﬁ LENETTS
LECCLENTES. CCT, HEMBREK TS S, 740 b EERY SR RO MR
FAERT B LIc kT, BEES (3.4) L8357 vy BEROBEAEZETTEET L
i3, Sato (1977a) itk ->THIHTRENIK,

HEloMS g RE VW E Eiclt, LEEIOEENPLELNLS. CNET, HEAEIC
HCPHARBOL 212 ENTE/ (Wesley, 1965 ; Dainty and Toksoz, 1981) 4% %
DRI EOEBOES %N T3, Kopnichev (1977) % Gao et al. (1983) {4,
UETHAcHE LA VvF - DIIREICE - T, SROKELETEBLLS 2 - F RO T =

ra
B Direct Waves
v- &t s
" A'
S v
.‘é- < ’\SCodcx Waves
ﬁ‘/
1 o [ vl. A L & uv‘g i
%)
z
2
w
(=)
-l
<
o
[
Z
w
9]
Q
s
= Il % |
[N f : e
l:_i’_ b '
iy
0

LAPSE TIME

12 7 4 =% Vi3, SHOER (1, /50)iTd - THmIE
X Pl =i

Fig. 12 Parameter v is the time normalized by the S wave travel
time (1o /Ba).
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VY RT 2 TICE T B MRSk OBEL & HisE— ik

T
w
6 2
1 K13 a 8300 & 8ELH ¢ DME [ Sato
v =28 (1982¢) , M2 £h),
Fig. 13a  Relation between radiation angle ¢
0 T ™ and scattering angle y for several
2 values of v [after Sato (1982c¢). Fig.
W 2].
30 T T I
1 . cos Yo
iV cos 2
10+ -
V | -
5 L -
4} -
3t -
Ex=0
2 - '_:
E Eli O =
13 b V& g &OBE [ Sato (1982¢), 1L i 1 ! |
A 0 T (e
H4akh. 2
Fig. 13b Relation between v and ¢ min. |after
Sato (1982c), Fig. 4a]. me in

NF —EEORRIC S AEMEEFEL TV, SHREARTE L TES(ERAT L
S0, TaaF—{REJEFL T L2 mRERL TR O, UL, AETEEELIESED S
DELT -KBELERIC L A ERICREL, COMBIc3TALR NG qizd 5.
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3.2.1 HXHES - FHHEOESE

RSO0 AovX - RS (R=1) T, #IAI%EH (g=g,) OHEICE,
(3.7) GBI LT EHTETHEEHTERDS NS (Sato, 1977a). DB
D IKHEL T R F —FEE Egis (rp, L) EHFTH. BT SIS i, Single Isotropic
scattering and Spherical source radiation (—iRZFEHEEL - BOUHEER) OB TH 3.

Es{s(ro,t):H(ﬂr:t//fo_l)f:ri\fg}((ﬂgt/rg) (3.8)
0

LB

K(x) = — i (211

X x—1

= 2/x x 2 1 (3.9

K(x)id, x > 1, THEERL, x »=T2./7x% ci#ufdt s (F14). K (x) Hi#ds
WTBL0-Th, Egs O 2EMBERIERTHB. FoH0i Eqs OIFESHEKI5IC
Y. BRSPS, Egs $EE 8, THMIKODADZHEORBlIcZ A v+ -3 0%
o0, BROEL TONMRHEECHELOTHLL Ebrb, Egs OHHELDRD
5, SHOEHFLD GFESIEMIDL, Egs BERE#HIC LT, STRENDLLS
15 R oD A 0D BE £

g0 Wy

W ﬁg t >> Ip (310)

Egslrg, t) =

iC#nEd 5.

B4 BEERK(z). B z 8 K30 E2D
AR 2 z? (Sato (1977a) ,
B2 dn).

Fig. 14 Functional form of K(x). A broken

line shows the asymptote, 2/x?, for
large x [after Sato (1977a), Fig. 2].
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i xWo90

Spatial distribution

)(Wugo 3
1 L

Egstrty= :’:"% K(E-rlll H(ﬂr‘ -1)

Egssnty

[EsiJ=era/km’, Wj=erg , loJ=km", [r]-[gt]=km

B15 Rl R v F - EEs s (T, t) OEEZELS ERSH
[SBato (1982¢) , B3 Lb].

Fig. 15 The temporal decay and the spatial distribution of E g (1. t)
[after Sato (1982c¢), Fig, 3].

—REIL TR v F - (3.8) L20MEME (3.10) Lok, kokHic5ion5.

iurto ln(io‘[tl—-iz) ~ 1+%(ﬁgrot )2 ot > n I
Tk, BOBBE e LicES< (K16). t=21,/8, TIOHIF 1.1 LD,
BENBT—HTBLEATLEY. Tbb, SBIFMAS HOEROD 2 50 ETHNM,
ST = SHO T I ¥ -HEHERG SOFBICL ST, HH O 2 H CLhTarc e
8 5.

Ko SNFe—RBILT A v F —HIL Eqis & g0 O—RATEA SN TV E. CoBUT
3, EHEEOTHvF —EHBMEKE LT W, 0 (t — 1,/ 8) (dx By1d) 2V THY,
INZELERTEITHLELBROC LEHNE W, &85, Ll, Egs 22ZEETEST
BE g Wy ot £18D (Sato, 1977a, Appendix B), BSRIL Mic—ikiELT 5 14—
PEILTLEY, =2 —REFAH g, O—RTHEL TV B Lhbms. Chi,
EEHOGHEIC L > TRET 30 L2 EA TV HDL DL TH S, HFHD L LF— (L
WAL LT, BEBEEERLT exp(— Q' 0l) 2AULbOEMSE, HHD
TANF—EF W exp(—Q¢! wt) &MY, —REELT v+ —1F goWo bt exp (—Q5!
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1
]
1
]
l
1
3 B 1
2
I
[
|
1
1
|
Ppromfrmme s
1
I
: B16 —REREL . A v F —HHE Esis (1o, L) Oiff
0 ! . . JTREICHd A [Sato (1977a), K6 L0 ],
0 1 2 3 4 5 6 7 Fig. 16 Dependence of the ratio of the encrgy
density of singly scattered waves to its
t asymptote on v [after Sato (1977a), Fig.
69 /ru. 6}.

wt) LB, gy D—IRTEZRVE—HENEHTLMCE, BilicksHEE LT
Qs' = goby 0 & ThERL, SHKOHEHG (3.3) & —HT 5.

IKELEL T 4 v F — B BRI O T 3 v F —BE Evose K—HT 28ME t&95L,
(3.10) 2H0VT

Wias . R N (3.12)

CCTH, MILEEOFESE exp(— g At) OETEDANTH S, CONEEE S L,

log W, = 2log ty + g, 8, ti* 108 e + Const. ( gy, Exorszs ) (3.13)
Ao = dkmsec E LT, 1Hz £ SBAMEAlCIE, #icHE 3T RTLIiC go =102
km™ (Sato, 1978; Aki, 1980b) THY, WE~<7=F 21— F M, 5 Gutenberg-
Richter @

logw, = 1.6 M, +11.8 (3.14)

FHOT W, 2#Ed 54L&, (3.13) &
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I\IiL = 133 JOg tf 2 0017 tf 53 COr}St. (go, ENOISE, ) (315)

1B, M, & tr SOPBEBRERITICRS., —fic, - PEE teplsec] &M & DM
i
M, = C,+C, log t; ( 3.16)

LEPNSY, EHHEBEOBRER tie & tf LER—HLTBOTHAS. S2—FED
BHEE 1 He LLETH 2D, E0HE tp #5100sec (L £ TTH Y, LDl
Ml e 2 & Sl BB 8 -T, CCTHRALK g, DESEYSTL LS, K17
T, tr A3 10~ 100sec DT, M, @ log t¢ ickl¢ 2R C, OE i, BR»LoRES
HEL2.6~4 ()], 1983) Lbstrh—HTs0T, HHD)ZHHETE/LC Ll 3.

M- €onst(g_, E )

B17 HED~ 7 =F 2 — KM & ty Z0BF.

©

h 10 100 (sec) Fig. 17 Relation between earthquake magni-
ty tude My and tg.

3.2.2 ¥EnES - ESEHHIAOEE

L0 MRS, FERNFRRER LIS AHELOBEO —IREILT 2 v F —FE E (g, t)
%, AIETTRDIERXFE S - EHWED KBELL 2 v F - HE Eqs, (3.8), &HHEE
L THEEST S (Sato, 1982¢). ZOHNE, vORHE L TELT I ENTE S,

n 1
- E (o, t) 1 J" j ghir R (0,¢)
N(v) = = d¢ | dw —————
v ESIs(ro,t) 2rK(v) 4 W gg(Vz*Wz)

0

(3.17)

w kDB E, BILAyCET Ao EIHLAS.
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ghy)

N(v):fdwvz)smm(v,w JdaﬁR(ﬁ ) (3.18)

CLT (L 2) sy &, VEEOEAERTHS. BOW B i3

H (¢ 2c05 ' (v1))
B(v,y¥) = — = (3.19)
sin (¥ 72) K(v) [1—v?cos®(y 2))"

THBH, Jdv(l/ZJsmvB(v ) = 1 SIS ATV S, RN, IR
Tz, v@ﬁiﬂfﬂ@ﬂ&mv DM > TEAICHIBT 5. Ki8alz, vE/~FA—¥
—& L Blv,¥) O ¥ KEMERT. Thid, Yo OEL TIREAET 385 ol
LHICHERD TS, B O Yo HREES v LORESH0% EBLEHERT, 55
1C80% & 15 BBIMEHAEWET, HISbIZFET. Ymia FEACDFGHEMPTOAS N &
&, FfD L i >N TES~FES 28z OFEOS E B REsNE L5k

8
4
100 B(v.y) '
2 K
2"&
4
_B
of Y=2
1F
B8 a BESHB (v, ¢ ) OMELE JIKIFHE.
010 'n'} = ‘Ti'. Fig. 18a Dependence of the integral kernel B
2 (v, ¥) on scattering angle y for several
\.F values of v,
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Vv 272 TIEDAMEBEROBELE BRE—Hk

18 b HALA ¢ DES~DHFLE, [=R=1
ELTcEE, BOBHOHESI50%,
Feiitor K O &R O RESHAB0B D
H24 4 [Sato (1982¢), B4 c kb,

Fig. 18b Contribution region of ¢ to the in-
tegral of B. Integral over the shaded
area gives a 50% contribution, and
that over the shaded and the sand
areas gives an 80% contribution to
the whole integral, where f=R=1
|after Sato (1982¢), Fig. 4c¢].

n
2

LT EMDDL. g e DEBTHEHMLEILLE WS, BOBEOk 1S
3= S HOREDS SHES N AHELRE, gl EBEITHLWEVWHT ETHA.
Wiz, NZagfif 0 B4 2o cES i 5.

ghy)
gy 27

&3 2T
N(v) =.j d6(1,/2)sinf C(v,06) l] d0R(O, ) (3.20)
q

4]
cce, (1L72)snf BEABHRTHA. O C i

2

- : (3.21)
K(v) ((v 1)2+4vsipg® (6,2))

C(v,0) =

caan, [d0(1/2)500 C(v, 8) =1 LBHBIESATOS, BiSak, vE~s A
—§ =L Cv, 8) @ 0 (REEHETE. VARSI E S, 0E< CHOCOMEL
MEETOCOMELD i DRE VD, vOBINZ DN TCO O REMI/NS K 150, Wi
HECAHTIICESC. CO0LLRLES0 LoRAHE0% &5 28MERT, <5280
% LIS BIBNMAZBHT, KI9biAd. vANS WA B0 BMOMLEDEENAS <,
BHUNSHI~OFRFPEERE» O THL S 3 - VoM bEECTNTL 32 &55b
PH. v=4L605E, BESOEMNAIE T6° L T TIZRD, volnd izEoE
HRAAFRED 7 — 5 B DBEEBI HE 0 EHbs h B,

Sato (1982c) 3, WigE 7 OIERMFEHN RUBHELSAMETEOL SN IESHK
DB/ 20T, S 3 — #H0 —REELT 5 v 4 — BEOEL(EE BIEMICHEL, By
LDHEET> TV S, FIfNC BT, BRUTNRHR - SHBELOEScEr NS 2 — 71
OHEC) &, FEIICHE W BAEDHE 600, vAAE L& F i IRENIRES -
EHHEDBETEHLT AT Ehibh 5.
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100
Civ.9)
10
\
1
V=8
\ A
2
2!’2
2% )
2% B19 a RSHEC (v, 6 ) OEEHA 0 KFH.
01 . “ Fig. 19a Dependence of the integral kernel
0 n/2 % C (v, 8) on radiation angle @ for sev-
&) eral values of v.

B19 b #EH 0 OG~DHER, {=R=1
ELfEE, BOESTOESIE0%,
RO SR DE T IR30% DN 54
45 [Sato (1982¢c) , M6 bkn],

Fig. 19b Contribution region of @ to the in-
tegral of C. Integral over the shaded
area gives a 50% contribution, and
that over the shaded and the sand
areas gives a 80% contribution to
the whole integral, where f=R=1
[after Sato (1982c), Fig. 6b].

