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Formulation for calculating forward propagation and reflection in a 3D elastic structure based on the
complex-screen method is given in this paper. The calculation of reflections is formulated based on
the local Born approximation. When using a small angle approximation, the backscattering operator
reduces to a screen operator which is similar to the forward screen propagator. Combining the
forward propagator and backscattering operator together, the new method can properly handle the
multiple forward scattering and single backscattering in a 3D heterogeneous model. Using a
dual-domain technique, the new method is highly efficient in CPU time and memory savings. For
models where reverberation and resonance scattering can be neglected, this method provides a fast
and accurate algorithm. Synthetic seismograms for two-dimensional elastic models are calculated
with this method and compared with those generated by the finite-difference method. The results
show that the method works well for small to medium scattering angles and medium velocity
contrasts. ©2001 Acoustical Society of America.@DOI: 10.1121/1.1367248#

PACS numbers: 43.20.Gp, 43.20.Bi@ANN#
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I. INTRODUCTION

Fast modeling methods and algorithms in complex h
erogeneous media, especially for 3D media, are crucial to
application of seismic methods in complex structures incl
ing the development of interpretation, imaging and invers
methods. Finite-difference and finite-element algorithms
very flexible. In principle, they can be applied to arbitrar
heterogeneous medium. However, they are very time c
suming. High-frequency asymptotic methods, such as
based methods~e.g., Červený, 1981; Červený and Klimes,
1984; Chapman, 1985!, provide high computation efficienc
for smooth 3D models. However, they fail to deal with com
plicated 3D volume heterogeneities. Frequency-depen
and wave related phenomena in complex media canno
correctly modeled by the ray methods. Born scattering f
mulation ~Gubernatiset al., 1977; Wu and Aki, 1985!, ray-
Born ~Beydoun and Mendes, 1989; Coates and Chapm
1990!, or generalized Born scattering methods~Coates and
Chapman, 1991! can model small volume complex heterog
neities in a smooth background. However, they are not
pable of modeling long distance propagation in complex m
dia. It is necessary to develop intermediate model
methods functioning between the full wave equation me
ods and the high-frequency asymptotic methods.

The phase screen method, or split step Fourier met
~e.g., Flatte´ and Tappert, 1975; Tappert, 1977; Thomson a
Chapman, 1983!, has been used to calculate the one-w
forward propagation for acoustic waves. Recently,
method has also been used to deal with elastic waves
generalize a scalar wave case to vector elastic waves
center part is the coupling betweenP- andS-waves. Fisk and
McCartor ~1991! derived coupling terms using a projectio
method. Their method has some problems for some limit
cases. Wu~1994! derived these terms based on formal sc
tering theory of elastic waves. Wild and Hudson~1998! used
another approach, the geometrical derivation, and reac
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similar results. The screen method has also been use
back propagators for seismic wave migration in either aco
tic or elastic media~e.g., Stoffaet al., 1990; Wu and Xie,
1994; Huanget al., 1999!. Generally speaking, these met
ods give better imaging quality compared with the ray ba
Kirchhoff method. The generalized screen methods are ba
on the one-way wave equation that neglects backscatt
waves, but correctly handles all the forward multipl
scattering effects, e.g., focusing/defocusing, diffraction,
terference, and conversion between different wave types.
media where the resonance scattering or reverberat
caused by heterogeneities can be neglected, the reflec
will be dominated by single backscatterings. In this case,
screen method can also be adopted to calculate reflect
Wu and Huang~1995! tested the method for acoustic refle
tions. Wu ~1996! discussed approximations for forward an
backward scatterings of different wave types. Xie and W
~1996! tested the screen approximation for modeling elas
wave reflections.

