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ABSTRACT

The low-frequency component of seismic data can be
beneficial for several reasons: improved signal penetration
into the earth, enhanced resolution, and better constrained
inversion results. We have developed a detailed analysis
of a deghosting solution for the low-frequency spectrum
of marine seismic pressure data. The advantages of this
low-frequency deghosting method are: (1) it can be applied
in the spatial domain, (2) it is applicable for horizontal
streamers and for streamers with a mild depth variation,
and (3) it is a fast-track solution that can be used flexibly
as a preprocessing, or premigration step. The disadvantages
of this method are: (1) it is an approximation to the full-de-
ghosting operator and cannot infill the ghost notches of the
spectrum, except near 0 Hz, and (2) it has decreasing effec-
tiveness with a larger source/receiver depth. Numerical tests
on the synthetic and field data sets indicate that this method
is promising in deghosting data, up to at least half the fre-
quency of the first nonzero ghost notch.

INTRODUCTION

The importance of broadening the bandwidth of seismic data has
been increasingly evident for high-resolution imaging and inversion
(impedance inversion and waveform inversion). This has created a
search for new and improved acquisition techniques, as well as ad-
vanced methods for processing and imaging.
Among the methodologies for obtaining broader bandwidth in

towed streamer data, deghosting or up/down separation has received
a renewed interest in recent years. In marine seismic exploration, the
presence of the sea surface generates two-way wavefield propaga-
tion by reflecting back (almost perfectly) all the energy that reaches
this interface. The portion of the wavefield that interacts with the sea

surface is referred to as ghost events. The ghost events are either
(1) an upgoing wavefield propagated from the source, reflected
at the sea surface, and further propagated down into the earth sub-
surface, or (2) a scattered wavefield (after interacting with the earth
subsurface), reflected at the sea surface, and recorded as downgoing
waves at the receivers. Ideally, up/down separation would allow se-
lecting only the events starting their propagation as downgoing
waves at the source and recorded at the receivers as upgoing waves,
events that are ghost-free. The ghosting process causes a series of
distinct notches in the frequency spectrum, and therefore reduces
the useful bandwidth of the measured wavefield.
The ghosted pressure wavefield (e.g., measured towed streamer

data) always has a notch at 0 Hz. We will refer to all other ghost
notches as nonzero frequency ghost notches. The locations of the
ghost notches are periodic along the frequency axis, and the period
decreases as the streamer and/or the source is towed deeper. Con-
sider a single primary and a single ghost associated with it, for ver-
tical incidence, the first nonzero ghost notch in the amplitude
spectrum is then found at the frequency equal to the ratio of water
velocity and double the streamer depth. For example, a streamer
towed at 5 m depth causes the first nonzero receiver ghost notch
to appear at 150 Hz, whereas a streamer depth of 10 m provides
a receiver ghost notch at 75 Hz.
The conventional practice is to tow the streamers close to the sea

surface, such that the first nonzero ghost notch occurs beyond the
maximum frequency of interest. However, shallow tow (e.g., 5 m)
has a more detrimental effect on the low frequencies compared with
a deep tow (e.g., 20 m). Besides, the signal-to-noise ratio (S/N)
tends to be lower when the streamers are towed closer to the sea
surface (Tabti et al., 2009). Thus, a deeper towing depth is consid-
ered advantageous.
There are many new seismic acquisition technologies aiming at

acquiring data for improved deghosting. These new technologies
include dual-component and multicomponent streamers (Carlson,
2007; van Manen et al., 2012; Mellier et al., 2014). Directional in-
formation can be included in data acquired with these new types of
hardware and the recorded wavefield can therefore be decomposed
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into upgoing and downgoing wavefields. The data are ghost-free if
the decomposed data contain only the downgoing component at
each source and the upgoing component at receivers. New process-
ing schemes are required to deal with such new types of data. Klü-
ver and Day (2011) propose a method to decompose 3D dual-sensor
streamer data into upgoing/downgoing wavefield using crossline
slowness estimates. Robertsson et al. (2008) discuss how multi-
component (three wavefield components) measurements could be
used for 3D deghosting and for reconstructing/interpolating de-
ghosted data between streamers. Özbek et al. (2010) show how
the generalized matching pursuit algorithm could be used on such
multicomponent data to reconstruct upgoing and downgoing pres-
sure wavefields on a densely sampled grid. Andersson et al. (2016)
present a 3D method for interpolation and deghosting based on
structure tensors that do not have any assumptions about the water
column or the sea surface.
There are also pure processing methods to deal with single-com-

