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Probing into the Upper Mantle Using Surface Waves:
Beyond the Geometrical Ray Theory
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A variety of methods of surface wave inversion, which enables us to investigate detailed images
of the upper mantle on a regional scale, are reviewed. The study of surface wave tomography
beginning in the 1980’s has brought us with a significant jump in our understanding of the Earth’s
interior, particularly the upper mantle. Most of the studies of surface wave tomography have been
based upon a geometrical ray theory, working with either dispersion curves or waveforms of surface
waves. Such a simple representation of surface wave propagation has allowed us to treat a greater
number of data sets, which are indispensable for obtaining high resolution tomography models.
However, the ray theory, which is relying upon the high-frequency approximation, is no longer valid
when the scale-length of heterogeneity is comparable to the wavelength of waves to be considered.
The effects of finite frequency are particularly important for the higher-frequency surface waves,
which mainly sample the crust and uppermost mantle where very strong lateral heterogeneity is
likely to exist. Recent development of the 3-D sensitivity kernels allows us to treat the effects of finite
frequency in the tomographic inversions. The use of such finite frequency theory will further
advance the methods of surface wave tomography.
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Fig. 1. Schematic illustrations of multi-stage processes for surface wave tomography: (a) 2-stage
approach and (b) 3-stage approach.
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Fig. 2. 1-D sensitivity kernels K,=0k(w)/da(r),
Kg=0k(w)/0B(r), and K,=0k(w)/do(r) for the
fundamental-mode and the first higher
modes of Rayleigh waves at (a, ¢c) 50 s and
(b, d) 100 s.
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Fig. 3. An example of a synthetic test of
waveform inversion for retrieving a 1-D
shear wave speed profile based on a lin-
earized inversion scheme of Nolet (1986).
(a) 1-D shear wave speed models. A start-
ing model (black solid line) has 3% faster
shear wave speed in the mantle than the
reference model (dashed line). (b) Initial
waveform fit and (c) final fit for a retrieved
model [modified from Hiyoshi (2001)].
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Fig. 4. An example of fully non-linear waveform inversion using the Neighbourhood Algorithm of
Sambridge (1999) for an event in Sumba, Indonesia, recorded at CAN station. (a) Density plots of
all the models created by the NA, ranked in order of increasing misfit. The initial model is shown
in a dashed line and the best-fit model is in solid black line. (b) Initial waveform fit and (c) final fit.
(d) Phase speed perturbations for the first three modes, estimated from the best-fit 1-D shear

velocity profile.

A gray solid line (top panel) is a dispersion curve for the fundamental mode

Rayleigh wave which is measured directly from the observed waveform [after Yoshizawa and

Kennett (2002a)].
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WE—- FOMNHREREEZFISHT I LEMLAGETH S
[Yoshizawa and Kennett (2002a)].

DT ER, EOXIBEEA voN—Y s vEERIIXHL
ToREETHB. 2%0, 5 LIRTLEFADLOHES
N BRI S BRBEA LS &> TV BRD, 201
WILEF VL, MHOBEHMGETLLTVWEEVAL S, &
fo, —RRICEIEA vox—Ya v T, MHICBIT 3 27
OEHEDOTEV AWMV BRL oo, FELE btz v
o—7bEHICEDE 50T, BEEEOBRGERICZT
HEBEICE B,

Kennett and Yoshizawa (2002) T3, A1 »/x—
VavTHBLNKLIRTEFTVIOEAB LUER
E— FOMMEEEZRD, NEMBLT, <VFE-—
F ORFEEAHXKICERY 2 2 & T, 3RS BEE
DEDETCICHIH T 5 /51 (3-stage inversion i) %32
18 L7z (Fig. 1(b). TOHETE, - FIEB8LUHE
W LT, EROBRRECERERENRE TEEL
MABEE AT ARD B ENTEBDT, LDIEHER 3
RIS DIETTHSERE & 75 % [Yoshizawa and Kennett
(2004a)]. (REILIE, COEREESHRIIOVTHLL
Himd b,

