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Introduction

Seismic imaging and inversion relies on scattered wavesdaté and infer property contrasts

in the Earth's subsurface. To target the reconstructionntf the desired scattered waves by

seismic interferometry (e.g., Wapenaar and Fokkema, 20@8¢ | present a perturbation-based
formulation (Vasconcelos and Snieder, 2008) that retsi¢lre causal scattered waves that prop-
agate between two receivers as if one acts as a pseudo-source

Other formulations of interferometry (e.g., Wapenaar £24106; Schuster and Zhou, 2006)
retrieve, apart from the scattered waves, the full respbasgeen receivers. Mehta et al. (2007)
proposed the use of wave eld separation in interferomednatget desired arrivals. In this paper
| connect some of their ndings to the perturbation-baseatesentation. In particular, Mehta
et al. (2007) demonstrated the potential of using wave @gagation in the interferometry of
OBC data. In the same context as Mehta et al., the perturbbtieed approach discussed here
can be used to extract multiple-free scattered waves in O€ranents. This is demonstrated
with two synthetic data examples.

In seismic migration, a common imaging condition consi§tgass-correlating data-derived
scattered waves with a modeled reference eld at depth (Gtag, 1985). This imaging condi-
tion serves as the basis for describing the subsurfacetieityat depth (Sava and Fomel, 2003),
but this can only be accomplished if the imaging scheme isldapof properly reconstructing
scattered-wave amplitudes. The exact form of the pertiofbdtased theorem presented here
can possibly provide contributions for amplitude-pregsegvmigration schemes, as well as for
migrating multiply-scattered waves.

Perturbation-based representations
Representation theorems in perturbed mediearbitrarily complex perturbed acoustic media,
the wave eld perturbation$ss between two observation pointa andrg can be retrieved
according to the following frequency-domain represeatatheorem (Vasconcelos and Snieder,
2008a): I 1

Gs(rg;ra) = . T [Gs(rira)r Go(rire) + Go(rire)r Gs(rira)l dS

+ i (o )G(r;ra)Go(r;rg)dVv ; (1)
Vv

whereGq are unperturbed wave§ = Gg + Gg are perturbed waves, is frequency, is the
spatially-varying density, and and ¢ are the perturbed and unperturbed compressibilities, re-
spectively. The source positiaris integrated over the closed surfa@® ( rst integral) and also
over the volumeV (second integral)G is the complex-conjugate &g, and translates into a
cross-correlation in the time-domain. Although not showrehthese results have been general-
ized to many perturbed physical systems (e.g., attenuativastic, elastic and electromagnetic
waves, diffusive transport).

Reconstructing scattered waves with interferomeffyie purpose of interferometry is to
reconstruct the impulse response between two poigtandrg with no knowledge of model
parameters. Although equation 1 retriev@s(rg ;ra), the evaluation of the volume integral
requires knowledge of the medium perturbations indfdeHowever, when the receivers lie
between surface sources and the scatterers in a perturbaliomeP (Figure 1a), the volume
integral in equation 1 can be ignored (Vasconcelos and 8ni2d08). Thus, equation 1 can be
approximated to Z 1

Gs(rg;ra) . [Gs(r;ra)r Go(r;re) + Go(r;re)r Gs(r;ra)] dS;  (2)

r2@v; I!
where @1 is a portion of @ for which the contribution of thé&y G,-term of the volume
integral in equation 1 vanishes, i.e., when receivers lievben the sources and the scatterers
(Figure 1a). Equation 2 is suitable for interferometry hesaunlike equation 1 it does not
require prior knowledge of model parameters. When onlyqunesmeasurements are available,
equation 2 can be recast as
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Gs(rs;ra) 3GS(V;FA)Go(r;fB)dS; 3)
r2@/, c
by applyingr G dS = i(!=c)GdS. This approximation assumes ti@ is a sphere of in nite
radius and that all scattered waves are outgoin@ai{Wapenaar and Fokkema, 2006). The
majority of implementations of seismic interferometry siseformulation similar to equation 3.
Indeed, equation 3 is the only feasible way to perform ief@ninetry when only pressure mea-
surements are available (e.g., Wapenaar and Fokkema,. 2006¢ver, as shown below for the
case of dual- eld ocean-bottom records, equation 2 is mppgapriate for interferometry.
Connection to seismic imagingAn imaging condition that is commonly used in seismic
migration is given by (g<g., Claerbout, 1%@5) Z