ponent measurements, i.e., conventional horizontal streamer data
and slanted or variable-depth streamer data. Most of these sin-
gle-component deghosting methods are based on wave theory
and/or use signal-processing techniques. For example, there are
Green’s theorem-driven methods that have been well-described
and demonstrated in a series of papers, e.g., Weglein et al.
(2002), Zhang and Weglein (2005), Yarman and Ramirez (2013),
and Mayhan and Weglein (2013). In a recently published paper
by Amundsen et al. (2016), the authors provided a generalized
method that simplifies the previous deghosting theories based on
Green’s theorem. There are also filter-based methods, in which
the inverse of the ghost function would be applied on the pressure
recordings as a deghosting filter. The deghosting filter is commonly
represented in the frequency-wavenumber ðω-kx-kyÞ domain or, al-
ternatively in its equivalent, the intercept time-slowness ðτ-px-pyÞ
domain. Such methods are sensitive to the S/N, but they can often
provide effective deghosting under certain controlled conditions,
such as assumptions about the sea surface and the properties of
the water column (Masoomzadeh andWoodburn, 2013; Wang et al.,
2016). There are also various schemes aiming at deghosting for var-
iable-depth streamer data being developed in recent years (Souba-
ras, 2012; Poole, 2013; Robertsson and Amundsen, 2014; Grion
et al., 2016). The available frequency bandwidth can be increased
considerably with the diversity of receiver ghosts being introduced
by the variable depth profile of the receivers, in combination with
corresponding deghosting methods to deal with such data.
It is well-known that low frequencies are important (Ten Kroode

et al., 2013): They suffer less from the attenuation in the earth and
can therefore penetrate deeper. They are also beneficial for wave-
form and impedance inversion because the inversion algorithms
need low-frequency information to work and/or to be better con-
strained. There are situations in seismic processing in which we
are only interested in migrating and using relatively low frequencies
(up to approximately 30 Hz), such as RTM in some deep-water sce-
narios, or fast tracks. In this paper, we study a fast filter-based de-
ghosting method that aims at improving low frequencies by filling
in the first ghost notch around 0 Hz. The concept was originally
proposed by Amundsen and Zhou (2013) and later studied by Wang
et al. (2013). Basically, the method suggests a Taylor series expan-
sion of the exact deghosting filter, which can be applied on seismic
data in the frequency-space domain. Considering practical issues in
terms of numerical implementation, we study the first two terms in

the series expansion, which form the low-frequency approximation
to the exact deghosting filter. The approximation removes the ghost
effect within a certain range that will be discussed in the later sec-
tions. The method can be applied trace-by-trace sequentially to shot
records using only a few neighboring traces at each trace entry,
which gives it the flexibility to work for horizontal steamers as well
as streamers with a mild depth variation. Similarly, when being used
for source deghosting, the method should be applied to common-
receiver gathers.
We will present an analysis of the effectiveness of this approxi-

mation, give numerical tests and initial application results on field
data in the following sections.

THEORY

Assume that the reflection coefficient r0 at the flat sea surface is
constant (close to −1), then the ghost function for 3D propagation in
the frequency-wavenumber domain (Amundsen, 1993) is

