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Abstract: Surface wave tomography is a very important tool to study shear wave
velocity structures of crust and upper mantle. For surface wave phase or group
velocity tomography we usually assume that surface waves propagate along
great-circle paths. However, when the velocity structure has large variations,
surface waves will propagate along off-great-circle paths, and therefore there
may exist considerable errors in tomographic inversion results based on great-
circle propagation of surface waves. We use the ray-tracing-based surface wave
tomography method to analyze how off-great-circle propagation of surface waves
influences the results of phase velocity tomography in western Sichuan. During
the inversion, the fast marching method is used to track the ray paths of surface
waves and the subspace inversion scheme is used for the inversion step. We use
synthetic data from a theoretical model and short period ambient noise phase
velocity dispersion data from the western Sichuan array for the analysis, and we
compare the inversion results based on off-great-circle propagation and great-
circle propagation of surface waves. Results of the synthetic tests show that the
off-great-circle tomographic method recovers the anomaly better when the varia-
tion of the velocity structure is large. The inversion of real data from the west-
ern Sichuan array reveals that for the 6 s period data, the differences between
the phase velocity tomographic results from the off-great-circle propagation and
great-circle propagation methods are rather obvious, which are close to 0. 2 km/s
in the Sichuan basin. For the 10 s period data, differences between the two
methods are much smaller, which are all less than 0. 1 km/s. The main reason is
due to that the 6 s period data are more sensitive to the complex shallow struc-
ture of upper crust, so the effect of off-great-circle propagation on the inversion
results is more remarkable. Our results indicate that the off-great-circle propa-
gation effect should be considered in the tomography if the observed phase
velocities along different paths have large variations, for example, more than
10% of the average velocity, otherwise the inversion results of regions with

large velocity anomalies might have considerable bias.

Key words: surface wave tomography; off-great-circle propagation; phase

velocity; western Sichuan
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al, 2007; Lietal, 2009; Fang et al, 2010; Zheng et al, 2011; I, 2013; E E &,
2014) 5 {H Y & 3l 0] JE A6 10 ke A2 A7 s BB /N, BR RS BRI A A Y B AT LA Gk B 1—2 s

T Y A5 A ATF 9 M ' b A Jp o 5 A ) — B T ik B S I I 1R — R
T BCHE . WF9T 0% JE A 90 Bl 38 H &R 7E 15 s LA b (Huang et al s 2003; Yao et al, 2005;
RO, 2014) , FBR WA R M ST R I M 1) R D B A R AT 10 4P OR KRR Ok i 3t

T S5 MR 7S Y TET U B A% T v mT DA T I AR % A ) SRR AG. E B AR AT 50 km
— B M S AR Y R Y BBl SN 5—40 s (Shapiro ez al s 2005; Yao et al, 2006; Yang et
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(Huang et al, 2010; Z= B 22, 2010; Young et al, 2011), M 1M AE WS W 5% L b 72 & 2
2—3 km AN Y3 B2 45 4.

T T I TAR O vk IR TR T R B AR A5 4 . 28 T 2 2% o 5 | S ) T 8 A% A B A
5 T AR 45 SR Y SR X TE A BT OO AL A A B S B /NI AT DA B
G- (R R SR R R A A . TRl AR b A 0 R T ISR RN T R MR SRR R
FH TR [ B8 AR A ) AR T . ISR 3R W, Rt ] J00Y T e AR 448 7R %) A S 8 S AT LA 36 )
30 % H 2 H & (Huang er al, 20105 22545, 2010), 175 H57E H 3047 76 AR KBRS 1] 3R 1 4
PE. ZEXFIIG BLT o TH I ) AR A BE AR AT RE 23 0 3 I K B AR G R AR SR R T ORI PR
AR ARV 1) T AR O ¥ s 7T RE 23 S SO 4 1) AR A R AT AR O IR 22

