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ABSTRACT
Passive seismic has recently attracted a great deal of attention because non-artificial
source is used in subsurface imaging. The utilization of passive source is low cost com-
pared with artificial-source exploration. In general, constructing virtual shot gathers
by using cross-correlation is a preliminary step in passive seismic data processing,
which provides the basis for applying conventional seismic processing methods.How-
ever, the subsurface structure is not uniformly illuminated by passive sources, which
leads to that the ray path of passive seismic does not fit the hyperbolic hypothe-
sis. Thereby, travel time is incorrect in the virtual shot gathers. Besides, the cross-
correlation results are contaminated by incoherent noise since the passive sources are
always natural. Such noise is kinematically similar to seismic events and challenging
to be attenuated, which will inevitably reduce the accuracy in the subsequent pro-
cess. Although primary estimation for transient-source seismic data has already been
proposed, it is not feasible to noise-source seismic data due to the incoherent noise.
To overcome the above problems, we proposed to combine focal transform and lo-
cal similarity into a highly integrated operator and then added it into the closed-loop
surface-related multiple elimination based on the 3D L1-norm sparse inversion frame-
work. Results proved that the method was capable of reliably estimating noise-free
primaries and correcting travel time at far offsets for a foresaid virtual shot gathers
in a simultaneous closed-loop inversion manner.

Key words: Passive seismic data, Closed-loop SRME, Primary estimation, Focal-
denoising, Noise removal.

INTRODUCTION

Passive-source seismic is a novel seismic technique developed
in recent years. It does not rely on artificial sources but records
seismic waves generated by background noise, microseism or
natural earthquake. Such non-artificial sources can give pas-

∗E-email: wang.tiexing1992@hotmail.com

sive seismic a substantial economic advantage compared with
artificial seismic.

In passive seismic exploration, sources are mainly divided
into two categories: transient source and noise source (Wape-
naar et al., 2008, 2011). The transient source is a modified
version of artificial seismic; that is, transient-source wavelet is
similar to artificial-source wavelets.However, the noise source
is different since its distributions are always random, and fir-
ing time is continuous. The difference between the artificial
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seismic and passive seismic is the position and properties of
the source.

For passive seismic data processing, virtual shot gath-
ers are obtained after the interferometry process, and virtual
shot gathers are kinematically similar to artificial seismic data,
which both sources and receivers are in the surface. Such simi-
larity provides a theoretical basis for applying traditional seis-
mic methods (e.g. multiple elimination and migration) on vir-
tual shot gathers. This application simplifies the passive data
processing and improves the imaging quality.

Seismic interferometry was first introduced by Claerbout
(1968), and then further developed by Schuster (2001),Wape-
naar (2004) and Vasconcelos and Snieder (2008a, 2008b).
Cross-correlation is one of the most commonly used seismic
interferometry techniques for passive-source data. The cross-
correlation process must fulfil the assumption that subsurface
sources have uniformly illuminated the surface in terms of in-
cident angles and strengths (Groenestijn and Verschuur, 2010;
Wapenaar et al., 2010a, 2010b). However, this hypothesis is
difficult to satisfy in practice.

In the past few years, many effective applications have
been made in estimating primaries from transient-source seis-
mic data, and these applications also motivate us to explore
more possibilities in the field of noise-source data processing.

Estimation of primaries by sparse inversion (EPSI; Groen-
estijn and Verschuur, 2009) is a primary estimation technique
for artificial-source data. EPSI was first proposed to overcome
the limitations of surface-related multiple elimination (SRME;
Verschuur et al., 1992; Berkhout and Verschuur, 1997). In
EPSI, a large-scale inversion manner is used to estimate the
primaries with a careful selection of the initial primary re-
sponse in advance. Van Groenestijn and Verschuur (2010) de-
veloped a modified version and extended EPSI to transient-
source data. In modified EPSI, the surface is not necessary
to be illuminated by passive sources, but virtual shot gathers
must be the input of the whole procedure. Feng et al. (2013)
added 3D curvelet representation into robust EPSI (Lin and
Herrmann, 2010, 2013) and thereby improved the process
precision for artificial-source data. Cheng et al. (2015) ex-
tended robust EPSI to transient-source data and stabilized the
inversion process. After some modifications, EPSI and robust
EPSI can handle primary estimation for transient-source data.
However, note that both methods cannot reconstruct the cor-
rect travel time at far offsets of the transient-source seismic
data (Van Groenestijn and Verschuur, 2010).

