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Abstract The near-surface crustal structure is closely related to
human production and life. Accurate reconstruction of the velocity
structure of shallow crust by seismic tomography can help us to carry
out high-precision seismic exploration, explore shallow resources
and minerals, avoid potential natural disasters, and construct urban
underground space. Complex surface conditions are widely found in
China mainland, especially in the basin-range junction zone of
central and western China, which poses a serious challenge to
accurately reconstruct the velocity model of shallow crust. This
paper discusses systematically the basic principle, existing problems
and development direction of two types of current seismic
tomography methods, namely, traveltime tomography method based
on high frequency approximation theory and on the finite frequency
tomography theory. The former is based on the high-frequency
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approximation theory of seismic rays. According to whether there is
explicit ray tracing in the forward calculation, it can be divided into
the conventional traveltime tomography method and the traveltime
tomography method without ray paths. The conventional traveltime
tomography method utilizes the traditional ray tracing methods.
When the near-surface velocity changes strongly, the imaging
distortion is usually caused by the existence of shadow zone or multi-
paths, which seriously affects the imaging efficiency. While, the
traveltime tomography method without ray paths calculates the
sensitive kernel directly by forward and backward propagation of the
traveltime field of the eikonal equation, and obtains the gradient of
the objective function by the adjoint state method, which has the
advantages of fast and robustness. Since the band-limited property
of the seismic wave frequency is not considered, there are some
problems of the traveltime tomography based on high frequency
approximation theory, such as wave scattering, wave front healing
and poor inversion constraint. The latter, that is, the finite
frequency tomography overcomes the drawbacks of the assumption of
“infinite high frequency” in ray theory and has become more
important. The methods are mainly divided into ray finite frequency
tomography method and the finite frequency tomography method
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based on wave equation. Ray finite frequency tomography can
improve the resolution of imaging, but in essence, it still depends
on ray theory and is difficult to deal with complex wave phenomena.
The finite frequency tomography method based on wave equation can
accurately deal with complex geological problems, improve imaging
reliability and visually display the velocity structure of seismic waves
in the earth’ s interior in the form of images. However, this method
strongly depends on sufficient low-frequency information in data or a
more accurate initial velocity model in practical applications, and its
wide application requires further exploration and development.
Keywords  Near-surface; Seismic tomography; High frequency
approximation ; Finite frequency; Wave equation
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TS, 1999 Zelt et al. , 1999; BT S5, 20045 Nolet,
2008 ; Rawlinson et al. , 2010; 157545, 2014, 2015; #X KA,
45 2014b; Xu et al. , 2015; Zheng et al. , 2015; Waheed et
al. , 2016; Sun et al. , 2017).
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SR BRI 7k s AR AR 900 R SR RBE B AN ], /] 43y 4
BREHT AR X IZ T AR R B2 AT B AR A S
MG , ML AR E BT AR T3 1 7T 43 D P K2 - 6 T e MO L 2
VO A7 I Gy ik A RS Z AT A% k.
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807 1k E T = RO AU 2 e A M R I 1 3 B e
HEUTAT A BL L %% ( Cerveny, 2001) , 38 i 430 2555 T
DRI HURB BALAE T R B8 12, S8 R S 2k A2 1A
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AT B S5 e S A TR

i B E AT B R S A IE A SO A
R IR R 45 0 W) U P A AR, 3 3 SR A L 1 B
Ty AR B 2 P i i (LA, 2014a) . S ST R Y 3
FLE Y2 38 SR b LI E B AN S T B ST Y E AR SRR
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1990) i 33 # #F 7% ( Sethian, 1999; Sethian and Popovici,
1999) Fe# 94 (Zhao, 2005 Qian et al. , 2007a, b). 1%
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2016).
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2009 ; Noble et al. , 2010; Huang and Bellefleur, 2012; i}
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HEIE, 20105 HHYEAE, 2011 ; B EEES, 2016).
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al. , 1980; Thurber and Ellsworth, 1980; Um and Thurber,
1987; Xu et al. , 2006, 2010, 2014).
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Fig. 1 Principle of the shooting method. The initial projection
angle of the initial ray path is iteratively adjusted until the final

ray converges at the receiver ( Rawlinson et al. , 2008)
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Fig.2 New incidence angle updated by linear correction
method ( modified from Xu T et al. , 2007)
¢, is the initial shooting angle, A¢ is the angle between the two
adjacent incidence angles, ¢, is the new corrected shooting
angle, x is the offset between the target receiver and the shot, x, is

the offset between the ray with small incidence angle and the shot.