T
2

3.3 BRMAICEIZSI-FiEOBMERED AT

JYR7 2 TICBY 553 - FHEDOREOHESDEHTE ZAER, EHICL->THHDT
Tanf (Sato, 1978). BEAEHADTCH, HASKEET L -, BEELE 74
EVv#l7 L— b BREZL— DO Fizd ¢ T dh, BE 100miid £ TOMEEHINLY
mWl EBHonT VA, ke vy —OSHENH (K2 b) TH, #S 3.5 m0fEKR
EERIME A RE L TN EDOEHIA 1T > T d (Takahashi and Hamada, 1975).
1976 F4 A6 9 Rictpd T, & FEIESIC 2O TEEEE 5.5 2 kine,” m, {EREFET5.5
skine /m @ 2 BT, 7R r—w40m p.p., EOHE 5o, seca[#H (BE) 38EHIUN
BENTHY, WEREVIAF 3 97 Ly VORI SR T (K20)., HEHoE
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VY AT =TI MO LS ME— R

TIREEEs | He Th o, BB LB 30H: I TLAETTE LT (K
21a), ZOiEEE 1 ~30Hz i D EFBZTHL,

EiEE s b OFEKRKLE L TO, S2-FEOREREmREE Act) &ET 5. ACEEKS
DEFLEOLERS, SaA-FEOIFLF -G g BT FECSREENT S AN
TENTESE (K2R, HEHOMUEOHES - FHEEBELALEEELALELD
TR NWF —BE Fopslt FEBT R LF-—FED2EL LTHEY. HEFEY *ﬂotﬁéh

Aclt) 2 3 ,
-4%—)==€—%Adﬂd (3.22)

g 1
Eonclt) =2+ 3« _=
ORS t ) 2 3 2 2 (

LEGE, —F, BERfcE» B —RESFRIL - BAFEHO € 700 T R v F - EEE,
(3.8) KHEHEOMIE* LT
Wogo Kt 7t
Egis (15, t) = (1/2) e™ p Eu K (£ bs) t > ts (3.23)

4 rr_\2

CCTC, |y FEESEOENKTHS. BASKMEL thsDT, HEICAH 5T 2HEL
AOHIIHIBEEOB SO EAL LT, RAF (172) 2 k. BEETEMNLL S

Moy 27, 1976 Yervigol spmp

‘:ih;:""'z’ Thighgan l. . “l;‘ i . 1 MMHMAMWWM N"W\MWMMEMW’\

g |

B20 S 2 — FEETIC A 7o EHE .

Fig. 20 An example of visible record used for the S coda wave analysis.

i

|
E 002
EE /\“\k
E 4
/ _— : ——

s N 21 a SR AR b R
Z /" \ logos HiIFZ AT D RS 1 B (Sato (1978),
g ouus| A 10l

§ g Fig. 21a Overall frequency characteristics for

% z the velocity seismograph (vertical

B component) at the Iwatsuki obser-

A e Tha % vatory [after Sato (1978), Fig. 1].
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FECLATERVOT, MEHAR exp (—bt)DHIZLTH B, KELMBED A 51T, (3.
3) THALNBLHICHMLEYDOMER b= g,y THDH, fOXH=ZAick2iR
HOFALNBZDT, BNCY->TIE go & bEAMMTDNT A —5— & L.

EKOME L MR E DB 1L, EORBUHEBLESS. FEO FEENE (2 b)
Tirbh/ S Kigx v KBRic L, CoMBBOESEN Q7' 133.56 ~20Hz T2.5
10T BETH -1 (Yamamizu et al., 1983). ZOEAF B E, LHOES 3.5k
THANSNSMED SO KM S HEORER, MEARDESIE 4He TIHI4B~EKE LR
BRI 56DT, BHET A LHTE S,

HEZ S =F 2~ FM, SERANS A -9 —i3, HE)IH (G2F) cBLSshThAE
EHRAL, CO M, 5 Gutenberg-Richter @ (3.14) 2T W, 2L 7. @7
CHC I BRIy Th- 1. BRAFER21b i, HE= 7 =F 2 — FOEEDH
A 21 ¢ i,

(3.22) & (3.23) LA2FHLLBLTHHE LB L,

Wy K (t./t5)
8t

]flg[ o Ac (1))

—log gy + [bloge)-t —log

(3.24)

EEY S, ABEETRASAD Aclt) OBAHKL (K20), py = 2.7 g/ cfl & LTHED
e ticlL T oy b3 (K2). SHAFEALBCENBTERNESCE, PlOE
B o, EEEE 3 ELT, to FHELE. B2 REICLD ERERERDD L,

Y
AL 1) J
by i
o({ ‘
OJ ’ )
- &
.+ DISTRIBUTION OF ol o
" EPICENTERS
{APR-SEP, 1976) i
| o /GD .
RN
I8N s ‘—5 \; 8 -
L Oom O ©
(P |
e e
L FER I s
3% | o | j - _E- £
J 3 &} - e A
o f ( M o B21 b S 3— 7 EFETICHO - IEO Bk
v . o fir [Sato (1978) , B2 kD],
al J iy | Fig. 21b Epicenters of earthquakes used in the
¢ 139 o ugE it wr S coda wave analysis [after Sato
I8 JWaTSUKL CBSERVATCRY] (1978), Fig. 2].
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Number
10

B21 ¢ S7—¥ikpTIcAnciED = 7=

i ﬂﬂﬂlj F 2 — FEEAT
FH n ﬂ Fig. 21c¢ Frequency distribution of earthquake
5

magnitudes used in the S coda wave
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B22 (324 ALNOEBIHEICHT S 7 e v b, ROBERER [ Sato (1978) , K3 kYD),

Fig. 22 Plots of the right-hand of Eq. (3-24) against lapse time. and regression lines [after Sato
(1978), Fig. 3].
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gy = 107925050 (jp71) =1.2x107% (3.8x10°~3.8x107%) (km™)
¥
2/ =F 2a— FOREVWHEOESICE, &9 L THEIEHMOI /28 2 - FERGOE
AOET A, COBE~ Y =F 2 — FOBEME i, —RCEEAERPEEL TS 5. b
M, OBz >N THLT 20, BRABMTREINS VI ELEENRLTHWEDTHASD.
MELIc & AERM D ORI By g, = 0.048 L2 0, M23bickltd M, =4 DD LD
Bz 12F—5d 3. chid, BELEITRLEVLH00, BEORBEASPHEL TR TS
HLERTRELTHS,

COHIETI, ST—FED t > 21y OHHOEADBMEHAE ., 3.2.2 HiTd~
ki, BiAONSBHEAADHEILEZELEAE ST —FolEcET/mFLTHELT,
EAEDEFD v OB L56DTHIOT, T TREI g B glnlsd
TLTHEL.

FEEOFENTO®, Aki (1980b) 13, HEKRFMBIFFRN O FE M OE Fo TR
EEFEL L, SHERE, OFEHED W, ZHELT, 1~4Hz TH

It

0.1303—0.0191 M, (sec™')

(3.25)

(3.26)

gle) = 2x1072 (1 x107%~4%x107%) [km ™)

2TV S,

9 b o005}
1 1 1
3 4 5
' 0
Magnitude M_ 3 . =
23 a SEDEHMFMKE L (— THEHIRE Magnitude M,
DA OME= S =F 2 — FICHT e —
570y b (Sato (1978), W4 kp).  BBb Sa-—sEOBZHKHEOOME=T=
) Fa—FiLHds7 09 b [Sato
Fig. 23a Plots of total scattering coefficient

g, (=reciprocal of the mean free
path) for § waves against earthquake
magnitude [after Sato (1978), Fig.
4].
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(1978) , E5 %0,

Fig. 23b Plots of attenuation factor b for §

coda waves against earthquake magni-
tude [after Sato (1978), Fig. 5].
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4. HBROEEEE

4.1 BEEMAFIZEITS Q5! DAIE
B 5 — 05 1, BEAROMEE [ (Hz) OS2 — ¥ lE Adf) i1, S EOZIE
ALY bvE Sl Ed AL, (310) mHEEEIEL, g, * gle)licmhiT,

Aclf) o [\ glm) Self) e =ity /Qslf j/tO ty > 2L (4.1)

LED L. LLAZERHILGS > TH, ARBEHRBEEHLONLED, B2ohik , TD
Aclfl & Solf) SHHRT 2124 TH S

Aclf) e Sylf] (4.2)

T3, HES EOIRIE Aglf) (ZRREH f, OET,
Ag(f) o< { Sylf) e ~rin/ LA Qs }/0 (4.3)

EEG B, HAldatiTomiic L3RG, SELESo—FETRILLANES (Tsu-
jlura, 1978) DT, Aslf) & Aclf) totba s sl bick T, MM EERA R
PO EEL I L DR T ENTES

1y Aslf) /Aclf)] = = { =/ (F,Qslf)) } ro + Const. (4.4)

RSO/ Yy — v OENICL BB, EAOEERHEL OMBiIc>WTEET AT
Limd D, SERT B ENTELTHSH. BEE ry ODMEIL S VTELDOHE AR,
ro TS MR RN S HBEBER {1/ (6, Qslf)) } %1, [THZCLicd-T,

sHE) sk E 2. o Q) DR AL Aki (1980a) itk »THRIBS Wz 6D T,
B—#l#lE: (Single station method) &FEEATHY, GMFRO BB CIZLAY
AESHELE WS flE%E o,

1976 4E 5 /10 1 7 Aflic, SHEBRH ORI RE s n ok PEEEAE At (WER
#E 1 Hz) itk ->Tigontk, dHEo T+ o S gar — 7idessd, colikick->T
AT L fc (kiR MW, 1980a). REREEEHER2aicrd. BEF - 413, HEA
FHRMFAFOBRR I L > THd SN/ GEREBIEY, 1079, fE) 2H07A. 300
T OMBEEERT Lo, BIESRE - THh OSSN L T EDcfRa &, T
A TS D MEORIIS6TH » . B/ =F2— Fi22.305 3.3 15 (K24b) L,
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EEOIESIE5 ~ 125kn, EHREEEL 20~ 120kmiz e A, Sl o RIGBRO G0
B2 ciTad s, Tl IBIEF—ETH D 600, HlloMEOH RISk sz, 7
Fu SR T — TileiE 62. 5 Hz TA/DEHL, FRT/ Ny EANRT 40y — (0.5~1,

V/kine  Horizontal comp.
4

10 M24 & & REEAERAERO AL EEL A
/ \ Hugeat OREO I IR .
Fig. 24a  Overall frequency characteristics for

the velocity seismograph (horizontal
compoment) at the Iwatsuki obser-

10° | s |
1 10 100Hz vatory.
MAY 1976
10
| .
£ 59
E
=
=
S6Earthquakes B2 b SEREORITIC I D = =
0 F a— FEE24,
s |25| BERE IBOI e Fig. 24b Frequency distribution of carthquake
8 - magnitudes used in the S wave at-
Magni’rude tenuation measurement.
[km)
e Depth > 35km
150 * < L
| 8 2
Q %
§103-| x x@-*f% x L
; x i
= W, L %
B = ° o
T 30 o 00 L
g % ® o 9
ij- o o 3 o
O - i
S W N £ E:

Azimuth of Epicenter from Iwatsuki Obs.

B24 ¢ S EREDRITICH W RO 4.

Fig. 24c Azimuthal distribution of earthquakes used in the S wave
attenuation measurement.
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1~2, 2~4, 4~8, 8~16, 16~32Hz) #@BLTXY 7o w s —icHHLIsv K
NZMERELE (25) 75, SRBEMIT AsD BT (, =40s€C it 133 Acdf)ETEL L
iz, RBUEAEFBEEOMIETERA 4§13 FK26IcRT. BENEGIZ, n (o Aglf)
Aclf)] & rp e LT oy b (R27) L, S/ 2HEEICL-> THEERDS. 0.5~1,
1~2Hz DY FTRRHPRETET, AEEZLELLBEE L TRDB I LTS UL
7o, BRE3BEFIC LT, ROMEZOH, BOHIEBE <HTZ oy b L, HHigo
WROBHBHAENKRE VLICRAL 600, FSCLZBORZABLHE TR, B
MR & S W OB G SR 7T L S PkFE (2 4.01 4+ 0.50 km / 8€C TH-1DT, F
=4km,/sec LT Qs #FHL, #EAE SRR LHICMBITT.
BSHLA I B O T, KA OBFTIZN T Aki (1980a) A% TETA MBS HT Ok
MUEEOHA T — 5 R ORI R T T05, FHahkeni: Qot ik, Aki 48k #

Maximum Double Rmplicude Double Amplitude
of S-waves; A _(f) of Coda waves; A (f) at 40sec.

16-32H7
‘ L

- ;
(1T — e Jiesh ¥
‘u'—; . il Fm T
- i
Yo — o s i
UG- FON R S,
—~ M=3.1
il R=391.3km
2 Lo D=87 . Okm
‘g‘bu il e "
Pt
5!
L Sampling fraguency; ©2.5Hz
e MM oo bl e o s
0 10 20 30 40 50

Lapse Time(sec)

B26 /N FoNR T 4 vy — il LRI R T (RSt A
HWkERR). AsCE ) (FEE SO BAIRIR, Ac(f )i ty=40sec
O EO TGRS [« R 1980a), 1 L0,

Fig. 25 An example of band-pass filtered seismogram, observed at
the Iwatsuki observatory, uscd in the § wave attenuation
measurement: Ag(f), maximum double amplitude of direct
S wave; A (f), mean double amplitude of S coda waves at
t,= 40 sec |after Sato and Matsumura (1980a), Fig. 1].
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M=2.0 M=2.7 M=3.1 M=3.6
E=20km 1— 45km H=07km H=146km
A=22km =20km A=28XT A=5km

16-32Hz i Ao -
#-16Hz -+——— —W————v —n—-w—.——

4- Bz o an:: $ :mimn———

2- 4Hz o et i b e

L= 2z —m———————— e S —

).5-1Hz

Original —'+"-'_ c%—— —%——- W
lUsec

Band-pass filtered seismograms observed at the Iwatsuki observatory
B26 WAWARRRNEED /N K3 AR SR,

Fig. 26 Band-pass filtered seismograms of different hypocentral distances.

=]
7
16~32Hz
6 In{ Al +J=Const - T,
_!TA T Q 3
o Depth > 35km
x <
6
7
7 8 ~16Hz T & @Mo o 2~4Hz
T Sy ¥
et Uﬁ
= “‘b—."‘ % o
& g 'u‘\‘:-‘\
T 7.38-00127T,
6 . B o
L 7
4~ B8Hz o g g 1~2Hz
£ o
noe Bown "
|
61 o o F o
o £
o
6 o8 £83-002357, % 2
5
50 100 150 {km 50 100 150 (k]
Hypocentral Distance T, Hypocentral Distance : r.