§4. HIRERORALBRZEDR

RIEICHEMN Lok ST, EROBIEA v =V a vik
DE 3, FARERR S RMERICES VW TV S,
FIRAR R, mA R (B 3KE 0 @
LD AL - TV 3. RNEGED R T — VIMEES 5D
BEICENTEVES R, BREROSABIEE
CRROILD. EROWEEA v N—=V a2 VORKRTH B
WKBJ &7 &, R ICED T EES ot E ik
[Woodhouse (1974), Yomogida (1985), Tromp and

(a) geometrical ray

receiver
i

°
<

heterogeneity

no sensitivity around a path

source
@

Dahlen, (1992)]13, I XTIDLIBREICESTOT
W3,

Lh LEBOHRKEIIERSEREE b5, EHRFEAUHA
BORIEMORELSZ Y TEEdT 5. BELFEED
R = VOREEWEDSEET 256, CORRBEERO)
ROBEE L1 5. Z0cw, FEEEAED S OBELCEHT
DOHREMPEBRTE LD, wavefront healing DL 5
WA 701 TR T E R LWEHR N 5 [Nolet
and Dahlen (2000)]. &7z, BWREEMNELEDT 215
BT, HBROKMD» S DI N EEE IS S [Laske
and Masters (1996), Yoshizawa et al. (1999), Spetzler
et al. (2001), Yoshizawa and Kennett (2002b)].

T, MHEESRICHT B 2RI A v N —
Vs vOBAEEFICLT, REROEREESHRIZIOL
TEATHD. EFREOEHET — 5 1B 2 FIRERL
Hiz->W\WTid, Marquering et al. (1998, 1999), Dahlen
et al. (2000), Hung et al. (2000), Zhao et al. (2000) 73 &
EEBI NIV,

4.1 BTRARRR & BRRIBIRR

9, WHRERICESOWIAET -5 DS v —V g
VIZDWTCTEZTA LS., Blllsh 2 REBEAAEOES
8¢ &NAHIREEDIEE) 6c & OBAFRIE, KD & 5 1R
iR - e fRfE Sy TR E N B [Woodhouse
(1986)1.

and Wong

541w)=—rw)] 212

Z T, s PRI - o IEBEA RS, RO BRI
RICK BN ES S 74—, 0L EHEIERRIC
HnwTwa,

HHTEER T Fig. 5a) 0k DT, 72 & A BB
FBICBROAGBREESEAE L E LT, TORSER
FROER LIS WRYD, ERETICE CORNEEORE T
Kt nmw, —F, GREEEE b OHIERE, R
BHOH A (—e5ciE, 7rv vy — v TREX
N2) CEETAINIEBEL SOBE LI TV S
(Fig. 5(b)). L7chi-<C, ERIcBRsnET—513, 1
KD » 1 GO B 3 TR, TOFLMHE

ds (4)

(b) finite-width ray

heterogeneity

Fig. 5. A schematic view of (a) a geometrical ray and (b) a finite-width ray. Actual surface waves will
have some sensitivity to a region around the path.
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HOWBHLEATVS, DK, 2 RTTHIS AIHEE
EATRICB VT, ERELRE, O OREE TEES S
Ba, @) AR Xo LS icxkHo TS 2.

6c(0, ¢lw)
¢

op(w)={[K6, ¢ |w) 46 dg (5)

coT, K0, ¢lw) 13, MIEEESRICE T B REHRO
RAICHT 2 2RI Y Y F 4 EF 4 H—F IV Th 5.

CokHi, MEBHEOERERMREEEZEL T ¥
N=P g vETH I EEAREICT 20D, ARER
H — x IV OBIRMIEERAIITOhTWA. ThoHER
WEH —Fovid, BUIF— 5 OFEE (i, RIE, HE
&) I EICESWTERLsh, FIFHT BT
ORI > CEDIERP Yy v T 4 ET 4 b ED
3. LIFTWE, FEBKHEICET 2T — x>
W L, X0 EERERERES — % VI8 5 TN
5.

42 KREREEERADA IV R =

Rayleigh 80s

108 108
20S 208
30S 308

0.0 0.1 0.2 0.3 0.4

[10*km™]

Fig. 6. The influence zone kernel for a Ray-
leigh wave at 80s for a path between an
event near Irian Jaya and NWAO station
in south-eastern Australia [after Yoshizawa
and Kennett (2004a)].

I CTE, HEESOW [Yoshizawa and Kennett
(2002D)] 1XHE> T, 2 RITTMIBSAIFRESHICB I 2K
HEOEARBICHE AL 52 5 L 5 5 IRREI O AR I W
TEEL LS.

