551 % 55 4 OB Y M ¥ R Vol. 51, No. 4

2008 £ 7 H CHINESE JOURNAL OF GEOPHYSICS July, 2008
WA T D % A A T A P R R U . HER P B2 4R L 2008.51(4) 1188 ~1195

Zhao A H, Ding Z F, Sun W G, et al.

(in Chinese), 2008, 51(4):1188~1195

EXRNFMEEMHERNTHITE
g, THE, RHE, THE

H I 52 JR) M BR ) BRAE S T . b s 100081

W OE MR P N R BORM R R T A 2R A 5 A R R IR R A A R afl Ly e R A A TR UG
e DRG0 9 T B0 S R T BR7 B TR 2R AR SO T R /N I S 2R B R R L R T — BT B A 2 A B b AR
BT Y 5 i A TE R A 5 N (6 I A UL 8 I 22 41 DA 2 IR B B 2 RS L 1 S DR B e gk Y D R B I
225 WL B 10 22 2 2 %65 22, RV OUHE I 22 550 /5 B R A Dby A TR0 9 A A, % LA HG v UL R 22 e /I Y 1 D B A
T8 XUEE I 22 375 v ) T B/ A I A 55 808 B 5 16 08 R 0 R i 8 H AU R R A T R A S R B AR A D R TR LI 2
T ) 7 PR LI AR R B I 15 20 A 5 TR A S ML I I T 2 S 2k 28 5 U D Y AR R R A T e B AR R
R385 h RS 240 S 00 T R /N T IR S B B U TR B AR AR T B IE . DL — A R A A R AL Y
T T LA I Sl B I L B A5 TR LT B TR L £ 2R S WY BT R R SR R LI T B U ik V) S A AT
KRR AP R EPE MR E AL /N E A STk

XEHS 0001-5733(2008)04-1188-08 mESEE P63l %5 B 3 2008-01-10,2008-05-06 W& & H

Calculation of focal loci for earthquake location in complex media

ZHAO Ai-Hua,DING Zhi-Feng,SUN Wei-Guo, WANG Chun-Yong

Institute of Geophysics, China Earthquake Administration, Beijing 100081, China

Abstract Focal loci are often required in earthquake location. However, it is extremely difficult
to analytically express them when the earthquake lies in a complex model. Therefore, the
calculation of focal loci is usually limited to simple media. In this paper, we present a method for
calculating focal loci in complex media by means of a minimum traveltime tree algorithm for ray
tracing. The focal loci are constrained with observed arrival time differences at seismic stations so
that the problem of origin time is evaded. From all the model nodes, we select a small part with
smaller absolute residuals between observed and calculated traveltime differences (or double-
differences) as reference points of the focal locus. The reference point with minimum double
difference is assigned as an initial point. The ray paths from the initial point to the other selected
reference points in the double-difference field actually represent the focal locus, which are traced
with a minimum traveltime tree algorithm. When the obtained focal locus is rather rough due to
the excessive amount of selected reference points, it can be improved by removing some ray paths
to the reference points that there are less rays going through. Additionally, the stop condition of

the minimum traveltime tree algorithm is modified to reduce computational time. The results of
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numerical tests including velocity perturbations and noisy arrival data in a laterally heterogeneous

model indicate that the presented method is feasible.

Keywords

1 5 &

b 72 R AV S M RR o R B B A Y ) — . v
{14 75 R 57 68 1L 5= TG Bl Pk 20 A L e RAIL A R Ak A L%
LR A I 45 A R 4 A R R AL MR
PR BERR T 52 Mo 5 W23 A3 8 I3 JBORS J5E L3 1
A6 A 1 M LA B i T R A R 28 4 TR SR i AR
5 8 Ay R DA O A — A i B g
WP RO RET ZHFE A7 5.0 Geiger 35,
WL A TR DA R se Ikt AR X sy
LA R AP S ORE A S E T HACR & AR
PSR, R G M A T R . 2 )
T R R DGR AT A AN T SR S R B
A /D B M A2 0 ¢ R T S D0 i B AR AT A 1
EAY =S B B 55— J7 T . 52 U0 3 1 A 4K
ARG R 31 e R R E ) 5% 2 R KT Ik, H i
RT3 AR N i Bl 4 T B S YDk A R
BRI I D 32 B BB Ml BRI Oy 2 5 EK 2
SIABE R UR B S [ JE sOR il LRIB L SRR L
BRI AE AR ) b R 1) A A AR B8 R 2
R G B S Bk o T AT A i 3 A R 0 AR
SEEER BN E LR 22 R 32 Uk 2
JH 3t T A =5 8] (9 72 P 030 2R A7 5 A6 B 5 b
T b 2 5 YR 1 52 2 Ak 7 TR TR T 5 A R I b 3R
IR A 2 A frc i PO TR . M AR IR IR 5 R R
FH ECASTZAR /DN IR o BV X 35 2 A0 R R L 3
4 7 PR L JE AN 2 B A 3t 5 2 TR R T O A 23
A DR e 7 B S X3 P A E R R A AT AR
Je— A R FE Y ] AL