Gðω; kx; kyÞ ¼ 1þ r0e2ikzz; (1)

with vertical wavenumber kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − k2x − k2y

q
, where k ¼ ω∕c is

the magnitude of the wavenumber, ω ¼ 2πf is the angular fre-
quency, c is the water velocity, kx and ky are the horizontal wave-
numbers being Fourier conjugate variables for x and y, respectively.
In the following discussion, the direction x is considered to be inline
to the source direction in a given sail line and y is the crossline
direction. The depth variable z is chosen to represent either the
source depth zs or the receiver depth zr.
The ghost effects are angle dependent. The interference between

the ghost-free data and the ghosts, e.g., receiver ghosts, creates
notches in the amplitude spectrum of the recorded data at frequencies

frn ¼
nc

2zr cos αr
; n ¼ 0; 1; 2; : : : ; (2)

where αr is the incidence angle of the wavefield recorded at the
receiver. The source-side ghost notches appear at frequencies given
by

fsn ¼
nc

2zs cos αs
; n ¼ 0; 1; 2; : : : ; (3)

where αs is the take-off angle at the source.
The 3D ghost effects can be eliminated theoretically in the fre-

quency-wavenumber domain by applying a deghosting filter F to
the given input pressure data p; i.e.,

pDGðω; kx; kyÞ ¼ Fðω; kx; kyÞpðω; kx; kyÞ; (4)

where pDG is the deghosted data and the filter F is the inverse of the
ghost function expressed in equation 1. However, when it comes to
implementation, the direct application of this 3D scheme requires us
to apply 3D Fourier transforms to the pressure data with respect to
time t and inline and crossline directions x and y, respectively. For
towed-streamer data sets, the crossline wavenumber axis is usually
heavily aliased due to sparse sampling. Because of this, a common
practice is to assume ky ¼ 0 in the deghosting filter and use the 2D
version of the deghosting scheme:

V286 Wang et al.

D
ow

nl
oa

de
d 

07
/0

4/
17

 to
 4

2.
99

.1
64

.9
1.

 R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SE

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/



pDGðω; kxÞ ¼ Fðω; kxÞpðω; kxÞ: (5)

We call the filter F in equation 5 the 2D exact
deghosting operator, and it has the following full
expression:

Fðω; kxÞ ¼
1

1þ r0e2iz
ffiffiffiffiffiffiffiffiffi
k2−k2x

p : (6)

By a variable change u ¼ k2x, Fðω; kxÞ can be
written as a function of u:

FðuÞ ¼ 1

1þ r0e2iz
ffiffiffiffiffiffiffiffi
k2−u

p : (7)

ATaylor series expansion of FðuÞ at u ¼ 0 is
described as Maclaurin’s series:

Figure 1. Reflection angle α at the sea surface. (a) For source-side ghosts, α is the take-
off angle of the wavefield from the source, upgoing to the sea surface. (b) For receiver-
side ghosts, α is the incident angle of the wavefield reflected by the sea surface, down-
going to the receiver locations.

Figure 2. Amplitude and phase response with respect to frequency f and reflection angle α for the case in which z ¼ 5 m. (a and b) The
amplitude spectra of Fexact and Fapprox, respectively. The color scale gives the amplitude value ranging from small (dark blue) to large (dark
red). (c and d) The phase spectra of Fexact and Fapprox, respectively. The color scale gives the phase angle value ranging from −180° (dark blue)
to þ180° (dark red).
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FðuÞ ¼ Fð0Þ þ uF 0ð0Þ þ u2

2!
F 0 0ð0Þ þ : : :

þ un

n!
FðnÞð0Þ þ : : : : (8)

For practical reasons, we limit the expansion to the first order and
truncate all higher order terms. The resulting approximation in
terms of the original variable k2x reads

Fðω; kxÞ ≈ Fð0Þ þ F 0ð0Þk2x; (9)

where

Fð0Þ ¼ 1

Gðk; zÞ ; F 0ð0Þ ¼ izr0e2ikz

kGðk; zÞ2 . (10)

Here, Fð0Þ is the 1D normal incidence deghosting operator with
Gðk; zÞ ¼ 1þ r0e2ikz being the ghost function when kx ¼ ky ¼

0. The term F 0ð0Þk2x contributes to the inline aperture of the
approximate deghosting filter (equation 9). By making use of the
Fourier transform property based on ∂nxeikxx ¼ ðikxÞneikxx, the fol-
lowing relationship stands:

