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Abstract; Traditional ray tomography method based on high frequency assump-
tion is unable to obtain a high resolution tomographic picture with sparse rays.
In contrast, the finite-frequency ray theory is more suitable for real seismic
propagation law, that is to say that the travel time is dependent not only on the
velocity distribution along a central ray (or traditional geometric ray) . but also
on the velocity anomaly within a region (referred as the first Fresnel volume),
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which embraces the central ray. In this paper we first put forward an algorithm
to calculate the multi-phase Fresnel volume finite-frequency ray, and then give a
inversion method to simultaneously invert both velocity and reflector geometry
by using these multi-phase arrival time information. In synthetic example, both
the traditional ray tomographic and finite-frequency ray tomographic methods
are used to simultaneously update both velocity field and reflector geometry
with multi-phase arrival times, the results show that the finite-frequency ray to-
mographic method is advantageous over the traditional ray tomographic method
in terms of velocity reconstruction and reflector geometry updating when the ray
density is relatively low. The finite-frequency ray tomographic method with va-

rying frequency is a good choice in real seismic tomographic application.

Key words: the first Fresnel volume; finite frequency ray; travel-time sensitivity

kernel; multi-phase travel times; simultaneous inversion; Fresnel volume ray

tomography
CT , 20 70 (Aki, Lee,
1976). ,
, ( , 2002), N .
s ( N ) ( . , 2010;
, 2011).
, . Wood-
ward(1992) (Born) (Rytov)
’ b (
) . s
(Montelli et al » 20043 Tromp et al , 2005; Zhao et al, 2005;
) 2011) . ( 1) 2009; 0 ’
2011).

b b

Husen  Kissling (2001)

’



5 897
, ( )
1
( , , 2009; , , 2010)
1.1
(
)
(Cerveny,
Soares, 1992)
T
|tS.z+tR17tSR‘<?’ (D
s X S ) R
Lsr s lse
1 S R
LRy N .
Rl ( Cerveny  Soares (1992) )
I > * 0 S R ;
@) X op x 3 2F
1 ). . Oof
Fig.1 Diagram showing the first Fresnel volume
between source S and receiver R (revised after
- ; Cerveny, Soares, 1992)
((Jerven}“ Soares, 1992): 0 is the first Fresnel volume for source S and receiver
‘ISJ- e — ta ‘ _ I ) (2) R, o denotes the project point of 2 on central
2 ray, and 2 is a plane which contains the
1.2 Fresnel zone crossing the point o
1.2.1
C (. @2» s .
(S_R) 9 H @ S )
I tSR( 23) H @ R
, trC 2b); © dt=1ts+1x
—tsp; @ de<T/2 (S-R) C 20,
de=T/2
( Zd). Zd (0.59 19 29 5 20 HZ)
3b ( 3a



898 36

2 (v=5.0 km/s)
(a) 3 (b) 3 (o) 2 Hz
. ; (D)5 .

Fig. 2 Principle of finite frequency ray tracing for direct wave, velocity model is v=5.0 km/s
(a) Travel time field calculated from the source point S; (b) Travel time field calculated from the receiver point R;
(¢) The first Fresnel volume ray with seismic frequence of 2 Hz, and the white dashed line denotes the central
ray; (d) Boundaries of the first Fresnel volume with varying {requencies, {rom inside to outside the

frequency is 20, 5, 2, 1 and 0.5 Hz, respectively. Dashed line is the traditional ray path

(a) ; (b) 1 Hz

Fig. 3 An example of computing the first Fresnel volume ray for direct wave
(a) A linear velocity model; (b) The first Fresnel volume ray with seismic

frequency of 1 Hz, and the dashed line indicates the central ray
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Fig. 4 Diagram showing the principle of computing reflected Fresnel volume ray in two

layered media (v=5.0 km/s for upper layer and v=>5.5 km/s for lower layer)

The downward traveltime fields from the source (a) and from the receiver (b), the reflected upward travel-

time fields from the reflector emitted from the source (¢) and from the receiver (d), and the corresponding

downward Fresnel volume ray from the source to the reflector (e), from the receiver to the reflector (f)

and the final reflected Fresnel volume ray for the source-receiver pair via the reflector (g)
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Fig. 5 The multiple reflections P, P, P*P,P*P' (a, b, ¢) or reflections and conversions
P, P,S*P,S*S' (d, e, ) of finite-frequency ray for three frequencies
in three-layered velocity model with tilted interfaces
The velocities of the model are 5.0, 5.5, 6.0 km/s from top to bottom. In seismic phase, the

superscript and subscript indicate upward traveling wave and down traveling wave respectively,

and the 1 or 2 is the subregion number, the dashed line indicates traditional ray
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Fig. 6 The velocity fields obtained by different methods
(a) Real velocity model and reflected interfaces; (b) The velocity field obtained by traditional ray method;
(c)—Ce) The velocity fields obtained by finite-frequency method with frequency 0.5, 3 and 50 Hz,
respectively; (f) The velocity field obtained by finite-frequency method with varying frequency.

In figure the white lines are the reflected interfaces
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Fig. 7 Percentage residual between the velocity fields obtained by different

methods and the real velocity model
(a) Percentage residual between the initial and the real velocity models; (b) Percentage residual between
the velocity obtained by traditional ray method and the real model; (¢)—(e) Percentage residual
between the velocity obtained by finite-frequency method and the real model, and the frequency
is 0.5, 3 and 50 Hz, respectively; (f) Percentage residual between the velocity obtained by

finite-frequency method with varying frequency and the real model

1

Table 1 The residuals for simultaneous inversion

81

/s /(kmes™1)
0. 300 1.020 0.170
0.022 0.426 0.119
0.5 Hz 0.019 0.193 0.086
3 Hz 0.008 0.136 0.079
50 Hz 0.020 0. 259 0.089
0.007 0.129 0.078
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(a) 3 (b) 3 (or—(e) 0.5, 3 50 Hz
H . .
Fig. 8 The inverted result for upper reflected interface
(a) Initial interface; (b) Result by traditional ray method; (c)—(e) Results by 0.5, 3 and 50 Hz
finite-frequency ray method, respectively; (f) Result by finite-frequency ray method with varying

frequency. The white lines are the real interfaces and dark lines are the updated interfaces

9
(a) 3 (b) 3 (o)—C(e) 0.5,3 50 Hz
(D . s
Fig. 9 The inverted result for lower reflected interface
(a) Initial interface; (b) Result by traditional ray method; (c)—(e) Results by 0.5, 3 and 50 Hz
finite-frequency ray method, respectively; (f) Result by finite-frequency ray method with varying

frequency. The white lines are the real interfaces and dark lines are the updated interfaces
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Table 2 Residual errors in the efficiency tests
/s /km /(km s~ 1)
/km
0.5 1. 206 0.012 1. 189 0.164 0.534 0.135
1.0 1. 268 0.012 1.513 0.173 0.534 0.139
1.5 1. 332 0.013 1.914 0.224 0. 534 0. 144
2.0 1. 399 0.016 2.353 0. 318 0. 534 0.151
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Table 3 CPU time
/s /s /s
2.43 0. 26 2.69
0.5 Hz 6. 88 1.11 7.99
3 Hz 6.96 0. 95 7.91
50 Hz 6.92 0. 85 7.77
7.02 0.93 7.95
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