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SUMMARY
The imaging condition needs special attention in imaging of separated wavefields because of the increased
complexity of the source wavefield. Starting from reciprocity relations and using pressure-normalized
wavefield decomposition, we introduce a new deconvolution imaging condition in which the subsurface
image is determined from the upgoing pressure and the downgoing vertical particle velocity wavefields. In
a recent work, Lameloise et al. (2012) elaborated on migration of separated wavefields using dual-sensor
towed streamer data of a simultaneous source system. This work was the starting point to set up a
feasibility study and test the new imaging condition. Synthetic and real data examples showed that this
approach leads to a better match between the depth images of multiples and primaries.
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 Introduction

Conform Claerbout’s principle (Claerbout, 1971), at any subsurface level the image I is derived from the

source and receiver wavefields by taking the subset of the impulse reflection response which corresponds

to the zero-offset scattered field estimated at zero-time. The source wavefield originated at the seismic

source is forward propagated into the subsurface reaching the medium discontinuities. The receiver

wavefield, generated at the subsurface discontinuities and measured at the receiver level is backward

propagated into the subsurface. The depth image I is given by the division in the frequency-space domain

of the receiver (upgoing) wavefield by the source (downgoing) wavefield, integrated over frequencies.

This may be expressed by (Claerbout, 1971):

I(x) =
∫

ω

Upgoing wavefield
Downgoing wavefield

dω, (1)

where x corresponds to the image position and ω is the angular frequency. Following this principle, it is

possible to properly collapse primary reflections into the image.

This paper deals with migration of separated wavefields using dual-sensor towed streamer data of a

simultaneous source system. In separated wavefield imaging, the upgoing (receiver) wavefield and the

downgoing (source) wavefield contain primaries and multiples and the imaging condition needs to be

accordingly adapted. Three different imaging conditions based on Claerbout’s principle (Equation 1)

will be evaluated, as well as their capability of recovering a proper image of primaries and multiples.

Reflection response and separated wavefield imaging using Claerbout’s principle

One possible method to estimate the reflection response at any level is to employ reciprocity in two

different states of an acoustic model (Fokkema and van den Berg, 1993; Amundsen, 2001).

Figure 1 Representation of the 2 states β (a) and α (b).

Considering the sea surface above the active source and the sea bottom below the towed streamer, two

different states of an acoustic model are defined and illustrated in Figure 1.

On one hand, state β (Figure 1 a) refers to the physical seismic experiment where the source is identified

by its position xs. An extrapolation level of separated wavefields is set to simulate data recorded at a

virtual receiver position xr, just below the extrapolation level. A volume V is considered enclosed by

a surface characterized by a flat top boundary (∂V1) chosen at the extrapolation level and a hemisphere

of infinite radius (∂V2). The acoustic properties match the medium parameters within and outside V . In

this situation, surface multiples are generated at the sea surface and internal multiples at the overburden

reflectors. On the other hand, in state α (Figure 1 b), wavefields are generated by a monopole point

source located at xr and recorded by a virtual receiver at the position x of the separation level. We define

the same volume V as for state β . However, in this case the free surface is absent and the overburden is

continuously non-reflective.

By setting up reciprocity relations between the two states and using a pressure-normalized wavefield

decomposition, an integral equation in the frequency-space domain gives the desired reflected pressure

(P re f l
α ) in terms of the upgoing pressure (U (P)), the downgoing vertical particle velocity (D(Vz)), the
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 complex iω and the source contribution of the desired state (Sα
0 ). This integral equation writes:

2iω
∫

∂V1

P re f l
α (xr,x)D(Vz)(x,xs)dS =−Sα

0 U (P)(xr,xs). (2)

Thereafter, assuming sufficient available data, an inversion at any image level gives the needed reflection

response for extracting the subsurface image. Note, in the derivation of Equation 2, we also applied to

the desired pressure (Pα ) source-receiver reciprocity, which interchanged virtual source and receiver po-

sitions. Based on Equation 2, we define now three different imaging conditions for separated wavefields

using Claerbout’s imaging principle (Equation 1).

