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SUMMARY

We demonstrate an accurate method for calculating LSM im-
ages from data recorded on irregular topography. Our sult
with both the Marmousi and Foothill models with steep topog-
raphy suggest the effectiveness of this method.

INTRODUCTION

Multisource least squares reverse time migration (MLSRTM)
has been proven to be cost-effective in improving the spatia
resolution of migration images for marine data (Dai et @112,
2011, 2012). One of the key requirements is a sufficiently ac-
curate migration velocity model. Implicitin LSRTM is aldwet

where, m is the reflectivity modellL is the Born modeling
operator that predicts multiples adds the recorded data.

2. The misfit gradieng is defined as:

g=L"[L(m)—d], @)

where,LT is the adjoint ofL. This equation denotes the re-
verse time migration of the residuals.

3. Once the gradient is known, the reflectivity distributaam
be iteratively updated by the, for example, steepest déscen

method:
k

m<tt = mk— agk, (3a)
R C VM)
- (Lg9T-Lg” (30)

where Kk is the iteration number and is the step length. At

need for a sufficiently accurate forward modeling algorithm each iteration, the residual multiples are migrated bymsave

even in the presence of a rough topographic surface (Gravestime migration to compute the gradient and the reflectivaty i
1996; Robertsson, 1996; Levander, 1988; Hestholm and Ruud,updated by the steepest descent method with the step langth
1998; Zhang and Chen, 2006; Zhang et al., 2012) for a land The iterative procedure is stopped when the data residisl fa

survey or an OBS experiment with a variable sea floor ele-
vation. Modeling seismic waves with rough topography can
induce artificial diffractions at the free surface, whicHlvi-
troduce erroneous reflectors in the migration image. Todavoi
such problems, we develop a finite-difference algorithnt tha
accurately models acoustic waves with topographic slofes.

is based on the ghost extrapolation method previously used

for modeling electromagnetic waves in a conductive medium
(Zhang, 2011) and modeling fluid flow fields in fluid mechan-

ics (Frederic and Ronald, 2005). We now show that this mod-
eling procedure can be successfully used with MLSRTM for
acoustic models with a variable topography Results with syn

thetic data for a steeply dipping free surface show no netice
able artifacts in the modeling or migration images.

This paper is organized into four sections. The first patiis t
introduction, followed by the theory section for least sgsa
migration and the ghost extrapolation method. The third sec
tion presents results for migrating synthetic data gerdrimom
models with a roughly varying topography. The final part pris
conclusions.

THEORY

L east-squares Reverse Time Migration

Least squares reverse time migration (LSRTM) iterativelgdi
the reflectivity model that iteratively minimizes the waweh
misfit function by gradient optimization method. The LSRTM
algorithm and its implementation are described as follows.

1.The misfit function is defined as:

f(m) =2 lLm—d| . @

SEG Houston 2013 Annual Meeting

below a specified limit.
M ulti-sour ce Phase-encoding

The misfit gradient calculation in equation 2 for least-sgaa
migration is similar to RTM, where the misfit gradient is

9x2) =Y _S'(xzw)RXzw), 4)

whereS(x,z, w) andR(x,z, w) represent the source and resid-
ual wavefieldsg(x,z) is the misfit gradient afx,z), * repre-
sents the complex conjugate, and the summation represents
the zero-lag correlation. There is a significant computetio
speedup if the summation is carried out over all (or partial)
shot gathers before applying this imaging condition (Ramer
et al., 2000; Krebs et al., 2009; Zhan et al., 2010; Dai et al.,
2011). That s, instead of single shot gathersRox, z, w) and
S(x,z, w), we replace them by a sum of phase encoded shot
gathers so that the composite (or multi-source) wavefiglels a
defined as

N
Sxzw) => aj(w)Sj(xzw), (5)
j=1
and
. N
R(xzw) =Y _aj(w)Rj(x2w), ®6)
=1

whereN is the number of shot gathers combined together, and
a;j is the phase-encoding factor. However, this approach-intro
duces crosstalk when we insert equations 5 and 6 into equatio
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4: second-order derivative in thrdirection of the points near the
N ~ ~ surface can be calculated. This procedure is repeated dor th
G(x.2) =Y SxzwRxzw) ghost points in the (Figure 2b) and directions. This extrap-
‘,: olation method can be improved by using polynomials that are
2 functions of all three coordinate variables X, y, and z, bat w
= le ; & ()] Sik(x’ Z W)R;(x,z.w) + will restrict our tests to one-dimensional interpolation.
N N crosstalk
. Ghost point
D & (wa(w)S (% 2HRj(x,2).(7)

j#kk=1 w

If the phase-encoding factors are orthogonal éjey, = Jjk).

then the first summation in equation 7 reduces to the correct
misfit gradient (equation 4). However, the phase-encoding
terms are typically not orthogonal so the unwangetk cross-
terms (the second term in equation 7) are unphysical cross-
correlations between unrelated source and residual wilefie

If these crosstalk terms are strong enough then they produce
an unacceptable migration result.