K27 (4—4) REDOEREEITHT 3 70 v b, ROEPRESR. AL EROZES355mbl
F, xENE35mEliEA Eb T,

Fig. 27 Plots of the left-hand of Eq. (44) against hypocentral distance, and regression lines:
focal depths > 35 km by o, and < 35 km by x.
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WY A7 2 TIBH 2 ENORELE B Ak

10"10—3
I Kanto, Japan
| Sato & Matsumura(1980)
-1
o S B

L i 328 PAdMh D Qs ~t (£HE - MR (19804a),

: : | B2 &h) AELET/DELE Ak
} i +§ (1980a, K6 ) DHIFEM.
Akil1980) ‘ . - Fig. 28 Q;! in Kanto, Japan [after Sato and
: Matsumura (1980a), Fig. 2]. Closed
1 2 4 8 16 32Hz and solid small circles are taken from
Freguency Aki (1980a, Fig. 6).

Qs' kDb 4~8Hz TRV HARELEOD, 8~32Hz TIRAB—HLTVLE (K
28). Bennett and Bakun (1982) (2 Aki 07— % ZE X MICEIMT L 205, #ai2E
PENECE RS> T, Tsujiura (1978) &, S 3 — FEORIEORMZE/ LA
exp (—7ft Qs!) kg 2L LT, HEMPELOBHT — 5 OB 5 Q! Z2HEE
LTWa, OB Q' i, 1 He T THHT, 4280 SEMEN T Akl (1980
a) OBFHREBS HLTHE (029).

4.2 #HHRE{HO Q' RV Q7S Qdt L

4.2.1 Q' OBEBEIKERE

PR » T, RiETTlR~/oH—EASEDL S 7 - S ORIBOMEZL, 5cfRis
R TO R X7 PO S, HRASHTEREEO Q! BRAlEsNSE LS
D, v briickElls Q! LRBEN - THOENEIRGI AR Labh-TE k. ©
20iz, BEMFEASOHAKMTO Q7 270y v 53, Micld, HRDHELLODQ!
OHBEES 7 a5 b Lic. 72 =2 20, RENTEHEOSOHIRTOAIESE .
Fric ik T ol o, WEoiEes (Kurita, 1975 ; Bakun et al., 1976 Singh
et al., 1982) POHMEMRFIE (Suzuki, 1972) kBT, FLIKZL Q! HESH
TWwa, hod, TR AT, LT, Q' 3 1 Hz MarT 1072 F214, 30 Hz W
ET107 BELLD, HEROMIC >0 TR 3ERAASTHETHS. 0L.5H2 L0 b
Muglicsd 5 Q! ORBEEKELE (° TEbLAL S, Yo n 4R 1 iR,
TA N AEREDIECHM 0.3 &KL, EIE 0650 0.9 E 0S5 lHEE LD,
MRMERELEO R XY b SOWETR, 1&0HHELEEE66H 5. BIHEHY
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£ QTIOBBEIEATE (> 0.5H2 ) . MEEARABMO~FETEML, TOX+4R

L,

Table 1 Power of frequency of Q! for f> 0.5 Hz.

Region Phase
Kanto, Japan S
(A) S
(B+C) S
S
S
S-coda
S-coda
Ohishiyama, Japan S-coda
Hindu-Kush, S
Central Asia
S-coda
Garm, Central Asia S-coda
Southern Kuril S
S
S
S
Kuril-Kamchatka S-coda
Stone Canyon,
California S-coda
Imperial fault,
California SH
California Strong motion
recard
Central U.S. Lg
Western U.S. S-coda
Friuli, Strong mation

Northern Italy record

Irpinia,

Southern Italy record

T,

Strong motion

—0.TEELEZTRVWTHAD.

Depth (km) Power
5-125 -0.73
0-170 -0.6
0-170 -0.8
0-35 -0.74
35-170 -0.62
40-80 -0.8
100-160 -0.9
0-50 -0.62
Crust &

upper mantle -0.9
=100 -0.85
Crust &

upper mantle -0.5
5-25 -0.25
25-55 -0.54
55-85 -0.65
85-120 -0.78
Crust &

upper mantle -0.7
5-14 -0.88~-1.03
Crust( > 3.8) -1.
Crust -0.8
Crust -0.3
Crust -0.4~-0.6
Crust -1.1
Crust -1.0

Reference
Sato & Matsumura(1980a)
Aki(1980a)
Bennett & Bakun{1982)
Tsujiura(1978)
Aki & Chouet(1975)

Roecker et al.(1982)

Rautian & Khalturin(1978)

Fedatov & Boldyrev(1969)
Gusev & Lemzikov(1983)
Chouet{1979)

Singh et al.{1982)

Nuttli & Herrmann(1980)
Dwyer et al.(1983)

Singh & Herrmann(1983)
Console & Rovelli(1981)

Rovelli(1983)

1 Hz £ B KIS FEEEICORERTD 07,

Tsujiura (1978 ) HBEARMATORES S 1 Hz BT FEHic 72 ¢ £ %7~ L, Rautian
and Khalturin (1978) (27 2 7® Garm A TORMELS, Aki (1981, #42)

17 7 2D TORITH 5,
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Rovelli (1983) I£, M4 % ) 7 TOsicMEAREIED 2 ~7 b rOickifgtic o4 3484k
po, Qo' 02~ 1Hz it =2 EBodES0E5 E5HELTHE.
¥ric, 77 b =7 AMNCEHEOS O T, FE A 100mlETO Qs DMl E,
W—E 7oy b LELAZGDBRINTHSH., KEE, HicEETolllhils£od.
Tsai and Aki (1969) &, 0kmPliED Y v 272 7T Q! = 1.4 x10°% %, FAH20
sec BL I o B Rk o i SRz, Anderson and Hart (1978) 3, #o0/F

Attenuation in the lithosphere

— Kanto. Japan

Frequency[Hz]

B30 77 k=7 ABNCIESEOS AR B A S E D
Qs OFERAE, U1 Hz L ERFKTO Q! !
SL 8, H<45km [ Anderson and Hart (1978)] ;
TA, H<90km [ Tsai and Aki (1969)); UB, the
Basen and Range province @ EE#A%E(H<18km) ;
UC, the Colorado plateau @ _Eif#isk ;UE U, S,
HEo B ; L C, U.S. O F#iR(H > 18kn)
[ Cheng and Mitchell (1981)). K#RIZBEIdiHAIC
B HiIEHE. 2 2O, F v ¥ A AEE R
HICT K HEELR RO ER IR (EHOw L EAFIELA
Fov ),

Fig. 30 Superposition of high frequency Q.~! in tectonically
active regions and Q:~' lower than 1Hz: SL8, H <
45km [Anderson and Hart (1978)]; TA, H < 90km
[Tsai and Aki (1969)]: UB, upper crust (H < 18km) in
the Basen and Range province; UC, upper crust in the
Colorado plateau; UE, upper crust in the eastern U.S.;
LC, lower crust (H > 18km) in the U.S. [Cheng and
Mitchell (1981)]. Bold lines represent Q¢~! in Kanto,
Japan. Two broken curves are theoretically predicted on
the basis of the scattering attenuation due to randomly
inhomogencous elastic structure (travel time corrected
Born approximation).
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WHIEETEOMNS LB =T vicBOTESBm I Y27 2 TAEZ, Q7' =2x107°
EHESEL TS, Cheng and Mitchell (1981) i, L= —HOREEHKE —KOE-F
WO 2 ~50sec TOR NI kovlkipG, T4 ) AGREICET 2EE18kmE TOHIEHO
Qs FRELA. o, HEH 3.7 %107, Colorado plateau @ 6.3 % 107%, Basen
and Range province T 1.2x 107 A TH Y, 18mPFE TR 5 x 107" LHEEL TV A.
CHNoOERES, H0ffe TREhTWS,

Mitchell (1980} &, 7AVHESRENRTEIcEHFE L — U —DEKE— FAF L
L, Q' o EMEET L AZEZLEL TS, Q¢ PAMBICH LT —EnET vTiRE
AE-FLhHRATES, SikE- FE2HAT L OSBRI ERIREED Q' =
FEANFETOHNOTEEEHBLTHAS, Akl (1980a) (2 Qs A 0.5 Hz Ml e — 7 %
HOTHHHIETHIL TV, BEOMEHAOERIZOTFHILH HL3FTLAEEZL 5.

4.2.2 Q5'/Q5t e

Q' Qs iR, WHEOAN =X LEEZDL L THERSHEHRTHS. Fedotov and
Boldyrev (1969) If, Southern Kuril TOEAIM S, EEicZ oli ki, HL=
F=Fa— FORBRERScBRLH—0REA XS b vz > ERGELT, e 5~55
knTid 1 HiR7EA%, 556~ 126kmTid 1 ~20Hz T2 EL K35 4R L. Rautian et
al. (1978) 1, hRT YT D Garm GO Liffisktic 0T, 2~20Hz T173 %%
fz. Modiano and Hatzfeld (1982) (&, 7 7 » %3 Pyrenees @ Arette #5T, 10kn
PIEic B80T 20~50Hz TI1.64+0.40 #7537, Frankel (1982) (3, Northeastern
Caribbean @ 40km LIF Iz 85T, 5 Hz & 20Hz TOD 27 bvkkh s 1 2B5TH5E. b
D LIBOETTIE, V5 KA 7D Swabian Jura B ARIENHD, 7mElETIE20~40
Hz TO8~1.85 05D 5N TS ( Hoang-Trong, 1983). FRicHH L »
EFEAONSHNEZMBEIRCIRS &, Totbid 1 Llbic/isd &5, Bakun et al.(1976)
¥, San Andreas fault #tV® 5km P30T, 10~35Hz T0.57~0.60 LW H/hE
WMEEB TV .

1 Hz LOEEEHNTO Q7' Q' LoRlER, BEAENKRBOFET T £ 5.
Anderson and Hart (1978) @S L 8E7FwTiE, EX 45D Y27 2T TLD%E
0.4~0.47 ELTW 5.

IhodAlEMAER3lcRd. 1Hz KO bRSECEAEH TR Y rrvTol 0.4 ~
0.56 (Anderson et al.,, 1965) &L[ERETHALHD, 1 Hz LoglEETH 1 Lh KE
WIBEDE L, Thick > TR 23 LA Edibms.
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Fig. 31

BB AR 7 —BFRERE $5335 198411 H

3

8 =4 kmss
g\,(l— !

A

3
1.6

SKin 15585k
—Em——

SK 12555k
SA

10° 10

1
Frequency [Hz]

UYRT = FIBT S Qe L Q EDEHME S L 8, H<45km
[Anderson and Hart (1978)); S K, fKuril (Fedotov a
and Boldyrev (1979)1; GA, K7 ¥ 7, GarmMiAD 1"
ik (Rautian et al. (1978)1; NC, Jtfin ) 776, H<40
km [Frankel (1982)); S A, San Andreas ¥EiR, H<5kn
(Bakun et al. (1976)); AP, 73 ¥ X, Pyrences, Arette
Mok, H<10km (Modiano and Hatzfeld (1982)1: S J, i
F4 >, Swabian Jura, H<7km [Hoang—Trong (1983)].
4 RDERIE, 5 v 5 A FEE MR L 3 HF SO MmS
HIAR (GERFD W5 E2HE L 72 v v ),

The ratio of Q. ™' /Qg~! in the lithosphere. SL8, H < 45km
[Anderson and Hart (1978)]; SK, southcrn Kuril [Fedotov and
Boldyrev (1979)]; GA, upper crust, Garm, central Asia [Rautian
et al. (1978)]; NC, H < 40km, northeastern Caribbean [Frankel
(1982)]; SA, H < 5km, along the San Andreas fault |Bakun et
al. (1976)]; AP, H < 10km, Arette region, Pyrences, France
[Modiano and Hatzfeld (1982)]; SJ, H < 7km, Swabian Jura,
W. Germany [Hoang-Trong (1983)]. Four broken curves are
theoretically predicted on thc basis of the scattering attenuation
duc to randomly inhomogencous elastic structure (travel time
corrected Born approximation).

