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Summary. Here we summarize the results of numerical tests of an improved algorithm for
computing synthetic seismograms in 3-D models based on the Tip Wave Superposition
Method (TWSM). Compared with earlier versions of TWSM the improvements comprise a
generalization of the background theory that also accounts for wave phenomena at critical
reflections (head waves) and the replacement of the plane-wave reflection coefficient with the
effective coefficient that eliminates diffraction artefacts at critical angles.

Introduction. Seismic wave field simulation algorithms are usually developed so that they
allow for inversion with respect to the model parameters. The purpose of such algorithms is to
represent the wave field in the form of isolated wave events, which can be directly identified
with elements of the geophysical model. To provide this possibility, the TWSM was
introduced for simulation of the 3-D wave field scattered by curvilinear interfaces in terms of
the Helmholtz integral [2, 3, 6]. However, in the initial version of TWSM, which is the high-
frequency realization of the Helmholtz integral, the boundary values of wave field and its
normal derivative were described by using the plane-wave reflection/transmission coefficients
which are discontinuous at critical angles. This implies that instead of creating head waves at
critical angles the Helmholtz integral produces artefacts in the form of edge waves diffracted
from the contours formed by the critical points on the interface. To develop a theoretical
foundation of the simulation methods based on the Helmholtz integral, we introduced in [5]
the exact description of its boundary values in terms of integral reflection and transmission
operators.

Exact description of the single reflection. The single reflected from an interface S wave
field s" (R) can be expressed by the Helmholtz integral [5]

s¥ (R)= 'U[Gg (R.1, )/an 0 (r,) -g(R.x,) o) (ro)/anJ ds .

The boundary values of integral W (ro) and or!) (ro) /an describe the wave field locally
reflected at the point r, of the interface S and its normal derivative respectively. The scattered
wave field s" (R) represents superposition of the wave fields coming from the different
reflection points. The limiting value of integral s (ro) does not in general coincide with the

corresponding boundary value W (ro) .
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It was shown in [5] that the boundary values "y (ro) and o' (ro ) / On at any chosen point 1,
of the interface can be exactly expressed through the traces of the source wave field f ©) (r)

and its normal derivative df (©) (r) / On as
e (ro) =K, (ro, r) f(o) (r), o) (ro)/an =-K, (ro, r) @‘(0) (r)/an ,
using unknown earlier reflection operator

Ky (19, 1) =F 7 (15, €) ey () F (&)

The space Fourier operator F(C, r) transforms the traces f ) (r) and Of (©) (r) / On from the
curvilinear interface coordinates r = (xl, xz) into the wave number domain { = (Z 1< ) The

kernel k;, (C) of the operator K, (ro, r) coincides with the plane-wave reflection coefficient.

Effective reflection coefficient. In the case of a plane interface the reflection and
transmission operators can be exactly converted to the form of effective reflection and
transmission coefficients [1]. It can be shown in the general case of curvilinear interface that

the effective reflection coefficient )(lElc (ro) is the high-frequency approximation of the

reflection operator K, (ro, r) . Therefore the boundary values can be presented as
A () OXE () £O(x,), @7 (5)p n3 xE (1,9 £ (1) .

Figure 1 displays )(lElc (ro) as a
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Figure 1: Comparison of plane-wave reflection coefficient (P) with the effective reflection
coefficient for various values of kh (A: kh=1, B: kh=10, C: kh=100, D: kh=10°).

Simulation of single reflection by the modified TWSM. Simulation is produced by the
TWSM algorithm modified by the effective reflection coefficient [2]. To demonstrate the
advantage of using the effective coefficients, we give the synthetic seismograms obtained
with help of the initial version of TWSM (with the plane-wave coefficient) and the modified
version of TWSM (with the effective coefficient). First test is devoted to reflection from an
anticline type curvilinear interface. The model, source and data window are shown in Figure
2a. The corresponding seismograms (Figure 2b,c) contain only one event of a pure reflection
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wave. The seismogram obtained by using the plane-wave reflection coefficient (b) is severely
distorted by the artificial diffractions, while the seismograms obtained using the effective
reflection coefficient (c) can easily be interpreted in terms of reflections and head waves. Two
head waves are well defined. The ordinary head-wave arrival is generated in the overcritical
zone, confined to the plane part of the interface. The head wave with low apparent velocity
arises from the overcritical strip 0.185 <x <0.29 km and forms a small caustic loop. Second