∂2xpðω; xÞ ↔ ðikxÞ2pðω; kxÞ ¼ −k2xpðω; kxÞ; (11)

where pðω; xÞ is the frequency-space domain representation of the
recorded pressure data, and pðω; kxÞ is the frequency-wavenumber
domain representation, which is obtained by performing a Fourier
transform to pðω; xÞ in the inline direction. Notice that Fð0Þ and
F 0ð0Þ do not depend on kx, but only on k, which can be calculated
from ω∕c. This fact, together with equation 11, implies that our
approximate deghosting operator 9 can be carried out in the fre-
quency-space domain. Insertion of equation 9 into the 2D deghost-
ing scheme given in equation 5, and using the relationship in
equation 11, we then have deduced the 2D frequency-space domain
approximate deghosting formulation:

Figure 3. Detailed comparisons between Fexact (dashed black lines) and Fapprox (solid red lines), when z ¼ 5 m. (a and b) The amplitude
spectra comparisons at α ¼ 0° and at α ¼ 40°, respectively. (c and d) The phase comparisons at α ¼ 0° and at α ¼ 40°, respectively.
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pDGðω; xÞ ≈ Fð0Þpðω; xÞ − F 0ð0Þ∂2xpðω; xÞ: (12)

The coefficients Fð0Þ and F 0ð0Þ take into account the receivers (or
sources) depth variation z and are functions of ω, c, and z. They are
independent of the horizontal Cartesian coordinates, whereas the
spatial partial derivative ∂2xpðω; xÞ involves the inline positions
of the receivers (or sources) and can be approximated by finite
differences (e.g., the three-point central difference operator). One
attractive feature of this method is that the deghosting filter is local:
The implementation of equation 12 only requires a 1D Fourier
transform to the recorded pressure field along the time axis
trace-by-trace; to approximately deghost the pressure field at a par-
ticular receiver (or source) location, only the pressure field at this
and the two (or more, depending on the finite-difference scheme
chosen for calculating the spatial derivative term) neighboring
receivers (or sources) are required.
In the following sections, we will present the analysis of the ef-

fectiveness of the approximate deghosting scheme deduced above,
and the test results of its application on the synthetic and field data.

EFFECTIVENESS ANALYSIS

We propose to investigate the range of effectiveness of the
approximate deghosting method in terms of the temporal frequency
f and the reflection angle α, considering the angle dependency of
the ghost effects.
In a 2D scenario, the following relationships between the spatial

and temporal wavenumbers hold:

kz ¼ k cos α; kx ¼ k sin α; s:t: kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − k2x

q
;

(13)

where α represents the reflection angle at the sea surface in x-z
plane. To be more specific, if we consider the source-side ghost,
α is the take-off angle of the wavefield from the source, upgoing
to the sea surface; whereas for the receiver-side ghost, α is the in-
cidence angle of the wavefield reflected by the sea surface, down-
going to the receiver locations (Figure 1). We denote Fexact as the
f-α domain equivalence for the 2D exact deghosting operator 6 and
Fapprox for the approximate deghosting operator 9. Using the rela-
tionship in equation 13, they have the following expressions:

Fexact ¼
1

1þ r0e2izk cos α ; (14)

Fapprox ¼ Fð0Þ þ F 0ð0Þðk sin αÞ2; (15)

where k ¼ ω∕c and ω ¼ 2πf, Fð0Þ and F 0ð0Þ were given in equa-
tion 10 in terms of k.
Consider the case when the receivers (or sources) are towed at

depth z ¼ 5 m. By setting the water velocity c ¼ 1500 m∕s and
the sea-surface reflection coefficient r0 ¼ −1, we compare the am-
plitude and phase spectra of the deghosting operators, Fexact and
Fapprox, in the f-α domain.
Figure 2a and 2b gives the amplitude spectra of Fexact and Fapprox,

respectively. In both figure parts, we use the same color bar showing
the amplitude range from 0 (blue) to 20 (red). High-amplitude areas