In this study, the complex-screen method is extended
deal with both forward propagation and reflection of elas
waves. The current formulation is based on a small an
approximation of the one-way wave equation and the lo
Born approximation using the perturbation theory. Under
small angle approximation, backscattering can also be
mulated into a screen operator which is similar to the scr
propagator. The interaction between the incident wave fi
and the heterogeneities gives both forward and backw
scattered waves. The forward scattered waves, together
the primary wave, construct the transmitted waves. T
backscattered waves give the reflections by the struct
With an iterative method, it can correctly handle multip
forward scattering and single backscattering. By using
dual-domain operation, it retains the advantages of the or
nal screen method, i.e., high-efficiency in computation sp
and tremendous memory savings. Numerical results sh
26299(6)/2629/7/$18.00 © 2001 Acoustical Society of America
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that this is a very promising method in modeling prima
reflections from complicated large scale 3D elastic str
tures.

In the following sections, we first present the formul
tion. Then numerical examples are conducted to test
method. For a two-dimensional test model, the results fr
the screen method are compared with that from the full w
finite-difference method.

II. EXPRESSIONS FOR FORWARD AND BACKWARD
SCATTERED WAVE FIELDS

We start from the equation of motion for displacemenu
in a linear elastic medium~Aki and Richards, 1980!:

2r~x!v2u~x!5¹•@ 1
2c~x!:~¹u~x!1u~x!¹!#, ~1!

whereu is the displacement,c is the elastic constant tenso
r is density,u¹ is the transpose of¹u and ‘‘:’’ is for double
scalar product, i.e., (ab):(cd)5(b•c)(a•d). If elastic pa-
rameters and the wave field can be decomposed into

r~x!5r01dr~x!,

c~x!5c01dc~x!,

u~x!5u0~x!1U~x!,

wherer0 and c0 are density and elastic parameters for t
background medium,dr(x) anddc(x) are the corresponding
perturbations,u0(x) andU(x) are the incident field and th
scattered field, then Eq.~1! can be rewritten as

2r0v2U~x!2¹•@ 1
2c0 :~¹U~x!1U~x!¹!#5F~x!, ~2!

where

F~x!5v2dc~x!u~x!1¹•@ 1
2dc~x!:~¹u~x!1u~x!¹!#

~3!

is the equivalent body force due to scattering. The scatte
field can be expressed as

U~x!5E
V8

dv8G~x;x8!F~x8!, ~4!

whereG is the Green’s function in the background mediu
We will consider a special case where an incident wa
u0(x) interacts with a heterogeneous thin slab which is p
pendicular to the main propagation direction. Figure 1 sho
the primary incident waves and various types of second
waves generated by the scattering process. If the slab is
enough, the local Born approximation can be adopted wit
the slab. The wave fieldu(x) in Eq. ~3! can be replaced by
the incident fieldu0(x). Let êz be the unit vector along the
main propagation direction, andxT5xêx1yêy be a position
vector in the transverse plane. The slab is betweenz0 andz1 ,
with a thickness ofDz5z12z0 . The scattered field from the
slab can be expressed as

U~x!5E
z0

z1
dz8E E dxT8G~xT ,z;xT8 ,z8!F0~xT8 ,z8!, ~5!

whereF0(x) is Eq. ~3! with u(x) replaced byu0(x).
The incident fieldu0(x) can be decomposed into a s

perposition of planeP- andS-waves:
2630 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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u0~xT ,z!5
1

4p2 E dKT@u0
P~KT ,z!1u0

S~KT ,z!#eiKT•xT,

~6!

whereKT is the incident transverse wave number of pla
waves and superscriptsP andS denoteP- andS-waves. The
forward propagated field is composed of primary wave a
forward scatteredP- andS-waves. Atz1 , it can be expressed
as

uf~xT ,z1!5
1

4p2 E dKT8@uf
P~KT8 ,z1!1uf

S~KT8 ,z1!#eiKT8•xT,

~7!

where

uf
P~KT8 ,z1!5eiga8 uz12z0u@u0

P~KT8 ,z0!1Uf
PP~KT8 ,z0!

1Uf
SP~KT8 ,z0!#, ~8!

uf
S~KT8 ,z1!5eigb8 uz12z0u@u0

S~KT8 ,z0!1Uf
SS~KT8 ,z0!

