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SUMMARY

We present a joint least-squares inversion method for imaging
the acoustic primary (up-going) and mirror (down-going) sig-
nal for ocean-bottom seismic processing. Joint inversion com-
bines the benefits of wider illumination from the mirror signal
and better signal-to-noise ratio from the primary signal into
one image. Results from two modified 2D Marmousi mod-
els show a better illumination of the subsurface and improved
resolution in geologically complex areas.

INTRODUCTION

Ocean-bottom seismic (OBS) acquisition is an established tech-
nology in which seismometers are placed at the sea bottom
and shots are fired at the sea surface. In areas congested by
platforms or other obstacles, ocean bottom seismic is advan-
tageous because it is operated by small boats without cumber-
some towed streamers. Such a geometry enables OBS acquisi-
tion to provide wide-azimuth illumination, shear-wave record-
ing, a quieter recording environment, higher-resolution data
and improved repeatability. Therefore, it is used for imaging
in obstructed oilfields and for time-lapse monitoring of hydro-
carbon reservoirs.

There are different processing schemes for ocean bottom data.
The traditional way, inherited from surface seismic processing,
is to remove all free-surface multiples and to migrate only with
the primary signal (Wang et al., 2009). Therefore, initial work
on OBS data processing has been dedicated to the removal
of free-surface multiples. One way to attenuate strong free-
surface multiples is combining the geophone and hydrophone
to eliminate the receiver ghost and the water column rever-
berations, a technique known as ’PZ summation’ (Barr and
Sander, 1989; Soubaras, 1996; Schalkwijk et al., 1999). Such
a technique uses the polarity difference between a scalar mea-
surement (pressure) and a vector measurement (velocity). As
an alternative to PZ summation, Sonneland and Berg (1987)
and Amundsen (2001) address free-surface multiples with the
theory of up-down deconvolution in layered and complex me-
dia, respectively. In this approach, not only are all free-surface
multiples attenuated, but also de-ghosting and signature de-
convolution are conducted in a single step.

While multiples are often treated as noise, they are formed by
the same source signal as primaries but travel along different
paths in the medium. The receiver ghost, also known as the
mirror signal, is the next order of reflection beyond the pri-
maries with an additional reflection off the sea surface. For a
deep water OBS survey, the subsurface reflection point of the
receiver ghost is located at greater distances from the receiver
station than the primaries (Figure 1). Therefore, the mirror
signal can provide a wider subsurface illumination than the pri-
maries if the energy is properly migrated. Several authors have

Figure 1: The subsurface reflection point of the receiver ghost,
also known as the mirror signal (in black), is located at a
greater distance from the receiver station than the primary sig-
nal (in red). For a deep water OBS survey, the mirror signal
can provide a wider subsurface illumination than the primaries.

used the mirror signal in the migration of OBS data (Godfrey
et al., 1998; Ronen et al., 2005; Grion et al., 2007; Dash et al.,
2009).

While most authors conclude that the mirror image gives a bet-
ter result than the conventional primary image, the information
in the primary image is also valuable. The primary ray path is
shorter than the mirror ray path, which contributes to a higher
signal-to-noise ratio in the primary signal. In a common re-
ceiver gather, the illumination point of the subsurface by each
source-receiver pair is closer together in the primary reflection
than in the mirror reflection. This translates to higher image
quality in the region illuminated by the primary. Instead of
treating the primary image and the mirror image separately,
we propose an iterative linear least-squares inversion scheme
that could combine the primary and the mirror image. Such an
inversion can improve the structure and aperture of the seismic
images by using two sets of signals: the up-going primaries
and the down-going mirror signals.

Muijs et al. (2007) made an early attempt to image primary and
free-surface multiple together. It requires the data to be decom-
posed into up-going and down-going constituents, followed by
downward extrapolation and a 2D deconvolution based imag-
ing condition. While this technique is computationally effi-
cient, its image contains crosstalk artifacts caused by interfer-
ence of up-going and down-going waves not associated with
the same subsurface reflector. In contrast to existing method,
joint inversion can optimally combine structural information
provided by two types of reflection that are free from crosstalk.