H DAL AT R R 5 U0 R E VRS B Y oK B
S R TR B Y A R A 5 (P s 1) ) R IR 2
R PR B2 2 I 5 TR Il A O 2 % i M L 4 O
figp BT gk DRLIEE o 9R0 52 3%l S T e ) 3 [ R L
SRR GE N S UD i 4 ) 1) S B A TR R o i S B
LRI R LB S AR . A 3C 2 M) B /N oE I R
S EB BR BRI A 2% A B i R PR O fE T
B3 AT 5 LA 2-D BT A ) AT B .

Complex media, Focal loci, Earthquake location, Minimum traveltime tree algorithm

2 B/ E S AGE BT

2.1 JFiE

W, AR Y B HRAL Ry RN AR A Y TE D7 B BT
A5 BRI TT N B RE 250, 20 b R AL R B — T
I AR Al 25 B 40 P 32 B TR A D S 4 5 TR 1) )
(Lt S

PLAE —Hgn bl m CRIY 50 O g8 AR AR 5 AR
PLEA TR 7 B 0 30 1 Sy B 57 B A AR R &R 2
WAL R B Z B TT B O R R A i I U 1) ) A%
B (&8 D FIELL O gyt K 2n(ne N)
MIIE T X 3k ABCD. % P(x,y) (x,y€E Z) N IE
i KIS ABCD N 5 — Bt w0 g W) 1) 5 OP AN

Ay
A n D
2
1
y
) > =< F >
7] T T 7 Yr
- A
1
B -n (65

B 1 FEEHEREE
Fig.1 Schematic diagram showing propagation

of secondary waves

SRR 7 AL 3% 7 ) 0 H R R A R ES. T O
SN AR BRI L BT L P A AR AR B 5 BE s AR
Horm. ANE 1 EH . PSP RR MR —A D51,
i |OP"| = [OP | . jf AAE S bR AL # o, P’ AT LR
THIE AL R —T5 W [ 5. 5 O s 3 Rk
AR O B A R0 1) k. FH M2 L 5 e B AT
R4 PO O BSAE RO WO g PsA s
li1] 5.

