é:"" 2014 4E45 29 % 45 2 1]
‘. 2014,29(2) :0488-0497

CETY &

HiERYy gk B Progress in Geophysics ISSN 1004-2903 %ﬁ‘ 0
http//www.progeophys.cn CN 11-2982/P 1%

7 B, kA,
6038/pg20140203.

2, S5 20140 AR M T b AR AL AR KM BT 0Ly ik F 9T R . M BR 9 B2 HE S, 29 (2. 0488-0497, doi: 10.

HOU Jue, ZHANG Zhong-jie, LAN Hai-qiang, et al. 2014. Progress in numerical simulation of seismic wave propagation under an undulating
surface. Progress in Geophysics (in Chinese), 29(2):0488-0497,doi: 10. 6038/pg20140203.

AR T i =

HIEEBRBERNT ZMARERE

Progress in numerical simulation of seismic wave propagation under an

undulating surface

B, [Kea

HOU Jue'?,

ZgR, 5 #,

. PERREABE R LR 100049

- R EBEERETINHERALE DTS 510640

— W DN

100029, China

2. University of Chinese Academy of Sciences, Beijing 100049, China

o IR B -t Bk BT S S A B T S L AR

TR ROE,

, LAN Hai-qgiang', MA Ting', WANG Peng'**

, XU Tao', TENG Ji-wen'

100029

. State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing

3. Guangzhou Institute of Geochemistry , Chinese Academy of Sciences, Guangzhou 510640, China

B OE RARICTEHIE R E R e R ik 8 5
64 M. AR Mo AT 649 Mo B S AR #5 S AL L, 3 AL AR b A L
éﬁ Ho B FA A R T T % 5L MR A I e R SR A B
\ﬁ'uwkn‘f@/ﬁdiﬁ/]‘d]j] S AeIR ) AT 8 AR E AR
WA EERZ KRR E R G A ER AR H T
)RR A 4 T ALAR MR T 64 Mo K D AR A5 HA AL A 7 R e AT A
HR I T T AR A — R AT R R ALk RN
B RARE AR KR — BIRARIR A9 22 S AR Tk
KR AR AR IR LA A Y

FES%ES P35
XHERFRIRES A
doi: 10. 6038/pg20140203

Abstract Rough topography is very common and we have to
deal with it during the acquisition, processing, and
interpretation of seismic data. Modeling of seismic-wave
propagation in medium with irregular topography is beneficial
to process and interpret seismic data acquired by active and
passive source seismology conducted in areas of interest such as
mountain ranges and basins. Seismic wavefield and seismic
wave traveltime field are two important ways to describe
seismic wave propagation. In this paper, we try to give a basic
review on the research progress of seismic wave propagation
simulation method through the above two aspects, and show
some new research results in this field, in the meaning of
supplying a initial material so as to enable readers get some
basic knowledge of the development obtained in the past and
current, and find some breakthroughs then may make some
contributions to the development or applications of new
methods and technologies themselves.

Keywords  undulating surface; seismic wave propagation;
numerical simulation; traveltime
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MR P AL R R FAE REARFAE. TN TR A TR 52 3537 F
TR IR 7 75 T A T S R T ) e R 10 A B (A
AT I .

1 RARMAS by S BB ) I Tt e
SRR B TR AR I Pk 2 R B T 1 Kt
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Table 1 Methods for simulating seismic wavefields in media with an irregular surface

HBERE T 7% Pesi R
ARG AL FHAS HLI 3 7 i FENAF R T 1 AR
WLk A BEAS WL 3t 7 e A
. A Ak B3t F A0 2 A sty B ZUAR IR LA e T 4540 52 2% A A7 D
Phitik MR A/ S
Ttk b BEAS B 3t 7 ANIEJH T H 358 E AR AR L
e THREEE R o5 N AE /N FERBED S J% A Jo AP M R D 1% Q30 2 T H TR