(dark red color) mark the positions of the ghost notches. For exam-
ple, in Figure 2a, the angle-dependent notch positions are exactly as
expressed in equation 2 (or equation 3); whereas in Figure 2b,
Fapprox predicts the positions of all the notches of Fexact for a small
range near the zero-reflection angle (at around 0, 150, and 300 Hz);
however, as the reflection angle gets larger, the predictions begin to
deviate from the true notch positions given by Fexact. Phase spectra
of both operators are given in Figure 2c and 2d. The color bar marks
the phase angle ranging from −180° (blue) to 180° (red). By visual
inspection of these two figure parts we see that Fapprox approximates
Fexact for low frequencies (from 0 Hz till a little less than the first
nonzero ghost notch 150 Hz) within a certain reflection angle range
(from 0° to approximately 45°).
As a more detailed illustration, we plot the amplitude spectra of

both deghosting filters together at two representative reflection an-
gles in Figure 3a and 3b. Clearly, as shown in Figure 3a, when
α ¼ 0°, Fapprox (red solid line) has the perfect approximation to
Fexact (dashed black line) at all frequencies. In Figure 3b, we give
the comparison at a larger reflection angle, i.e., when α ¼ 40°. In
this situation, Fapprox gives a good approximation to Fexact at the low
frequencies (from 0 to approximately 125 Hz), whereas it fails to
predict the true position of the first nonzero ghost notch at approx-
imately 200 Hz. Figure 3c and 3d shows the detailed phase-spectra
comparisons at these two reflection angles, 0° and 40°, respectively.
The observation of the approximation effects is consistent with that
of the amplitude analysis shown in Figure 3a and 3b.
For the last part of the analysis, we study the relative difference

between the two operators, i.e., ½absððFexact − FapproxÞ∕FexactÞ�. Fig-
ure 4 shows the contours in the f-α domain when this value is less
than 2%, 4%, 6%, and 8%, respectively; it also indicates that Fapprox

serves as a good approximation to Fexact in the blue area, where the
relative difference is approximately less than 5%. The dark red color
in this figure marks the area in which the difference is larger
than 10%.

Figure 4. Relative difference between Fapprox and Fexact for the case
when z ¼ 5 m. The black contour lines indicate the boundaries of
the areas in which absððFexact − FapproxÞ∕ðFexactÞÞ < 2%, 4%, 6%,
and 8%, respectively.
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The displays in Figures 2–4 are limited to the analysis of a single
configuration, when z ¼ 5 m. In this case, the effective range of
Fapprox, i.e., the blue area in Figure 4, is approximately from 0°
to 40° for frequencies up to approximately 100 Hz. We also tested
cases when z ¼ 10; 15; 20 m; : : : . For example, in Figures 5, 6, and
7, we present the analysis being done for the case when z ¼ 10 m.
From those sets of tests, we conclude that the towing depth does not
affect the relative range of effectiveness in terms of the frequency,
which is from 0 Hz to at least half of the first nonzero ghost notch
frequency. This means a decrease of the absolute effective fre-
quency range as the towing depth increases. If we look at the range
of effectiveness in terms of the reflection angle, Fapprox can stably
attenuate the ghost effects to at least 40, and this range is the same
for different towing depths.
Before showing test results on synthetic and real data of this low-

frequency deghosting scheme under discussion, we need to clarify
the following: (1) The frequency-reflection angle domain expres-
sion 15 is what we used for intuitive analysis of the effective range

of the method, and it is not directly applicable to the data; (2) ap-
plication of the frequency-wavenumber domain expression 9 is not
ideal because it requires a spatial Fourier transform of data in the
inline direction, which has problems when the depth profile of the
receivers or (sources) is not horizontal; (3) the frequency-space do-
main implementation expressed by equation 12 is the one to be ap-
plied on seismic pressure data. It is a semilocal operator that can be
applied in short spatial windows — at each trace location, operator
12 needs only a few nearby traces to calculate the derivatives in the
inline direction. In recent years, common streamer configurations
for slanted streamers (flat or curved) have a gradient (the difference
between the frontmost receiver and the last-used receiver) of 10–
30 m. Considering streamer lengths of 6–10 km, the variation
within neighboring receivers is in the order of centimeters. Thus,
the finite-difference calculation of the derivatives is an acceptable
approximation for variable depth cables when the curvatures are
mild. Therefore, in all examples below, we perform the low-
frequency deghosting tests with equation 12.