RHMEF L IE 7B ABCD MK A %507 1] 5,
Z 25 TR T WAL A T 1) O 240 R R R LT



1190 H Bk ¥ B % R (Chinese J. Geophys. ) 51 %

AR, FATFRIE B ABCD 2 O S A%
B DX K —2F 0 O F AR X AR
HRAE A 1538 T 0, 28 (] 3 — 50 P nl fg 4 i 3
AN T AR 0 D B0 DA R A A R b RR
BMFRIRS] P i i S ARAFTEE Z R o] Re vk (EAR I
B ¥ i 3, b 7R I 5% B AL B B A 02 i AT AT e B A
A I e /NI — 25 DR 3 ek B A b AR O BRI
A DA R B R O 1 B 4R R
2.2 Hit
I/ E R ST £R SR B O iR R A B R
Nakanishi %0 4 H, H A 5 10k [ % g
(1 Dijkstra Jry&t . 78 AR 12, fi /N 3 B 1Y
JE T8 o8 1) 3 A /)N B RS S8 R b 5RO U A e B A A
JITA T R B R A L B SR R B AR AT ] B R SAL R
LA G £ 38 B 5 AH B L e /N B BB R LA R e
5\ BE 8 N A 2% i 5 AR R A A 5. Moser 28
Bai %53 7 vk B 52 44 b S5 A Y 11 M R
L. e /INE B R Y B AR SRR AR BAIR, AR 3 T
AR T30 R 5 e 2 X A AR S
F A AL AR X R AR R P e R AN T
SRR L T ELAR R T AR B R e AT R Y R A
B
WN BRI S ES En(D R IENFH
BT S ES . EEn (DT RE T I S E S K
Ps(ivj) Ps Gy D) ALHE i TR A s (O DL &
sCO R 8 AL FIMN i€ N B 4K 5 € Epp (1)
M B deCaa ). WD IR I, Hi iR 3k A O /b4
FWGERS (O) R . Bl AR B AE A T L .
B4 N R SRk =0 L I Bk B fe /N a5
G POERMARBEE/NMICEHLHANES Q
MEREMRMESG R ITENO HBH i e NY)
I I A s
(Owrsk
P.:=¢,1();:=c0 (€ N)
Q: = {0}, R: = N—{0}, t(O): = 0;
()2 i
TE QP& HR/ER(DGEQ;
(3) B
1) = min{t(G) (k) + de(k,j) )
(b € Ps(i,j)j € Enp(D) N Q)
t(j): = min{t(k) +de(k,j)}
(k € Ps(ivj)sj € En() N R)
RN REBEAQT i QAP

() A S A A5 T

2R Q= ¢ W45 55 75 0] [ 3] (2).

HP. A =B XK BRETA.¢ R
B A S [R]85 00 3 B AT B3 AH 1O AN [ it 52 g
14 3 A R R B AR

3 KA Bh R IR L

> oA R B AR I 5 VR A 3 e DL e
IR L R FEAE 23 ) s P LS By AT R
FEAEGE I A D) AR R R T 00 F A 2 F
FTEH, LA sBETT %2 5 s [0] [ 50, AR SCR SR FH 3 s

A e b DXt R A A ©OA TEHL R A M
WEESW.RG=1, 2, 3, <, M). FX XN K HZ
HEAT 78 AV 4 380 3 ASE TR 5 0 B K /N R A5 1Y IE T T B
JC. TERE R TT I Ml R U B Sy w2 R /N B
AR S a8 B I A B e B R G=1, 2,
3. e MDD S B DN (P RBE I (S Bl B Y
x=(x, ) MPMEPER . T(x; R, PYFI T(x;R,,S)
(=1, 2, 3, =, M). X, B 2 A LW ] % 1
A ER 22 .

DT (x;R; \W,;R,, \W,,) = T(x;R; ,W,})

—T(x;R, W)y j=1,2,3, =K, (1)
Hod R M Ry 43 5 R Xt 55 A i 22 35 1)
ANTE I 0 7= B s W B W, 43 B 38R I 26
RLBRY P s S; K Sk B 28 80 0T KO Y A
HWEERAAE xo= (20,2, KEMNE R ., 53 R,
TSR B Y P S PR = BT o B ok L R
Fi 7R - 13 0 P AR L LR VR LI W 0 R O AR

DT (x;R; -Wji R, . W) = —TLVJJ; .

i=1,2,3, K. 2)
B2 B 1 R 22 A R P e AR I 25 3
Foor (x3R, s W, R, W) =
| DT (s Ry s Wi sRpo s W )— 1(x) (it — 72 ) [ +(3)
EAEGE T 0 ARE . Hrh I =1

2 WoR T AR S BB R (& 3) 1 S WL
W22 4 K E ’® 2. (a) Fopr(x3R, ,P3;Rs ,P) Fil
(b) Foor (x3R,.P3R,.S). B H K FE 5 W I 22 K
INIE B A R A L & 3l 43 A MR IR A7 B LIS i Y
RIS R Ay NIRRT DA RS A AR
HH ) AR R LD I PP 5 R 3 40 ) W AS S Ll £ tho A S
[ AR A 2. T B R o R AR TR
B, B 2 rp SR 2 AT T A — A RO Sl 3