Moreover, EPSI or robust EPSI for transient-source seis-
mic data are not feasible to primary estimation from the noise-
source seismic data. In noise-source seismic data, due to the

incoherent noise, it is almost impossible to choose a proper
time window with accurate primary arrival time and appro-
priate inversion parameters. Besides, incoherent noise dam-
ages the primary–multiple model because most of the seis-
mic events are overlapped by the incoherent noise (Berkhout,
1982). These problems will lead to ineffective primary estima-
tion. Hence, we intend to choose a more advanced method:
closed-loop SRME based on the 3D L1-norm sparse inversion
(sparse closed-loop SRME; Wang et al., 2017), being the basis
of the proposed method in this paper.

In 2015, Lopez and Verschuur developed a further ad-
vanced primary estimation method called closed-loop SRME.
It combines the robustness of SRME and a large-scale pa-
rameterization inversion manner of EPSI. This new approach
overcomes the limitations of SRME and EPSI, estimating pri-
maries with a powerful constraint in a more reliable and stable
way. In another parameterized way, Wang et al. (2017) devel-
oped closed-loop SRME based on the 3D L1-norm sparse in-
version (sparse closed-loop SRME). The conventional closed-
loop SRME (Lopez and Verschuur, 2014, 2015) is modi-
fied by using a bi-convex optimization to solve the primary–
multiple objective function and introducing 3D sparse trans-
form to the constraint condition. Thus, primaries are esti-
mated more accurately, especially in deep data. However, the
above-mentioned closed-loop SRME methods can only be ap-
plied to the artificial-source data primary estimation. Consid-
ering the characteristics of noise-source seismic data, we need
to add some modifications to sparse closed-loop SRME, to re-
move the incoherent noise and reconstruct travel time at far
offsets from noise-source data.

To remove noise and reconstruct data, Berkhout and Ver-
schuur (2006) proposed to use focal transform to process
artificial-source data. Due to the amplitudes and phases irrele-
vance of signals and noise, seismic signal and noise are readily
separated in the focal domain. In 2007, Fomel proposed to use
a concept of local attributes to measure the signal character-
istics in a local neighbourhood around each grid point. Ad-
ditionally, Fomel (2007) modified the definition of instanta-
neous frequency to local frequency, recognizing it as a form of
regularized inversion and then changing regularization to con-
strain the continuity and smoothness of the output. The same
idea is extended to define the local correlation. Then, a noise
attenuation framework including local similarity and weight-
ing operator was proposed and has been applied inmany fields
(Chen and Fomel, 2014; Hu et al., 2019)

In this paper, we use focal transform and local similar-
ity to build to a focal-denoising operator and then add it
into the sparse closed-loop SRME framework. After the above
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A customized closed-loop surface-related multiple elimination for passive seismic data 3

modifications, new sparse closed-loop SRME for passive seis-
mic data is proposed, and clean primaries are estimated di-
rectly with correct time from noise-source seismic data.

This paper is organized as follows. In the first section,
a brief description of the closed-loop SRME on 3D L1-norm
sparse inversion will be given, followed by a definition of the
new 3D constraint operator—a combination of 2D curvelet
and 1D wavelet. In the second section, we will introduce
the theory of seismic denoising by focal transform and lo-
cal similarity. then, we will describe how we modify sparse
closed-loop SRME into a useful tool for noise-source data
primary estimation. Finally, to demonstrate the algorithm, we
will first show how focal transform and local similarity in-
tegrally work by a data test, and then apply the proposed
method and sparse closed-loop SRME on passive-source data
and artificial-source data, respectively.

THEORIES AND METHODS

Closed-loop surface-related multiple elimination based on
3D L1-norm sparse inversion

Following Lopez and Verschuur (2015), let P describe the up-
going wavefield at the surface

P = P0(I+ AP), (1)

where P0 represents the primary wavefield. Strictly speaking,
P0 denotes all wavefields that are not related to a reflection at
the surface. Thus, primary wavefield here refers to the real pri-
maries, internal multiples, and other wavefields for which all
reflection points are not at the surface; I represents an identity
operator whose dimensions are the same as P; A = S−1 R rep-
resents the surface operator, in which S represents the source
matrix from all shots and R represents the reflection operator
of the free surface.We assume that all shots have the same con-
stant source wavelets, denoted by S = S(ω)I. The reflection
coefficient of the free surfaceR is considered as−1. Therefore,
the reflectivity matrix becomes R = −I. Then, surface opera-
tor A is rewritten as A = −S−1. In this way, the total upgoing
wavefield P is expressed as the product of the primary wave-
field P0 and the downgoing wavefield (I+ AP).Note that each
bold capital letter in this paper represents a so-called data ma-
trix in the frequency domain. Every row of the matrix repre-
sents a common receiver gather, and every column of the ma-
trix represents a common shot gather (Berkhout, 1982).