2002) FF XA B 5 AL ST AR BB IESR T — R Y 2%
RO7k, Moz Bk AU, Xu 25 (2006, 2010, 2014) £ X047
T JEE TR BB T R AR 32 S A0 o, A Je T — AR 52 Bk A i
DSk AL S B TE 7 58, R 25 wp (8] g v 75 S L, 1% B
IRAEBEATIEIE s X P IR AL AR A 9, 0 25 il IS AT 12
TE. WRIB IEJ7 S8 REAS S BAT A T ) BT 1A 119 52 2% AR 34 20 4 Jo
H R PR ST LR B BE (Xu et al. , 2006, 2010, 2014; 2% K%
2013; Li et al. , 2014).

v(km/s)

2 3 4 5 6 7 8
0 10 20 30 40 50 60 70 80 90 100
0 T T T T T T . T ‘ T 0

Depth/km

10 20 30 40 50 60 70 80 90 10_(;‘0
Distance/km
3 vk . X AR P s ST R IR AR AN W Bl R
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Fig.3 Principle of the bending method. An initial two
point path is perturbed until it satisfies Fermat’ s

principle ( Rawlinson et al. , 2008)

TG LIB B E W R M UG R MR A TR
PEAT AR ARG BRI, 38 i BT AR AR TR B AR Ak
FF R A0 i S B A g e A S 85 ATk S .
BT 28 1SRG IR TR, 3% B 32 S AR S 2k B A A
TRURAZ B 1A L e fie /N — 3R S i 1%

X T 1 — X PN B i BT R B AR L, HE R ¢ AT
VAR gt BEW B R kAR By X0 -



52 HUER Y FH

www. progeophys. cn

2019,34(1)
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HEEZERY  IF oR AT (1973 BE 3 s Rawlinson 45 (2001) F1
1995 4 TASGO T3 7E85 W T JE MEIH R AR B 11 S S AT S
R R | SR TS TR il Sk 105 I R A UR O R 3175
Tz X e a5 S
1.1.2 A FR%5 BRALM AR B R T &

FEXHEGEINT S8 5 1Y UG 7 ¥ 18 1E B 5 4838 B ad FE v
TEAEZ BEAR L) N b 31 B 1] 3T, Vidale (1988, 1990) . Podvin
i Lecomte(1991) /& Jé 1 3 T8 ok Jy FREUE i 0 ZE N 3% 115
T A VR AR RS b T R 2 B A, 3 T R
[ Jil ZUAE A B A 1 ) 8 B2 7 ( Rawlinson et al. , 2008) . %K
TR T B B SR A, i i B A 1 R i A o
FEARAFH) 2R WL W7y , SR I5 14 7 N S ) 706 B2 T 1) AR A5 b
TR B A AR ) S 48 B AR TR T 1 35 ) B JUARR -

FE T R 7 AR AR 04 7 B SR BT UG T 1 AR %
W12 SRR bR 5 B2 g SR . T AR k0 3l A A R A
RIERE: , bR A B 7 e o T Ry

1
) (8)
K, T RPIAHMNGRIFER x, B2 B — 5 x BEM ;¢ & »
FALRYHEE ;. VO RE T

TERAR R R SR b 22 2R AR TR A A6 Ty 1 6 A T
PR, 2 SR A Jz 2l AR BR 5 AR 1) (A R AR 0 2 E I
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(Vidale, 1988, 1990) 4o i i #f 1% ( Sethian, 1999; Sethian
and Popovici, 1999) FIHt# 41 (Zhao, 2005 ; Qian et al. ,
2007a, b).