4.3

B30z~ =

BEDWNA NS EF) Ot
Nna L7,

0.5 Hz Mt (Al e=3) K- 24285 Q7o A 4 =

RLEmadLd D, BTo—8id, Aki (1980a) DEBEERTAC ALY LT,
COEITH, CCSHARAR WA Litd 5

(1)

F7AE7 2 9 2HOETIDDE
HWhgm & b3 sAlny

T,

7o (Walsh, 1966) Tt Qs #iE— 2 284,
7797 3ALTHATHEALIMG, COEFTMTEY
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Walsh (1969) ¢ L5 fEMNEE7 7 » 7 HOMMFHFC L2BEOET VL, o ~
de/gice—27%8/56, mfilc o™ i L THLT @B R XY b i,
CTTo MR 7 EOHMER, dB2779 2707227 v HTHS. kMR
ALRGARORRE R Fea0, KENRSOENS Y5 v A LT 4 b DlEkE
TH15kb TE00°CHL, # ¥ 5 v ETIR BN CHOBIEICHLE VLGN &b
5T % (Boettcher, 1977). BHSHE O AFEROTHE LSO T O + m@HHE
DIREIZHEENHE S, Uyeda and Horai (1964) % Tsukahara (1976) &S o
HIED S 200~ 300°CLHEELTWE DT, HEOEME VST EFEZi L, 75
v 7 NOMMRKE L TkEEZ L L, 20CTr7=10"% THY, BFEFHEE LG
LT~ ANENEL BT LS > TS (Clark, 1966). o ~3, »=~
10, 7=~107° #RAT AL, d=10" LWL INLIETHINSHT A< kALK
Biclhid, Relady 59 053FZ5E, 20OBRSGHSTBLIOEEK->TLE
W, 77y FHOKERMHRERE CTROES T EEFETS. coETLTH Q)
=0 HNOT, Q' / Qs! = 0.44 2,
Maveo (1980) &, #BRABSEMOBEKE LT, EA%2 5 - 27 L0 &K
NATDHWEETHLEEZ . 1 7OEREESOHAE d' L35&, coET
Wi o = Kd?,/(407) itE— 72>, L CKREAOBREIMECHES. Ko
BAO 7=10"%, REK=10", o=3 £{ AT 5L, I'=I107° 2183, ZOfE
BTN EFHEENEFFAL VD, KIBMHETREEODT, <1 FROT &35 £
AL ERYEMICABRTH S.
O’Connel and Budiansky (1977) &, ¥R Y7 5 » 7 OFEMAZ O E 30t
HROAES Y 79 7BOKDFEN (Squirt flow) HEIHc FEMEEA L5 & %A,
fo. TS, Walsh o7 (FREFLR Q) L0 HECENE 0o=Kd* /7 i
6I—DDE -7 ERD., KOBED 1=1072 £ K= 102, wx~3 £28AT5 L,
d=107° LUBBOTHLDRAENSES. £, BooeFLilBETl, Q5! Qs!
<1 HELNTHS
Maveo and Nur (1979) (&, o827 7 v 2 £ F %L L. FHEROAS I
SKUARDLETED, RV 75 7 NOBIBOB S A EBIcT 32 LicEALAOTH 5.
= (K /p)5 /Dy te— 0555, it 0 REENHCRFNER SRS f
SEMNET S, ERERUTRAARSE LTY 7 7B - TH L0 LSS 41
PHECHD. TLT D 37 79 7HOBBHIOEE, K FilRoFEREEES, ot
REDEETHS. KD K ~3x102, pral & ox35RATEE Dia10° &
LY, BETEFTHBENTHS. COETRERKIC Q' AASE20T, Qp
Qe 1 AL,
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Lilos 59 72T L BHEOFER, TXTEES7 79 70EELD BFHIT
BOEnSEfENTHaENT VS, LL, BESZ 7 v 70RIBEICI-TS 5L,
HILOBEELAE W -TL 3THHD. Kikuchi (1981) 1, REZ 7 v Zic kB
EEA 2 TMEE LCRELSEE L. 75 9 7 ON-E4AD, SHEMELS 8, &4
Bd, Q' He=1.348,/D ITE— 2 AFEO>ENMMAY bATEDENS, Q7
3 Qs LD EEVERHICE -2 %8S Qp nax > Qs 'max THDEY, SEHEHT
B QLRI THS. fi=ax10°, o=~3 ZRATALE D=10°&E4D, T
ATICEVRIW 22 5 o 7 DI F B LI IC GEETHEEZ Z0OEEL L.

2o 79 2 €7 w2 ~06) &, TXTHREOHMERKLE LTDSE5FEVICERLTY
ADTHAED, F L TOEBWNELEATH S, Tittmann (1977) &, &a
Vs OGS Y7 v ERE A, FNERELTELEDEG 6 Hz & 05 T
AIEL, WETIE Q7' =2x1072 m&ons, 1077 torr & 1) EZEREI | BREE
FTAENSEIBE - PkEITHO L, Qs - 0.9x 107 ETCTFAAC LEFRRL.
X Bz, Tittmann et al. (1980) 4, M4 - WAkZRicMEBORAL M LS
Qst OENEFFTRN, 77y I KRITT 7y TuT—wABE LSRR T xovF
— DRI EFES L TWE T 2R L. o, BEORIONIA-—F-TH5EE
[ EME— A Y ORGSR OAEERICLD, AMT Qo' OBMILES T K
OEEEBEOLEOTHY, WAOIHEHAE L TOLEFT VLD ERTHS LMHHL
T3, Spencer (1981) &, iRIFBEKNEMHEE a2y o - L cERETY, A
ROTE Q' M2 CTITHz it 107 BEOE -7 220 &2 WO TRLEZ. TC
TERY v/ EThsb. Lipl, EoSETERE -7 HEHS kHz Sl & 5 DT,
0.5 Hz L0 20 E— 7 BEHFBICMEOKIOTHETHAT 2OEELNTHA
=

Lifi=v brvd Q' ORI 3 &AGEH/LE T v (Jackson and Anderson, 1970 ;
Anderson and Hart, 1978 ; Lundquist and Cormier, 1980), iz iE&hkFeE
F1 (Grain boundary relaxation) ZAEFEA N TV 5. BE{LHOHBIENY O FHL L
FF —H330~ 130 keal/mole &M LT 5T & (Weertmann and Weertmann,
1975) #HicLC, 0.5 Hz Tz ¥ — 7 2H0% 443 ~<5 & 1000 °K Pl LR
ABETH S (BEIR, 1974, K4) O0T, HEMKED )Y A7 2 TieBF 2WMED
AR=ZALd LTHRELTIREIVTHESD.

Zener (1948) ¢ £ 588 (Thermoelasticity) EF w3, BrEtEfMic - TELCA
B OARPBILEIC L > TH ALENsEWAA D=L ALTHY, vy c? TFE
=7 A&FFD. LOTc &R, BBHARTHS. ©—2 L0 EABKIT
Hoichfl L, SEEENCEBEERHOBRPEETBREAR /LT o™
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#l4 % (Landau and Lifshitz, 1959b, pp. 119 — 128). EEMICE PEOBEED
ARNZALTHDBY, EBEOHREBENEZEEREARTAEELEZONLDT, SH
DHEDA N =XLELTERHTHAS. 2ohs, Q' Q' > 1 tEbhs.
=107, ox~3 ARATEL cx6x102 £z, HEMTEFTVELDES.
Nakamura and Koyama (1982) &, HOEH <> b2 T 3~8 Hz T Q5!
> Q' &, AOmMBIF 0P ~107 EphE0T EEHICRABENT EpS, TO
ANZZXLDBEANTHEB ERRTNE, E— 7 EAEGRIEICHAIT 5 Eo85hhoT
WHEDT, —MRICEAFEONELR L OMBEELENTAS LR,

[0 Savage (1966) (&, &K OrbDICT 5 v 7 DEFIC L BIHNEDEEZ - B
ETWNERELL. COEFLNTHE, 779 70¥EEDLETHLE o=51 /D ik
— 7%, w=3, =107 #HATEED=01L4Y, TnbEENEED £
ITHA.

(I Mason (1969) &, OAVEREGN T > Tiufii#E (Dislocation motion) #3&E
BURAA=XLTHELEEATS, L LERNICHE, oA =Xsick3dQ'D
E— 714, 7c& AL Solenhoten Gk G TR MHzEEIzd 5 (Mason et al., 1978).
Ny g7 59 FELTEEELE LGV, 0.5 Hz EWLWSHELE— 2 BiET
DAN=XLTHUITL20RELVTHAD.

PlEokiin s, 10Ty 2 7539 FELTR, TAODEFVOENSE &L
WhEETEE LA, 0.5 He it Q5! B e— 22 b0 2fBEELTT EhTS
LD, 7@ D squirt flow &1Q), (0 OBGEE: L 0ENT b5, BIEE Q7
AR BHNTLEY, VYR T7TicMET AL OBASEEFET B, BEL
Q' Qs > 1 THhOBAKRELANNTH S, B0 F vz BHERETEP2 7 v 2
ORMEBRIC L THD, $FEL LTORIHEBEEZZEA TR, TORGE DL/
Ar—niF 0.1 ecnf2ETHD. WEDVMEICLZOEHEESFEEOR r— v LEIRE IS
ﬁtﬁﬁﬁéc&é%mﬁcia,Sﬁmﬂbf@kHzﬁﬁ@%ﬂﬁ&wéc&mma
BES 7 -SEAHRAL TV 1 ~30Hz L0 EEETR, TOREI/NSERYEH L
BEILELB /NS0 EELZ NS,

WL LT, ThECRBshicEoREOETIVE, BOEENHILBRTHS, )V
A7 2 THOS 2 -y HEORMEERHAT LT EBETERLOERDMB,

b, SUFLLGAHERBECLAIHEALAESE

B2BEBOTI Y A7 2 THHMEE L THED 5 vy AR RAERELE ST & %,
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FIFCHEOTRS 7 - FHSILHRIC O AN A REERSIC L ALK TH BT L5 B~
TE7. AN EHED, TARL - TEHEREORIBEIBET 21 THS. EBE SH
L I L TR BT D go=10"2kn™ % (3.3) K AT A&, #MElic k3R
23 Qs = 0.007 {71 £13H, BABRHREEADOBETELX50 A2 600, F4E
TROFBEBHBITRLT S Q! (M30) &A—5—T—&KT3. DT Ehd, R
BREIL5HEE, MEOA A= 4l LTRI 2iENS5C Lbibh s, Ak
(1980b) 3, PARMA OHBOBN L SHIMNHROENLEAA =R LTHA D LT
%Y, Herrmann (1980) &7¥ Singh and Herrmann (1983) (3, 7# U # SEEHAO
WWSSN Oitetzr LT, 0.5~3.5 Hz TR -y HOBECHWITEE Q' Mk
ST LERELTWS,

WH 7 vy AR NERER A OMELMER, 7 vy attidtic®oc tick
D, ~7 bBEBESAEICEOCTHET A &M TES. 2R Ev vy Elic L 5
(Ying and Truell. 1956 ; Miles, 1860; Knopoff and Hudson, 1964 ; Haddon.
1973 ; Hudson, 1977 ; Aki and Richards, 1980, p. 731) T&bH, &9 —2lit
Mean wave formalism (Karal and Keller, 1964 ; Frisch, 1968 ; Howe, 1971 ;
Sato, 1979) Th3. o 204E,LOELNSE Q' 1, HHEEOWSEs/NS
LWeEEITid BE A Lol, RS EFDOERMRr— kD 8 BE LS HEH
BRTH, MR LTLEy, BRrREEZE—7 52D QI %, JilTE
b ah T,

FEH 1 EICE D TIEROBTNHELESR i L 2 RBOHN L 2 0Bk 4B, F2fic
FEEICL LML OHELFHE OH L (Sato, 1982a, by 1984) % #~3. $FIFHT
H, BEOALOTS I - S EBEOMI %, CROICHITEL LI U T v 7 LBEOXN
S LBROMEEETTD.

5.1 REEOHHMMIASEG S ZOHE

5.1.1 FEEHEICS WM ROWE ORI viEL)

7V AN EMEC B AEVEROBELY, BEEaicEoTEET S, B S s
FEAREIC BT 5B LERL, WEH~S Frd d(X, t) ETBE, T— A G2
xX) & nlK) RUBE 0X) &4 0T

008 u ai[’t(ajuj)]+aj[ru-(aiu_i""ajlli)] (5.1)

&FF % (Aki and Richards, 1980, p.729). 22T s, (i=1~3) s rEE
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BETHs. HEREDIPEE (BFEXo) Lo EFLoflicEL T LTS 5.

AX) = A+ 82(X)
#(x) = po+ dulx) (5.2)
plx) = oy + 80X

Pk alx) & SHE 21X it

Aix)+ 2 #ix)
a(x) = —
o(x)
¢5 3
& #(x)
Blx) = =
oix)
THAGNAD, DoEDMicidkoEiMEsEs 5.
§A+20u da dp
= TR T, — 2 -+
Ao + 2my Qy £y
(5.4)
& dp dpo
= 7 o
Mo By D4

SERE—DLOUHFEREL, COT705 0 icLa8ils2E52L5. ¢4, —o07
oy ZICEEHLT, Chic LAHELDYEEF~<E, THbE, cO7ay 2 DATIIWS
FR\OLDLEEZLL. BEREE2IOT oy 70t & 3 &,

—

- = . I
$1(X) = 0ux) = doX) = 0 |xi|>7 (5.5)

AEEBEDEMMR r—ov (JBBEES) 2a b L, You s 0lEA
L > a (5.6)
SIS ZTLT, WHoFOKRIFSENSL

‘63 I(?,ccl |5,o
Ao ' By 2y

| €1 (5.7)

&Lk g,
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AR o OBALIRIEOFERBED x; BIARICARLT, BRO T o v 7ick > TEELS
N5 (332). Behlikig, #HE (Br > 1, /> 1, r>»L) THEEELTEN-T
WL BEESE (r, v, () L95L, PEAFOEZI (5.1) O

. . k N eii?l' eiz’r o -
TG L) = e 1(UT_{CI X3f3+(T)F§P—r*+(T )[ngy'f-kFgS{?]}
(5.8.1)

EEDHS ZCTPHOMESE k=w/a,, SEDOEKE { =0/ 8,, ThvEER
DERE/~Z bk (1=1~3), REEROBETMA~<Y bvE (1, %, C) &L
fo. BELIRIZASI PR, S2HEEP PHEELD, %3, H4HEIPSHAETHS. FidiEdl
RIETHY, ENEFEHLOE— 1%, FREZE~NY bl EEpbL, —Bic v, ¢
LoDBETH S, { HAICHELESEOAROMEZ, (5.1) o

- —iwt idxy 7 gt — gt e .
(X, t)=e ("B 0+ (- )R+ (- ) (FPy +FE O )
(5:82)

CEOA, BIHTASSHE, F2EIS PHEDN, $3, F4HISSHIAWTHS. W
SEDNE (5.7) OTHSHL, (581~2) THEIFHIZL oxXTHOEIZ/HEO
FFTHs. (5.81~2) % (51} f{ALT, —ROBEE GKorrag) k- TH
HREEGF R T LD TES, TH P EERTHEAZTY, (5.5) Kk ZEHHS%
WABNTE-TEVRE, Do X (8o, 82, dp) % (5.4) #HVT (dp, da,
08) THEZERDL, TOMRERD THREERTXIIT S L,