9, EREADDH RN BT A EEVEENS
D5, FRLNEER AR Y B & 133 TR AR & RIE2 b0
EREL, COREEFTHEEE 1y v
V=T L LUTERT B EE O, BB TOM
MHEREEIC B 2 EFMEBOEENEE NS, 0
A E—T7 LRV~ v OR=DDO—DIETH B T &
%7~ L7z [Yoshizawa & Kennett (2002b)].

DA v 7Ty R —=vERFBELKL2KTE YV
F 4 EF ¢ — % (B 80 o Rayleigh i) % Fig.
6 1C/RY. COMEEOLE FHEEOKE S ITKE
L, —fCERAMIZEM BB, £/, 1| BKOREREE
gL 2 v v T 4 BT 4 & b ORI L
RGN — 2 vTld, BEL L UBRSMECRERD
VYT 4 ET 4 &b,

A v INT YRS — DA, ZOFEENTOEE
FIRENRG DS, LRI - fRENS & IIE RN T H
%, LOREPSELNTED, KEEROBRISIEE
T ->TW5, LEh-1T, ko r®7 357 4 —I12F]
BALTENHOEREANTAS vN=Y s Y E2(TH T
EMTE B,

FNET ST 4 —DONRREEHELTABE, A TN
IR = VDERDPEBEEDTH D LN 5.
Yoshizawa and Kennett (2002b) I - T, BEFED b
VST 4 —ETINOINEREE OBIREEZ TH LS.
—RRHIISHIEET b € 775 7 4 — TR S 1 B HERRE
1349 3,000 km, HHEEMBH40BTHE. oL X,
LA ) —ROEER IO v v v R — D
18 (3% 200 km 1278 3. [EBRD 2 ROEHVPERT 515
B, TDZODA VIINVI VR — VIREL RO
SAREEF 300 km &30, CHIIET 408 F TR
B LU HSRRER b £ 7 5 7 4 — T VORI RRE
DORRFE K —Hd 5.

Fig. 6 DX oA vz vy 2/ —vh—%0F, ¢
TICA =R k5 ) TRED 3RTHEIEDETTICIEH X
N, T OHMBHEHIR SN TV B [Yoshizawa (2002),
Yoshizawa and Kennett (2004a)].

1INV v R = vAFATERKOMEE, €0
FTEMRICH 5. BELSHEIERICE S Witk vy v T 4
BT 4 -0 (§5 THBAT %) DFFEICIE, ERLET
HEAEST A0, KEELEPC 7 529D L S EEH
WHEEMOMELERE LS. UL, 1 v 70y
2= vd, HEOFFEHOHMAGOE DA THET
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50T, EREREHVIEEICENRTS, 10 FEE
DOFEETEL.

frl L, MORNEHERNSEEL, v IV VR =Y
DARD S OERE B HELE PR S NS L D BBAIC
3, EEAMELL L, EEey bV OHIFRER O
TEBEOEEASZF R4V 30 WLIT OmE KRR K%
WHBRITIE, §5 THNT AL 57 3REicstd 5
by VF 4 EF 4 H—FVORESEL TV

4.3 FBREEDIROEAICL B35 EEER L

A VITNITYRYS =V EEBEB LA vN=Y 5 VIS,
FES ST 4 —EFANONBREICED LS HEEAE L
200, EBO €757 4 —IbHENIHIERTH
& 9. Yoshizawa and Kennett (2004a) 234 — 2 + 5 1)
THHS O KA F £S5 7 4 —EF MK L TIT- 12,
Frowh—FK—FFZbOFER%E Fig. 7 II/R7.

(a) ray path coverage
140E 160E
S

140E 160E

(c) retrieved model by geometrical rays
140E 160E

4 3 2

Frxoh—FK—=FFRAMI, FEISFTT4—EFND
DEREOMGEICIA FIH SN B0, EROAETIE, &
BT — 5 DEEEAL vN—Va v EBIC D RDLD
ICEREGRICE DL ARIEBGRRXSFIHE B, L
L, TOLSBEKT—2 TR, HFELHEREEDOR
BETEELL HWEN BOEEEELLIITES,
BICHEBONHE S v EY TORBARTWSE T &IC
5.