1Uf
PS~KT8 ,z0!#, ~9!

whereKT8 is the transverse wave number of scattered wav
ga5(ka

22KT
2)1/2 andgb5(kb

22KT
2)1/2 are longitudinal com-

ponents ofP- andS-wave numbers in the background med
and ka5v/a and kb5v/b are P- and S-wave numbers,a
andb areP- andS-wave velocities. Phase advance operat

eiga8 uz12z0u and eigb8 uz12z0u propagate the incident and sca
tered fields fromz0 to z1 . The reflected wave is composed
backscatteredP- andS-waves. Atz0 , the reflected wave can
be expressed as

ub~xT ,z0!5
1

4p2 E dKT8@ub
P~KT8 ,z0!1ub

S~KT8 ,z0!#eiKT8•xT,

~10!

where

ub
P~KT8 ,z0!5Ub

PP~KT8 ,z0!1Ub
SP~KT8 ,z0!, ~11!

FIG. 1. A sketch showing the primary waves and various scattering wa
generated when an incident wave interacts with an inhomogeneous thin
For details see text.
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ub
S~KT8 ,z0!5Ub

PS~KT8 ,z0!1Ub
SS~KT8 ,z0!. ~12!

In above equations,U denotes scattered waves. The su
scriptsf andb denote forward and backward scatterings,
spectively. SuperscriptsPP, PS, SPandSSindicate the scat-
tering between different wave types as shown in Fig. 1.
isotropic elastic medium, the scattered fields for both f
ward and backward scatterings can be derived from Eq.~5!
~Wu, 1994!:

UPP~KT8 ,KT!5
i

2ga8
ka

2u0
Pk̂a8 H ~ k̂a• k̂a8 !

dr~ k̃!

r0

2
dl~ k̃!

l012m0
2~ k̂a• k̂a8 !2

2dm~ k̃!

l012m0
J , ~13!

UPS~KT8 ,KT!5
i

2gb8
kb

2u0
P@ k̂a2 k̂b8 ~ k̂a• k̂b8 !#H dr~ k̃!

r0

22
b0

a0
~ k̂a• k̂b8 !

dm~ k̃!

m0
J , ~14!

USP~KT8 ,KT!5
i

2ga8
ka

2~u0
S
• k̂a8 !k̂a8 H dr~ k̃!

r0

22
b0

a0
~ k̂b• k̂a8 !

dm~ k̃!

m0
J , ~15!

USS~KT8 ,KT!5
i

2gb8
kb

2 H [u0
S2 k̂b8 ~u0

S
• k̂b8 !]

dr~ k̃!

r0

2@~ k̂b• k̂b8 !@u0
S2 k̂b8 ~u0

S
• k̂b8 !#1~u0

S
• k̂a8 !

3~ k̂b2 k̂b8 ~ k̂b• k̂b8 !!#
dm~ k̃!

m0
J , ~16!

where u0
P5uu0

P(KT)u and u0
S5u0

S(KT), dr(k), dl(k) and
dm(k) are three-dimensional Fourier transforms of medi
perturbations, wave numbers without primes are for incid
waves and with primes are for scattered waves,k̃5k82k is
the exchange wave number withk andk8 as the incident and
scattering wave numbers, respectively,k̂a and k̂b are unit
wave number vectors forP- andS-waves, and

ka5KT1gaêz , kb5KT1gbêz ,
~17!

ka85KT86ga8 êz , kb85KT86gb8 êz ,

where the1 or 2 sign depends on whether it is forward
backward scattering, andêz is the unit vector in the
z-direction. The longitudinal coordinatez0 has been tempo
rarily omitted from these equations.