bR 5 FE B A R 22 20 11 505 1 e W) i Vidale $2 i
(1988, 1990) fH & 1 TiZ 5 AT YA — s 2 2 X e /NE
I3, A b PH SR B BT I A A A E M TR R Podvin Al
Lecomte (1991) XF Vidale Jy 542t T 2, i 55 &S H T
SR ZUTHE LA 5 R, Sethian (1996, 1999 ) 1 Hy 1 b i # iF
5 (Fast Marching Method , FMM ) , 1% J7 ¥ 1) F 136 XL 22 048 =X
BUER A o8 75 i L SR I8 2l H AR 5 5 I T, ) T 3
HEB AR AR AE FE B} ( Sethian and Popovici, 1999). % N &7
MBI T R W  R  RTE RR 0 (V) WA B 0
(N xlogN) , . L T IHRRCEE. BT, %05 AL RE R
Faef e/ NE N, H R 2 46 1 R/ IMEL Y I [E]. 2005
4E,Zhao (2005 ) 4 H TP 33 49 4 15 ( Fast Sweeping Method ,
FSM) , I 37 3R fift — [ <l etk Uil 80 3 O AR, S & o
O(N). FrLL, AR T FMM, FSM B A B & i AR, B S
FMM ) i1 588 B2 A0 24 (227§ 38 %%, 2012; Lan and Zhang,
2013a, b; Lan et al. , 2014). FiR =28 23 TR E 72
BUA M EE R 7 AR T i, X B FSM Ry i) 4 44
FET R pR 7 R BB 00 2 I 2 T LA T 125 T 8 A I B 2
BERTTIT .

FSM ) HeAS JEARUR K38 I 57 1 A48 7 111 53 A BRAN AL
X4 — 23 HIF T Gauss-Seidal ALK AR LM X2 53
MBS 977 B2 (A5 Uk B AR — R ) , B kk
gl —E 7 Il SR AT %07 1) A 4 00 3E I 3. A2 —4EI5 DT,
ERTGERE T 10 4y A A7 B A B AR AT (]
4) WHEAEIXPYASTT 1] UL R , T DL i Y A [
ft) Gauss-Seidel 3G, BI(1)i=1:1,j=1:/J;2)i=1:1,j=
1:J;3)i=1:1,j=J:1;(4)i=1:1,7=7:1 KFEHENE
Sy BB R AL, A5 B B wOr R A
TR TR I T KU 2 TR E R AR P SR
B PN (i) R S I o] BRI T8 22 A (i — 1,5) s i
v R =) B BB A I A —
UCATH AT LU A B W B 4G S BT ENE &1 RS
T ARy /M I AT S — R 5 (A5 21 T4 — R BRI A
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FURE I [ B 23k 3 fe /s Howd 2 s B0 AR AN 2 A
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K4 ZHEfEO0 TR POE 7% (Zhao, 2005)

(a) SRR R A DO I 5 (b) DR i P 1 il
Fig.4 The fast sweeping algorithm in two
dimensional ( Zhao, 2005)

(a) The fast sweeping algorithm for a single date point;

(b) The fast sweeping algorithm for a circle.

5T R0R Bl S A B R B 2T G IR AN I, B
TR ORI B 1Y) 3R I R BT UG O VR T Se TSR B i
AR STLRBRAR | SR 5 BT 38 I A TURD B R AT S 4R B AR 8 BRI
AL B R T O A I 0 S I 28 B 5 R A .
Y S8 J7 1936 45 B /N Z 3 J5 15 (Scales et al., 1990
Phillips and Fehler, 1991 ; Zelt and Barton, 1998 ) £ /7 % 5
:(Hole, 1992). 7655 1. 1.1 WA 2 T fe/h 3 i, ixX HLL)
RARE Ik Al

JIFVE Y SCARE i, RV S5 B A 468 2 5 1) DA WA 1]
I 57 1) B ) 3B BT R A2 (Hole, 1992) . 72 5 S AR IR
(B EERT (=0 (2) ) Hom A BE SR 3 IF R 17 et b 3
LIS RITE M I Eh o SR BEIESh 8s (r) ZIAIRY KRN

Ss(r)dl, (9)