FE o513, LOBEENOREEERET 2700, ANE
FV (Fig. Tb) ICR T 2G5 F — 7 %, BHBHE 1 v
TN YR =V ERVTGE RO LS BEMBESIC
LoTKDI., COEREEDEELAEATEKRT— 4
ZFRB L CTHIREET R F &2iT-7c. ZOBE, FIR LK
#3113 Fig. 7T(@) 1oR L TH 3.

BRERICESWT @ Rick > TilELEhicEF IV

(b) input checker-board model
140E 160

1208 189

(d) retrieved model by finite-width rays
140 E 160E

140 E 160E

1 2 3 4

perturbation (%)

Fig. 7. Realistic resolution tests using the ray theory and influence-zone theory.

(a) Ray paths, (b)

input checker board model with 5-degree cells, (¢) retrieved model based on ray theory and (d)
retrieved model which is updated from (c) working with both ray tracing and the influence zone

[after Yoshizawa and Kennett (2004a)].
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% Fig. 7(c) ITRY. F1z, T OREGEHERE TV (Fig. 7
(c) Z¥IHE 7V & LTRIB L CEEREREiTVW 2D,

A7y R/ —icEowT B Rick->TiETL
12 7% Fig. 7(d) IZ/R~ 9.

Fig. 7(c) 8L U (d) & biT, EEMATHABICH N N—F
BT, ToBEsL{ETEhTwa, Ll
BAREERE 7V T, RRCER A N — O R t5r s g
BWC, ANTEFIVORGEWROIIKR ¢y — v 3Hih,
RIES/NEDILEE, —F, BIRIBEREZFALLET
WTE, B N—DEDOATaEE i, -2
bS5 T RERRIE~TEL) TH->Td, TOHEDT
K RIBE TETENTOVBEFIDDLSE. AHEF IV
(Fig. 7b) &8t 70 & OMBIRES, HEMERE 7L
(Fig. 7¢c) T 0.48, HRiEE € 7V (Fig. 7d) T 054 &15
o, BREEDROEE®ARELCVE, 22T F
fRigE € 7V Cld Fig. 7(c) ZFIHE 7 v & LTHIAEL
TWAZEIFEEEsNLV. oF 0, e FLIcE)D
IS5-MEITNTVTH, BREEOREZEL 24
YN=U 3 TR, BOEFLELDLLIELTESL
EMRP 5.

k5t BREEEFVOBMEIIERDEF L
IZX}9™ 3 variance reduction 5 &S HTHD, BH
REREEFVOLEWEICKEEE (F—2 b5 Y 7OH)
T3 10%) 2/Rd T EDBRENTW S [Yoshizawa
and Kennett (2004a)]. D &LHIT, 41 v/N—=V 3 v %
158, BRERDREEERT S LT, HEELD
REEIPAEEDORRIEE, K EELEIMES ST 4 —
EFIVOETMAEEE 13 5.

§5. HREEDREERLIZERA vX—2avik
§4TWE, A V7T VR —vEVIEHLWIELT
SR AEAVT, REOEOBRBERGRIC>VWTERL
7. UL, BOAEERLEELL V7V VR —
v OAMAID S DIRVEELIE AEEE & 12 AIAITE, O
HRRES <85, F/, (AHOBERIE T TR, B
et wo-o, BRERMEOGIOANTA viv—
Va vERITHIENTENE, X0 BEELTREEROMLIE
RAEEELIVNES S T4 —EFNAEBLILNTE
5. Tofoicid, LVEELSERICESWL3KT
H—RWVBHMIBEL S I TIWEEY, Yoshizawa
(2002) % Yoshizawa and Kennett (2004b) 12D &,
| RESHHEEREAFALT, MHEEESHICHT S 2
Rty v T4 EF 4 H—FNWERD, ThLORDS
NAREEEICHT 23Ry vV F 4 ETF 4 H—
FNEFEANT B.