Femd 0 e iz

1.1 HRITE(FE)

A RRICIETE T AR5y B, SR FA 43 B Bl B T = A TE M
SR AR ) A R AIE T R 2k 2 T8 S L Y i
(Rial et al. , 1992; Toshinawa and Ohmachi, 1992). {HA R
TR R R S, 5 N AE B S R R,
I, R JR T — S KR T AN H A T v A G R A T s il
Moczo 55 FI B HIGH B0y AR 0L R VR AN T 7R Jo v s 732
WA A% , T 3 A7 R TC Jr 5 DR A5 400 4 72 Kt 2 1 46 114 D
(Moczo et al. s 1997; Galis et al. , 2008) ; 7k AR ZE (2002)
FFFE T 45 1) S P A PR TG 1E T8 R G ARG B R Ak 3 )
PR T b S s v 2H A N L Ry 5 ORI 4%
1) s A TR S (2002) F T BURH A5 i) S P A R ERY , 4fE 3 T7 X0
AR ) A o o SR A% 4 1 30 ) 2 7 B S Galerkin
AR 53 JT RN BRICIZE 3l 5 2 X XA PTL A 50 1 XUAH 45 o)
()P B B S AL R EA T T BB AR s B8 A A (2004)
PRI T —FA ROTAA IR 224 (FE-FD) #8419 X Bk 43 2405
3% T O T AL T 2 43 5 1 0 XAl 1 AR 4 T ] A
PR BE BT 135 8 LA BROTIER /IS R TS Aoy 125 i 2 b A
LT AR 1l 3R b FR U AL AR 28 T A P R 7 TR 1 38
Fab Gy 7= e N R RS Wi B AR By Ak B XA D A
(2013) R IR B A At 14 . XA BR OC = A B WO & gl S 154007
D TR I A JF SR T PMIL I A S TR
BEh FROR.

1.2 fhikik(PS)

PR SO T 72 o 2 — O I 2 [ 43 1 125 A
R R I LS 00 e 37 R R R Ry A L I R S T 5K TE I
7] — P B3O AT 3 35l SR S D 3 O B K E o o N A/
(Tessmer etal. s 1992; Tessmer and Kosloff, 1994; Nielsen
etal., 1990, A EHA 90 FRZ G ZIr A T Bk
HIR . A EMF995) 45 T AR RN ZFL R A 5T o ik i
PR EE RN O I . K SCAE S5 (1998) FH P ik AT T =

AR 1045 1] [P A 0 20 7 AR ) T AR, R 1) X SR
WK FEIE T8 3R AL L Furunura 5 (1995) 1 WAEF X Ok 1k
20T B JE YR 0 5t U7 ik Takenaka FI E Z 2 4
(Takenaka et al. , 1999, Wang et al. , 2000) F| FI{hi% 24
STHER T BRGFR 4 TR AY R B A 2 1) 39 2 A6 8 1) 0B AR
LAY o bt 5 % 945 75 1) . Z 5 AN K, Wang and Takenaka
(2001 F) FIIAS 7 B2 P A A8 37 - Oh 15 22 B0 00 T DX it
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BT ZGEAE AR AR T A b BRI b il G20 (0 1% 4. X AT 5
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F B2 2= G DU AR S K B2 2% (Tessmer et al. , 1992).
1.3 A5 Tik(BE)
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— 2T A AR R R T B TR Green pRE—IRAE
PRI K e, H 314 (Banerjee and Butterfield, 1981). i #o0
TETERT ST AL K 3 2 M 72 3 1% 4% 10 1 5 £ (Campillo and
Bouchon, 1985; Bouchon ez al. , 1989; Sdnchez-Sesma and
Campillo, 1991, 1993 45 Sy & 1A 7K, 1994; Durand ez
al. s 1999; Sanchez-Sesma et al. , 2006). 5 H & L7
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il T 1 FoCE ik B SE R N (Bouchon et al. . 1995). f£4¢
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SRR 2 A AN AR RE BT B A5 JI8FSE (1994) R I HA0T
88 BB A o R 3 AN B AR A A 14 AR BT AR D I | Bl
I EAICAEHOR MR & 1 i H AR, Zhou 45 (2008, 2009a,
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1999, 2002; Komatitsch ez al. , 2000) S ICIEERL T — 4k
23 AR AR ZR T Bt 3 e T B Ze R 5 iR 45 Fh T
P IR FIZ O AL T 4 T 5% KA R AR 1 T IS B S 3
. ENFF A RMIT RIS S TE TR T R % 1
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PEACEC T FE 4 LA SR A 303 O A& B9 BOE % (Mitchell and
Griffiths, 1980). 2205 7 & — =5[] R A9 5 1~ 7E =5 0]
SR 0 43 HER AT LAAR A 38 o7 JR Z 78 A vy b A S
%0 (Wong, 1982; Jih et al. , 1988; Frankel and Vidale,
1992; Hestholm and Ruud, 1994, 1998; Robertsson, 1996;
gk 8] 2, 1998; Hestholm et al., 1999; Oprsal and
Zahradnik, 1999; Hayashi ez al. , 2001; Hestholm, 2003;