X,

Incident waves AEA

X3

i,

5 nhomogeneities

L — Far field
kr»1, lr»land rs»lL

Xy

32 AMFRBE, RET S GEMEICEHRL, 55T
Sl & i B ELE 22475,

Fig. 32 Interaction between an incident plane wave and Jocaliz-

ed inhomogeneities gencrates scattered waves spherical-
ly propagating outward in the far field.
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3% (ke —kfy)

k2 .
FEFCr, ¢ o) = () { (=1 + st (B sint 9
0

4in 2
0F (kT —kfy) A ., SBT—kfy)
g + i PGl S S %}
2 i (rg)sm W 7 }
(5.9.1)
i 2 80 UT k1)
W = (—)si =1+ (—)cosy] e ea oE P
FE (¥, { @) (M)bmw{t 1 (ro) sv) o
dF(IT - kT,
‘- (i)cosﬁf hik il } (5.9.2)
To 8y
FE (v, Clw) = 0 (5.9.3)

FEP(y, ¢ w>=(f’-2)smwosc{£ 1+ (E)ousy) 02 CRr — L6
% 7

0 fq

L A T T
+(?D)c,05yr 7 }
(5.9.4)
2 R VXS TRED)
Fi¥ (¥, ¢le) = (-E)cosc[(cosw—coszl,#) W
SFIT—IT,
— 2008 2 it ”—[3—)] (5.9.5)
8
: i, ol Iy
&, o) = () sin¢ ((cosy— 1) P
Q
SF(IE—1
+2€05¢_ﬂ(f—f3)] (5.9.6)
By
22w
CrD
iy = (5.10)
0 ,50

(5.9.1~6) T, 0d I3 6a 07— ) IEMTH 5.
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wxp.ﬁf 5 G ot M) g (5.11)

08 & 00 LREEETHS. choollfid, PPREOWIE kT —kf,, PSEILTH
It ki, SPHE Tk’ [, SSHMILTE /7 If, &, &L ASEO W
By O 2T 0S, (5.0.1~6) @ 00 /o, 0d/d,, 05/ 8, OHHD
vIRENE, M33aicad. 0d e, iKkBP PHIELSH THBA, 08 /6, ick5SS
I 0 A, Shic 2./2 KB L THIETHB. —4, 00 /0y iz kAL
i, v/ OFNTHEEOWS FicLAHELLAFSE LD, =1 TRANEAS.
=0 ORIATE, PPESICIL 0¢ /a, ®F, SSHEICH 08/ 8, OaHL, HED
W XF0AMNEFS L, BEOows e HF5 LTy, PSS PRllixEiE, +» 0
LalTEEuTHL, By - rTo¥obndcElE, (3.19) RUHI8a, bbb
Bk, HASWEOR S 3 - FEoRSIzE, CALOBELIEFGLIVLENS L
EbT.

(5.9.1~8) LAz, MIRBEEERFPR, SKEFOWSXOMEE LTLD
42 ki, Sato (1984) it k> THISH T a /. Akl and Richards (1980, pp.728

305(1)

Otdinary Born approximation

1

Sp
.’;.I F F : d
g T LB - S 8
T s=1 £y o, A
0 1

E33a HEURIEFICBA86/00, §&/d, 65/ 30 DRED
b LD B (Sato (1984), K3 L),
HEEO Fov i,
Fig. 33 (a) w:dependences of coefficients of §4/oy, 6&/ag and
8B/fy in scattering amplitudes F’s: ordinary Born
approximation. [after Sato (1984), Fig. 3].
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Travel time corrected Born approximation

BU33b G FIzs 1 284/00, daran, 85/, DREL
D¢ REMWD HE (Sato (1984, B3 L 0.
AWFDD o FAFIE L 2 v vl

Fig. 33 (b) y-dependences of coefficients of &§d/p,,
dafag and 86/, in scattering amplitudes T's :
travel time corrected Born approximation
[after Sato (1984), Fig. 3].

¥ =2sin1) = 29

—733) &, REOHERIT->T0EY, BELREE L CORERROW S X4, 3 DOy
BiRid 464, 6;8p, da, 88 TEHLTHEH, HENESLZROTVS.

5.1.2 UV R7 17 ILHET 3HEABRZORIER
U/ R7 =7 OBEMELTOLGAD, PEESEEEBEDDLFUHUTSS LIRE

—

L, ¢ &(x) &L,

s ) I} f“
c =0k 3 (5.12)
ey B,

XS, EE L EAHFld 2 L5 Birch @l (Birch, 1961) 2 iEd 3, B
FEowoFgdEows FchfldaLEL00 5.

—>

do (x)
2y

- v E(x) (5.13)

10 kb BREOL/REICE Y 5 Birch OLAlE, WALANALILL>THNENTVS
(Kanamori and Mizutani, 1965; Christensen, 1 968; Manghnani and Ramananantoandro,
1974). P& SHEOFEMEICHT Sy OMERMIT RS, RERMEELT, v =08&
BATHOTHAD. v HFEEVHICEE, BELELEDOWD L FIFHICEAFHILLEDED

LT EFENT S (33a).

LT, 32o0WLEFRE—DDWLE £ (%) THEHOINBT Ll -1, BOH R
(5.91~6) i, Wox07— Y xEWEE L — U —Hllicki BME <5 — Y EW, O)
DEELTERDbEINS,
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1
anananinandm[\‘aﬂ\]
| ni B Ran |
y \ Wl
1968}
08 Chﬁsw‘\sm\& Birc.h[‘.%\‘},
Y]
5f - .
o . -
0-6 fo uD 0r D pu
3 4 5 6 7 8 9 (kmss)
Bo N

B34 Birch Ol bk i, EROHE LICHEDW G & L HE
Dub 5 X DOEOFEHFIRE (Sato (1984) , 5 L0,
Fig. 34 Linear coefficient between density and velocity fractional

fluctuations predicted from the Birch’s law [after Sato (1984),
Fig. 5].

LN —
FIP (v, Cle) = () & (AT — K1) B (¥, O

. 12 o~ "
FEE (o, € |lw) = (E)E (It —kty) EF(y, O)

lz N I —>
F?(w,mw>::(1;)f(kr-!fﬂ B8 (g, O)

B8y ome e s
F3P (v, {lo) Ca;)f(lr ~ 1§y ) BP (g8

12 P — el
(Z;)f(lr If,) B¥ (4, ¢)

F#(y, {lw)

ELE

{5.14.1)

(56.14.2)

(5.14.3)

(5.14.4)

(5.14.5)

EPF (¥, ) = ?%J{v[*1+w5w+(g%)ﬂﬁw142+(€%)ﬁﬁ¢}
] 1] 0

EF (¢, ) =siny { v (—1+ (%)cosxlr] . (ri)cosw}
0 0
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BSF(y, €)= (o) sinvreos ¢ { v (=1 + (=) cos y) + () cos v )
) To To

(5.15.3)
E3° (¥, &) = cos ¢ [ v (cos yr— c0s 2yr) — 2 c0s 29 ] (5.15.4)
EFS (v, {) = sin¢ [v (cosyr— 1)+ 2 cosy (5.15.5)

K3baic, 2hbD E (¥, () OyiflEnE v =08, 17,-./3 &LLTRT. BEEOW
HEDLDIT, MELITEACLERHAS LT3,

Kit, WHE &) RIS BHE L LS. £X) 1E, —BHOSEL x 078
LEAEEE L, ROTYH Y7 (X)) AEALA (Batchelor, 1953, pp.14—33; Aki
and Richards, 1980, p. 738). 7 ¥ # ¥ 7AEHE< >TEbd.

CEX> -0 (5.16)
LT, HOAEBREE

Ordinary Born approximation Travel time corrected
Born approximation

v =08, X/3

B35 E®D¢ {kfHEO EE (Sato (1984), K6 LD) . a dlEOFELVIEL. b EEDWDS
ER = N R e s | M

Fig. 35 y-dependences of E’s: a, ordinary Born approximation; b, travel time corrected Born
approximation [after Sato (1984), Fig. 6].
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R: (W) = <E(x ru)é (X}> (5.17.1)

LTEET S, —BUSLLDE C 0ADRELENLY, EHEALILIC u= | d]| D&
DO LTS, N — 2~ VBRI,

P: (m) A;KKTthﬁe_i(m'u)d? = <T@ > (5.17.2)

ERDINED, Thb—H-SHOEENS m=|m | ORKEE TS, BAEE
MY OMEMAUTTEREE, BILRED 2 o7 v v IR LA Link > THLNS.
f& 23 SS HEOYESITon TR

<wF$<mcm>k>/Lw=T£%;me?—IéuE?uhf” (5.18)
THD. MOE— F, ORIV THRBETHS. 27— 27 b VEERENEOS I
(5.9.1~6) &R, BILOE— Fic Wb L7 BELE E ARBEO B 7 b rvo 2ok
HETH B

2T T, fHBET -5 (M2 b) THEL S, HEERAOD S S ORG BT
ItTh 5, von Karmanflow & ¥ 2 EHT A ot 4. T4, 3/\7;4—’;’_5&7‘”/
&b, HOHEARE

£, EFQLSE u
Retu) = — () K.() 0<e<0.5 (5.19.1)
THEAONE. MRAY~HEE, K, ErKOLE~ Yt vBCHS. FMBaic RE %7
Dvﬁ?%ﬁ,%ﬁx:Oﬁ'F%ﬁ%ﬁK—ﬁb.Eﬂ¢é<ﬂ%éwﬁ®ﬁ<fﬁ<ﬂ
B, w8 HBREHBIEE, FBINS D, HBECONT A — 5 — a Z B S T
ATHS., LinL, sk -T REla) ofERBE 20T, BEDHIC Ri(a,) = ¢
Se i1 B a, £36 a iemd. Wi A87 — 29 b LHERK
e?(2n%a)3r(e+1.5)

Pf(m) = (5.19.2)
e [ k) (1 +@%m?)+is

ThHY, EEBEEHNTSFE -2 -3 KhBIT B LD, EANEHBEDLEDE
HEMRBENYT 52 L0 s (K36 ). '

(5.18) Hobhd £ IIc, HANLBHHN <y — i3 B2 THASNEH, Pf 38 #
HOTZHL Tl D HETHS. Hic £=05 & LT, DM OyREES, do/f
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von Karman type

Q12

B36 a von Karman #O w5 X0 H S FHBIRIEL.

Fig. 36a Autocorrelation function for thc von Karman type fluctua-
tion.

2
xg'a®
10¢ r .
10
1
PK
E
107!
1077
1077 .
von Karman ty;‘:e
10 e
Bi36 b von Karman BOw o X<
K- — =z~ % U
\ oc(am 23 T — Ry bR,
. I Fig. 36b Power spectral density func-
1o tion for the von Karman type
107 1 10 10 fluctuation.

am
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=0.1, 1, 1003 >DOELLFFHICHOVTHITIcRT. EREHHO aw 8, —0.1 ©
i, FOBELE-FLELALHUETELRTHS. LrL, ¢opf =1 iklibdL, HEH~
OEELVBIAIC S EXTPELBY, SOBELE— FOBODBEEFICHD, do 6 =10 &
biEHE, BEAEVAIANOHED ALY, PSESPHELGHMOE - Ficd 5T
SCA. < F B/ L O kietld, W3balonsnd2Em28E, KITO PL° OFfF
THdH 0, DEOEEIEREE OISO, S,

FHC S 3 — S ERNES RO 2 B BELRE g(n) i, EFF (=, () =0 M®T, S8
HMEDATHZI N5,

gln) = an [<|F¥(r, Clo) [P>/L +< | FE (n, ¢ o) |*>/17])

1+ )t
= ————— p.(2!) (5.20)
T

EECTENTES. &, SHAVYE-— SR pBDWLES n&T 5L,

d 0 g
Sl DL NP SRR (5.21)
oy By By #y

ED, (520) BSEAYE-FYRADWLED/NT -7 b VEERHK P, #HVT,

4

I
glr) = — P, (214) (5.22)

EEDOTLENTEE, §1ibb, SEOBRAHEIOESZ2ILADE, SHEI -5V

Contribution of P.SDF

wu/B:Ol
(i}

PP ‘ ‘ Forward
P F: ,,,,,,,,,,,, . .
e et H37 #HERED 2 FEEICH b L7 —
T el B A7 P WVEBIRG Y KEE Sato
) i % (1984), K8 Lk b].
Exp ACF Fig. 37 y-dependences of the power spectral
R:‘(ﬁ}:z‘fexpl-\il/a) density function terms in mean square
ma/ﬂfm scattering amplitudes [after Sato
I R e (1984), Fig. 8].
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ADOWLEDRKESTHLL EHbhS.
von Karman o w & ¥0iE4icid, (5.19.2) % (5.20) A LT,
(1+v)28x"e?a® " P(r+1.5)

gfim) = (5.23)
Tig) (1 + 448 [2)F T

185, v=08&L7T, gfln) ORBBIKEES M3BIZRT. o/ €1 Tl o €
HBIL, ao/ 8 =1 T /a8 DA—-5—L713, aw/f > 1 Tk 0 2% tHFIL,
Fric £ =0.5 TIRFHET g™ (1) =1.62 e2./a L1153,

—RPYvoBElick sz avF oz, <|F |2>/L 2eViEATcEATECE
CE-TRLNS.

el = () Fae (<[P > 1+ (B) < PP >/ 10)

( 5.24.1)
LCTH2HRPSHE ORI L AMINETH S, [fkic
Qo) = () fae (< |rplo 1< g o 10
+G§)<]WPP>/U] (5.24.2)
0

-

gt

10

1 *tawe )26
1%t
167
B38 von KarmanBDwoEDS SHEAH
LR (x) ORBEIRERE (v=0.8).
L . ] Fig. 38 Frequency dependence of S§ backward
1t 1 10 10° 10° scatteing coefficient g® (7) for the von
Rl Karman type fluctuation, where v=0.8,
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RV T A7wicid, EHMLEAREZO AN NENH T EHBRER R
#% (Aki and Richards, 1980, p.742)

Qe AL K1, Qs' /LK1 (5.25.1)

Liz/ha{ TbaniEE (5 6) THdhn, LEESHEE200wanizs LTHh,
Qrt ka L 1, Qs' la <1 (5.25.2)

TR S50,

£-0BDIBBIT, To=4/3, v=08 LT Qs & Q7' EAHBLTAHLS.
ao/f L1 oLEicld, P BEEAEYRESHONEDL, Q7' & Q7! &iF o iz
hIg 5. aw/ 8, 1 TR, P BEIAHCHEDEELREYD, v=002hoOnk ik
WEBD ASHESNKELHGE T3, EF L EFf dv=0 O RETELEAS YOS
5, Q! ~NEPPHEDEY, Q5! NI SSHADANAEL FELTVAT Lbihmn b,
B ~255 5 A 0 OB KIc > THL 13 (Chernov, 1960) & -Th, pS*
DHEZFEOE 0P BRI LA/NS B LT, 2Fichhs o OESH BELT,
Q' & Q5! bIICIKARE L T ~RTHBICHENT S, HERESORRER0C R
20/, <1 TR Qs' = ¢?(20./8,)° ThHb, & (5.25.2) 1% e?(aw/ ,) < 1
LBLEDT, Thid K 1 THELEOHIENE, Lol, o b, > 1 T Ql'=

2

xE
100 :
QOrdinary Born ap.
1
10f
1 L
B39 Qe i Qs D WEREE, MmEO L
01 iEPiic k- 'Ci%ﬁ)#’bé %ﬁﬁﬂEQP_j 4
Qs S TR B & Hic—
. RCHERTS.
Exp. ACF (k=05)
9=3, v=08 Fig, 39 Frequency dependences of Q,~! and
0'081 i = 1'0 100 Qs '. Ordinary Born approximation
’ : ) predicts that scattering Qp~! and
Gw/& Qg™! linearly incrcase with frequency,
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faw/f, LIBBEOT, R (5.25.2) 13 (qo/8,)? € 1 E0B. € 2LEEPS
CEofind, CORAFERBITCLETES, KAV VEUREBRLTLED. Q5 izo0
THERDTLEHEAD. £=0.5 DLHBLFTED £ L2V TH, Q' R Q3! WE
RIS TRiTG MELS o E D, o LMl EALTLESDTHB.

