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SUMMARY

Green’s theorem derived deghosting methods in the (x-ω) do-
main using flat cables have been successfully applied to syn-
thetic and field data. Based on Green’s theorem wavefield
separation concepts, this paper derives a 2D acoustic receiver
deghosting formula for a depth-variable cable assuming the
shape of the cable is known. In numerical tests, the air-water
boundary is assumed to be horizontal. We use the Cagniard-
de Hoop method to generate synthetic data on parabolic cables
and on periodically semicircular cables, respectively. The nor-
mal derivative of the total field on the cable is assumed to be
known and is estimated by finite difference. Numerical re-
sults show that current Green’s theorem up/down separation
formula for a constant depth cable remains useful for a mildly
depth-variable cable. When the actual cable deviates signifi-
cantly from horizontal, the horizontal cable formula produces
serious errors and artifacts whereas the new formula produces
an effective and satisfactory result. While the analysis and
tests in this paper are based on nonhorizontal towed stream-
ers, the motivation (and future work) is for on-shore and ocean
bottom acquisition. Under these circumstances, the deviation
from horizontal acquisition can be significant and the ability to
accommodate a variable topography can have a considerably
positive impact on subsequence processing and interpretation
objectives.

INTRODUCTION

Deghosting is a long-standing seismic objective and problem
(Amundsen (1993); Robinson and Treitel (2008)). It removes
downgoing events of the recorded field (receiver ghost) and
events first going up from source to air-water boundary (source
ghost). Seismic resolution can be enhanced by removing spec-
trum notches and boosting low frequencies. Also, deghosting
has risen in importance as prerequisites for free surface and
internal multiple removal as well as for the resolution and de-
lineation of imaged-inverted primaries (Weglein et al. (2002)).

The problem of accounting for the amplitude and phase dis-
tortions introduced by the so-called ghost effect was first stud-
ied in the context of sources by Van Melle and Weatherburn
(1953). They showed that by using more than one source
with a delayed firing pattern, it was possible to mitigate the
ghost effect. Based on this, different acquisition techniques
were proposed to serve deghosting. These techniques include
over/under streamers (Senneland et al. (1986); Posthumus (1993);
Moldoveanu et al. (2007); Özdemir et al. (2008)), ocean bot-
tom cable (OBC) (Barr et al. (1989)), hydrophone plus geo-
phone (Carlson et al. (2007)) and multicomponent towed-streamers
(Robertsson et al. (2008); Vassallo et al. (2013)). Other re-
searchers started from signal characteristics of ghosts and de-
signed specialized acquisition like single linearly slanted (Ray

and Moore (1982); Dragoset and William (1991)) or depth-
variable streamer (Soubaras et al. (2010)). Because the streamer
is nonflat, notches diverse in time from one end of the streamer
to the other. Therefore the ghost can be attenuated through
stacking and/or migrating data from different parts of the streamer.

Based on these significant progresses in acquisition, different
deghosting theories have developed. Green’s theorem method
for deghosting was first introduced by Weglein et al. (2002),
Zhang et al. (2005), Zhang et al. (2006) and developed and
tested by Zhang (2007). Tests on field data were done by May-
han and Weglein (2013). Weglein et al. (2013a) modified this
method to get rid of the need for normal derivative of pressure
so as to avoid finite difference error. Tang (2014) analyzed the
impact of acquisition on deghosting. For on-shore preprocess-
ing, Wu and Weglein (2015a,b) derived elastic Green’s theo-
rem wavefield separation methods in pressure space and dis-
placement space, respectively. As these studies demonstrate,
the Green’s theorem method has characteristics not shared by
previous methods. It is consistent with inverse scattering se-
ries (ISS) wave theory methods that do not require subsurface
information (Weglein et al. (2003)). As pointed out by We-
glein et al. (2003), every ISS isolated-task subseries requires
(1) the removal of the reference wavefield, (2) estimation of
the source signature and radiation pattern, and (3) source and
receiver deghosting, and how the ISS has a nonlinear depen-
dence on these preprocessing steps. And Green’s theorem can
offer a number of useful algorithms (Zhang (2007); Mayhan
(2013)) by choosing different reference medium according to
different objectives (e.g. deghosting, P0/Ps separation).