2 P8 A B9 O 0 % A% A% 1 1) TR B B AR O VR R R A P — R R T T IR A R AR G
2538 BF 1 T U 8% J7 1 (Arroucau et al s 20103 Young et al, 2011), B —Fh 2R TEE T
T2 {14 (eikonal tomography) ) J5 1 (Lin et al s 2009; Zhou et al, 2012). J5—FhJy i i
AT B E I 37 T SR e R ok 7 B, R T A IR L E O A, T R AT S AR AR TR R T
FEUR W 7 00 T 6 0l B 5 B A B ST R 00 - 7T RLSRAS W58 i iR 45 51 . (HIL Jr A
& T 6l B 5o A AN 2 50 4% Dl

G0 ST 4R B% 432 38 I 7 1 F 5 F 7 8 i (Sambridge, Kennett, 1990) . p%4% 25 il i
(Julian, Gubbins, 1977) DL k& & T W A% ) fe 4 #% 4% 15 (Nakanishi, Yamaguchi, 1986) Fl i
B (Vinje e al s 1993) 45, HiE ., X ksl A AR E M, SUF7ERE & % B
18 42 i 75 A ) [E] R R3S i % ) BT ( Leidenfrost et al, 1999). i 473 ¥ (fast marching
method) (Sethian, 1996 W2 —Fift 38 o 8 5 I fir 57 11 A9 98 bR A 72 ok 05 2 AT 47 23 26
BRI RS E N B R OIS, Tz E M TR R R, R B G A SR AR R
A . Arroucau % (2010) & Young &5 (2011) ¥ 5% Fl i Jr i i 47 1T I 59 48 6 4% 38 %
I EAT T B A U

W E N GER SR kR T Ui/ T3k 7 B (Tarantola, Valette, 1982; Barmin
et al , 2001) 8% Bh )& £ (Rawlinson, Sambridge, 2003; Arroucau et al, 2010; Young et al,
201D F R 7 . E AR R A B BEL G PR R0 i R B T A R A AR K R e, G R
ST B 0 Oy 25 SR B A Bl /o7 R Lo ok AR B S py B /i L X RO
Bk S B FE R KA & (Rawlinson, Sambridge, 2003).

28K 3 T 0 268 B T U 1% T 1 (Rawlinson, Sambridge, 2003; Arroucau et
al, 20105 Young et al, 2011), BIF5E T A Ml 125 I [52) (8 A25 1% 406 Xof 205 40 5 4 1) 100 )11 G 48 3 IXC
L) 00 TR 9 R R A B S ) P B e AR Y S T VG 5 B ) R S T R MR A
JEE BRI S AT ISR 23 A K 5 3 5 0 O 1] B A2 A% 8 1) AR 45 SR AT X L.

1 MRXIBEEE

Jo T LA Y1 M PG A S, L b R B AR AEAR K 25 R W A R - T A B
M 5e JEE B 60—70 ke, AR HB A4 DU 1| 2 b b 5 JREFE 2928 40 km(Liu er al, 2014). PUJI| 4%
TR R R 298 10 k(8645 , 2008) . DU 1| 4 Ml 1 4 F&) S0 TR e 4 398 3 22 900 AR o
AR S8, R 0T Ll PG b D X s R SR R (R LA, 2010).

Bl 1a 25 T W58 X380 b TR A9 38 R0 & BER 43 4. N0 G BELEA 297 S5k, & ik
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[ #E 2k 5—40 km(XJF T645, 2009). A SO )& A 2007-—2009 4F 5 5t M 7S B AR 5C 9%
b B A B S R S R A OB (Liu et al s 2014) , 5 B EEAZ 29 6000 % JEI 4 6 s 1Y
AH A RO (BB AR 40 A A B 1b T 70 43 10000 45 J8 191k 10 s 1) AH 1B 5 s, HL Rk s
LR D% R BSOS Ty 1 U R R AR S 1 4 i B 5 4R BLAE (20100 Rl LiudE (2014) SCE.
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B 1 Ca) PG 3t X 3t T F s 0 1 PG 65 B 40 A, HErp BRZR R R W2 40 A (51 A XRG4, 2004) ,
A =fILRRGUW; (b N 6 s 10L& FH 3 B B A4%5 n