Equations~13!–~16! give scattered fields of differen
wave types. They are scattered plane waves with transv
wave numberKT8 generated by the plane incident wave w
transverse wave numberKT . The total scattered plane wav
is the integration of contributions from all incident plan
waves,

U~KT8 ,z0!5
1

4p2 E dKTU~KT8 ,KT ,z0!. ~18!
2631 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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In principle, Eqs.~7!–~18! provide all equations needed fo
calculating wave fieldsuf(xT ,z1) andub(xT ,z0). However,
from these equations we can see that scattered waves
posed of contributions from allKT8 which are coupled with
all incident KT . For a general three-dimensional veloci
model, both of them are two-dimensional and theU(KT8 ,KT)
is a four-dimensional matrix. The calculations of these m
trix operations are very time consuming. To obtain a high
efficient algorithm, we introduce a small angle approxim
tion to the formulation.

III. SMALL ANGLE APPROXIMATION

Under the small angle approximation,ga andga8 can be
approximated byka , andgb and gb8 by kb . The exchange
wave numbers for forward and backward scattered fields
be simplified. For forward scattering

ka82ka'KT82KT10êz ,

kb82ka'KT82KT1~kb2ka!êz ,
~19!

ka82kb'KT82KT1~ka2kb!êz ,

kb82kb'KT82KT10êz .

For backward scattering

ka82ka'KT82KT22kaêz ,

kb82ka'KT82KT2~kb1ka!êz ,
~20!

ka82kb'KT82KT2~ka1kb!êz ,

kb82kb'KT82KT22kbêz .

The three-dimensional Fourier transforms of the pert
bations dr(k), dl(k) and dm(k) can also be simplified.
Taking the density perturbation for back scattering as an
ample,

dr~ka82ka!5E
0

Dz

dzei ~ga81ga!zE E dxT

3dr~xT ,z2z0!e2 i ~KT82KT!•xT. ~21!

If the slab is thin enough, the variation ofdr(xT ,z) along the
z-direction will be small, the integral can be approximated

dr~ka82ka!'Dzdr~KT82KT ,z0!hb
PP , ~22!

where

hb
PP5

1

i2kaDz
~ei2kaDz21!5sinc~kaDz!eikaDz, ~23!

and sinc(z)5sin(z)/z. In the above equations, the origin
three-dimensional Fourier transform has been decompo
into a 2D Fourier transform and a 1D Fourier transfor
dr(KT ,z0) is a 2D Fourier transform ofdr(xT ,z) averaged
over an interval betweenz0 and z1 , hb

PP is the 1D Fourier
transform of a boxcar function since the medium variation
z direction has been neglected due to the screen assump
For simplicity, z0 is omitted in the following equations
Similarly, for forward scatterings of different wave types w
have
2631X.-B. Xie and R.-S. Wu: Elastic wave complex screen method
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dr~ka82ka!'Dzdr~KT82KT!h f
PP ,

dr~kb82ka!'Dzdr~KT82KT!h f
PS,

~24!
dr~ka82kb!'Dzdr~KT82KT!h f

SP,

dr~kb82kb!'Dzdr~KT82KT!h f
SS,

and for backward scatterings of different wave types

dr~ka82ka!'Dzdr~KT82KT!hb
PP ,

dr~kb82ka!'Dzdr~KT82KT!hb
PS,

~25!
dr~ka82kb!'Dzdr~KT82KT!hb

SP,

dr~kb82kb!'Dzdr~KT82KT!hb
SS.

The modulation factors are

h f
PP51,

h f
PS5sinc@~kb2ka!Dz/2#e2 i ~kb2ka!Dz/2,

~26!
h f

SP5h f*
PS,

h f
SS51,

hb
PP5sinc~kaDz!eikaDz,

hb
PS5sinc@~kb1ka!Dz/2#ei ~kb1ka!Dz/2,

~27!
hb

SP5hb
PS,

hb
SS5sinc~kbDz!eikbDz,

whereh* is the complex conjugate ofh. Similar expressions
can be derived for the elastic constantsl andm.

Note that under small angle approximation, (k̂a• k̂a8 ),
( k̂b• k̂b8 ), (k̂b• k̂a8 ) and (k̂a• k̂b8 ) approach11 for forward and
21 for backward scatterings, respectively. Substituting E
~24!–~27! into Eqs. ~13!–~16!, for forward scatterings we
have

Uf
PP~KT8 ,KT!52 ikaDzk̂a8u0

P~KT!
da~K̃T!

a0
h f

PP , ~28!