As pointed out by Mayhan and Weglein (2013) and Weglein
et al. (2013b), deghosting methods derived from the represen-
tation theorem are wave-theoretic algorithms that can be de-
fined in the frequency-space domain, and in principle can suc-
ceed in cables of any shape (e.g., slanted). The main objective
of nonhorizontal measurement surface methods is to accom-
modate on-shore and ocean bottom acquisition where devia-
tion from horizontal acquisition can frequently occur. There-
fore, based on Weglein et al. (2002) and Zhang (2007), we de-
rive a 2D acoustic receiver deghosting formula in the (x-ω) do-
main for depth-variable cable, assuming the sea surface is hor-
izontal. Compared to current deghosting methods using seis-
mic pressure wavefields recorded on nonhorizontal streamers
(Riyanti et al. (2008); van Borselen et al. (2013); van Borselen
et al. (2013); Robertsson and Amundsen (2014); Amundsen
and Reitan (2014)), the algorithm in this paper can preserve
both time and amplitude information very well.

THEORY

Figure 1 shows the principle of 2D offshore Green’s theorem
receiver deghosting. It requires a one-shot record. Airgun is at
rs. The receivers (green triangles) lie on a measurement line



which can be nonflat. r is where we want to predict deghosted
data using pressure measured by these receivers. According
to Green’s theorem wavefield separation theory, it can be any-
where above the measurement line. Here we let r be below the
source and not far away from the measurement line. Accord-
ing to the meaning of receiver ghost, the receiver deghosted
data at r are exactly the total upgoing events of the field that
we can observe at r without deghosting. In this way, receiver
deghosting is equal to up/down separation.
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Figure 1: Configuration of Green’s theorem receiver deghost-
ing. The integration contour is the dashed line. ρair, ρairguns
and ρearth overlay the reference medium (whole space of wa-
ter) to give the actual medium.

According to perturbation theory, if we choose the reference
medium to be whole space of water (with acoustic speed c0),
there are three sources: medium perturbation ρair due to the
difference between air and water, the airgun ρairguns, and medium
perturbation ρearth due to the difference between earth and wa-
ter. The upgoing wave at r represents the contribution due to
ρearth. The reference wavefield is A(ω)G+

0 (r,rs,ω), where

G+
0 (r,rs,ω) = − i

4 H(1)
0 (kR+) is the 2D causal whole-space

Green’s function and H(1)
0 is the zeroth order Hankel func-

tion of the first kind. A(ω) is source wavelet, k = ω/c0 and
R+ = |r− rs|. From the view of scattering theory, all three
sources actually generate outgoing wave straight away to the
field point r. Hence the total wavefield at r can be decomposed
into three parts (see Zhang (2007)) using Green’s theorem,

P(r,rs,ω)−A(ω)G+
0 (rs,r,ω)−

∫
S

G+
0 (r

′,r,ω)k2
0αair(r′)P(r′,rs,ω)dr′

=

∮
l
[P(r′,rs,ω)∇′G+

0 (r
′,r,ω)−G+

0 (r
′,r,ω)∇′P(r′,rs,ω)] ·dl′ (1)

Here we give the formula for 2D case, which can be proved us-
ing 2D Green’s second identity. The second term on the left is
reference wave. The third term represents the downgoing part
of scattered wave, which is due to ρair and whose last motion is
downward from the air-water boundary towards r. Therefore,
the RHS is the upgoing part of scattered wave, which is due to
ρearth and is the receiver side deghosted wave at r. In fact, we
can prove that the line integration on the semicircular goes to
zero as the radius goes to infinity, using Sommerfeld radiation

condition. Hence the RHS reduces to a line integration,

Pup(r,rs,ω)

=
∫

m.l.[P(r
′,rs,ω)∇′G+

0 (r
′,r,ω)−G+

0 (r
′,r,ω)∇′P(r′,rs,ω)] ·dl′. (2)