Fig. 1 (a) Regional topography and tectonic setting of western Sichuan area and location of the

seismograph array in western Sichuan. Black lines are faults (Deng, 2004) and red triangles are

stations; (b) Path coverage of inter-station phase velocity measurements at the period of 6 s

2 CREELTHEE KRR T E

AN K A 3 T 9 2608 B B T U R O 1 (Rawlinson, Sambridge, 2003) ##47 & 2247 i
T T IR R Y S 5 R SR R PR AT I AT T S A R AR 1B B IR SR T A AR
1 (subspace inversion) J7 & #EAT AT MR . W0 ST ] 240 24 I 10 W 40 o] 22 Hi
B P e B # P T
2.1 RFEITHE

PRGAUAT S T A 3B B T A 0 S T IR ) S B A% B AR 1 ST I S X R ) A
MIR S B — I 2] B T A& . B — i XUA FR 22 43 5 (first-order upwind finite differ-
ence scheme) 35 I f BT E BT A M AR AR &R A% mSUE I, AR QB ARS L B AT B/ E I Y AR
DR T — I 2 BT, S R AN T AR A B T A AR R E AR T
ZEIL R E R N B L R M RS A R, LR AERRE. ¥Rk
JE B Bt HE HE A 1B B IR Y 19 B (Rawlinson, Sambridge, 2004).
2.2 FEEREE

S ] SO R TR TR R . H H AR B EIUE

S(m) = L[ W) +edm) + 92 (m) 7 0
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K, m R, OOm) FEAE 25, oGm) HEER )7 2%, QGm) NEERIE W e, HH
PRFEA MA@ Gy WDPIR. e HHBH T 9 8 H T

\If(m) - [g(m) 7d0bs:|T[g(m) 7dobs:|’ (2)
&(m) = (m—my)" (m—m,), (3)
Q(m) = m"D"Dm , (€9)

s do 2 MR LI A5 21 f0 ThT 3B N o by R R SO T R AR AT s e 2 AR A WL B Y A
J A e IR - R A A AL 5 g Cm) RS m W TR E I 5 D g — B A BR 222055 .
T PR A eh R AR B -3 29 BR . E AR BRSO m SR G, SR E AR BR O 0N I X i
(9 m B Ay 5 S0 S 4
¥ A S e — ﬁﬁ?ﬁ’% EAR MR R Y 7 i o SRR 5 A (1D o 2238 1o )

m,, = m,+m, (5)
HEAT IR BUGEAT, BZUGE AR BN om, BRITE— 4> p HEMBRL 725 | rp. A i
BTN, A% m iR, 4

om = Z,u,af“Ay,, (6)
Hop A=[a’ Py vasii Py ki, 722 lEﬂ/iEl’JE*T Honl it — 54k

S(m—}—&m):S(m)—O—Zluj Ta + EZMW(a) Ha'. €
j=1

j=1 k=1

A

Hr, y=aS/am, H=9"S/om’.

SRIG i H AR BN a5 [ e R p SRS B/MEBAREE AT p,

111 5 LA om 2y

om =—A[A"(G"G + ¢l +7D"D)A] 'A"y, (8)
b, G oI F UL B H G B 551580 R o ) 22 0] i BBURR B A B . B g (m) = Gm. fE 5L
TR 1B [ A2 A5 R 19 S B e DR kg O D 50 X 1 1 B AR DR AN, L G MRS s fESE T
i 125 K 1B I8 A8 A% 9 1 B Yok AR s i AR TR (90 A DT R T U8 A R T B A A s B AN W
e GHER AW,

23 (A I D0 AR T3 080 A A v 3 e 3 AR B SR A o R BR i A — A p dE TS 1]
A UCGE A R TR — A p X p K/NILRAE T BRAL. 123 1 4EBE p<<8 wh REAR &7 2% AR i
AR, RRBUNTBH &, &5 TeBR0E. XTFERNEMTEH N HiE S % Rawlin-
son Fl Sambridge(2003) X .