Figure 5. Amplitude and phase response with respect to frequency f and reflection angle α for the case when z ¼ 10 m. (a and b) The
amplitude spectra of Fexact and Fapprox, respectively. (c and d) The phase spectra of Fexact and Fapprox, respectively.
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EXAMPLES

Synthetic data example

We have modeled one gather of data with a simplified scenario,
and the modeling configuration is illustrated in Figure 8. The data
are modeled for a streamer with receiver depths zr, varying in the
range of 3–12 m to simulate a mildly slanted streamer acquisition.
The receiver spacing along the streamer is 3 m. We use a velocity
model consisting of a half-space of water and a reflecting boundary
above it to mimic the air-water contact; all other sides of the model
are absorbing boundaries. We model with analytic Green’s func-
tions by putting a source (the “imaginary source” as marked in Fig-
ure 8) at a depth of 750 m below the air-water contact. This
configuration equals to the situation, in which only downgoing
waves (the dashed red and blue lines) have been produced by a
source being placed close to the sea surface, and they are reflected
at the imaginary reflector and go upward. No source ghost would be
recorded in our case by putting the imaginary source deep. The red
event (solid red line) is a primary that arrives as an upgoing wave-
field at the receiver locations, whereas the blue event (solid blue

Figure 6. Detailed comparisons between Fexact (dashed black lines) and Fapprox (solid red lines), when z ¼ 10 m. (a and b) The amplitude
spectra comparisons at α ¼ 0° and at α ¼ 40°, respectively; (c and d) The phase comparisons at α ¼ 0° and at α ¼ 40°, respectively.

Figure 7. Relative difference between Fapprox and Fexact for the case
when z ¼ 10 m. The black contour lines indicate the boundaries of
the areas in which absððFexact − FapproxÞ∕ðFexactÞÞ < 2%, 4%, 6%,
and 8%, respectively.
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line) is the downgoing receiver ghost. The upgoing and downgoing
events are recorded at the receivers to form the ghosted data as input
to our test. The largest offset in this example is 3000 m and the
corresponding maximum incidence angle is approximately 75°.
As a benchmark, we also have modeled the data without ghost
effects by switching the reflecting boundary into an absorbing
boundary at the air-water contact. We apply equation 12 as the de-

ghosting operator to the data for all frequencies. Because the
streamer depths are shallow, the first nonzero ghost notch should
appear at a frequency larger than the maximum frequency of the
modeled data. Thus, we cannot visually observe the first nonzero
ghost notch in the amplitude spectrum of the ghosted data. We aim
to use this example to demonstrate that for data with the maximum
frequency below the first nonzero ghost notch, the low-frequency
deghosting scheme works for gently sloping steamers.
Figure 9a displays the waveforms of the input data containing the

upgoing wave and its receiver ghost. Figure 9b shows the deghosted
data, whereas Figure 9c shows the benchmark, i.e., the modeled
upgoing wave only (without any ghost). Figure 9d–9f shows the
amplitude spectra corresponding to Figure 9a–9c, respectively.
Comparing Figure 9a–9c, we can see that the ghost event has been
removed from all traces and the primary upgoing event has been
recovered. A closer look at the waveform for the traces with larger
offsets (larger incidence angles) shows that waveform recovery is
not as good as the one at smaller offsets (e.g., compare the wave-
forms between trace numbers 600–1000, and the waveforms be-
tween trace numbers 0–400 in Figure 9b with the waveforms in
Figure 9c). This is because we applied the method to all traces/
all incidence angles (0°–75°), whereas our method gives a good
approximation only up to approximately 40°. This result is therefore
in accordance with our analysis. Comparing Figure 9d–9f, we can

Figure 8. Illustration of the synthetic model configuration: shallow-
tow slanted streamer data. An imaginary source is put deeper than
the slanted streamer so that it produces a primary event and a
receiver ghost associated with it; no source ghost is generated in
this configuration

Figure 9. Shallow-tow slanted streamer synthetic example. Top row: Data. (a) Data with ghost, (b) deghosted data, and (c) benchmark. The
blue boxes in (a-c) are the magnified waveforms of the first 400 traces. Bottom row: Amplitude spectra. Panels (d-f) correspond to (a-c),
respectively. The blue areas (with large amplitude values) indicate the positions of the dominant frequency, respectively.
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see that the low-frequency amplitudes are compensated and the
dominant frequency has been corrected to the right place after de-
ghosting. To be specific, in Figure 9d, the amplitude spectrum of the
ghosted data shows that the dominant frequency is at approximately
32.5 Hz, whereas the low-frequency content at approximately 0 Hz
is attenuated by the ghost effect; Figure 9e shows improved fre-
quency content on the lower end and the dominant frequency is
now at approximately 22.5 Hz after deghosting; Figure 9f displays
the benchmark indicating the effectiveness of the low-frequency de-
ghosting method.