Llso(r) ]
Horb s, (r) RSHFNELY) L s, (r) 2248 B3 1 S8
W0, SEHGEN. ESRT LB BRI T, (9) b iyE
B 22 FMB BEAR B AR AL R R, AT DL AT RO T
AT R LU SR A T #E (9) X, 13 B e 22 118
BEAR SRRy

s(r) = Y, Fag(r) (10)
Horb o, T L 4 IR 55 AR ST 2R 0 T I A% 25 RS 4R B K
JE A SRS j SRRy b R AR I AR, g (r) B . 1
)RR b, Ag (r) IR 1 (B AE oA T 34 R . 5E
i (10) 20, 25 A R ks 3 i B RyIg LS, B

| « o

E)ssz:lz, (11)
Hor K2 Rk BT H IR S

TR bR 7 TR i Y I UG R R IE B
AR/ NERT, HIC R AR 8 T TR ZL A R 1)
JES iz 7 45 3 1 Tz B W (Zelt et al., 2001,
2006; Bk 4158, 2002; 1554, 2014, 2015; Xu et al. ,
2015) . [&] 5 JEARESE (2014 ) I JH 58 £l = 50 RHIB) 2 0%
AH 38 A BR 22 43 SO R R T IR L— S B — IS R
REDTRRNE T 7 2B 55 A0 b 7o i 45 0, R B F 78
LT b ST R ORI S AL

ot =t —t, =

BIS WL g A S A 1 Y Y
ST LR (ERVFAE, 2014)

LRFUR FRALE, RO R A B5Y. EEWMR
LJ—XJHF , Bi{T—/ NG 724 ; CHF , Bl Wi s YM—LZJF,
TEHE—GRITILW R ANHF, 22 T T IR XIF /ML
WN—SCF, g T — /K SRR
Fig.5 Upper crustal velocity structure along the profile
in the ray coverage region (Xu T et al. , 2014)

Red star denotes the position of main shock; Black circles denote
projection of aftershock distribution. Main Faults: LJ-XJHF,
Lijiang-Xiaojinhe fault; CHF, ChengHai fault; YM-LZJF,
Yuanmou-Liizhijiang fault; ANHF, Anninghe fault; XJF,
Xiaojiang fault; WN-SCF, Weining-Shuicheng fault.

v

<1?‘(“PF\ "!"
N\ “ 7>
= Q,:»\ 2

0o

Kl 6 fimgie i ik (Moser, 1991)
(a) BRI RIZE K] (b) SR ERARIE 2.
Fig.6 Shortest Path Method ( Moser, 1991)
(a) Cell organization of a model;(b) Ray paths tracing.

L3 KT A& AR B RS T &

BT BB R E I JEAT R T 1k 2 2e 5 T R B8 AR T
AT N TR SR B4R R I AR R I (R b i d
FEARIBERHOA. 1959 4F, Dijkstra $2 ) SR i AR 500k I 1k
T L PRGOS BE R BB TR ASEE (Moser, 19915 X1
HEZE 1995, FE/NEFIEFEYE, 2009; Bai et al. , 2010 ;38X Hi
FE#H, 2010). 1986 4, Nakanishi #1 Yamaguchi (1986 ) J&
T Fermat J5L I K [ 16 v 1Y o el 3 A28 B, P A I 6L 114 I8
AR TR 5K, & Moser 55 (132 ¢ 3 ( Moser,,
1991) , 3B e Jo I BLAE ) B R AR S 2B 7 T k. %2R 0T 1%
AT E R R, B B AR T S S LR AR, T LA
THA AN RRIRIMOR (1 7 B 37 L T B U8 B AT T A i i S 4R
i

AR Ik 2 R FLE D TE RS B4 A A B (&1 6)
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A7 =R ROR (R esE, 2011)
(a) z= —24 km KT A1 5 (b)y =40 km T B ) 1058 B2 05
Fig.7 3D velocity model (Bai et al. , 2011)
(a) Horizontal velocity at z= —24 km; (b) Vertical velocity at y =40 km.

AL PR Z L — e 4% — MU 19719 1, 9 1]
HLAE MR A b — 25 18 (18] 6a) . th THERE
PR 53 18] 35 7 75 22 2% 0] RE B B AR, o i B A2 O 1 AR Bl
Fermat 5 HH 16 CHE IO B0 A5 17 2 I 8/ 9 B A2 R AR i
PRI S  HS ST A (J] 6D)