Gao and Zhang, 2006; Zhang and Chen, 2006; & [ &4,
2007; XK &5, 2007; yRASE, 2007; 5R4xiES, 2007;
Lombard ezal. , 2008). ZEMZRIR F G PR HF P15
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and Zhang, 2012) (bR 4T T BLAIARSE. B 1 BOR T
— AT RTE MG RRY B 2 JRR T 22 S AL A A
R VT B 7 M 10 sk LR A, 2011, A
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Fig. 1 A semi-circular shape depression

topography model
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Fig. 2 Seismograms for the semi-circular shape depression topography model. Symbols mean the following: (qPd) qP
wave diffracts to qP wave; (Rd) Rayleigh wave diffracts to Rayleigh wave; (qPRf) qP wave scatters to Rayleigh wave and
propagates forward; (qPRb) qP wave scatters to Rayleigh wave and propagates backward; (qPqP) qP wave reflectes to
qP wave; (RqPf) Rayleigh wave scatters to qP wave and propagates forward; (RqPb) Rayleigh wave scatters to qP wave
and propagates backward; (RR) Rayleigh wave reflectes to Rayleigh wave.
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Fig. 3 Snapshots of the vertical component of the wavefield at different propagation

times for the semi-circular shape depression topography model
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it 75 1 9% (qPRb, RR) Fl qP 3% (qPqP, RqPb). V14 i3 %
Ak, i F T 2825 5 | (A AN EG TR T i & AR SR AU T
T B2 P DR /0N o A P i R T 9B 7 A ) RO B AR T A
1B 3 W ICRE 11 BE 11 B 45 J5 fig B S0 HL 9 it 5 10 8¢ 119 1%
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TG DA BT B2 oSV e AR b R AT 3G 19 o 0 1 05 AE
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AU R A A . R RE AT R 2% B H DN [N R A Y I 4
qSV .
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2.1 ETERAFEZNERNMERENSS

MR IR UL (1 — A TR SR 7E 3 R IR
TE B WF 58 A0 AR 57 52 B v oA 4 B B (Yilmaz and
Doherty, 2001). F552 |, 4R 25 ] 3% i3k N AR 25+ Ay It
ZH B T IR 1) Ty 10 0 B P 380 ot R S I 4 A
& A% Kirchhoff FH43 4% (Gray and May, 1994; Symes
etal. , 1994) FI I T 3 B 37 B3 1) b 5% J2 A7 i #& (Hole,
1992; Zelt and Smith, 1992; Zhang et al. , 2000; Aki and
Richards, 2002; Zhang et al. , 2010).

TEHOFR R KR Ab BE 5 A% v S Kirchhoff F10fii B8 &
— T B IR SR e A BB T A3 [ ) Talk AR i i T
HIAZ Lo 22— SR T3 52 A J5 v 11 3 52 1B I (Berkhout,
1984). —J5 Tl % T8 — A UG sl RT3 i G2 e 8] iy
TS THSREARAR KR 5 3 — 0 T Al A% 38 18 373 5 LU O %, IX XS
Y R I Y SAA SR AL T RS R R I A i
NS B B2k e 2 A4 7 15 10 o7 98 R R0 (Yilmaz and
Doherty, 2001).