Uf
PS~KT8 ,KT!52 ikbDzu0

P~KT!@ k̂a2 k̂b8 ~ k̂a• k̂b8 !#

3Fdb~K̃T!

b0
1S b0

a0
2

1

2D dm~K̃T!

m0
Gh f

PS,

~29!

Uf
SP~KT8 ,KT!52 ikaDz~u0

S~KT!• k̂a8 !k̂a8

3Fdb~K̃T!

b0
1S b0

a0
2

1

2D dm~K̃T!

m0
Gh f

SP,

~30!

Uf
SS~KT8 ,KT!52 ikbDz@u0

S~KT!2 k̂b8 ~u0
S~KT!• k̂b8 !#

3
db~K̃T!

b0
h f

SS, ~31!

and for backward scatterings, we have
2632 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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Ub
PP~KT8 ,KT!52 ikaDzk̂a8u0

P~KT!

3Fdr~K̃T!

r0
1

da~K̃T!

a0
Ghb

PP

52 ikaDzk̂a8u0
P~KT!

dZa~K̃T!

Za0
hb

PP , ~32!

Ub
PS~KT8 ,KT!52 ikbDzu0

P~KT!@ k̂a2 k̂b8 ~ k̂a• k̂b8 !#

3Fdb~K̃T!

b0
2S b0

a0
1

1

2D dm~K̃T!

m0
Ghb

PS

5 ikbDzu0
P~KT!@ k̂a2 k̂b8 ~ k̂a• k̂b8 !#

3FdZb~K̃T!

Zb0
1S b0

a0
2

1

2D dm~K̃T!

m0
Ghb

PS, ~33!

Ub
SP~KT8 ,KT!52 ikaDz~u0

S~KT!• k̂a8 !k̂a8

3Fdb~K̃T!

b0
2S b0

a0
1

1

2D dm~K̃T!

m0
Ghb

SP

5 ikaDz~u0
S~KT!• k̂a8 !k̂a8

3FdZb~K̃T!

Zb0
1S b0

a0
2

1

2D dm~K̃T!

m0
Ghb

SP, ~34!

Ub
SS~KT8 ,KT!5 ikbDz@u0

S~KT!2 k̂b8 ~u0
S~KT!• k̂b8 !#

3Fdr~K̃T!

r0
1

db~K̃T!

b0
Ghb

SS

5 ikbDz@u0
S~KT!2 k̂b8 ~u0

S~KT!• k̂b8 !#

3
dZb~K̃T!

Zb0
hb

SS. ~35!

In Eqs. ~28!–~35!, K̃T5KT82KT is the exchange transvers
wave number,da(KT) anddb(KT) are transverse spectra o
P- and S-wave velocity perturbations,dZa(KT) and
dZb(KT) are transverse spectra ofP- andS-wave impedance
perturbations, respectively. Equations~28! and ~32! show
that the forward scatteredP-P wave is proportional to the
P-wave velocity perturbation, while the backward scatter
P-P wave depends on theP-wave impedance perturbation
consistent with the scattering theory. A similar situation
true forS-Sscattering as can be seen from Eqs.~31! and~35!.
The quantity (b0 /a021/2) is usually small, and as can b
seen from Eqs.~29! and ~30!, the forward converted wave
Uf

PS andUf
SP are basically controlled by theS-wave velocity

perturbation. Similarly, from Eqs.~33! and ~34!, the back-
ward converted wavesUb

PS and Ub
SP are controlled by

S-wave impedance perturbation. The forward and backw
scattered waves reveal different characteristics of the
dium, since they are controlled by different medium para
eters.

The total scattered plane wave is the integration of c
tributions from scattering of all incident plane waves. F
example, forP-P forward scattering we have
2632X.-B. Xie and R.-S. Wu: Elastic wave complex screen method
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Uf
PP~KT8 ,z0!5

1

4p2 E dKTUf
PP~KT8 ,KT ,z0!.