BTN A (7 55 L Bai 55 (2007 ) 1 X = 2k fi e
FRREEAT T sk, e BT Pl ARG AT, REA R0 D
TN, 3 TR AR F o R AT A Ak o T A
SURGRE. T UG A ML RS A (5 A% AN ) 1Y
L (LI B = U AR5 21, AT S 3 1 A2 A A
Ji. SR AR TT 5 AR AL BT ST A AR Y PN B AT A 1Y R
BB NI AT, /I P 4 SRR CAR IR G IR I 1
RANGERNT GRS 0 5 CIM R B — R /N E
IEATIAR B 7 e/ INE I AT G5B R B R TE N PR &
P.Q JERIA M AT R E RS SR F 4 08 5
(BT RRIR) HLHAHAL, 33 Uk AURT 203 SRy R doe /A 1 1
WS HARSBR R -

(D) #itafe, % P.Q =5, R = NG R BUE R BOS
LA RGE R R AR M 22 30 (12) T3 R I AR <1y

RUERT. SRRSO P AT R AR, EAE IR GGE IR
BT SN Q SRIEIN R SRR AL (12)
1.
t(j) =1(i) +- =, (12)

p

Horp g FR N R RIS TR, [, 2R 1) 1A LA
B v, F7 X0 I 0 M T T (.

(2) FEFFHHEE A Q FREIUE I e/ S 0y T
TR SRRV IR 1 BURIAR S R AR, 5 < 0,
T AN IS, D00 (R 40 o, 75 0 55 R
A F e R, EHERUTIA R HE I IRH 95 45 A Q o
I R IR, S TUR N Q B P.

(3) FRFRHIE. WIS P = N 8 R Jy7s SERMRFR 4 0
B (2).

TETCE A 5 B 8 7 1B - 325 (/N i
o, 2009 ; B HE A AT, 2010; Bai et al. , 2010) X SZHL

TR A S U AR TR T I 2 RS LB L S5 A
FHJE B/ e s Ak RO S (RN A S IR 10101
) SEBLT A% e [l PE A (B R (R BE, 20105 (TR
&, 2011) Fn ) st T (9 E 5, 2016, 2018) i £
RAHER RE AR BT o — A S e R, 30 km LA
TR AR A AT, LR R R . A A WA P
431 2= =30 km (AKCE AR 2 = —44 ~ —48 km AY{HIRL
G YR BT R A% AL AT 364 4.0 km x 4.0 km x 4.0 km
PR IE 5 A BT 00 43, S T R 30 SR FHAS U B 6. P —
Y JZARZE o BE ARV E AR [ 8 J 3Tl AL P A 5
R S AR T I S ) R AR 20 A 1) e B B I AR 485 2R
(TEEHIESE R ) , Horp B 8b 2 E Ik P il S 45 5 s |8
8c SR — W ST (PP J P P) R 4558 ; (8] 8d J& 1Y
=W (pP, P B pP, P) S Y 45 5L 5 141 8e J245 &
K PR — UG I S 25 5 [ 8 R AE A Ak P
P — RS A R S S B A R A 45 . 4 R 3
Tl 0] Do s I e s A 22 U D B R R B AR 1 2
HEAE B BRI £ BB AR Jr I N RE S IS4 45480, ML RE R
TIAS [ 55 4 1 5 SURE S, Il 25 588 e LA A 2 [ 43 3 (
L 2011).

1.2 JeltEess e m 2RI Jiik

ARG I ST AR T 1230 S Wt =X P S 2B B 5
T BT ST BRI Frecher AU I, B 3L 5 WA 78
AR AT SR AN K, 5 528 R A SC AR AR T A
3 5 R T B A R T S B I Rl R S 28 L, A
FMHART B & JE7E S O e Fréchet 5400 M5 19 3
B, Chavent (1974 ) 445 il 38138 vp & 8 1Y A BEAR 255 (Lions,
1971) 1oy JH T S s Tt o, JHC P A 8 RO AR 114 3 2
AR T W0 B A 18 3045 ( Taillandier et al. , 2009).