I (ra) = Gs(ra;ra)= Gs(r;ra)Go(r;ra)ds ; 4)
all ! all @

wherel is the seismic image aj and summation is carried out over all frequendiedn the
case of shot-pro le migration, for example, the integraleiquation 4 represents a summation
over shotg. In order to generate a complete image of the volumequatio 4 must be eval-
uated repeatedly at all pointg within the volume. In typical seismic experimeris; is part

of the acquired data for varying (e.g., sources) anda on the surface (i.e., o@/). Inside
V, the respons&s(r;ra) is typically modeled from the acquired data, e.g., by wale ex-
trapolation. Note that the integrand in equation 4 is theesamthe integrand in the expression
for perturbation-based interferometry in equation 3, gfgam the2= c scaling. In equation 4,
the image is de ned as the zero-offset scattered-wave rsspeummed over, which in the
time-domain isGs(ra;ra;t = 0). For equations 4, 3 and 1, it follows that an exact expression
for Gs(rayra;t =0),i.e., for tl}g impge is given by

X
1 qra) = Gs(ra;ra) = ”—[Gs(r;rA)r Go(r;re) + Go(r;re)r Gs(r;ra)] dS
all! a)lé! Z@/
+ i (o )G(rira)Ge(r;rg)dv : )
V

all'!

When only pressure records are available, the surfacerattiegequation 5 can be replaced by
that in equation 8 Note that in equation s is the full scattered wave eld. This justi es, for
example, the fact that reverse-time migration images piyttie ected waves when the velocity
model contains abrupt changes in the velocity model. Inggla, including the volume integral
of equation 5 can provide an extra correction for amplituates$ artifacts for any type of seismic
migration method.

Acoustic examples of interferometry: point-scatterers ad OBC

For these synthetic examples, | use the models displayeidjimés 1b and 1c. The rst model
(Figure 1b) consists of three point scatterers embeddedomnageneous acoustic medium of
wavespeeda = 1:5km=s. This model is used to illustrate the effect of the far- eldration
approximation used to derive equation 3. A second model(Eidc), containing both point-
scatterers and at layer-like structures, is used to addties application of equations 2 and 3
for processing P-wave OBC data. When modeling data for reitieael, a line of sources is
placed horizontally at = 0:05 km with source spacing of 2 m.

For the point-scatterer model (Figure 1b), the data arerdecbat two receivers: one at
(0:3;0:2) and another af0:7;0:2). In this point-scatterer case, the receiver-gather daa ar
modeled both with and without a free-surface at the top ofitbdel. Figures 2a and 2b displays
the integrands of equations 3 and 2, respectively, for tie mi@deled without the free-surface.
The same integrands are portrayed in Figures 2c and 2d, énat the input data are generated
with a free-surface. When the free-surface is absent, tegrands of both equations 3 and 2
(Figures 2a and 2b) yield practically the same result, afpam a difference between their

LIn this case, the far- eld radiation boundary condition bep (e.g., Wapenaar and Fokkema, 2006).
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pulse shapés In the presence of the free-surface, the integrand of egquat(Figure 2c) is
substantially different from that of equation 2 (Figure ,2e§pecially for times later than 0.6 s.
Here, the data in presence of the free-surface containsdutthand in-going scattered waves
at the integration surfac@/ (i.e., the source line in Figure 1c). Since equation 3 assuthrad
only out-going scattered waves are present, the resultgiurés 2c and 2d are different. As we
discuss below, the events that are canceled at times lae0tl s in Figure 2d are free-surface
multiples associated to the scattered wave eld.