Field data example — Application on Troll field data

We extracted a 2D sail-line from a 3D data set acquired over the
Troll field in the North Sea, which contained 123 shots and
1 streamer with 190 receivers. The sources were towed at 4 m depth
with 37.5 m intervals. The streamer was towed at a constant depth of
6 m with a nominal receiver interval of 12.5 m. According to the
previous analysis on the effectiveness range of our method, we
should apply the receiver-side low-frequency deghosting to the data
within the frequency range between 0 Hz up to half of the first

Figure 10. Field-data example from the Troll field. Comparison on one shot gather in t-x domain: (a) Input raw data, (b) after low-frequency
deghosting on the receiver side, and (c) after applying a dip filter to the low-frequency deghosting result with the boosted low-frequency noise
being removed.

Figure 11. Field-data example from the Troll field. Comparison on one shot gather in f-k domain: (a) Input raw data, (b) after low-frequency
deghosting on the receiver side — the black polygon marks the area with the boosted low-frequency noise — and (c) after applying a dip
filter to the low-frequency deghosting with the boosted noise being removed.
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nonzero receiver-side ghost notch frequency, which is approxi-
mately 62.5 Hz for zero offset. For this, a high-cut filter has been
applied to the recorded data prior to deghosting, such that the input
data have a bandwidth of approximately 65 Hz.
We first present the receiver-side low-frequency deghosting result

of one shot gather in Figures 10–12. Note that in each of these fig-
ures, the same display mode (color scale, gain factor, etc.) has been
used. Figures 10 and 11 give the comparisons in the t-x domain and
in the f-k domain, respectively. Figures 10a and 11a show the input
data, whereas Figures 10b and 11b show the deghosted data. The
improved low-frequency content is visible in both domains as well
as the boosted noise around 0 Hz. The boosted low-frequency noise

is then observed to be mostly outside of the main signal cone in the
f-k domain as shown in Figure 11b, indicated by the polygon with a
black contour. A dip filter (f-k domain filter) has then been applied
to remove the noise. Figures 10c and 11c show the dip-filtered low-
frequency deghosting result. In Figure 12, we present the amplitude
spectra comparison among these three sets of data. Notice the en-
hanced low frequencies after low-frequency deghosting (red) rela-
tive to the input data (black); then, after the application of the dip
filter, some of the low-frequency noise has been removed (green).
The prestack time-migrated images are shown in Figure 13, in

which the unghosted data (Figure 13a) and the receiver-side
low-frequency deghosted plus dip-filtered data (Figure 13b) are
compared. Notice the improved low-frequency content and the

Figure 12. Field-data example from the Troll field. Comparison of
amplitude spectra on one shot gather: Input raw data (black), after
low-frequency deghosting on the receiver side (red), and after ap-
plying a dip filter to the low-frequency deghosting result with the
boosted low-frequency noise being removed (green).

Figure 13. Field-data example from the Troll field. The prestack time-migrated results comparison (a) before and (b) after low-frequency
deghosting on the receiver side (plus a dip filter). The red arrows point to examples of improved low-frequency content and prominent wave-
form correction effects after low-frequency deghosting.

Figure 14. Field-data example from the Troll field, the premigra-
tion application. The amplitude spectra comparion on the prestack
time-migrated panels before (black) and after (red) low-frequency
deghosting on the receiver side (plus a dip filter).
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prominent waveform correction effects after deghosting, for exam-
ple, the events pointed out by the red arrows. In Figure 14, the cor-
responding amplitude spectra comparison of the migrated data sets
is presented showing the low-frequency enhancement effect of our
deghosting.