SR E I AGAR LL , Toi R AR Y 2 AT UG 7 12 5k
TAERERZS 2 B9 R WE R JEAT R 5 7 (Leung and Qian,
2006 ; Taillandier ez al. , 2009 ; Noble et al. , 2010; Huang and
Bellefleur, 2012 ; i§{#4¢, 2014; Waheed et al. , 2016) , o
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B8 N[l B AL I A S 5 (e ELI T y =40 km) FS55R (I 4E5E, 2011)
(a) HIM; (b) Bk P s (o) — R (P P S PLP) 5 (d) U RSHE (pPy P S pP,P) 5
(e) Bk P Wemn—u S s (f) BLIS P\ — U SUB DR — B
Fig.8 Seismic tomography ( cross section at y =40 km) combining different sets of traveltimes ( Bai et al. , 2011)
(a) Real model; (b) Direct P arrivals; (c¢) One-time reflected PP and P P arrivals; (d) Two-time reflected pP; P and pP, P arrivals;

(e) Direct P arrivals + one-time reflected arrivals; (f) Direct P arrivals + one-time reflected arrivals + two-time reflected arrivals.
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[ Ao Vi) "a—?dn -0, (18)
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B L AR 3N I A BT, W FE ARG I i A
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A, n SR AR INE LR TEA RS, A T
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SR PERCIR AT R, W A IR PEREAR ST R i AR
PEBEE IS 5.
PRSI LR A PEBEE R 7 # V- (- AVT) =0,

SR A = LD vt feent s

Jaits A P 3 FEL D 719 3 R O 0040 O R V-
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BRI ¢y =0, —a %{Xﬂ%iﬂi&fﬁ%ﬁ%%ﬁ,ﬁ* a B
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Taillandier Z£ (2009 ) £ Noble ££(2010) J&/R T iZ)Z Mk
BT R R 0 T T 2 AT SRR R 454 , AR AL 3
JEH PR R B B | X 1T 3t 3 8 5 ) 1) I B iR
e ) F1RE 1] 43 B BE 1, B BCOR B9 1 I J). Huang 1
Bellefleur (2012 ) B¢ J5 EE AT i , 923 1 358 565 I B g
A IR I 5 BT, 105 TR ) AR T 12 RE AR AT TR R
IAS A (5 . A 55 (2014 ) T8 5o iR A6 A 3 0 1 52 s 95
AL PR, S0 1 L TR R T R A PR BRI 0 R PCE N B M
JRAR 7 1) RO AV 1) 07 FH ¥ 7. Waheed 55 (2016 ) ¢
FEFPERCRAS 122 104 22 0 i 20T Uy 151 A B 45 )
PEA T, AT VTL A BTF AP BAR S 10) 22 2 A g
Tk

2 AISBZHRAR 5 ik

TG E 2 T IS Ry 3t R R T BIR e MY, i i
TR N HIRR TR DA ISR s AR F) 7 IS SO T 4 i A2 b
R S . SR, — 5 T B BR A By A o 2 ik 1, MR
T A% 1o T P R IR S 0 o s A B 2 B IR AR el 5 75—
77 TR 3 2 7 5 A B T AR JC PR A, DY it S B
B MR A AT 19, I 1 2 TC R R 158
) el BT (MBS AN BB RS S R A HICSHS | Sl 3 B S
ST AR [X A B A il DX SR AR T 5 A S R A AN 32 2
AW BB G ) (1] 9 ). Woodward (1992) 1| 1] Born £l

Rytov WAL J5 ¥ A B0 R E I A B AU AN 5 Hh S 2k
BEAR b PR TR S A O o R — 3 A 3 S 0 I
AR A DURK , T4 3 — I 2 91 I A 55— ST KA
A RATUZ AT UG 7 1 5T R 1 A R R ) % 1
TSR BRAR IR LR AR S ) XS b R I P S e, 7E S
W RSO SE. 1ITTk FEE EERAT FRITUZ B A% O ik
(Dahlen et al. , 2000; Hung et al. , 2000; Zhao et al. , 2000;
Capdeville, 2005 ) #1535 8 77 F2 5947 BRAZ B A% 75 ik
(Luo and Schuster, 1991; Pratt et al. , 1998; Pratt, 1999;
Tromp et al. , 2005; Fichtner et al. , 2009; Tong et al. , 2011,
2014a, b). He N A, A SOR 43 i Xk W26 5 vk AT B
4.
2.1 SEBRENBETE