In this paper, we focus on the joint inversion of the acoustic (P)
wave signal. We will first discuss the theory of the joint linear
least-squares inversion. We then apply the inversion scheme
to two modified versions of the 2D Marmousi model and show
the overall improvement of the joint inversion result.
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Figure 2: Forward modeling of primary-only and mirror-only
data. The algorithm involves cross-correlating the source
wavefield (Us) with the reflectivity model (m) to generate the
receiver wavefield (Ur). Reciprocity is used here where the
CRG data are injected at the source location while the source
wavelet is injected at the receiver location. Cross-correlation
is done only with grid points below the seabed.

JOINT INVERSION OF UP/DOWN-GOING P WAVE

Joint inversion of up- and down-going signals for ocean-bottom
data can potentially be a better imaging technique than mi-
grating either signal alone, because it combines information
from both sets of signals. Figure 4 summarizes the processing
scheme for our algorithm. Ocean bottom data are first sep-
arated into its acoustic up- and down-going component above
the seafloor. The decomposed signals are then inverted to yield
one optimally combined reflectivity image. The objective func-
tion for such an inversion is:
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where L# and L$ are modeling operators that produce up-going
data (d#) and down-going data (d$) from the model space (m).
The up- and down-going operators can be defined in many
ways with varying levels of difficulty and practicality. We
use the adjoint of the acoustic RTM operator to formulate L#
and L$. Two modified computational grids are used to for-
ward model the lowest order of up- and down-going signals,
namely the primary and the receiver ghost. The formulation of
the modeling and its adjoint (RTM) operator is summarized in
Figure 2 and Figure 3.

In the modified computational grid as shown in Figure 2, the
primary signal is obtained by the cross-correlation of the source
wavefields with the reflectivity. For the down-going receiver
ghost, the receiver nodes are placed at twice the water depth,
which effectively represents a reflection off the sea surface.

Figure 3: RTM of primary-only and mirror-only data. The
algorithm involves cross-correlating the source wave field (Us)
with the receiver wave field (Ur) to generate the reflectivity
model (m). Cross-correlation is done only with grid points
below the seabed.

NUMERICAL EXAMPLE

We demonstrate the joint inversion of up- and down-going sig-
nals using two test cases, both are modified from the 2D Mar-
mousi model. The first example has a dense source and re-
ceiver spacing. It shows the improvement of joint inversion
under optimal condition. The second example explore the re-
sult of our algorithm when the source and receiver spacing are
large.

Marmousi model with dense sampling

Figure 6 (d) shows the reflectivity model used. The model is
2 km deep and 7 km wide with a spacing of 10 m. The ocean
floor is not included in this model and is assumed to be flat.
However, it is possible to adapt to a topological ocean-floor.
For simplicity, a constant velocity of 2500 m/s is used for this
model.

For the synthetic data, we use the L# and L$ defined in the last
section to forward model the lowest-order up-going (primary)
and down-going (receiver ghost) data. In equation form, this
is written as:

dmod
# = L#m

dmod
$ = L$m. (2)

Shots run from 0 to 7000 m at the sea surface at an interval of
10 m. There are 700 shots in total. For the receiver geometry,
we use a receiver spacing of 100 m with ocean bottom nodes
located at every grid point from 2500 m to 4400 m. There are
20 nodes in total. Because reciprocity is used later, this geom-
etry is equivalent to having 20 shots at the sea-bottom and 700
receivers at the sea-surface. Figure 5 shows the corresponding
up-going and down-going common receiver gathers with the
shot placed at x=3200 m.

To compare among conventional primary migration, mirror
imaging, and joint inversion, we will first present the results
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Figure 4: Pressure (P) and vertical particle velocity (Z) data are
converted into up- and down-going data. The up- and down-
going data are then migrated separately using a modified grid
shown in Figure 3. Inversion is performed with residual in the
up/down data domain.

Figure 5: A common-receiver gather taken at x=3200 m:
(a)synthetic up-going (primary) data obtained by applying L#
to the model and (b) synthetic down-going (receiver ghost)
data obtained by applying L$ to the model.

of RTM on the conventional primary signal and on the mirror
signal. The corresponding image will then be compared to the
joint inversion result using both signals.