DISCUSSION

There are several attactive attributes of the proposed low-fre-
quency deghosting method. It is a short operator that can be applied
to conventional towed streamer data. In addition, a small slant or
curvature in the steamer would not affect the effectiveness and lo-
calness of the method. The 3D exact deghosting operator is com-
monly expressed in the frequency-wavenumber domain or
analogous domains because it is a function of the frequency and
the take-off/incidence angle. The application of this operator re-
quires 3D data sampled properly in both inline and crossline direc-
tions. This is necessary in order to perform the 3D Fourier transform
to the 3D data to obtain ω, kx, and ky, i.e., the Fourier conjugate
variables for t, x, and y. In practice, because the streamer data are
poorly sampled in one of the horizontal directions (crossline), this in
combination with new data-acquisition geometries with nonhori-
zontal streamers make the practical application of the exact deghost-
ing operator a challenge and usually require several approximations
and/or data conditioning and interpolation.
The low-frequency deghosting method presented here is an

approximation to the exact 2D deghosting operator. It only requires
a 1D Fourier transform along the time axis. The second-order spa-
tial partial derivatives ∂2x to the data in the operator’s formulation
provide the spatial filter aperture and partial compensation for
the take-off/incidence angle information required in the exact oper-
ator. The application of this method uses actual 3D offsets, but op-
erates cable by cable. As long as the coordinates of the sources/
receivers are known, the low-frequency deghosting can be semilo-
cally applied to 3D data, trace-by-trace, sequentially in the inline
direction, using a few nearby traces to calculate the inline deriva-
tives. The 3D application is within the assumptions of the 2D algo-
rithm. In other words, the crossline direction is not considered due
to its sparsity, and each cable is treated in a 2D sense. Of course, any
method that is based on approximations has the common limitation
of not being accurate everywhere. The effective range of this
method, frequency-wise, decreases when the sources/receivers
are towed deeper as the frequency of the first nonzero ghost notch
becomes smaller and the operator loses accuracy at half of the value
of that frequency. At each towing depth, take-off/incidence angle-
wise, this method is equally effective, that is from 0° up to approx-
imately 40°. In practice, as we did in the Troll data example, we
propose to apply the low-frequency deghosting method only within
its effective range, so that the ghost events in the low frequencies are
removed, providing an overall attenuation of the adverse effects of
ghosts in the measured streamer data.
During our numerous tests, we found that the boosted low fre-

quency contains the useful signals and some low-frequency noise.
In particular, what happens in the field data example above (the re-
sults shown on shot gathers, Figures 10–12) is not something particu-
lar to that data set: The boosted low-frequency noise is mostly outside
of the main signal cone in the f-k domain. As such, the noise can be
dealt with using a dip-filter (f-k filter) on shot gathers right after ap-
plying low-frequency deghosting. We also point out that the f-k
transform of a shot gather acquired using a variable-depth streamer

profile provides a distorted representation of the data actual wave-
numbers and that may have an effect on the accuracy of the dip filter-
ing. The effect should be small at low frequencies (less than 5%).

CONCLUSION

We have analyzed and tested an approximate deghosting method
for towed streamer data that works well for low-frequency enhance-
ment. This method is semilocal because it can be performed trace by
trace using only a few neighboring traces for derivatives to the pres-
sure data in the frequency-space (f-x) domain, as opposed to most
of the conventional methods that require global transforms in the
spatial axes. Its effective frequency range is between 0 Hz up to
at least half of the first nonzero ghost notch. Because this method
is accurate at low frequencies and can be effective in deghosting
take-off/incidence angles up to approximately 40°, we believe it
to be especially useful in deep-water scenarios and in enhancing
deeper targets within a fixed offset range. We also expect this op-
erator to be of practical advantage for fast-track processing, fast QC
of other deghosting methods in the low-frequency range, and for
inversion methods using the low frequencies in the data, such as
full-waveform inversion.
In practice, this method can be targeted for conventional data

with shallow tow. No changes in the algorithm are needed to process
data acquired with gentle variations in the source depths, or receiver
depths within a streamer. The method provides a fast (in terms of
computational cost), stable (in terms of performance within its ef-
fective range), and local (in terms of spatial sampling and complete-
ness of the data) low-frequency deghosting tool.
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