(AR 7l R B b 2 RS AR o b AR 2 AT R
AR T T IZ 0 A BCAR » © BE AT LA SR fiff e ) 3 . 44 1
[l (Zhang ez al. , 2000, 2005, 2009, 2010; Zhang ez al. ,
2013) , o A] DA FH Sf fif e X 3449 338 [) 231 (Widiyantoro and Van
Der Hilst, 1997; Gorbatov et al. , 2000, 2001) , i\ DLk
fi e 4> Bk M (7] 35 (Hole, 1992; Zelt et al. , 2001; 15 %,
2007; Xu et al. » 2010, JEHT UG RIE LA TS KD A%
22 ) ) A I S0 S 3 8 37 14 Jy 125 2y B Sl 2 o — 0 4k
TEERIRY, o S AR R n] DT — 4 B B R SRS B
T X LU IRVR T I S5 B S I A W 0] o ol AR, de 15 3
T LI S 4G

PRI 1 7 08 T A5 AR A bR P 34074 T VR v 3
ST LB PR 7= v B8 AG 5 AR E B 0 L A TRt R b e
PBOEM TR HOR BT LK.

RGN EAE I I 5 ¥ A 4 5 125 L IR Y 2 B
FRIGRFAE J7 11, RS ER T 1) SR fige 5 I, 2848 (B 153 )5 19 3 b
THLIU A b A R I E B (Cerveny et al. s 1977). {H
I X T B A T B R AL GE R S ERB 5 T 1 AT RE 2
P2 X (Cerveny et al. , 1977; Cerveny, 2001; Xu et
al., 2006, 2010, 2014; #5455, 2004; 25 K45, 2013), 4 T
T 2 A ST b B ) T IF S 3 P R D I
FFaE— 20 £ o b 7R i S B I S 0 R ORS B 4 EE
Vidale HT4 5K AT i B AR T Q0 b 4t — b HTAG BR 2293

J7 BT R 2 p6 7 F2 (Vidale, 1988, 1990) , {H 1% J5 %
P IRHTERB R RT . T B E LT B
JRAT I AN SR e/ » LA A P 0 A T 2 S AN B e TR
%. Qin FYH T Vidale 7775, AT BEIT K (14 I Fi 18 >k
THAURATES . J7 3k Vidale A< A8 [ {25 3] T AR 6
R EETR B E RB T  ARAT I AR AR SRR
AN 5K (Qin ez al. » 1992) s {Hi% T3 12 AL S BUEL IR XE
FHR ST I A1 YT 4R R E, RO AN . Van Trier % A
A XA PR 22 4315 | A o R, ORI 4R 8 T 22 404 X
f%a % P (Van Trier and Symes, 1991). Sethian Z£3&H T —
FhFR Z A R B #E 1F 19 J7 5 (Fast marching method, FMM)
(Sethian, 1996, 1999, 2001; Sethian and Popovici, 1999),
TR 0 X 22 34 R A Jm) P R AR SR T 78 A8 4
i EEARA T IR A AR DRAF IR TI » Bf fe /N iRA T
IR AE S AR TOUPR. 2% 07 vk W 35 A T - R/ M A g 1 3
S ETY R OND D3] O(N « logN) (logN Hi #E
MIHEF SR A Hoh N2 35 8 n 4R AR 22838 X
SEHESEEVEAT T HE) RIS A (Fomel, 1997; Alkhalifah and
Fomel, 2001; Kim, 2002; Rawlinson and Sambridge,
2004a, 2004b, 2005; P& PELE, 2009). i, Zhao 4211 T
—FhFR 2Z R B 3 5 19 J7 s (Fast sweeping method, FSM)
(Zhao, 2005) FF 3R A — B 0Ll B Am i o3 5 B FE48 i
B RSN OND, HAUEW] T 32500 09 S ok Ffe 1.
SEBR b PR AT R VA N DR HE R VR SR A AR ] 1 2 Al
HARRHE T RUR O R R B8 5 R A RFAE T 1] SR A » AHL T 5 5
S X g B 7 R B S0 L ROR A — RS & R (Zhang et
al. . 20065 X — Wl 2% 96 3. 20125 2% 96 38 4%, 2012a,
2012b).
2.2 BAMRTHMERENS