5.1 Born/Rytov i ElIcE T BHREEDROHEA

FEREGEEIC B 2 KK OFEEISE L, REERT v
Yy VEBALT, ROKDICEBTE 3 [Tanimoto
(1990), Tromp and Dahlen (1992)].

ur=rU(r)xr+kr lV(r)l71)m: Rayleigh wave (6)

u =k 'Wo)(—rx 7 )y Love wave (7)

22T, UV, WiEERE, ridStEAEOEAN
7 hov, PUIKELRS, kr 8L U kL 13 Rayleigh EH
L U Love BOBKE (k=w/c, c: MHEHEE) TH5. xr
BL Uy 3Z N Fh Rayleigh i ¥ & U Love IR
TEET Ve v THY, UTO~vLtry g,

[V 1+k2x, o)y, wlx)=0 (8)
BT AN S —kEARRLTyx=A4 explip) (4. Ik
i, ¢: fitH) EXRETZ3. L%, Rayleigh LU
Love &R IRA FIIEIRT 5.

5, BARAREEICL > THELERT v v+ VDOES
Oy EAFHEE DIES 6c #HA L, Born iz @EH 9
W, BEERT VY » VOBENIRO &S HENHE
RTHZ 5135 [Born and Wolf (1999) 13 %E].

=[]~ 2k x, wlx" o', wx,) 5C_c i

= [f 20, %', 2 w) 2 ©)

ZIT, x'=(6, ¢) 1 2 RTRATOEZELRL, xolx',
wlx,) FERx »OoBELE X' T TORT v v v, Glx,
wlx) BEELE» SBAISETO /Y — VEERL,
K27, x, Xy o) DAREEHETO 2 KTt v v 7 4
EF 4 N—%NTH5. xoBLU G F#HLAUEFIH
LTRBITRD B EMTE S [Tromp and Dahlen
(1992b, 1993)].

Born A TId, REERT v ¥+ VOEE % EHHE
HELTEZ 30, BEICRECRIBOFRFIH &
N5 EMTV. TDIBEA, RytoviEUERHV 5 &FEF]
T® % [Yomogida and Aki (1987)]. Rytov Il Tid %%
HEET V¥ v VOREERD, ¢d=Inxy=InA+ip &
T32&ET, RIBEAMMEEZNZTNER EEBICHBET
X%, Zo& X, Born EUDEE EEREIC 60 LT O
N FEROETEZ N5,

5"’:55_2’32 Glx, w|x"olx’, wlxs) oc o
Xolx, wlxy ¢
= [JEE 2 w0) 2 atx (10)

Ihd by, REEOAMES L OHERIBOERIZENT
h, ZERESICE->T

op={{1m x5 d2x’ (11)

Rytov} 5_(3
c
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Fig. 8. Two-dimensional sensitivity kernels for Rayleigh waves at (a) 100 s and (b) 50 s, derived from
the Rytov approximation. Representation of imaginary parts of the sensitivity kernels (top), and
the cross-path profile of both real and imaginary parts of the kernels at the center of the path

(bottom).

51n A=[[Re{k§"™ %zﬂx' (12)

ERBTES, (9 BLUL0)REL~ANE, K™,
X', X5, @)=K;""(x, X', Xy ©)/200%, 0x5), &3 BHRIC
HBEDBDPB.

ROREEEE 30 B Ic $ 3 B Rayleigh i (A 100 #%
L UBOM) ofifH vy v F 4 EF 40 h — %
Im{K"™) % Fig. 8 FBMcRT. (11RO Im {KX™)
i3, EHRAREERY 77 LY REFMIEKLTHRD
S5NnB%, ZITWRHPREMAZFIHLTWS., hdid
HEOHMICHT 2 bDTHY, *1EiF TORUREH:
ZEZEEL TR, 201, EELEKcEy YT 4 b
FAMAHLTOB, FBIIkELTC7 LR — Vi
YT 2 EROESZE L, BELHNIE S5 AT
W< 5, F7, BiRBXCEREAMTICRRD £ v
VI4ET 4 Eb-TWA, I, Hifioq vz
VR — v BRI TS B,

Fig. 8 TRRIC, B TOE Y v 5 4 EF 1 O
79774 VERT, BERICHE 2 008l TRl %
L0, ZORBBICHERDE Y VF 4 EF 4 BEELT
W5, HHBEECHIE L /o RBAHEAEER IS 5 3Kk
LY YT A ET A =%V (WHWBNFF-F—
Ty e h—%N) TR, FBRLETORYYF L ET

¥ L1850 [Marquering ef al. (1999), Hung et al.
(2000)], KEBOBEE 2 RITMITEET 2720, (11)
RO — 2 Micld n/4 DD ThBEZ N, iz
TOEY YT 4 EF 4 BEOIZIFE S0 [Spetzler et
al. (2002)].