This is the fundamental receiver deghosting formula. It re-
moves all downgoing wave including direct wave and its ghost,
for r below rs. When the cable is horizontal, the gradient op-
erator is just the derivative with respect to depth

Pup(r,rs,ω)

=
∫

m.l.[P(r
′,rs,ω) d

dz′ G
+
0 (r

′,r,ω)−G+
0 (r

′,r,ω) d
dz′ P(r

′,rs,ω)] ·dl′ (3)

When the cable has some regular lateral variation in depth
z′(x′), where z′ is a depth function of offset x′, we can derive

the normal vector of the cable n=(−
dz′(x′)

dx′√
1+(

dz′(x′)
dx′ )2

, 1√
1+(

dz′(x′)
dx′ )2

).

So there is a new formula
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=
∫
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where ∂

∂n′ P(r
′,rs,ω) is normal derivative of P(r′,rs,ω) with

respect to the cable. Numerical examples below test formula (4)
and compare it with formula (3).

NUMERICAL EXAMPLES

Velocity model is shown in Figure 2. The velocities of water
and earth are 1500m/s and 2250m/s, respectively. The water
bottom and the air-water boundary are both horizontal. Two
different cables will be used to illustrate the effectiveness of
formula (4). 2D synthetic data are generated on the cable using
the Cagniard-de Hoop method. The advantage of Cagniard-
de Hoop method is that it can generate separately the direct
wave and the primary reflected from the water bottom as well
as their ghosts and free surface multiples of any order. The

∂

∂n′ P(r
′,rs,ω) is estimated using finite difference with data

generated on a secondary cable near the original cable.

1500m/s

2250m/s

x(0,0)

z=400

z

z=50

Figure 2: Velocity model and source position. The source is at
(0,50). The water bottom is at 400m.



Parabolic Cable
The depth function of the cable is z = 0.0004x2 + 100. The
offset is from -400m to 400m. Figure 3a shows the synthetic
data along the cable. The 6 events from top to bottom rep-
resent the direct wave, ghost of the direct wave, the primary
reflected from the water bottom, source ghost of the primary,
receiver ghost of the primary and source-receiver ghost of the
primary, respectively. Figure 3b shows the synthetic upgoing
wave including the primary and its source ghost at depth 95m,
which is for comparison with separation result at 95m using
Figure 3a. That means we can use Figure 3b to assess the
deghosting results.

Figure 3c is the separated upgoing wave at 95m, assuming the
cable is flat, i.e. using formula (3). Figure 3d shows the differ-
ence between Figure 3c and Figure 3b, using the same color
scale as Figure 3c. We can see the difference is very small at
near offset but obvious at far offset, especially for direct wave
and its ghost. This is probably because the cable at near offset
has slight depth gradient and hence the flat cable assumption
is valid. Figure 3e and 3f show the separated upgoing wave at
95m using formula (4), and its difference with Figure 3b, re-
spectively. We can see the difference is neglectable, and even
the strong direct wave and its ghost are removed well.
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Figure 3: Wave separation results. (a)generated total wavefield
by Cagniard-de Hoop method at the cable z = 0.0004x2 +100,
(b)generated primary and it source ghost by Cagniard-de Hoop
method at z = 95m for comparison, (c)separated up wave at
z = 95m using formula (3), (d)difference between (c) and
(b), (e)separated up wave at z = 95m using formula (4), and
(f)difference between (e) and (b)

Periodically Semicircular Cable

The subsection above tests formula (4) using a mildly depth-
variable cable. The result is good. This subsection tests it
using a fluctuating cable, as shown by Figure 4. The solid
line is the primary cable with radius 50m, while the dash line
is a shallower cable with radius 50.1m or 49.9m. Data are
generated on both cables to provide pressure and its normal
derivative.

x(0,0)

z

(0,40)

50m

49.9m

50.1m

Figure 4: Configuration of the periodically semicircular cable.