B XoF b G AR AR 177 B 442 , Zhao 4§ (2000 ) A1 Capdeville
(2005 ) HI1 IEHR B 7 6 RAR BRON FR A Bt v s MR ) = 48
FRATUE I BBURR A , 12 07 16 10 S A A D8 I8 3 T AR A G e 3 O
e (HTFE R R A 3 T ORI R TS 2 e B R,
Dahlen %% (2000) F1 Hung % (2000) $& H} T Banana-Doughnut
HRE SR H 2R A 55 Bl Ak PR S 4 Tk 43 ol 343 = 4
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A FRAFUE N2 BT U5 T3 75 B SR SEAE TR 5. T
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1998, 1999; Tromp et al. , 2005; Fichtner et al. , 2006 ; Tong
et al. , 2011, 2014a, b; Liu et al. , 2017a, b). {BIRTE & vk
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FEL KB IS AC R Z J B R 25 5%, & S B AR R 4L
K (Tromp et al. , 2005) :
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SRR T RRAE U E x, 1530 (0) JE— B A 5 R AL,
FHREREAEE R AH M PTE. e F — B Born i1 K A Fi 2% )
A3, Gt BT SRR B AR R B ARl
& =x(m,my +dm.,x ) —x(m,my,x)
_ de(x) . !
=_ jﬂKU(x,x,, X)) Co(x>dx - L K, -éox di - J; K6tde

(26)

¥

T
K. (x,x ,x,) = —J;2c§(x) Vs (T -t,x) -Vs(t,x)dt ,

(27a)
K =f(1-1,)Vs" (T-1,x.) , (27b)
K=-s"(T-t,x)f (t-t,) . (27¢)

USRSy Sm 6 b i S ER A UL 5 0 4
R 22 57, B

m=m, +ém , (28)
DRI A H b e SO S BRI 00 T B4R /IMEL, B -
x(m,my +ém,x ) =0 , (29)

SR, 47 50(30) 7 :

T
1 sz(ﬁ) ld(t,x,,x) —s(t,x,,x,) [dt
2

[ To(od(rx, x) Pdi

Sc(x)
Co(x)

=- fQK(‘(x,x,,xh) dx - J;T 75 - ox de - J;TKﬁzdt.

(30)

2 (30) PR HE T 75 05 FE 1 52 T TR AT AR 2 1 D7
i, BRI TR 5 R 2 8] ) AR eR 85 B4R
B Z IR AR, Herp, 30(27a) FRON 6T A 5 RR IR 2 A i
A1) FAR eRESCRDS T BE BE P Bh R A% s 50 (27h) BN S TR U
(BB IR 2K (27¢) T AR 2B A U

TR 1L T P 8l J5 e = DY 2 B LR 42 6 O A
A TR X, AR R s T (1,x) B
M 2T 1) O i 220 96 ) A48 ) AL D A 3, Pk 2 o P
Blid 7, HAMIE R

7‘92“3&2"") SV Vs (6,0)] + 0 (T - 1)

(d-s)(T-1t,x,x)

J;T lw()d(t,x,,x,) [*dt

% BB RN 7 5 IR B A R B R vh A 4%, HL
s ) Ik Q BA At R SR TR e B iR
BRI 5 fif 1) 88, B
a7 (t,x) =0 xef

ot , (32)

ne[c(x)Vs*(1,x)] =0 xea
(KL , B 2l 7 AT BR AT AT IR i 2 ) ) 5 (K A 18 5l
FIPF: Bt 37 K ARAT b 72 J2 1T AR A4 U

ST sl R HA FRATZ AT S 75 I8 T M= P R 1Y
R, BRI AL 2 A Z b 5 ) RBL, 4 & AR T S IR R LA
PEGTE 20 7% 3K Py 50 i 52 0 1 3 B 45 4 43 AT 3 2
A, WO JZ W R AE 3 R P R S5 R AR I 5 T WA T 020 0 2%
W, WA T — &R 8 858 R (Gauthier et al. , 1986
Mora, 1987; Bunks et al., 1995; Operto et al., 2004;
Fichtner et al. , 2006a, b; Brenders and Pratt, 2007 ; Tape et
al. , 2007, 2010; Sirgue et al. , 2010; Fichtner and Tramper,
2011; Tong et al., 2014b; T 4k A %F, 2017; Liu et al. ,
2017a, b). Tape %5 (2010) F W 2 M1 A5 5 1 65 T A1) 4
JEV. B T SC R B A M UEA T T ST B R URT 203 S
ICSRFAY 143 S DX R A5 5 (LR RPN ) 89 =100