Perturbation-based interferometry as | present here capeed to OBC data. Figures 3c
and 3d show pseudo-shot gathers obtained by perturbatiesedbinterferometry applied to the
OBC data generated for the model in Figure 1c in the presehedree-surface. The physi-
cal source response corresponding to the pseudo-shotrgaitteeshown in Figures 3a and 3b.
Similarly to the point-scatterer examples in Figures 2c 2aidthe pseudo-shot gather produced
by equation 3 (Figure 3d) shows many events at later timdsatieanot present in the pseudo-
shot generated with equation 2 in Figure 3c. Futhermore,dmparing Figures 3a and 3b
with Figures 3c and 3d, we observe that equation 2 retrieyeseado-response without free-
surface multiples (shown in Figure 3a); while data recarc$éd with equation 3 contains all
free-surface multiples. In the integrand of equation 2,témens(G5 r G§ ) and(r G5 G§ )
always have opposite signs for free-surface multiplesumszthe free-surface induces a polarity
ip for G but not forr G. This leads to the cancelation of multiples seen in Figucearitl 3c.
This property does not hold for interferometry of single ea&lds (e.g., equation 3), as demon-
strated in Figure 2c and 3d. Note that the approach | use loa® bt rely on the separation of
up- and down-going elds (e.g., Mehta et al., 2008a). Melttale(2008) use time gating and
up/down separation to compute an integrand of the fg@@h + r G*)GE , which differs from
that in the representation theorem in equation 2.

Conclusion

Perturbation-based interferometry recovers only thealaesittered wave eld, desired for imag-
ing purposes. The approach can be applied both for dualngtesield data. This method is
particularly advantageous for dual- eld measurementanfrvhich it can recover the response
between receiver without free-surface multiples. Thistgpinterferometry requires the prior
separation of reference and scattered elds, which can beraglished by different methods
such as time-gating, Radon-type separation, or data-tttimo methods (e.g., as in SRME). |
illustrate the method with synthetic data examples, anaitiqular, demonstrate its applicabil-
ity to OBC data. Here | also explicitly outline how the exagtrh of perturbation-based repre-
sentation can lead to the imaging condition in seismic niigmethat cross-correlates downward-
propagated scattered waves with a forward-modeled referezid. In this context, the exact
form of the perturbation-based theorem can possibly aidigrating multiples, as well as in

providing corrections for migration amplitudes and adifa
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The pulse-shape difference between Figures 2a and 2b &dseshe(i! ) * factor present in the integrand in
equation 2.
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Figure 1: Models considered for perturbation-based iaterfietry. Panel (a) is a schematic
representation of the class of models for which the appration in equation 2 is valid. In (b)

I show the model used for the point-scatterer examples iarEig. The velocity model in (c) is
used in the OBC synthetic example (Figure 3). Both in (b) an@), the dotted line represents
the physical source line, and the color-scale indicateatioestic wavespeed in km/s.
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Figure 2: Cross-correlation gathers from a pair of recsiverthe model in Figure 1b. The
data input in (a) and (b) are modeledthout a free-surface, whereas the input to (c) and (d)
is modeledwith a free-surface. The gathers in (a) and (c) are obtained esjngtion 3; while
the gathers in (b) and (d) are computed according to equ&tiom this casefa = (X =
0:7;z = 0:2) andrg = (0:3;0:2). Here,Gg consists of the superposition of direct waves and
all water-bottom multiplesiss is the scattered wave eld generated by the subsurfacetstaic

(a)

Figure 3: True responses and pseudo-shot gathers. Theatiersd-wave response for a phys-
ical source af0:3;0:2) (see Figure 1c) is displayed in (a) modelgith a free-surface, and in
(b), where it is modelewvithouta free-surface. Pseudo-shot gathers are shown in (c) addl in (
for a pseudo-source af = (0:3;0:2). The result in (c) is obtained with equation 2; while (d)
results from applying equation 3. It is important to notet i@ input datdo both(c) and (d)
were modeledvith a free-surface.