CAHLT, Fuwvifhc X 28EEEOSFE T, von Karman Bo L5 TERO
WoEFEEZ LMY, &5EBHICY -7 2B EEHEENTHDE 3 L5971 Q! %#¢
CEBTIIEO, Soic, —ROFw VRO, BEBKEITERET 52 &b 5.
ERUD F v B DR V4 Gz o0 T3, Hudson and Heritage (1981) AgEL EEL
T->TWh 5

5.2 EFROWLXEMEL-HILAEOHEH

521 AHEEEBEOREERSICLIEBOWY L=

RS S HELHR TH LS I -V HOLELELAEZ DL, BELBED 4 # = X L3I THE
V. 22T, AEiTHCERAERUTO Qs BkE, FELIFESTALS. al >
TR v=0 MEED Pf OFGBELEALLEHBN, TOLEIIMELTORB~NY b LD
ANESE¥orRfiv., BAHILCEST 3013, PHOMITEIPEEEOWLEDS, S
'ﬂ‘ﬁmﬁﬁwcisi&iﬁﬁ@@b%‘cm&'éaa«:f:c EEROHED. WHLEDRr—Eh bR
Bz (6! 1) TREILNS L, BED e it ES - THIMB®RILEELHD
3, MBI TS S, 105 WoXoxs— b 8EEE (al >1) gk T, i
BEDWSEDRY bVEE PFO) M F5T B THERENREZ LV DI, &
IVIDFTHAIN?

WERIEDR 7 v 7 A B K ED T vy 7 (Ny) 222, BN TERE
(@l >1) oWeitsd, —EHEx CHRBNESATIBZERE L L5 (40). =
BREICEOBERZ GEF) BB 0E 524 THEAHD, WoLX¥OAE /NS HThIE,
BOBRBLEALMNZVTHAH T L, BEKEBTE 5. | HFHOMH IcH W CHAI
SNAPE v' (x, t) & HREETHIHECBASNETHAIEE ' (x, t) &b
£ (o' (x, t)-u(x,t)) @3, EHOWSFick- THBERBICHEHE LS T TS

WSRO FE L VR TREEROBELEE ATV A odin, B4 242 To0 2R/
&t@[(&m)mﬁmjm%ﬁ?hﬁtt[wzah RIS, BULIRE 2GR L
ta%Dmmqut®?$5.Cﬁbfﬁth”tL HwEM T, BokigEED
WNIA—F—EESLD b, EHOWLFIZL - TAELAEORES LT sos 0fEE
ZERDINT A —EBEALFEHBBEO, 0T EE, FHILL-THDTERSAL
(Sato, 1982a). '
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WAVE FORM AT X

u ! r\.v‘v t
UZ ,\! oo . > o . 5
ENSEMBLE OF v Bl40 —iorc7 v ¥ L HEEESICB T A/ VR
wRCEIEOSS {3 A (al) 1) EEOBEKR. BT EA
o : T EED SISV, EHRPEDESDLT
: b5,
. f\: Fig. 40 Thinking experiment for impulsive
u 4 wave propagation in randomly velo-
city fluctuating media for @/ >> 1. It
i is predicted that wave shapes are nearly
HOMOGENEQUS .0 I . P

u o the same each other but their arrival
MEDIUM u - -
¢ times are different.

5.22 EHOWoEFEFELLKRL VEL

HWEHAT— s DT T, EROYLEFA2RICETIcBEESHEBLN 3EAMHITO
BRAREZHA D, RRTORETHEL L TEEER L 7oy L, 2085
Qs' #RHTB (Aki, 1980a). HHELEELOS bic, FAYEHEBEOENE
RACEBEROWSEFEFELTVAES - THRL, TLAHAIL > TEBOWSE
ZENL, NMOEREEEORERKSD O L BRERAICRD B3 =KL voN— T a v
&, MENTHSL LEZ OGNS,

ERDWLELH oh UHHIEL 2 LoBERIEEZ F v viEUTHEL, 028D T v
* Y A LT EG TR T, MERANCHET A Q¢ 2L CENTELET
Thbd, LEEIFEAN (Sato, 1984). ERBROWSEAL L B0, RIHRILEHIAL
WEM UEEEEAF DO PPHELE SS HELOAR DT, cNSic20TEBOWESITL
TRV, AEEMEDOREE, HROFAL VENTRTNTHEBEE CEDINTOL H,
[ EROWSELMIELcFR vy iEl] TR, TEEFEOWSE| & [EROWSEFEFIEL
HERIE oAl TEHRBANS T Licls A,

9, EBOWSLF 0t (x) FMELANY bl 07(X, t) 2ELLS. RO~
VS,

u (X, t) = u (X, t+8t(%X)) (5.26)

RGO LND. g (51) KWRALT 0t @ 2R EOIAEET 2 &,
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Y R7 e TICHH HMBHROMELE Bk
Py atzll’l; = lg[al(aj uT])j+,u0[6](al L'l‘rj"'aj uTx)]
+a; (62 (aj uTj)J+aj[6ﬁ(ai UTJ‘ +aj ufi )] —0p 32 a7
+ {2,086t (8;0,u})+8,0;dt 0, u”j +8;0t+8 8 ulj]
+ 4o (8,01 (9; 0 u”y +9;0,u)+03;0;0t -89, u"j+

+8,8t+0;0,u"+0828t+8,ul +9;0t-8;9,u%) }

(5.27)
285, kava{ | odw, EH0OWwoFOMEHTHY, 0t FT~NTEM#AOE
TA-TWA. u' i£20T, HAHRIEOASEEREEZEA, 511 TRHiLSi, —K
OF YU TEROW S FEFIE L BEURIE 1 FI°, «FP, F& ZHETHERL.
9, P x; BAAICART 242 FA L), PEEEOWS X da %, H2HE
Ao Bz LT, 7- ) TOBNRTEEEMRS dot LREEMRSD 6% LigndElds (K
41). TTT Ac=224 LEETE. COESI, 0ab 045 & MBHONEE 4, i
bl TR—FE% &5, Ab—kEichi: - TI_XTOBEE—AEicED B, Ni3E
CHBLELDTEERLFVEETHS. TNLDEVHEORS 6a° FHEEL L TOE
Bhaficd, HELRE LTE D4THA.

DECOMPOSITION OF RANDOM FLUCTUATION
Travel time fluctuation Amplitude attenuation

Coda wave excitation

heg T
S (x) = solix) +  §ollx)
XA A< A

% for P wave

E4 EEHEDWS XA, MEEOERED 2EEE Q) IKLT22
A 5. BEERAIEROYLEEELSYE, MikRNS
HHEAELE LTS, BREDORBEARESE, 71—y RERHiE
T5.

Fig. 41 Decomposition of the velocity fluctuation into two compo-
nents; the longer wavelength component causes travel time
fluctuation, and the shorter wavelength component attenuates
the amplitude of direct wave and excites coda waves working
as scatterers, where the boundary wavelength A is taken to be
two times of the wavelength of seismic wave: Ac=2Ap for
P wave and A =2A¢ for S wave.
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Sa (x) ~ Sab(x)+ das(x)

Tkl = ¥jf H(E —mﬁ §d (m) e (mex) 47 (5.28)
V) (2= )® 2

d a®(x) :(2—7:)3.[‘.[‘ H(M_T)ad(m)e dm

PROEHOWLE 017(x) 1}, HELOGRNE L ThkbaNE, ceTds HEETH
%,

» ' X 6a%ﬁ * .
0 tf(x) = di f (— Y ds i) (5.29.1)
! Ray path ¢

Xy AHNDEEEEEL T H0E0:5, MAET

=3} Li’
3, 01°%) = 0 [—L X y (5.29.2)

EELENTEAH., (5.29.2) & (6527) lRALT, ®Fuviiflicky, £HOWsE

AL U fopiilikie (FEF 2ok b 2 L 8T8 5.
tFi¥ = FIP + FPF (5.30)

(527) kA v a{ };bd, EHOWLEXOMEEFI® #518T 52 LHTE 3.

k? 1
PP (¥, Clo) = (7;)[1 —{

=)+ cosy
o

k e S (kL — kT,
+(r%)coszwfrJH(?—lkr—kfg\)M

0
ke 1
:(4—”)[1 _(?02)+COS1,{f

5 (kr— kfy)

1
# (?Oz)cuszwmwc—w ”

(5.3L.1)
(5.15. 1) HHE LT
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CEFF (v, ¢ =( 12) (1-— (1“2) + oS (iz)coszyfrj H (e — )
T To 7o
(5.31.2)
CET
Yo — 2smn(1.74) =~ 29° (5323

Yvlre EVIRTHOMBEONBITD A, EHOWS FORIENSTINTHAT Ehibinsg,
SEDEE bk, SHEHUEDDLEAE 1o - 24y LIBAT2 2iIcHHT 5.

FAK) = 8B (x) 1 845 (x)
. o s i(mex) o
g8 (x) = (2?:)3[[ H(T*?’mtsﬁ(m)c dm (5.33)
s~ 1 [r I s imen) o
kﬁﬁWXKV (ZE)3JJJ H(WAAZT)Oﬁ(m)c dm

SHOERFDWLES (5.20.1) LEHT

—>

- L § ;
pesi= L [ (2R Yy a0 (5.34.1)
ﬁn B
Ray path
Xg WA RIS B & LT
= 8 A (x)
B BB = BT LY (5.34.2)

By

(5.34.2) % (5.27) fRALT, ERKOWSLXZMELCHERE FP® & F3® &%,
R BTRD BT LiIdTE 5.

’I'FSDS s F?,:,S +LF2’5

. (5.35)
B3 = F3 4 F#¥
EROW S F ORI,
cFﬁ,S(w._i lw) = (g)cosé Cosyr (1 +cosyr) H (e — ) 6?(!};0“3J
(5.36.1)
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CES (¥, €)= c0s¢ cosy (1 +cosyr) H (Yo — ) (5.36.2)

Mk o — —
. 08 (lr—1
FE(y, (o) = (4—1:) sin¢ (1+c0syr) H (v — ) %
0
(5.37.1)

cES (¥, ¢) — —sin¢ (1+cosy) H(ye—v) (5.37.2)

LR 5.

