5 68 % 45 2 W] B S = 7/ R = S 4 Vol. 68, No. 2
2025 4F 2 11 CHINESE JOURNAL OF GEOPHYSICS Feb., 2025

ZPOL, BEE, RIEAE. 2025, JE TS E MG IE B9 = 4l AR B A BR T k. BRI B 7 412, 68(2): 578-594,
doi: 10.6038/cjg2024S0167.

Qin Z, Zhao A H, Xu T, et al. 2025. Three-dimensional shortest path ray tracing method with traveltime correction for
undulating interfaces. Chinese J. Geophys. (in Chinese), 68(2): 578-594, doi: 10.6038/cjg2024S0167.

ETEAFAEENKREN=Z4KEEE
& IBER 7 A
REL, MEL", HE, >

1 A E R M ER Y FRATF 5 BT, dE st 100081
2 Bl i b ER Y B A T, YR JZ TN AR IS 5 BE B R T & E N 00 A, LT 100029
3 hEPBRERE R, L5 100049

WE  RERANZGE T PRI T EBIE, AT LLARAT 5N B B AR, J2 W0 2806 0 S SR I8 A B A4 1) B 22 1 Je AR AL
Ty 22— B S AR Y LA AU D) DO A S R AR, AL ) X XA LIRS At R A Ak AR b 2 Rk R 2t B, PR A
P4 R AN SR AR 15 . 980/ IN R A RS AT DL/ N R 22, AR [R) B 238 i aH B e [, 7 = e 0 e an . Ay it A<
SCAEF N = AR TR — o 5 T AU PR ) S TE T s Y Ml R S AR 1 R R s T S A GE R AR B Y
LR ) B, A o A T A S 2R A% 40 28 SRS AR T 0 S0 50T X 0 ST N (BB R A £ SR T Y 5 ) 15
Fif. R FH S B ASE E AR SR AT LA S AR V8 I vy A T AL 51 A ) S A e S e R 2, LT O S e B AR 0 AR L BB AR A 3
A5 R R T B REIE Jr VR BT F T B I ) R AR A5 A8 R Rk A [R] B 2, L3 B AR TE D vk T v S D A
IPRERE 2 1 ~ 2 B 2%

KR BTERIB R T AR ST U R R LT s AR AR OE

FESES P315 Y75 B H# 2024-03-08, 2024-07-19 Y & & fi

DOI: 10.6038/cjg202450167  CSTR: 32084.14.¢jg2024S0167

Three-dimensional shortest path ray tracing method with traveltime correction for

undulating interfaces

QIN ZeGaung', ZHAO AiHua", XU Tao’, YAO Shi*’
1 Institute of Geophysics, China Earthquake Administration, Beijing 100081, China
2 Key Laboratory of Deep Petroleum Intelligent Exploration and Development, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing 100029, China
3 University of the Chinese Academy of Sciences, Beijing 100049, China

Abstract The shortest path ray tracing method, which originates from the graph theory, gives minimum traveltime
rays from the source to receivers and plays an important role in seismic tomography with first-break or reflection
traveltime. It is usually based on a regular grid spanning the model, and the accuracy of calculated traveltime is not
high because of the rough characterization of the undulating surface and underground curved interfaces on the regular
grid. Refining the grid reduces errors of calculated traveltime but greatly increases the computational time, especially

for 3D models. To solve the contradiction between accuracy and efficiency of the shortest path method, we introduce
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regular grid based traveltime correction technique for three-dimensional models: when a seismic ray starts from or

arrives at one of boundary model nodes with which interfaces are approximately characterized, its traveltime is

modified to that of the ray starting from or arriving at the interface node (intersection points of the model-node grid

and the interfaces) responding to the boundary model node. The travel time correction technique can basically

eliminate the reflection wave travel time error resulting from the interface approximation. The improvement on the

traveltime accuracy also betters the ray path distribution. Numerical tests show that application of the traveltime

correction technique to calculating reflection traveltime increases the accuracy by about 1-2 orders of magnitude

while the computation time remains the basically same order as that of the conventional algorithm.
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Fig. 3 A complex horizontal surface model (a) and reflection ray paths (b—d) by a shooting method
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Fig. 4 Calculated reflection ray paths in the complex horizontal surface model using the shortest ray path methods without
(a—=c) and with (d—f) traveltime correction, respectively
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Table 1 Comparison of reflection travel time errors associated with the two ray tracing methods for the complex
horizontal surface model
AEEIARCIE vk AEMAIE Tk
" TR B RAaXRZE/ms R KANIRZE % T4 R /ms  THRBTRls B RAX R 2 /ms FRAHXR 2% T4 5225 /ms
PP1 267.3 9.8500 3.3714 4.9028 256.7 0.0660 0.0219 0.0160
PP2 1846.4 8.0930 1.2154 6.5620 1820.9 0.6530 0.0867 0.0795
PP3 3624.5 6.5340 0.7273 5.1851 3491.4 0.6120 0.0649 0.0862

®2 MMFLEBERAETEK RS REE R GIBOARBA AT FI2F 80X
Table 2 Number of calls to inserting and sorting subroutines in the two ray tracing methods for calculating seismic
reflected waves in the complex horizontal surface model
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Fig. 6 One layered model with an undulating surface (a) and reflected wave paths calculated by a shooting method (b—d)
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Table 3 Comparison of reflection travel time errors associated with the two ray tracing methods
for the model in Fig.6a
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Fig. 8 Traveltime errors resulting from the approximation of inclined interfaces

(a) Variation of traveltime error associated with interface approximation error for different dip angles;

(b) Variation of traveltime error with interface dip angle.
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Variation of reflected wave traveltime errors caused by interface approximation with epicentral distance

(a) Horizontal interface; (b) Vertical interface.
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Fig. 14 Calculated ray paths of seismic waves reflected from the first interface in the model in Fig.3a
using the three ray tracing methods

(a) Shooting method; (b) Shortest path method with the traveltime correction; (c¢) Shortest path method without the traveltime correction.
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Table 4 Comparison of traveltime error with the traveltime correction of different orders

‘ — =B
fiﬁdﬁ& N N N N N N
BRAREms AN TR Sms  RAAHEEms  RAHDIREY% TR s
PP1 0.3380 0.0788 0.0343 0.0650 0.0217 0.0155
PP2 0.6530 0.0867 0.0766 0.6730 0.0870 0.0800
PP3 0.6130 0.0650 0.0844 0.5920 0.0643 0.0865
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