Finite-Difference Modeling with Ghost Extrapolation
In the multi-source LSM method, it is important to accunatel  Figure 1: The fourth-order scheme, where the center point is
model wavefields for sources near a free-surface with ag-irre  near the surface and the FD stencil extend above the free sur-
ular topography. To implement the boundary condition on ir- face; these extended points are called ghost points.
regular topography, we propose the ghost extrapolatiohodet
The acoustic wave equation The ghost extrapolation does not require an approximation t
2P 92 1 9%P the surface topography, so it will not generate diffracsiéor
e + 2= (8) those when thg standard flnlte-dl_fferencg m_ethod is used. As
an example, Figure 3 shows a simple dipping surface model
for a model with a free-surface boundary condition meanis tha and Figure 4a shows the common shot gather computed by a
the pressure is zero on the surface, wheigthe pressure and finite-difference (FD) scheme with the ghost point extrapol
v is the velocity. The fourth-order finite-difference scherae tion method. In comparison, Figure 4b depicts the common
quires the center point to have two points along each of tibe fo  shot gather computed by a FD method with the commonly
directions shown in Figure 1. When the center point is close used image boundary condition, and obvious diffractions ca
to the surface, some of these points extend above the free surbe seen. Finally, Figure 4c shows the common shot gather
face, and we call these points the ghost points (see Figure 1) computed by a FD method with a vacuum free-surface condi-
Considering the direction (see Figure 2a), so the differencing tion, and obvious diffractions also can be seen.
scheme can be written as

%P 1 4 5
ﬁ: _1_2P"2*j+§P'71’j_§P"j+ NUMERICAL EXAMPLES
+gp|+1’j — %Zpiiz.,j’ 9 In this section, we test multi-source LSRTM with rough topog

raphy imposed on the Marmousi and the Foothill models. The
wherei, j are the nodal indices and the supersaBphdicates observed data are generated by a FD Born modeling method.
this point is the ghost point above the free surface. The key

issue is how to compute the value of the ghost points in order Marmousi Model

to calculate the second-order derivative of the pressutieisat The traditional Marmousi model has been modified by adding

point. Physically, the pressure of the ghost point in the air ;. iieqylar surface with peaks and valleys. The model size
should be zero. In this case, the V|rtu§I value of the.ghousltpo is 201x 400 gridpoints with a grid spacing of 5 m. There are
can be estimated by using a polynomial extrapolation method 200 shots and 400 receivers with the 25 Hz Ricker wavelet.
That is, assume that the wavefield near the surface is a locaIFigure 5a shows the true velocity model, Figure 5b shows the
cubic function smooth velocity model for migration and Figure 6a presents
B(z) = az’ + b2 + cz+d, (10) Fhe reflectivity model. 200 ;hot gathgrs are encoded and saimm
into one super gather, which significantly reduces the cbst o
wherea, b, c andd are the coefficients, and then select the four calculation. However, there is strong crosstalk noise agsh
points to calculate these coefficients. It is extremely impo in Figure 6b after 10 iterations. To suppress crosstalkie3@.

tant that the selected four points contain a point on the free tions are used to get the final LSRTM image without crosstalk
boundary to satisfy the boundary condition. The second step noise in Figure 6c.

is to extrapolate the pressure to the ghost point utilizicg-a .
bic interpolation polynomial. With the ghost point valuése Foothill Model

© 2013 SEG DOI http://dx.doi.org/10.1190/segam2013-0270.1
SEG Houston 2013 Annual Meeting Page 3737



Downloaded 09/16/13 to 74.95.224.17. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

© 2013 SEG

Multisource LSRTM with Topography

point
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Figure 2: Diagram for gridpoint of the ghost extrapolation
method. a) Ghost extrapolation in tkzedirection. We as-
sume the solution near the surface is a local cubic function,
then choose four blue points to calculate the coefficients of
the cubic function; then extrapolate the pressure to thewel
point. b) The ghost extrapolation in thelirection is the same
as that for thez direction.
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Figure 3: Two layer dipping surface model.

We test multi-source LSRTM with topography on the Foothill
model that includes significant topography and velocityi-var
ations. The model size is 333833 gridpoints with a grid
spacing of 10 m. There are 208 shots and 833 receivers with
the 15-Hz Ricker wavelet. Figure 7a shows the true velocity
model, Figure 7b depicts the smooth velocity model for mi-
gration, and Figure 8a shows the reflectivity model. 208 shot
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a) CSG with Ghost Extrapolation b) CSG with Image BC ¢) CSG with Vacuum BC
0

T(s)

Figure 4: Common shot gathers computed by different FD
modeling methods. a) Using the ghost extrapolation method,
where there are no diffractions. The CSGs computed by FD
methods that use b). image boundary conditions and c). vac-
uum boundary conditions (BC) show obvious diffractions.

gathers are encoded into one super gather, which can reduce
the cost of calculation. However, there is significant dalks
noise in the LSRTM image after 10 iterations (see Figure 8b).
To suppress this crosstalk noise, we use 80 iterations tihget
final LSRTM image without crosstalk in Figure 8c.

CONCLUSIONS

We demonstrate a method for calculating LSM images from
data recorded on irregular topography. Our results witth bot
the Marmousi and Foothill models with steep topography sug-
gest its effectiveness in avoiding artificial reflectionsgmted

by forward modeling of wavefields on free surfaces with rough
topography.
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a) Marmousi True Velocity Model km/s

a) Foothill True Velocity Model km/s

b) Foothill Smooth Velocity Model km/s
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Figure 5: a) The true and b) smooth Marmousi velocity models 0 2 4 6 8
with topography. X (km)

Figure 7: a) The true and b) smooth Foothill velocity model
a) Relative Slowness Perturbation (Reflectivity) with topography.

a) Relative Slowness Perturbation (Reflectivity)

b) LSRTM Image of One Supergather after 10 Iterations

Figure 6: a) The Marmousi reflectivity model. The LSRTM Figure 8: a) The Foothill reflectivity model. The LSRTM im-
images obtained from one super gather after b) 10 iterationsages of one super gather after b) 10 iterations and c) 8C itera
and c) 80 iterations. tions.
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