EEEOW 5 A HWIE LA BELRIE « FP” o0 3 0d/ o, OFRO v Ik, 59 &
UL FS 535 08/8, OEMOVEKEIENIILICRT. £H005FOMESEL
T, <t T, CHOoOMEMRIBIRIZEAE LT LBBEET EMbD S,

LT, HEALEBEORREMRDICLAEROWLELMIET AT L8, GHON
SHEOAUNOHEE DR T ELBLALEMTH AL EAVRS N, Aki (1981) 14,
AL BELBR AR &Rl ARG CHEETIRET 520 TH 05, i ETZiMAn
MAADRAATLES EEZ, MELBEONHE T3 L3I CNAWHOMEE, S &0
WTEBIRETHAS, LML, Wu (1982) id, ZOEZ LR -TT7 74 ) i
HYZEE (v <z/2) ~OHERELE Yo bLbs, TR THLTS Q7 2245
—HEOESICE LTS,

chETosE (5.14.1, 4, 5), (515.1,4,5), (518), (5.24.1,2) T, F¥F —
tFE7, F§® = 1F3, FP = FY LBEHASDOIIGLT, EFF » B, EP —
rES, EF > :EF LBIHAZLENHS. H3bbic, EHOPSFEMIELE EF,
TEY, 1EPF O v IKIFHERT. v <¢o TELHDNSL, Bicy=0TR¥ulis,
THIZL-T, BIAILBH 2ERAEBEATODNT — 27 P VEEROBAEEE ST E0iT
EETHAIENb?ML,

EEREOWo X2 e = 0.5 BEUACHAMAR) LT, 08, =0.1, 1, 10,
100 EEALS BG4I, PP MU SSHELOEED WS X48IF L - BAEEEY h o 8EL
WAMERE L, PS KU SPHMLLOBIATEY 0 OMFLMANER O v k%S, &5k
FTODERLZIRY. ao/f, DREME i, WFERLEALTOLH, ¥ <o TibEs
Do FDMIELHT 0B eic, <|FPE>/LP gH0edn /¢ ot -8 —jg & &
FoTHET Esbird, (6.24.1, 2) 25, AEKNTIR QF' = ¢,¢2/ (ew) K&
Q=g et/ (ao) LIs-T, o KL THLT 2 THAS C LA TSNS,
BRBEMTRHEREED o3 Tkt 30 THE 6, Bl bic e — 7 485 Q51 &
Qs &%, FUSLREEREICLIMEAMEL DB C LA TEABic 3. BilEHS
Lo TR Q' & Q5! &%, R43Ii%5. Q7' T PPHEODAL ST PSEILD
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)Y =72 FICE ) AR OmELE HE—Ak

FEEDLRBOREVD, Qi TRIEEALHSSHILLLE bDOTHLHNbLL L. HELE
EL TR 5 v ¥ A AAMEERA L, ToHEES2—FEEELAL SST
A THLIBEAEIDAL EHTE (Sato, 1984 ), 3. 1HOMHE(B) ZE HATE 3.
FHEI, woEX¥m2.5 4 -y -7 ((5.19.1, 2) Te=0.5ic@EE] OHEIT,

ro=+/3, =08 ORHEDOFT, £=001, ¢=2kn LExE, Qi DEBBUKTT
e glw) &%, eV EamciATas 284mR 072 (Sato, 1984). Aki (1982a)
i, N7 bV OBERSEEROLESE AWML T, THREE I L - THES
iz,

GENw sl <FE vl

0 10° T 'I.U

R R (L G awg =100 -

B42 HBAR MY O 2 TG RE (=B
A 24 D OB S TR — LR
Dz BO1) O pRIFHEDILE, EL,
£ =05, » =08, r,=v3,

Fig. 42 y-dependeces of the mean square
scattering amplitudes per unit volume
(= differential scattering cross-section
per unit volume =scattering coeffici-
ent/(4n)), where x =0.5, v=0.8 and
Yo =\/?-
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" H43 Qe liQ. D E kA, L0 S
-,g"E' . FRMIE Lo F v i & Ein i B Qe!
Travel time corrected Born ap EQsTIEW, Hicv— s 2 BLEREK
WITRDT 5. SR P PEELD A
] L BEEE, KARES SHILDAITL
0 e N - BEFELRDT.

. i Fig. 43 Frequency dependence of Q,~' and
sk . ‘ | Qs~'. Travel time corrected Born ap-
g oy B Dnly_—,h'.“ ww’ proximation predicts that both Qp~!
Fo S and Qg~' have peaks and decrease
Exp ACE (=05} (=73 0-08 with frequency in high frequencies.
x - 4 = Finc and bold dotted lines represent
the attenaution due to PP scattering
only and SS scattering only, respec-
tively.

Jecw

0.014
01 1 10 100 1000

qw/&

6.3 ERLESOI-—FHOMEEEETBMCHBETEIEF N

ATET TR e € — 7 2450 Qo' £ T EATE b, IRREIEE O E O
B (£ =0.5) CIHEEAEEANT { "ichBILTLEY, B1iIORSAS LS SENILS
Rond Qs' £ b, AEKKEHESPPHRTEIZ00H55. X, Q7' /Qs! o
EEBEENT 2.41 EH-T, PROFBLICESNABAELD bR T X5,

MEITE, BASGSRDONL Q' & QS Q! RU gln A TR HYTE B
iT, von Karman BOW L EFOREie Lclga, FLT ryDADDNF54—8 —%RbDS.
WV A7 = TOMKAEGOREBBEELT, Ay 4km sec T v = 0.8 #A+ 5. (5.
19.2) % (5.18) ifRALT, EBHOWYL X EMIE L - BELM M TR SRS, (5.24.1,2)
DHUMAZETTS. Bonk Q' Qs', Q7' Qs ko a8, ititd 22/L%,
ro=a/3 &LLTRM4a, b, citRd. Qf', Q' Hic BABHA TR « it k5T @
CHBIL, ak, al ~2 M € BED E— 2 28048, SR RS ©HE RO B
ZDNT (@w/5,)7%" DETHLTS. /NI VEE, THHLLEREDYL XA %
CEVRE, Q' & QF' DOMMHIKIFHI/NS NS, X, Qil/ Q5! Hud, G B
e eickoddid 0.67 THAY, FMEABRMATR  H (=1.5+1.64) LT,
fENSCTHETDINELEE. 42 1 BT~ ic, BEMSicET3 Q! @
BlBEURTE (7% THoh5, £=0.35 LEXISETHLLENBbME, CDEE,
Qr' Qs Hld £=10.5 DEEIC 5XTLLNEL Y, BAlLS0Q / Q! A
B 20 fiEsE Ly (K3INBH).

Ric £=0.35 ICREELTHEERL r) 2283848, Q7' & Q' ©® ae/ 8, T4
5EAbE Hdba, bitmd. Q' b Q5! b, WEH 1a HEOMIC E— 7 5505, 7,
ELCESH5LPHLESHOBERRAEELLLDT, Q' & Q' O ¥—7iHuic
M EDBDDE. Q'S Qs D a o,/ By itk T BEALARA5CITRE D, 1o A/NE
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xE X €
. 10*
10 (

10 1 10

10 f

i .3
.3
.4
5 o5 ¥
ooy l[aeau/lic)3 -
107 1 . 1
10° 1 10 10% 10
awsp GU-VE
(a) o)
3
—— k=g 5
1 " S m—— 4
Q L b
a o —imaamw| O
? 4 44 von KarmanBldw o X OikE4 (L
ol a ] & D R B | a ik Qe 1,
0.567 bﬂiQs_Ué, CCiQP_l/QS_IJ:I:‘%ib?-
HL, ro=+3, v = 0.8.
a
107 1 10 10% 10% Fig. 44 a, b and ¢ show Q,~', Qg™" and their
awp ratio vs. frequency, respectively, for
* the von Karman type fluctuation of
(c) various order, where v, =y3 and v=0.8.

KehEdtiz, zolid 1 - <. Ukawa and Fukao (1981) ic L, HUEElmA S
ROFEER 7o (MR B o B v bvichd T 1,66~ 1.8 /ML, TOESK
HWIET SWE « ENHREF COEGOENRRTIE, 65D LIEL 1L.5~2.3i N 1id 3
(Bl46a, b). Lbl, 1L.5E0SEEELZOIAEPHESD LS CHIEYICOTVIESTSH
-T, MFREROETVEEZELTNSWEE 1y T5Z23E0TH, F0EF1.6THAS.
coLEE, Q' / Qs hizmEEHKAT 202, EEMKMNTO.714 L7553,
£=035&LT, 1o=16 &\/3 DEFHIL, ¢ LatEfFELLS. KOT, 2Hz
TOEAEKATOMEMEDQ" (K#) kK—Hagicticd s, BEEKNT,
Anderson and Hart (1978)®SL 87 wd 0.05 HzitB 15 2 X107° LS54 & 515
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2
1o - Peak frequency vs. ¥
K =035
(a)
(b)
4
K =0.35 ‘e
3t 22
O: 20
4 Y BU46 MLy, AL Sl S0 R IR
M adQe %, blEQTE, Qe
1 QT AR HT . (BL, £ =0.35
v =0.8.
Fig. 45 Changes in frequency dependences for
L various velocity rtatio yg: a, b and ¢
16" 1 10 1°  10° show Qp™*, Qg™* and their ratio,
G“}lé respectively, where «¥=0.35 and v=0.8.
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% bl
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a A Ocean & o+ =
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o}
™ tectonic and A o —0 24
mountain
i = + Island arc
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| —0.22
| |
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T r i I [ I ] I
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] ® minerals + eclogite
~ O peridotile
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ke peridotite
o ® serpentinite ™
[ o [P P
20— bl
(b} o
n
- 0
—0.30
; Pressure; 4- 6 kbar r 0 3
-~ - X quartzile aarret w
& ) 3]
> x granite —l -
L © basalt olivine | -
| £
© gabbro 020
| A granulite pyroxene .
¢ amphibolite %X =
15— 4 anorthosite —1%!
Qquartz _
I B L Lo 1 oo
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Vp (km;'sec)

Bl46 VR 7 =TT SZEE Ly, OREE (Ukawa and Fukao (1981) , [X14, 15k
Dl T a, HIEEM; b, FHNEE.

Fig. 46 Velocity ratio v, (= ag/8) in the lithosphere: a, scismological measurements; b,
laboratory  experiments [after Ukawa and Fukao (1981), Figs. 14 and 15].
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Bicit, ¢=13x10"%(e=11.4%), a=5h1knmt#d. 1 HzicE—7%F2L 9
453, €=72x107%(e=85%), a=21kn &4 5. H36aicmdLiic, RE®
(@,) =€ /e iztihlpta, 3, a=51kmDE5E3.8kn, ¢ =2 1knOEHEE 16T
HbH. Q' T ALED, ;=16 &\/Tmi%é*@iﬁjwiii&/u&“ﬁ!ﬂ»&t\o‘CEb\.
R, 100Hz 2EE T, FvvrBUlTonoed (6.25.2) ilifczfni s, K31
Qi Qs lET oy b LS, 1 =43 OEAICEEMEEET 2.17 LAEA
DTE, 70=16 OHBEAEHMWTEHS, BEERATE1 LONES{E->TWSS
DD, SLEEFLOLBEIIINS{ALIEL. COLEDS T - FEMEROESEZRD
g g% im) %, B47icRd. SS HELOAR DT, 1, DEWIEDRILL,. 1 ~30Hz T,
Aki (1980b) ORIEM (3.26) L PP/NELA, Sato (1978) @ MIEME (3.25) &
HEO—BERLTVAE.
¢ LT, von Kaman OWLE TNV R 72 TD5 v ¥ AL EREE RIS L,

s IcE T3 QF' & gl RUHREHTO Q7' / Qs k%, ERMITHMNTESC
EHTRENT, BT A -5 - OB, Fo=4kmseC, 1o = L6HIB ¢ = 6. 4knS
se¢, ¥v=08 LT =035, ¢ -7.2x107°%, a=21kn (¢, = 1.6kn), XiLe*=
1.3x107%, @a—=5.1kn (a,=3.8kn) TH5.

4
[kﬂ] Backward scattering coefficient
10 - -
Kanto, Japan
gt Akipggo] T
10-2' //,.-/ i
Gy
2 o130t 720"
g E(km;as.l/ // 2 k=035 Betkmis  fe16-03
10 4 L A 1
107 10" 1 10 10°
Frequencyl[HzZ

B47 S SEAMEURE g(m ) ORIEECHTS Po v b 2 DOBERUL,
T VY LT A BTG L A HELOBEGRIER g %% (1),
Fig. 47 Frequency dependence of SS backward scattering cocfficient
g (m). Two broken curves are theoretically predicted from
the scattering due to randomly inhomogeneous elastic struc-
ture, g° % (m).
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NV 27 =TI AHERORELE HE

6. ¥ W

W/ A7 2TD7 ¥ F A AHERED DI, 2ohEihstiERiEEilans. @
EWORIEE EET S oNTWEL, BHEMETSHEMOEICS 2 — 5 s FFiEh 5 LR
Ed B, OS2 —FiHkE, Ko 5 vy ANENAEEREIC LSS S —BELR
LWRLT, Z0xix ¥ —BEOHEIGEBIAICRD BT &gl L (Sato, 1977
a, 1982c). ZDfgid, ST — ¥iREOIFME Lo AR S Lo &R
HWEw 7 =Fa—F& - PREOHESHAITS EOSBMEES, BHATECLATE
4. COMmE b & ICBIEMA OFHIREAITL, ST -4 ROMKOmS & Lbd Bl
EULBREE MO TRSICHIE L T, 1 ~30Hz Tglr) =1.2 X 107 km ™' 2872 (Sato, 1978).
Eolz, HMETOSHOME Q' 1, 3Hz T6x107%, 23Hz T107° &, B M
TS BECEDWopicsnss (k- B, 1980a). RO F2 r=2 RE9ICIF
BEOE R TOREERRG LR L%, Qs 120.5 Hz Mlillic € — 2 &5, &
BHEMATIHBEED — 0.5~ 0.9 FicFIL, HichEA T 0. 7TRicHBIS BT L
ot N, Q' Qs id, 1Hz LOSABEM TR~y rrvicsd 5L D bAE
LT, 1~2505 % EBBEBENT Lbho .

INFCRBBSNALDBEDA N =Xbb, O Q5! OMHBIKIEEE S 3 — 50
DIEEDR S OMEZH—MICHAT 2 2 L8 TE NP - 2. ST—FhoMEsEHT 3
&, BRI AEERGIC L AHELEESEZZ A0 ERE LS. L L, (R0 SE
MRS o B g Qs i, BB bic v — v 2E - Sic B S i B sEm L,
BRLEFFT LT, 120, COFBFRBIUBEDOA A= LEZDEDEBELT
WAEDTIREL, WROMBICET A2HAFED LY KL, RSN 5 Q! RIER
DI TR LD FLE D kT BT L8, a7 (Sato, 1982a, b).  ZFEHE,
ATEEEBEO R RS ICRET 2 EEOW S X4 BEHRAORETH S LHT| X
£, Fviiic k> THEIC R B 23 vF —o R A51E L, 7 v 5 afEicild 28
PREEBEETT S, —EORREER(EL /2 (Sato, 1984). CHuck->T#hn s Q3
i, BERE e -7 28S, BEREAUTHY L, BRSRIFANNTS S, EHEOW
LEEMIT 2EL, WARBEOULAMBYCEOTIHAEA~OEEICLEE L2 LF—
ZAEMUTEIHRLY, SMchsBELHoricE .