Ignoring the overburden related crosstalk for now, we follow Claerbout’s principle in common source

gather and extract from Equation 2, the depth images of primaries and multiples assuming zero-time and

coincident virtual source-receiver positions at the image level (x = xr). These depth images correspond

to the impulse reflection response: P re f l
α
Sα

0
. For a single shot fired at position xs and for each frequency

value, the integrand appearing in Equation 2 reduces to a constant. Sum over frequencies is used to

satisfy the zero-lag condition. As in practice multiple shot gathers are available, the data is migrated

sequentially and stacked over all source positions. Then, we can define:

I(x) = ∑
x
s

∑
ω

UP(x = xr,ω;xs)D
(Vz)∗
f (x = xr,ω;xs)

〈D(Vz)
f (x = xr,ω;xs)D

(Vz)∗
f (x = xr,ω;xs)〉+ ε2

, (3)

where D(Vz)
f =−2iωD(Vz). To avoid numerical instabilities, we multiplied the numerator and denomina-

tor by the complex conjugate downgoing wavefield, considered a smoothing operator denoted by < >
and added a constant ε2.

In this paper, we will migrate data using Equation 3 and we will also test an imaging condition which

defines the source wavefield as the downgoing part of the vertical particle velocity, as illustrated below:

I(x) = ∑
x
s

∑
ω

U (P)(x = xr,ω;xs)D(Vz)∗(x = xr,ω;xs)

〈D(Vz)(x = xr,ω;xs)D(Vz)∗(x = xr,ω;xs)〉+ ε2
. (4)

Subsurface images resulting from Equations 3 and 4 will be compared with the ones obtained by an

imaging condition previously used by Whitmore et al. (2010) and Lameloise et al. (2012):

I(x) = ∑
x
s

∑
ω

U (P)(x = xr,ω;xs)D(P)∗(x = xr,ω;xs)

〈D(P)(x = xr,ω;xs)D(P)∗(x = xr,ω;xs)〉+ ε2
. (5)

Synthetic data example

To evaluate the defined imaging conditions, we considered a model formed by a layer of water, five

embedded diffractors, and a free surface top boundary. In order to generate pressure and vertical particle

velocity wavefields of a dual simultaneous source system, we simulated two typical seismic sources fired

with a time delay of 500 ms, at the same horizontal position and at the distinct depths of 10 and 14 m.

After decomposing seismic wavefields into up and downgoing components at a predefined horizontal

level, wavefields are downward extrapolated and combined using the three different imaging conditions

(Figure 2). To image multiples (Figures 2 a, d, g), the complete downgoing wavefield which includes

multiple reflections from the free surface (without the direct wave) is considered as source wavefield,

whereas to migrate primaries (Figures 2 b, e, h) the direct wavefield is used as source. As for the receiver

wavefield, it corresponds to the upgoing pressure, computed from wavefield separation of the scattered

pressure and the vertical particle velocity. The diffractors are clearly discernible by applying Equations

3 and 4 (Figures 2 a, b, d, e). In this case, the vertical resolution is better than employing Equation 5

(Figures 2 g, h), which gives an image with oscillations in depth and stronger crosstalk effects. Besides,

employing Equations 3 and 4 leads to a perfect match between the spectra of multiples and primaries

depth images (Figures 2 c, f), which is not the case when using Equation 5 (Figure 2 i).
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Figure 2 Depth images obtained from one dual simultaneous source record with Equations 3 (a-b), 4
(d-e) and 5 (g-h) and spectral comparison of the marked windows (c, f, i).

Field data example

A seismic survey was operated in the Norwegian sea using dual-sensor towed streamers of a dual simul-

taneous source system (Parkes and Hegna, 2011). In Figure 3, depth images of multiples and primaries

derived from Equations 3 and 4 are compared with a previous migration (Lameloise et al., 2012).
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Figure 3 Depth images obtained with equations 3 (a-b), 4 (c-d) and 5 (e-f).

Applying the obliquity scaling and the frequency filter in the imaging condition of Equation 3 leads

to a proper match of the images and spectra of the migrated multiples and primaries (Figures 3 a-b, 4

a). However, due to the smaller angle distribution of multiple reflections compared to primaries, this

match is less accurate when using the two other imaging conditions (Figures 3 c-f, 4 b). Some observed

differences could also be related to the higher sensitivity of primaries to the velocity model.

Figure 4 (a) and (b): Spectral comparison of distinct marked windows appearing in Figure 3.

Conclusions

Starting from reciprocity relations, the subsurface reflectivity is derived from an integral equation in-

version at the image level. The integral equation contains the upgoing pressure, the downgoing vertical

particle velocity and a −iω filter. By considering Claerbout’s principle, we defined a new deconvolution

imaging condition which includes an obliquity scaling and a frequency filter. Through synthetic and real

data examples, we tested and compared it to a previously used imaging condition. The new imaging

condition resulted in a better match between the depth images of multiples and primaries.
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