From Eq.~28! we can see that the above equation is a c
volution between the incident wave and medium param
in the transverse wave number domain. A more efficient c
culation is to transfer the wave number domain convolut
into a spatial domain multiplication using the fast Four
transform. Thus

Uf
PP~KT8 ,z0!52 ikaDzk̂a8h f

PPE E dxf8e
2 iKT8•xT8

3u0
P~xT8 ,z0!

da~xT8 !

a0
, ~36!

where da(xT) is da(xT ,z) averaged over the interval be
tweenz0 andz1 . Similarly, dual-domain formulas for othe
wave types can be obtained as

Uf
PS~KT8 ,z0!52 ikbDzh f

PSk̂b83H k̂b83E E dxT8e2 iKT8•xT8

3u0
P~xT8 ,z0!F S b0

a0
2

1

2D dr~xT8 !

r0

12S b0

a0
D db~xT8 !

b0
G J , ~37!

Uf
SP~KT8 ,z0!52 ikaDzh f

SPk̂a8 H k̂a8•E E dxT8e2 iKT8•xT8

3u0
S~xT8 ,z0!F S b0

a0
2

1

2D dr~xT8 !

r0

12S b0

a0
D db~xT8 !

b0
G J , ~38!

Uf
SS~KT8 ,z0!52 ikbDzh f

SSk̂b83H k̂b8 E E dxT8

3e2 iKT8•xT8u0
S~xT8 ,z0!

db~xT8 !

b0
J , ~39!

Ub
PP~KT8 ,z0!52 ikaDzk̂a8hb

PPE E dxT8e2 iKT8•xT8

3u0
P~xT8 ,z0!

dZa~xT8 !

Za0
, ~40!

Ub
PS~KT8 ,z0!5 ikbDzhb

PSk̂b83H k̂b83E E dxT8e2 iKT8•xT8

3u0
P~xT8 ,z0!F S b0

a0
1

1

2D dr~xT8 !

r0

12S b0

a0
D db~xT8 !

b0
G J , ~41!
2633 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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Ub
SP~KT8 ,z0!5 ikaDzhb

SPk̂a8 H k̂a8•E E dxT8e2 iKT8•xT8

3u0
S~xT8 ,z0!F S b0

a0
1

1

2D dr~xT8 !

r0

12S b0

a0
D db~xT8 !

b0
G J , ~42!

Ub
SS~KT8 ,z0!5 ikbDzhb

SSk̂b83H k̂b83E E dxT8e2 iKT8•xT8

3u0
S~xT8 ,z0!

dZb~xT8 !

Zb0
J . ~43!

FIG. 2. A sketch of the multiscreen method. For details see text.

FIG. 3. Two-dimensional model used to compare the results from the sc
approximation method and finite-difference method. The model is a
profile from the French model~French, 1974!. The parameters for the back
ground medium areVP53.6 km/s, VS52.08 km/s andr52.2 g/cm3. The
intermediate layer has a220% perturbation for bothP- andS-wave veloci-
ties.
2633X.-B. Xie and R.-S. Wu: Elastic wave complex screen method
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FIG. 4. Comparison of synthetic seis
mograms calculated by different meth
ods. The solid lines are from the
screen method and the dashed lines a
from the finite-difference method. The
results show general agreement b
tween the two methods in both ampli
tude and arrival times.
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The spatial domain operation of medium-wave interactio
are multiplications which are very efficient. The scatter
field U(KT8 ,z) from Eqs.~36!–~43! is then substituted into
Eqs. ~7!–~12! to calculate forward and reflected fields. Th
propagation of plane waves passing through the homo
neous background medium is conducted in wave number
main by Eqs.~8! and ~9!. In wave number domain, th
propagation operator involves only a phase advance, w
is also an efficient operation. Note the difference betwe
Eqs. ~13!–~16! and Eqs.~28!–~35!. The former involves
complicated calculations and the medium-wave interacti
are not local, while the later involves simple convolutions
the transverse wave number domain, which results from
small angle approximation and greatly simplifies the cal
lation.