Regular spatial sampling interval
Notice that some parts of the cable can be as steep as 90 de-
gree. To avoid as much as possible the deviation of the ca-
ble shape in computer implementation, the spatial sampling
interval is choosen to be 0.1m. In actual situation, such fine
sampling can be achieved by interpolation. Figure 5 compares
deghosting results using formula (3) and using formula (4). As
shown by figure 5c and 5d, because of the cable varies greatly
in depth with offset, formula (3) fails to remove downgoing
wave and hence the receiver deghosting result is not satisfac-
tory. Some crossing artifacts appear where there should be
no energy events. In contrast, the deghosting result of for-
mula (4) shown by figure 5e and 5f is much better, and only
small residues of direct wave and its ghost remain. Receiver
ghost and source-receiver ghost are basically removed.

Irregular spatial sampling interval
To further remove the residues of direct wave and its ghost in
Figure 5f, smaller spatial sampling interval is adopted from
offset 45m to 55m, 95m to 105m and so on, where the cable
is very steep, as shown by Figure 6. Other parts of cables still
adopt 0.1m interval. Figure 7 shows the deghosting result. We
can see, the residues of direct wave and its ghost are removed
as expected. This is because such fine spatial sampling pro-
vides more accurate dl′ for the integration.

In the presence of free surface multiple
Finally, we test formula (4) using the same periodically semi-
circular cable in the presence of free surface multiples, which
are very common in offshore data. For the velocity model
shown by Figure 2, the Cagniard-de Hoop method can eas-
ily generate free surface multiples of any order. Here we just
consider the first order, as shown by Figure 8a, since the en-
ergy of higher order multiples is neglectable. The top 2 events
are direct wave and its ghost. The next 4 events are respec-
tively the primary reflected from the water bottom, its source
ghost, receiver ghost and source-receiver ghost. The 4 events
at the bottom are the first order free surface multiples of the
primary and its ghosts. Figure 8c and 8d show the deghost-
ing result. We can see the receiver ghost, the source-receiver
ghost as well as their free surface multiples are eliminated as
expected. And the direct wave and its ghost are removed as
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Figure 5: Wave separation results. (a)generated total wave-
field by Cagniard-de Hoop method at the primary cable,
(b)generated primary and it source ghost by Cagniard-de Hoop
method at z = 95m for comparison, (c)separated up wave at
z = 95m using formula (3), (d)difference between (c) and
(b), (e)separated up wave at z = 95m using formula (4), and
(f)difference between (e) and (b)
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Figure 6: Irregular sampling configuration.
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Figure 7: Wave separation results. (a)separated up wave at
z = 95m using formula (3), and (b)difference between (a) and
Figure 5b
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Figure 8: Wave separation results. (a)generated total wave-
field by Cagniard-de Hoop method at the primary cable
(b)generated primary and it source ghost by Cagniard-de Hoop
method at z = 95m for comparison, (c)separated up wave at
z = 95m using formula (4), and (d)difference between (c) and
(b)

CONCLUSIONS

The Green’s theorem deghosting algorithm is developed and
tested for depth-variable towed streamers. This is very mean-
ingful for ocean bottom preprocessing when the ocean bottom
is not flat, and for on-shore preprocessing since the earth’s sur-
face is usually laterally variant. Numerical examples show
that the constant depth assumption is valid when the cable
is just slightly curved. The formula proposed in this paper
avoids such limitation, by incorporating the cable’s real depth
function of offset. The case of periodically semicircular ca-
ble shows that spatial sampling interval is the main factor of
a successful deghosting. Since the depth-variable cable ver-
sion of Green’s theorem takes the exact shape function into
consideration, we can get satisfactory deghosting result even if
the cable is steep. The last numerical case demonstrates that
when free surface multiples exist, the free surface multiples
can be deghosted. This is encouraging for subsequent pro-
cessing including multiple attenuation. This would allow the
benefit, from Green’s theorem deghosting, for towed streamer
data to be extended and utilized for on-shore and ocean bottom
acquisition, where the measurement can at times be far from
horizontal.
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