5.2 8 RITH—RIVNDHEE

Fifio® vy v 7 4 ©F 4 =%V, 2 IRTTHISAIHE
HEBEICHTE250TH B0, ThEERL T3 RT
SHEEREINT ARAR Ly VT A ETF 4 =% N
3R B EHTE B [Yoshizawa and Kennett (2004
b)]. fEELICZ D& ARAYT 5 &, 9 Born L THE
SNIRERRT v v v VOEH (9) 2FAL, (1) K&
0 REKEEOEH) ou 23K 5. T Tl Rayleigh
WOFEHEHRNDAEEZL, IhEduEl, ZOEED
CYYF BT 4 H— 3 E K (xw) &N,

su(e)= K2 o) 2E1D). o (13)

VSR TERE S, Fh, 1 IRTHiBkEEG E
KT By VT4 EF 4 =2 K o) ZROR
13, dAHIE x=6, ¢) TD o —H IS AHEEEOES)
6c & S I DEHE) 08 DRI LLE,

de(x, w) 1D 0B(x, 7)
¢ B

:5](/3

(rlw) dr (14)
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Fig. 9. Representation of time-dependent 3-D sensitivity kernels for a vertical component of Rayleigh
waveform in a frequency range between 0.01 and 0.03 Hz. Instantaneous sensitivity kernels at (a)
850 s, (b) 870 s, (c) 890 s and (d) 950 s. Corresponding waveforms for a fundamental-mode Rayleigh
wave (top), horizontal slices of the kernel at 90 km depth (middle panels), and cross-path slices at

the center of the path (bottom panels).

EERE B, Ty FHIERPLH S DFEREAE RS, (14)
Kz (13) RIcRA L7 — v o254 i, BRI
B AEAFFICHT 23R Ty YT+ EF 4 B —
AVEKD( 6 ¢l EONE. Tk, KEERTO
B OEB & 3IRT S BHEE G O BIR 3R MIC,

sut)=({{x5" 6. ¢|t)§ﬁ("ﬁﬂdm9 ¢ (15)

D& S BRENTRIN 5,

Fig. 91, PREM icxf L Tk ticBERE—-FD LA
) —RICHT B 3IRILEY VT 4 EF 4 A1 — 2 VDF
%Rd. PERIZES 90 km TOKEWIEIR, B IR
hRicB I 3 ES HHOMERITH 5. RAFEREE 30
B, A 30~100THhH 3. AT LERTH 31
¥, Fig. 8ICHNELH2HY A Fo—-—Td++ vV T
T rENTVD, £ ofTIR, BRTORERE%:
ZRELTBY, Rl LEGIE RS IR & 12 -
TWw3, F£7, BEBLUBHARIBIRROE Y v
T4 ET 4 EET 5.

Fig.9 Tld, Y v 54 EF 4 & — 3 VOBEERED
BRF 437> . Rayleigh il Bf D EZEE % O 850 ¥ T
B, EOtyvF 4 EF 4 BiEEOABEICEPRLTY
%. (Fig.9a). £ D%, K& & bic, FLBHRO € v v
74 EF 4 OIERAMHELZ LoD, FLEERD S AHI~E
WEM » TW L (Fig. 9b, ¢). Rayleigh i#E O KRKE D

950 # (Fig. 9d) T, FLER LY ¥ F 4 ET 4«
FEEEe LD, EELSECENCERICOA L Y
vF4ETF 1 xETA BELOv VT4 ET 4 DE
B OfEL, EBRORBZLICADE TH L EELT S
LD 5.

15 KeESWT, TDLH>R IRILH — 2V EFH
ThiE, AHEPIRIEZA 2 C L, Bllsn/HER
Br O ERE3IRIE S HEEENHERD 5 L aH
feLis B, Lbd, TERDEIEA v/ — Y a VKT
DIFEbNITL Do L ERREENR S EE L 12 3IRTH
BEOETNATES, &5, (I5)REMBELIL7+ 77—
FEFY v Tk, RO REASBIREIE I RIE
THEOERIFILC SERTH 5.