R R L 1191

43 A
g
2
]
0.0 05 1.0 1.5 20 0.0 05 1.0 1.5 2.0
x /km x /km
2 5 2% ol BB TR (IR 3) A b 52 194 XU TR o) 2 37 TR AR B g 1) 2% U6 030
(AR Gl Pk E i 22 4980 IEHE s (b)Y [Rl— & 3 P it .S P B i 25 29 5 5= I 40
PRGN BUHE I 25 B AE L & 35 26 R 1 A9 R R
Fig. 2 Double-difference fields for an event in a complex velocity
model (Fig. 3) and the corresponding focal loci
(a) The focal locus is constrained by the arrival time difference between P waves at two different stations; (b) The focus
constrained by P and S wave arrival time differences at the same station. The grey color of the images is proportional
to the absolute double-difference value, and the blue lines represent the calculated focal loci.
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Fig. 4 Focal loci of the earthquake in the model shown in Fig. 3
(a) and (b) accurate seismic velocities and arrival times, (c¢) and (d) randomly perturbed seismic velocities, (e) and (f) noisy
arrival times. Focal loci in (a), (¢) and (e) (type D) are constrained with arrival time differences between P waves at different
seismic stations, and those in (b). (d) and (f) (type II) are constrained with arrival time differences between P

and S waves at the same stations. The red signs of ‘ -+ indicate the true hypocenter.



1192 H Bk ¥ B % R (Chinese J. Geophys. ) 51 %

4 Bl

L 2 0] DL L 5 A L R R R
A AR AR 70N B U INF 22 f. PRI 45 A AR I 25 (i e
JIN R AU R R b R I AR OCEE B 22 3 P oK T R
50300 DR AL 15 T 78 R R L A i WAL 46 A5 5502
U ISP OB I 22 7 A b 7% U5 10 12 . X R DA ASE AR YT
SR NS 23 U B 25 (AN I R Sy R TR L
0 AR 2 A5 AR 28 OB R D) B A CRIVBU R B 2% e/
F14 255, ) A S5 2% 66 A0 ) KL G 1t £ Q3 22 R I . 3 T
AL FRATTHE T ) FH S 2608 B F RT3 & 2 A i
Hh R R T 1 O
4.1 EBiRHBRRSHIER

Xif F AN U B 25 3, 18 1 OBLER I 22 1) R
RN £ O AR £CO B A

F(e)— ﬁf(g)dg, 1)

M T F (&) 2 & AR 10 1Y ek B0, BT LA = 45 58 —
FTBRAA e (O<Trpp<<1) SEREAR G F (&) = rpp» 4K
SRR & e, U N T & B s A
AR A 5 DRI 30 A AR R L T BRAE g SR T 3R
PE AU AR R AR A A R T b B o Y E

4.2 BEIHEHE

K XUHE Iy 22 75 A M 52 6 A0 18 ) 3l 752 9 £ XX
LI 22 37 b OUUER N 22 Jie /DN A9 i CRIRD B ) 3] HE Al
IR AR MR S kARl A 2.2 Ry T kit
B AU BRI SR R i A AR
TR I DX 5 PR A B ok U AT T B R R
BOB AR R R E I R PR AR AR T R AR B Y
S AR — BB 43 [ B b 7R 3B ) 3 2 R F
6 32 LG B R PR I ] B AR A% R R RS 2. O
I K VR M 2R Z B T S T A AR A
W DL s SRR,

HREPERRRPE AR A Z B rep BORES
A B R TR LI AT REH A HELRE . G I, AT 2 4 G 2R %
REFUHAET npp Cnpp 4 TE RO 19 AR G E)
S W) b ) SRR B AR DA A B YRR R I R
R M. 1] 2 v i 2k S A AR IR B A T B 2R
rerp =0. 001 s 525 p = 2.

A G R IR 5 5 R = A R
BB g 32 T o T B = AR X =
YRR P % A AR B 0 A 1 M R D E B 3 1
RN SR ARAH B — U R Ok T UL

72 £ O LM 2 M 0 R A 1 X ST 5 1 14 %
A MR I R T B B TR B

5 LRI

5.1 HEHER

3WAR T — DR, Ko I
B PSP B, B km/s. N 3 W LLE
RSB A KO R Ry = A S
HAESE 2 B A v G [ DX, 3 25 4 B &
Z&UH BRSO 10 m X 10 m [ IE 7 T L 7E
AT 10 DHZE G v R, A By (200 X7 —95 m,
—5m),i=1, - 10. fBE HAHE K LEFE x, (725 m,
—995 m4b , K AERFIE] £, =0 s B x, FIHE A
Ui R; () PSS PEFII 7, oy 8 B /N IR Ak
R, T AL B X AR n=3.