In summary, the wave propagation through a thin slab
decomposed into a series of highly efficient steps. The mo
parameters are separated into two parts, the background
rameters and the perturbations. The interaction with the
turbations in the spatial domain gives the scattered wa
The propagation through the background medium is in
wave number domain. The calculations in both domains
local and very efficient. The forward and inverse fast Four
transforms switch the wave field between the two domai

IV. ITERATIVE PROCEDURE AND NUMERICAL
EXAMPLES

Figure 2 is a sketch showing how to calculate the int
action between incident wave and a 3D heterogeneous m
2634 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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with an iterative method. First, the 3D model is divided in
a series of thin slabs@Fig. 2~B!#. The I th slab is betweenzi

andzi 11 . The last section provides us with the formulas f
calculating the interaction between the incident wave an
single thin slab@Fig. 2~A!#. With these equations we ca
calculate the transmitted fielduf(zi 11) and the backscattere
field ub(zi) from the incident waveuf(zi). The transmitted
field is used as the input for the next slab and in this way
forward propagated field in the entire model can be obtain
The backscattered field are stored temporarily. After fini
ing the forward propagation, the backscattered fields are
trieved and once again propagated using the one-way pr
gator. The reflected fieldsur(z) in the entire model are
calculated@Fig. 2~C!#. In this way, all the multiple forward
scatterings and single backscatterings~MFSB! can be taken
into account.

Numerical simulations are conducted to test the ac
racy and efficiency of this method. The model is a 2D c
from the French model~French, 1974!. Figure 3 shows the
velocity structure of this model. The parameters of the ba
ground medium areVP53.6 km/s, VS52.08 km/s, andr
52.2 g/cm3. The intermediate layer has a220% perturba-
tion for both P- and S-wave velocities. TheP-wave source
and receivers are located 1 km above the upper interf
With this source–receiver configuration, the observed sign
are basically reflections from the structure. The synthe
seismograms are calculated using the elastic complex-sc
method presented in this study and a finite-differen
2634X.-B. Xie and R.-S. Wu: Elastic wave complex screen method
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method. The later is a fourth order elastic wave fini
difference code~Xie and Yao, 1988; Xie and Lay, 1994!.
Free surface effects and primary arrivals have been prop
removed from these results. The synthetic seismograms
compared in Fig. 4. Solid lines are from the complex-scre
method and the dashed lines are from the finite-differe
method. For thez-component, there are mainlyP-waves. The
waves arriving between 0.5 and 0.7 s areP-P reflections
from different parts of the upper interface. Several arriv
can be identified. The second group of waves is relativ
simple. They areP-to-P reflections from the lower plane
interface. Due to the complexity of the upper interface, b
P-P and P-S reflections from this interface are rather com
plicated. They are composed of reflections from the flat a
curved sections, and diffractions from the sharp corner.
later is a challenge for ray-based methods. The transv
components of the synthetics are composed ofP-S reflec-
tions from both interfaces, as well as someP-waves. Gener-
ally speaking, the agreement between the two method
very good.

V. CONCLUSIONS

The elastic complex-screen method is based on the
way wave equation, local Born approximation and sm
angle approximation. It provides an efficient way for calc
lating both forward and backward scattered waves. T
method calculates both forward propagating waves and
mary reflections for complicated models. As an examp
synthetic seismograms for a 2D elastic model are calcula
with this method. The results are compared with those o
finite-difference method. For small to medium scatteri
angles and medium velocity contrast, the method is wel
agreement with the finite-difference method. For wide sc
tering angles, there are errors in synthetic seismograms.
ther investigations show that the errors result from the sm
angle approximation to the scattering radiation pattern~Wu
and Wu, 1998! and phase delay under wide angle and la
velocity perturbation~Ristow and Ruhl, 1994; Xie and Wu
1998!. Wide angle accuracy should be further improved
future studies.
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