T IE R 300 1) AR R R I T O IR R R R TR MR
P4, RIS S 2 b 9 SR A b B I B I A % A X
SEHh X AT Y B S Hl R A B SN 1R (Gray and May, 1994;
Symes et al. , 1994) E W Z T A A H HEHNE X
(Morelli and Dziewonski, 1987; Hole, 1992; Piromallo and
Morelli, 1997; Badal et al. , 2004; Trampert et al. , 2004;
Zhao, 2004; Trampert and van der Hilst, 2005; Wang,
201D, B HAT A 2, 7T DAL S R 1 35 0% 1 52 0 BB
TR S 3 F 4R B R % (9 (Fomel, 1997; Kimmel and
Sethian, 1998; Sethian, 1999; Sethian and Vladimirsky,
2000; Rawlinson and Sambridge, 2004a; Qian et al. ,
2007a, 2007b; Kao et al. , 2008; Leliévre et al. , 2011). #&
T — I, TCIB R TE RIS 43 B B it 2 3 B B B T
AN TLI) PR (18 5 20 L R R 0] P A 1) vk i R £ 1
SR T HL H AT R 22 B B TSN A% 1) Uy vk H R AL 3
H 400 = FA T I M B 5 DL (Lelievre ez al. , 2011). 55
b, HHT T RAR 2 3 52 I B RS Ty VR 2 5 T R0
& B9 XA X B R A% L Bk B T AR A A T [ o 3
TLL b A I G 45 R 9 A7 B i A X 8GR i fE R
(Fornberg, 1988; Tessmer et al., 1992; Hestholm and
Rudd, 1998; Zhang and Chen, 2006; Appelo and Petersson,
2009). PRIk o K& T A 1) 43 1 S AR 3 2 1 SR
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Fig. 4 The boundary conforming grids for

discretizing a model with a

rather irregular surface

HEBE L. f3F . Sun 25 (2011) $2 H T —FloZe B0 R A% -
SR A RS AR 2R T MR A I B U7 R S R DGR A AR
b 2R BRI SR PR $5— 1 DO A ) R LGB A 5 | A 26 0 M 3R I
ROV AT SRR S TS T FMM R g SR %
Ty 5T BT AN F U 2% ) 7 5 A TR (B AL B, SRR R 255
ABRZE. 2R AR QT T 55 M AH 5 11 Hh R Dk 1) B2 R
T RRIF4E T AR SR AF TR SRt T —Fh R R Hh R )
ZE 4 BB A1 J7 3% (Lan and Zhang, 2013a). fiif]
I AR BRI R T R AR bR R AR R T R R T
PRI PR R SRS R b 2 5 I P RIS AN R ) X 38, I 1) 2
L (10 R R T R 48t DAy R U] DX 35 %) % o S ) R R O R I
B s AN BE SR AR A 1 (W) R PR R A B IA T I PR B HE i VR B
R B 7 FE. Ak, 22 ¥ 5 55 5] A SK fi# Hamailton-Jacobi
J5 Y Lax-Friedrichs PR $ 41 e HoK A TP AHOC ) 72 bR
T BB SE SR W2 0 AR R E AR AR, S T 15
FIWE RN L BER A 45 5 B R T TR SR R DX IR A Al
O3 IXFEEE RN TR AR R M LA A R S R A TR N
I, 22 AT | A TSR AR TR 232 05 R I 15 A A A
JEAER 8 X (WEND) 88 Lax-Friedrichs PR 4%
PRI 22 5048 2, &R T R A 5 1T A G AR BRI 5 B2 1 = 4K
# % (Lan and Zhang, 2013b). iZ 5k W& i & 7iHE MW
R TEROMLRY A% B 7R kAR B B 15 B0 e b
BEBOR W% Bt Z SR SRR R B0 T 45 v Sk
A (Lan et al. , 2014). B 4 Jy—A~ @ B~ 1L RIS FG
PRV ZEL A5 17 S 3t 3 R B AR A . B K/ 1.6 km X
1. 32 km, {F7E 1. 1~1. 32 km Z [Jfk. B 5 JB/R T 2278
SRAE FAMAT] A e 1 O B AR R e () 2 UL B 3
(Lan and Zhang, 2013a).
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