XF B 2 B R L B2 ) Gajewski il
Tessmer ™ A% o 31580 o ff 7 A5 Y e 2 3ok
R TR Bl 20 i) = i A 00 1) 7% R B L DA 50 T 2
WA AR JR BT A s SRS L F TR AR A X AT A T
RUE AR e BE R, D) 25 58 A% Gt 28 D)k L P A
JoT A 38 53 1 % 67 45 R ) R . oAy HE— 25 3G IR 7
8 TE B 1 & DA L 3] I 4% 2 268 XoF (L 22 R B /0N 1 34 5
TR R A5 R4 S8 ST RY) g 9] 4 T 53 1) 52 D5 0L 3
PG B A2 RIS PR AT FO#. B AR MR B i Ak i
b 52 3 1440 2L R e /DN B AR Bk B R
BB X R =3 WUE I 223 1 5
B 28 0k S8 TE S i R B A =1
5.2 RHMEEER

TE S — B O e {7 FHORG 5% 30 22 R 780 70 o i )

0.0

vy =2.0

-0.5 . —
” - - o
g
<
N

10

v, =3.5

Vs, =2.0

P4 v, =2.0
Vps =5.0 ves =2.9
-1.5
0.0 0.5 1.0 15 20
x /km

3 MR
P YA S Wi vp s AN km/s (PEE B AR
Fig.3 A 2-D model with known velocities of P (vp) and

S (vs) waves in km/s (from Zhao et al. ')



4 1 BT A S A TR A M A SE A TP AR IR L T 1193

i N7 787 I K C S ' G =7 57 %7 S L
TR U R 52 G 0 P s (1 3 I 22 29 0, XU )
2Z3N Fopr (x3 R, P3R5 P) Ml Fror (x3R, ;5 P
Ry P)si=1, =, 5; 11 B LIA R HL3E & 3 PSP
SR 240 WE B 22358 Foor (x3R P3RS,
i=1, -, 10. TFH M 11T 258 U8 %050 WL 1A 4 Ca) il
(b) R 2r e (1 + 7 g 5L bR R WA & AT LUA
(DT ZERR VR H03 7 22 R AL 1) 05 00 o AT 87 A I
Sk Al L7 ) 6 R R R B I 2 RAN SR (2) TT 2R RR IR
B AR FR IR AL 04 5 AL 4 A B TE S R AT 1 24 RRE TR
L8 (D MR IEHE A 2 TR IR AL E i F H &
.
5.3 #izhiEEEER

T TRE 5 R i LRS00 R L A AL
R R R A 2 B O L R 3 AR P LS I i
53 M H V- S48 £ 10 %6 B BE LI 3 ¥4 1 3 B
5. 8% s die KA X BB 8l i 4 5 16. 000
15. 7% X FE &1 3 A5 A AR Sy B AL A F A AL, B T B
BILA 53 5 70 1 B30 1 T TI2H 58 U B30 3 ) L Tl 4 (o)

ACdD. T J5 38 B 4 Bl AL A 20 A 5 R 1406
i e = 1 Y D A N A i - W= R 1P
38 23 B — /NI X3 T T2 58 R 000 58 25 e 4% 4R

103_
102
v
g
Z
10" \//
100 T T T 1
1.0 2.0 3.0 4.0 5.0

(V! V)l (kms™)

BI5 B3 BT et 72 = o B i 5k 22 (RAT) B
B AR50 A O A AR R IR 1) AR Ak
LI 28 RAT BE Pl 8 i 8 4k, 1 (0 28 - RAT BE S Pl B2 19 28 k.
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The red line presents the RAT against the P wave velocity,

and the blue one presents the RAT against the S wave velocity.
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Fig. 6 Focal loci of the earthquake in the complex model based on the equivalent homogeneous media

(a) and (b) correct arrival times; (c¢) and (d) noisy arrival times; (a) and (c) focal loci of type I3 (b) and

(d) focal loci of type II. The red signs of ‘=47 indicate the true hypocenter.
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