test is chosen to enable the caustic response to be properly recorded by the receivers. A tanh-
like interface, source and data window are identical to those used in [4] and shown on Figure
2d. The seismograms (Figure 2e,f) contain pure reflections including a caustic formed by the
reflected waves from the concave interface between the two points of normal incidence
x;, =0.593km and x; =0.832 km. Although the critical angles are present, the associated

events arrive beyond the present receiver array (d), except for the corresponding artificial
diffraction in (e) approaching from far-offset due to the discontinuity of the plane-wave
reflection coefficient at the critical reflection point (1.06 km ). The features of the reflection
triplication of the P-wave obtained by complex ray tracing and finite difference modeling in
[4] are well reproduced in (f).

Asknoledgements. The authors would like to thank the Russian Fund for Basic Research
(grants 02-05-06136, 00-05-65397 and 03-05-64941) and Norsk Hydro ASA (Bergen,
Norway) for support of this study.

References

1. AM. Aizenberg and M.A. Aizenberg. Simulation of interference field trace reflected or
transmitted by plane interface between two acoustic media. Dynamics of solid
mechanics, Proceedings of Lavrentiev’s Institute of Hydrodynamics SB RAS, V. 121,
“Acoustics of inhomogeneous media”, Novosibirsk, 2002, 50-55 (in Russian).

2. A.M. Aizenberg, M.A. Aizenberg, H.B. Helle, K.D. Klem-Musatov and J. Pajchel. Single
reflection at curvilinear interface. Tip Wave Superposition Method with effective
reflection coefficient. Open report, E&P Research Centre, Norsk Hydro a.s., Bergen,
Norway, 2002.

3. AM. Aizenberg, H.B. Helle, K.D. Klem-Musatov and J. Pajchel. The tip wave
superposition method based on the refraction transform. Extended Abstracts, 58th
Meeting, European Association of Geoscientists and Engineers, 1996, Paper C001.

4. A. Hanyga and H.B. Helle. Synthetic seismograms from generalized ray tracing. Geophys.
Prosp., 1995, 43, 51-75.

5. K.D. Klem-Musatov, A.M. Aizenberg, H.B. Helle and J. Pajchel. Reflection and
transmission at curvilinear interface in terms of surface integrals. Wave Motion, 2004,
39(1), 77-92.

6. K.D. Klem-Musatov, A.M. Aizenberg, J. Pajchel and H.B. Helle. Edge and Tip
Diffractions. Theory and Applications in Seismic Prospecting. Lecture notes, Bergen,
1994.

EAGE 66th Conference & Exhibition — Paris, France, 7 - 10 June 2004



a o2+
0,1
00y
0,1
0,2 4
0,3 4
0,4 4
0,5
0,6 4
0,7 4
0,8 4
0,9 4
-1,0 =
1,1 4

z (km)

-1,2

Source

— Datawindow ——————~

¢, = 2 km/s

p,=2 g’cm"

¢, = 4km/s

p,=2 g’cm"

Interface

liistance (km)
i
fﬁ@

)

%{)
ﬁu%ua

| &

)

=
o

il

Distance (km)

I
:

mm

T

10 1,

d 0,24

0,1+

ood Soure
20,14
20,2 4
-0,3 4
20,4 4
-0,5
g g;‘ 1 Data window |
N _0:g 4
-0,9 4
41,0 4
4,1 ¢, =3 km/s
-1,2 4 pl*chm‘
-1,3 4 Interface
14 o= dkmis
-1,5 4 p,=2.6 g/lem
-1 16 T T T T T T
1,0 -0,5 0,0 0,5 1,0 1,5
x, (km)
€ 14
12
104
08
i
Pl
g o
a2 |
A o
02
04
06
08
T T T T T T 1
06 08 10 12 14
f Tine(sx)
14
12 - ==
1,0-%\/ng§
E=
vBiE=
= 06 j—_=.-¢,
< ==
5 041 =’,¢":'\%\§
g 024+ /I"gyyl
A = Refletion HA\, b
— &%},
w0
04 = =
06 %m!l%
081 /
T T T T T T 1
06 08 10 12 14
Tine(sec)

Figure 2: Single reflection from curvilinear interface.