5(x —x,). (31)

s (t,x) =



58

HiERY B JE R www. progeophys. cn 2019,34(1)
v(km/s)
2 3 4 5 6
10 20 30 40 50 60 70 80 90 100
“ 0 V. (km/s)
-
= 38
I
B 36
10 20 30 40 30 ) 60 70 80 90 100
Distance/km 339N 34
e V: 6
9 MR S A R 55 e o W il ¥
(Rawlinson et al. , 2008) 121°W 119°W NTW -15°W
Fig.9 Ray paths in a smoothly varying heterogeneous ks
medium ( Rawlinson et al. , 2008 ) 4
3
WY AR EIAE 2 ~ 30 s Z[8], 90 45 3D AL in A 45 Je -40 RLE et 2
S AR L BB P 10 S5 16 YR 1581 1) 97 ) O S S T
b7l 4 L H: i~ 10 km PR EE AL Y o B 45 . .
VLTI FABUR, S EIERR 10 ko RECISAORILES g 1) s e 5 09 (Tape o ., 2010)
Fy, T EIZRR T 119°W B33 B 31 1550 T . 1208 18 3 7 A 1) TGRS 45 16 WAL BORAE 10k T AL Y Vs 020
LT 119°W 76 10 km JRMEA 4% 0 I 5 A5 P AT L - O 15 R B e R
Z I . . =B s 77 =5
PEECHY) A A 8 (1) MR R B (1) VS
FEIRLATHE (1) 3381l (He) RIZESE08 o s () . 0 T o e e e o0y o the
WUE 7R T UTRR G 58 3w MW 2 (8] 1 e o b 25 5 4 Top: Final Vg crustal model at 10 km depth after 16 iterations;
UHCHPAAE. 4 11 507 7508510 B 1 5 Dashed T demores 10 Tom et comtour intenval fo 0. 3 on.
EI/J r‘{gj)ﬂl— Lj&*”ﬁﬁ?ﬂﬁn*ﬁi[o{&% fi \(n%AﬁzEﬁ SA: San Andreas fault; G: Garlock fault; SY: Santa Ynez fault.

In1m15 / m00)

4 ] 40 PR S TR e L
-100 -50 0 50 100 150 200 250 300 -100 -50 0 50 100 150 200 250 300
P A% i /km i A% ¥ /km
(b) ﬂ ﬂ A
Z-1D Z-m00

R-1D U R-m00 M R-ml6 ¥

| | 1 1 Il n | I | 1 ! N | 1 | | Il
f T T T T T t T T T T T t T T T T T

1DV T-m00 w f WM%

40 60 80 100 120 ]40 160 40 60 80 100 120 140 160 40 60 80 100 120 140 160
FEm/s FEm/s FEms

) Vel 11 3 (o PSRRI ik 2 ] (Tape et al. , 2010)
(a) ISAEVR CRRUR A5 : My 4.2, R 11,4 k) ¢ 2 HEIE A0 53 DPP. CIC A3 {7 8 R ASRE 220. 1 k) Vs TRV SY - SRR 5
MC: Eﬁ*‘ﬂﬁ/@ﬁ%ﬁ? (b)6 ~30s il 1908 6] 84 1 I AR 1] (21 ) S5 LI R 1] ( B0 ) 36f L. 7« e T IR R I e 78— 24l P R 7+ Y
B v LTI = e Y A A7 - SE T I 3D B 10 5 2 e B R AR [ 20 k5 T A 20k
Flg 11 Vertical velocity cross-sections and corresponding three-component seismograms. (Tape et al. , 2010)
(a) Cross-section of the VS tomographic models for a path from one event (Source: My 4.2, depth 11.4 km) to station DPP. CI
(Receiver; distance 220.1 km) , near San Diego. SY: Santa Ynez fault; MC: Malibu Coast fault; (b) Synthetic seismograms
(red) and observed seismograms ( black) for the period range 6 ~30 s. The left column shows synthetics computed using a
1D model for southern California. The centre column shows synthetics computed using the initial 3D model. The right column shows
synthetics computed using the final 3D model. Z: Vertical component; R: Radial component; T: Transverse component.
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