2.3 HEEBEFMEREFHHE

TR Ll 2 1] B 0 80 E A oR 550 BELJE PR RT3 B - s o E R, X LR AT
A B Ty 22 (m) MR 75 2% O Gm) (1) PR SC e S 2 BB IR 7 e (Aki et al s 1977)
SRIG R Ll 4 J v 4R A5 G 1 o1 R 7.

a2 GOFH, HARRECF I Om) WA FEE 1R 25, @ (m) TR AR A X T
YR AR (X BL R SR RD) (1 2. © G T 2% 30 2o 38 AR Isf 77 A %) A5 7 5 57 359 460 Y B 458 1
B T - $5 A5 7 — FRC SO I 5040 1 A B 0 A P ML Rt FRATT A BB A I A RN
B =5 IR R G, S, FRATTTHAE T AR Iy 22 500 @ (m) R 7 22300 w(m) 9{E . I A
P BHJE IR F e R 7 22300 w(m) 50T A (B Ty 25 T e @ (m) 19 K /Ny 7] — 55 i
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Fig. 4

tomographic results and the great-circle tomographic results (c,)
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results (c,) and the great-circle tomographic results (¢,).

(a) Histogram of the phase velocity difference on every grid between the off-great-circle tomographic

(b) or (¢) shows the histogram of the

phase velocity difference on every grid in the red rectangle area in Fig. 4a between the off-great-circle

results or great-circle results and the true model phase velocity (c,,.) in Fig. 2, respectively
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ORI 3.0 km /s, BEE R I SR IR B 0.5 km/s I, H5RH R 29 071
T 16 06, IH IF ik i 125 DK I3 A28 % B 1) sk 45 SR S s JEC S Y 7 AR i 5 925 X 6%
TR S 7 St A BE B M X e R BB IR F0. 2 km/s 745 (1] 4b. ] 5a).

3.2 JIEAFEEREES PRI

NI A ST IE W 2 (8] 7 B, FeNT et 7 ABEELATIA] 6a f9 0. 47X 0. 4" 57 RE
Fe R 0 AR 3, R IR DX S A 0.5 km /s, SRR JE A 6 s 1 S B AR IE T A= i T
PEmS . IFMA 16 R BERL iR 22 » SRJG FEEAT S i, i 6b T LA . i TR IR
AR TEBRAR A G 0 DI T O OB B A R B S T A R 0. 47X 0. AT R SRR
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Fig. 6 (a) Input checkerboard model with a 0.4°X 0. 4° anomaly scale; (b) Recovery of the

checkerboard model using the synthetic data. The average phase velocity ¢ is 3.0 km/s

3.3 JIHEHMEREBERESLESR

FHATE$E 2] J S 6 s B 10 s 1% 3 7 I8 A 3 B2 A0 HICE G (Liu ez al s 2011 A% A
3 990 Tl 1 R TBR] B A A 4 D v R R (B B AR AR 4 v X NP X AT AR BT TR
[Fi) 6 A% AH S BE LI R e T or A R AE. FT LA s JRIIACH 6 s A 5080 A 3 8 O I 11 fe /)N
2% 2.58 km/s, fx RAEZH 3. 24 km/s, FEHALE 2. 9—3. 15 km/s. ZFPEH 3. 0 km/s
A Ay BT A I S AR 330 AR Xt Y- R4 A TR O 0 R O ) R A B 14 0. SRR
10 s (A AH 2 BE WA e /ME 29 R 2.9 km/s, e RMEZ R 3. 35 km/s, oM fE 3. 04—
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Fig. 7 Histograms of the observed phase velocity values along different paths (data from Liu et al ,

2014) obtained from the ambient noise cross-correlation at periods 6 s (a) and 10 s (b)
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Fig. 8 Phase velocity variation maps (with respect to the average phase velocity) using the tomo-
graphic method considering off-great-circle propagation at periods 6 s (a) and 10 s (¢) and
considering great-circle propagation at 6 s (a) and 10 s (¢). The black lines that connect
part of the stations (red triangles) denote the ray paths. The average phase velocity
¢is 3.0 km/s in (a) and (b), and 3. 15 km/s in (¢) and (d)
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Fig. 9 Histograms of the phase velocity difference between the inversion results based
on off-great-circle propagation and great-circle propagation of surface waves

on every grid at periods 6 s (a) and 10 s (b)
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