Reverse time migration on conventional primary and mirror
signals

In this section, we define the term up-image (m#) to be apply-
ing the adjoint of L# to the up-going data. The term down-
image (m$) is defined similarly. In equation form, this is writ-
ten as:

m# = L
&

#dmod
# ,

m$ = L
&

$dmod
$ . (3)

Panels (a) and (b) of Figure 6 show the corresponding up-
image and down-image. Comparing the two images, we can

Figure 6: (a) Up-image obtained by calculating L&

#dmod
# , (b)

down-image obtained by calculating L&

$dmod
$ , (c) image ob-

tained by joint inversion, and (d) reflectivity model.

see that wider illumination is achieved by the mirror image.
The benefit of the wider aperture is directly correlated with the
depth of the sea-bottom. The deeper the sea-bottom, the wider
the illumination. On the other hand, a close-up section of the
images (Figure 7 (a) and (b)) shows that the up-image has a
higher signal-to-noise ratio than the down-image. This is only
a synthetic study and we expect the difference would be more
apparent when applied to a real dataset.

The goal of joint inversion is to get the best of both worlds.
By manipulating two sets of data, we wish to produce a joint
image that has both the wide illumination of the down-image
and a high signal-to-noise ratio in the region covered by the
up-image.

Joint Inversion Result

A joint inversion is performed in a least-squares sense with the
objective goal described in equation 1. The initial guess is cal-
culated by summing the up-image and the down-image. Panel
(c) of Figure 6 shows the image after joint inversion (with 20
iterations). We can see an overall improvement from the mi-
gration image in panel (a) and (b) of Figure 6 to the inversion
image. We have identified three areas of improvement with the
close-up section shown in Figure 7:

1. In panel (c) of Figure 6, the near-surface reflector near
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Figure 7: A section of the image cut from x=2500-4500 m
and y=500-1500 m. Images are clipped at 90% to contrast the
quality among (a) the up-image, (b) the down-image, (c) the
joint-image, and (d) the model.

z=0-400 m and x=2400-3200 m has a better relative
amplitude and is more focused.

2. In panel (c) of Figure 6, the joint image has a wider
illumination for the region from x=5000 m to the left
and the region from x=2000 m to the right.

3. Figure 7 shows a higher signal-to-noise ratio for the
joint image. In addition, the deeper reflector at z=1200-
1500 m and x=3200-4000 m are better illuminated in
the joint image than in the up-image or the down-image.

This example shows that joint inversion can coherently com-
bines information from primary and mirror signal to produce a
better illuminated and resolved image. In the next section, we
will explore the effect of a sparse geometry between shots and
receivers.

Marmousi model with coarse sampling

In this second example, we increase the spacing of the source
and receiver array. There are 22 shots with a spacing of 300m
spanning from 500-6800m. We use only 10 receivers that are
400 m apart and span from 2000-5600m. The model grid has a
different reflectivity as shown in panel (d) of Figure 8 The rest
of the specification is the same as in the previous example.

Panel (a) and (b) of Figure 8 show the image from migration
with the primary signal and with the mirror signal. In the up-
image, we can see the strong near surface amplitude, which is
characteristics in the RTM. The down-image is coarse grained
due to the large shots and receiver spacings. Panel (c) of Fig-
ure 8 shows the corresponding joint inversion image (with 20
iterations). We can see a dramatic improvement from the joint
inversion. This example shows when the recorded informa-
tion is limited with respect to the complexity of the subsur-
face, joint inversion of up- and down-going signal can provide
a better illuminated and more refined image.

Figure 8: (a) The up-image, (b) the down-image, (c) the joint-
image, and (d) the reflectivity model.

DISCUSSION AND CONCLUSION

Free-surface multiples in OBS acquisition are often treated as
noise. However, because they are formed by the same source
signal as primaries but travel along different paths in the medium,
they contain information not contained in the primaries. To
capitalize on the information provided by both the multiples
and the primaries, we have developed a procedure that allows
primary and mirror signals to be jointly imaged. While direct
migration of the primary has limited illumination aperture, di-
rect migration of the mirror signal is less resolved in complex
areas. Joint inversion results in better illumination, improved
resolution, and more balanced amplitude image in geologically
complex models.

Finally, it is worth noting that the computational cost of joint-
inversion is higher than that of migration with a factor propor-
tional to the number of iteration. It is therefore recommended
as a supplemental imaging technique for smaller targeted area
where high quality image are desired.
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