ERFISWTOFSE, PHEERUS HdF o clbLiw o X0% L <, 0.35 %D von
Karman HOOCHIBE A iz k> CTERDENB L L, HEEEFOEKTILLAWSEOH
% Birch @&H S 0.8 L F5&, BEMAIcHIT 2 SHOME Q! &S 72— o
DES gln), RUOMBAEMTO Q7' Q¢! A, J v & A REERLIC & 58Il T
—HNCHATE 5T EMRE N/, /Y5 4 — & — OREEE, SEEES 1kn, sec, Pk
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SHOBEEILZ 1.6 LT, oXO2EPAMT.2x 1070 (g, 1.3x107%), 1HBSERE
BEAL2. Lkm (U4, 5. 1km) &3RZE - 7.

S2— ¥ KOS SHEORESLE, chiTilricfRash s, EBEHEE, [0
SRATNNTHY, AkitEtscav T, EFHFEcEEH—NicHEEs Nl
Hein] EFELK. C0ELE, ARcs 0 THBNCEM N, soicily—4 o
it s, [HEEEELTHEDD T v oA AFEEEFEOV V27271 E0HBERD
LB TSI

Bl SR B U ER EORMBESR ESBROEHED Fioif~<b.

HHIETE, 1Hz BFo Q' 138 7 — FERIEOERZE LD, S OREEMEL W 2h b
BEGOT, SBRELICHEFAOBIINEEINS. Q' ot} Q' Qs i,
1Hz PLETH-»TH QF' DRIEIL 6~xTH LD, HELALDEL, Sa -7k
DEIEEGEE gir) &, BEEMHICEG S HELHPELOT, fiounAnA LTS CORIE L
OLETIREIC 155 T &2 HIREL Fo b,

CHETS T — FHEOBR &I DDA TH- 1285, Sato (1977b, 1984) i3,
PP, PS, SP, SS, B20—kHITANF-2MASOERLLiIck-»T, Pa—
FUWETED L R EREoBEoBRIREE LA THS (K48). 58, ST -5
BnATEL, HERL ETED L=ZRoMBREREOBNNERICET-T 560
FHbN B,

EHRICEOTE, woFgonT—HEESAMEREL o, HEdiww-C 0 &
WO XOKE IAEMTAAMEREAEL. KAL s 2ElhEREbE <4 7 uEDHEICE,
KEHENC o 2B, ME AR o AME L5, RiFEOWw S Eico0TE
A AIT S TWA (Tsang and Kong, 1980). U v 27 -TOAREEREES, K
LI & AE S B T AR OB RIS B L EZ A APEATH O, ZoHEEEHR
L THELOBTFLEL - TL B3 THAHI T LB TFRENE. BRTEIEN & OHE L E
Lindom, ZoHROERORBEELZNS.

AEES S EECLVE LT, FRTE—KEELOACERELR - 7208, COREL
LT, 3 2fiREBwk~ft Ly EHBHGloERNIEE#EDAT EBNETHS .

BB R e & BHF R OHE TR~ DORE R, O TRREILSVWTHT AT LT 5.

7. WEFANOIGH
AR Tid, Birch OMEAKRUPHEEE SIROFEDW S FDOMUMEHFIEL, HIERE & HEL

SHLIMEEREAHWICLESA TS, Lvl, 72 b= 2 RNBIHATiIch 2 MBHT
iF, AEEHEGREMCE(LT 3 alitE s 5. IEAS b 0L, BRARIEFREES i BT

= i3 =



UV R7 e TICE T & MR O ML S ik

Envelopes of velocity amplitudes

I1mkine

(05 < f <B4HZ)

Ist & 2nd comp.

Transverse
(Horizontal )

3rd comp.

Radial
(Vertical)
(48 —xEELEOERETIT L > THRNICHRES W, 7 vy AR RUETEEIC ST 5=

A EERIFOEE (Sato (1984) , H24.EH ).

Fig. 48 Synthesized envelopes of three-component velocity amplitudes based on the summation

of incoherent singly scattered waves in the randomly inhomogeneous elastic medium
[after Sato (1984), Fig. 24].
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LEBEFD Y 2 9 7 @BAESIR LY, RERTARY P HERSESEBETHAS. B A
77w 7 FEEURE LCHMICEEELIR DB THAH M0, a2 —yiomidmsh, B
HERORERERAE LD, HORAKEO =& EKKICFE 3 L9 bT 2w
HAHITLEBFHENE. QT OE-7ZBltlihtDitENWs 5w 75 REBET 51
BicHES NI, 779 2L HES, SScEVARRS L TRELEE-TL 3
bOEEZONDB., 779 7 BEBAED LRIk - TR L bEZ LN, Thict b
STPRPSHICXTAMEDHEGENTETHAI L, KDV 7 » 2 BkEEOE I &
ARHEHBOL(L S, TNROOHVERBIBCIEETILENLLETHAD. DL
DILREENT Biciz, BEPPUPSHEEREDWS ¥4, ZAFNMTICGA, Rt
Wiz & TANEEZEZ LNENHAL .

Suyehiro (1968) (2, MMUBERMITE (196548 Hizc@lz 0, 1966 FicEk) oE
iz B O THAl S iR (S PERT : 8928 P~ b g, BERHERLE
HI (1964 F 1 H) CEBOKKE (1967TH 1 1) ETHELRLT A, BRMERELER
T4 200 He LL E DR PSR ICE S b, EEREIiziE T O & E RS 112 &
AERONBL 51 E2BELTHE (M49). i 2 0K, BRSO MR IS
BB & - TS iz odiz, BOMBEEERTIEEL ofhHic k3 8HLHE D,
WMEDPREE S BTHEAHIEHEL TS, Soie, BELEPHIEPI— Fiiicon
T, 50Hz WTREZ ORIIRL DML 1964 iz 5XT 1967 FiciZE 0D icH - 12,
THOLHREFYRPEMELAAE Ko7/, LIBNTWA, Po— #FEoikiEHYME(LD
BFF2 & LT, Sato and Matsumura (1980b) ABEAFMIA OIS IC DL CHF AT - T
WHDLHTHY, LOFMLBERNHEESBRIT -5 ORBANELSh TV 3.

Nishizawa et al. (1983) {4, = =2— 2% 3D Los Alamos hot dry rock iz
kI BHERT, KEBSEIC L > TE U RS2 - T< 3 10kHz BEOSHE s
PO =BOTiEfns, BHShIZWBAEE-TL 3PEOEALD bk DERIRIZEL,
ABHELASE O EAFRR L T 3. K501z, PHEEFEEH* 57025 msec [THE L=
Kooy T v v v o BEEE S BABEEHOLA, KOEAMEF 58 ENEOZiE
biz7 oy b LALOERTH, KELALLBIGENEERKICIES (BAL), #H0iF
LRz -T 3 (Bl T Ebirs. Matsumura (1981) it £ 3EEMAOHE P
B & S PO =YOTHER OIS 10 Hz Bl TH -1 LB BT 4L, COZRTHED
BRI D2 D IR0 BB THRILOE S /<2 0 fir>E Bhn s, Los Alamos ®
KERTIE, KOEAFFZIZIFNERIZ S 5XT 10 k Hz $AlED P EAHIZ D A < BT 3
C&, TLTa -y BROMEDORE ST & EMERFCRIE 5 T &AS, Fehler (1082a)
L > THESN TS, B3, MEcLORBEBKES ERL, 75 v 27 h0TEE,H
£0, B27 7y s DhOKOMEIC L > THERET -0 EALTL A,
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JAN 23 |954 JAN. 17, 1967
|2 22 185 0ghpam 78

2.2 s8c S-P + |.Bsec
TRAGE AMPLITUDE + 70 TRACE AMPLITUDE ' 78

F|LTEREO ' J||,“l‘l ‘ IHH{ |

250-208”5%%%%%%»%&4 i
i
e

-

- Wi i

Lefure the Swarm. end uf the Sw

= 22

49 FAMCEEFEMENT (1964%) & Fo®%ED (1987TE) KT, wiEkkic
FBEOTHINE Nio i HHED PIEERT P 9 — 7o v Fez HIEINS
[Suyehiro (1968 , M2 L 01,
Fig. 49 Comparison of band-pass filtered records of P and P coda waves of two
local earthquakes, observed in the Matsushiro earthquake swarm region,
before the swarm (1964) and toward the end of the swarm (1967)
[after Suyehiro (1968), Fig. 2].
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S 3 — S RIS O R OLS AR HEORTICEAL L 7o & 0 S BEIEIDS, fRTi s - T L
DhREENS LDl - T /. Gusev and Lemzikov (1983) (4, Kuril-Kamchatka
HIETOD=7=F 2a—F877AD3I2DHRICDVT, REBTRELCHEDOS 3 -4
WIRIGORL OHHAEF~, HEORAER | ~ 2 ICEFICEAER (QF' X)) It -T
WEEERELTVA. K5lald, EEIF (N) SHUEHT 1 ~ 24E0RER: (A) 2B 5,
S a—FERIEORKLOEHFOECERLIZEOTH S, M51bid, Ust-Kamchatsk W&
(v7=Fa—F1.8) OBEBICRE LEMZCo0T, S3 - SEIRIEOMD OO E
HPODALHENF A= —aTHRDOL, TOBBENET oY FLELLDTHS. HER
AED LERO 19T LI, Y7 A —% —ahf, Bl6S 3 — ¥ ERBORLOESG ST
HEIC oNTRAARICE - TH D, FECHEL -RIcCHBESREL TS, MEIKEWL
Th, FlHE (1976 8F) OIS 2 — FEEO/ Sy — v LA L0 58S (Jin,
1984) &Y, S22 - FERIBOKDOHAEZERT 5 &EHBETHICRI>O TR
Wip, EFALNBEL Do TE L (Aki, 1983).

INET, Sa—-#FPE, 318 T~/ L 5T incoherent 7TRLILIETH 2 &5 IR
Db Lig, RIGHEBROABEDEbOTE /. L, S3—FEOAMERE MO T
b, BRINCIW - TEFS D L0l - /o HEROSMDAE EET i, KHEog]

T
100m ®~ (jeophune Location
X
X o X (o]
ﬂ o
0.‘( %
o . o
e o
X oy, X X
X
g o, x 1
X
]
X
’ o 0€e;€m-o
;‘x XX | X
. x M-0KE,SM+0o
e M+a<e,<1
« Injection Point C &= )‘Z/ll)

B50 Los Alamos hot drg rock R < $s 0 5 KO E AL ICHRS oS BiHE
PIE®D, 2.5 msec O =T HBRID 72~ bt (PR BAREEM) %, ¥
Loy e 5 FLASO. BRI, BLIBRIRGEL, XHE 20 HEok
{X (Nishizawa et al. (1983) , B4 X 0).

Fig. 50 Water injection experiment at the Los Alamas hot dry rock geothermal area. Plots of
the aspect ratios (med./max.) for high frequency P wave three-dimensional particle

motion in 2.5 msec. Open circles mean needle-like and closed circles mean sphere-like
|after Nishizawa et al., (1983), Fig. 4].
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)Y A7 2 TICEIT B HEBHOILE i

BTREEAFBCRE L R—EBHO 2 D OMBEDS 2 — V2B T2 itk -T, 5
O LD % i - 7o B U 5 V9172 S RIS OEALET<BZ LM TS 5. Poupinet
et al. (1983) &, #Y 7+ 4=7 D Coyote Lake iz (19794, =/ =F=2—F50)
BT LT, 2ORBEHOMIOEES ~10kmOfEE T, SEHEEHN0 2 %EFL-ELHB
tHUTha, #EEMICML CGEREE B LAEE, So— R -oMESi2<Th s
EMTREN O FEN SRR AE - CT0 B, E0SHIENSH .

HILDREDILL L, 77 9 7 O7 22 b HOMBAE S OME (Fehler, 1982b75L)
i, HEHMICBHINTOROEANRS O, FEok s HERSBAIL G, PHEOSHMEAD
—IRTCPBS PR DR S, S 7 — & EORIKOME S OIRIEHDOH AT & 4Bl LD 25
cd D, WIDHWIZY I v 7 DEEPHREORBENENEC L TEE260E0H
s,

—ei, BELOMS E, BIUADTERAS & SHIEROEE & HETRE O BEE i 7
5. HE=7=Fa—FM EWMEOES L (an) EOBHELT, Wyss and Brune
(1668) kB A M =1.9log Ly — 67 #H5 &, SEEEE F, =4k sec LLT,
foEZE ML=1 OFficid Ly =1 1% 10* T #/Ly~35Hz, M =07Tid Ly =3.3
X10° T 8y/ Ly = 121 Hz L1755, COEBORSDZ 79 7 OMMAEERLLY &

lgA

ra

BEsla S #ERIROIERE(L. EHEN)
£0t, BREEBAOLTBARKATH
o T-EEO LA SOFEEN 5 A
— % —aTEDHT (Gusev and Lem-
zikov (1983) , B9 L b,

Fig. 51a Illustration of temporal decay curves
of S coda waves. The decay ratio is
steeper in anomalous period (A)
than in normal period (N). Parameter
o represents the deviation of the
gradient from the normal S coda
0 decay gradient [after Gusev and
50 100 ,5&}.(5) Lemzikov (1983), Fig. 9].
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Ust-Kamchatsk earthquake (M=7.8)

o
(5_,) Dec. 15 197

2107 R

10 8 o3 . toatw g om .

/__—(T_——-—\_\- T Lovet e » -

o e L T r———————
-pii i T
i
110

W6 1967 Tmes ! W9se W0 ' T W% Ve T 6% 195 TwEe T years

B8l b Ust—Kamchatsk HEBRIED, /N5 4—F—a OGIFEL. HIERAE L 01 Fanc,
el FADHEEL T3 (AREATEIFEDZ) (Gusev and Lemzikov (1983) ,
X8Lnl.

Fig. 51b Temporal changes in parameter o values before and after the Ust-Kamchatsk carth-
quake. Parameter « takes negative value (decay curves are steeper than that in the
normal) nearly one year befor the earthquake [after Gusev and Lemzikov (1983),
Fig. 8].
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