§6. FLHLESGHOBE

T, REROBAIFRIERERD o, KHMOHR
BEMREER L MHiHmE T, e oREFEEAKE
LA vN=Y a3 VIERIZOWTHEBNL TE 2. 90 FRL
B, AFARER 7 — s oine & bic, RmE €5
57 4 —DE/MN R S RE IR L L& L
L, 20FE0HBE 5 2HRIC, MOrOEUNEE
NTVWBRY, ZOFERRLTHETIREL, Eo
AL 2&EFEANTLAELVEROEONEVWEVWSE
£4, BERT I LENS 5,
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Ak, EHREREIHBEFOREBERT bOTHD,
ZFOEHASEHLOLMBEDIEDOTH S, Fiz, HERK
FNES ST 4 —HEOREE, ZORBERLBILTHY
Aot L LERRC, BRERICES S FEICIE
KEHIBERBHD, Lich-T, chick-TiEONS
FESST4—FFVE, F-2ORICEELDIEL,
ZONREICIRR NS B T LEENTRES L, HIR
BEAEERVI T2 57 0 —EOWMER, T0L54
BRERO FENRALEY ML, BN €SS
74 —OFLVEERVIDHAS bDTHBLEZ 5.

FHEEHWI NS 57 4 —5T, BHIClEEL3
DlF, HEEPEHE < v b VROEWRISER OB
ZUHPTVWEAROKEZRFHT 2B TH 5. FHCHER
€ — FTRIBF 40 WL, SiIRE - F TEREBK 20
WL T oXEKEOEE, ZOHEEEFREDOR -1
MOWAHEMED DI, ERERS T TEATERL
e oBEE (BEL B, - FEP 7Y v o) OF
E3EAE L 723 [Snieder (1988), Kennett and Nolet
(1990)]. L7zA-T, & v ERERHERERoO#E%ET
TEHHICE, INSDOEEE TERLCERNLES
135,

&, BREEDRAZEE LCRAK €757 4 —
EFNPBRAICREFZESND & 51T > T % 12 [Yoshi-
zawa (2002), Ritzwoller et al. (2002), Friederich
(2003), Yoshizawa and Kennett (2004a)]. L/»»L, Z
NSOHEICBVLTHHEN TV 3 ERIBRKGEE, i
DIEPUT & -» THHLENTEBY, 5RO 515 ERE
SN 5.

§5 THNLE3KRLEY YT A ETF 4 H—% LT
3, 1 RBELOREEZEL T, FRERIZI TR
ok WoRESERHOETE SFIHT 5 2 & 5AlEE
ThHa. LhrLI0HEHGHDS, H< FTBorn iflORKD
UOHEHEATLAELL BV, SRE— FLFIHT 25
AT}, BORHBICL->THELEE— N » 7Y v
TOEEBLEET ZLEND S [Kennett and Nolet
(1990), Marquering and Snieder (1995)]. L 745> T,
FORELTER LI — 2 VORI EANEENTH 3.

B OBREIRERE S, L OBHEENBKIED 1 » —
VETHAELLBRESY - A VEBOTEEA v —
Ya yETHIBICIE, EROERIEERICE S K HEIC
NT, TRUEGFBEBEZLELTE, Lrl, AEDOHE
BEOSHEEHLEFABETFEOTRICLD, 3KT
H—2NWERBALLZNES S 7 4 —ERERENBH
b, ZHELBVWESICEBDbN B,

Lamb (1904) 73, tHHREHIOHERMBEREE L bicb
NN LUICEE %0, ZoBMRIERNEAR

EoMIEFRFIcE T TESTonEh, L0 HEE
2, SHTRHIBEFTTERSINILET>TLVIES
9. ThiE, WEERICES K FEORRE L 80 L
PEDOMIRER N €57 1 —ICLBREBKETH B, L
L, 30 MLLN OEEREKE DKL, HEE
RICL AT TR BT ELY. 2GR
HEREE O &R IE, HERPEBOFEMT 3 IRoTHE bab
HEND, KRTRLICBEREEY -2 VEROVIEL
WhEZ ST 4~ HEaatEREE LD 8, EB
OHEBRIGES I 51D, REB—ICHEbDE
WrFcx 5.
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