We now modify the notation of conventional closed-loop
surface-related multiple elimination (SRME) into the form
of linear inversion optimization, indicated by linear operator

multiplication (Wang et al., 2017). Then the total wavefield P
can be reformulated as

p = Lp0 = f ∗t Blockdiagω

[
(I+ AP)∗ ⊗ I

]
ftp0, (2)

where p and p0 represent the total wavefield column vec-
tor and primary column vector, respectively; ⊗ represents the
Kronecker multiplication operator betweenmatrix and vector,
and it can convert a matrix–matrix operation into a matrix–
vector operation; Blockdiag represents creating a block diag-
onal matrix in the frequency domain; ft and f ∗t represent for-
ward Fourier transform and inverse Fourier transform along
the time axis, respectively. The physical process in equation
(1) can thus be achieved via linear operator multiplication
process L.

Primary estimation is constrained by using a bi-convex
L1-norm optimization form (Lin and Herrmann, 2010,
2013):

p̂0 ← argminp0‖p− Lp0‖2 s.t. ‖p0‖1 ≤ τ, (3)

where p̂0 represents the estimated primaries column vector
and scaler τ represents the L1 norm of the primary p0. The
setting of τ is critical for obtaining an accurate primary. If
τ is too large, the estimated primaries will not exhibit enough
sparseness; if τ is too small, artefacts will be leaked into the es-
timated primaries due to the incomplete representation during
the inversion. The bi-convex optimization shows great stabil-
ity, because the sets of the objective function and the constraint
are both convex, and the local minimum is avoided after the
modification to equation (1), i.e. equation (3). That is, we can
always obtain a globally optimal solution in equation (3).

The optimization problem in equation (3) can be trans-
formed into (Lin and Herrmann, 2010, 2013)

p̂0 ← argminp0‖p0‖1 s.t. ‖p− Lp0‖2 ≤ σ, (4)

where σ represents the residual energy (1%–10% L2 norm of
the initial data) between the input data and the total wavefield
obtained by estimated primaries. To solve equation (4), we
will use a rather beneficial algorithm called the L1-norm spec-
tral gradient projection algorithm (SPGL1; Hennenfent et al.,
2008; Berg and Friedlander, 2009, 2011).

After obtaining the estimated primaries p̂0, surface oper-
ator Â is calculated by using an L2-norm filter constraint in
the time domain:

Â← argminA
∥∥∥P− P̂0 (I+ AP)

∥∥∥2

2
. (5)

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17
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To improve the estimated result further, a 3D sparse
constraint S = C2 ⊗W is added into the solving process
(equation 4). S is a combination of the 2D curvelet trans-
form C2 (Candes and Donoho, 2005) and the discrete wavelet
transform using a third-order Battle–Lemarié wavelet W
(Daubechies, 1992). Because of the 3D sparse operator, energy
in the shot–receiver domain is sparsified by the 2D curvelet
transform, and the 1D wavelet transform is applied along the
time axis. In the above 3D sparse domain, the sparse solution
is searched during the solving process, by keeping the large
sparse coefficients that correspond to primaries and remov-
ing the small sparse coefficients that represent to the multiples
(Wang et al., 2017)

{
ŝ0 ← argmins0‖s0‖1 s.t. ‖p− LS∗s0‖2 ≤ σ

p̂0 ← S∗ŝ0
, (6)

where s0 represents the sparse coefficients in the 3D sparse
domain and S∗ denotes the 3D conjugate operator of S that
can transform the data back to the space-time domain. After
alternative inversion, primaries can be estimated by the SPGL1
algorithm mentioned above.

Seismic denoising via focal transform and local similarity

The virtual shot gathers (i.e. cross-correlation result) is the in-
put of our proposed method.

However, there are travel-time errors at far offsets in the
virtual shot gathers since the surface is not illuminated from
all angles (Groenestijn and Verschuur, 2010; Wapenaar et al.,
2010a, 2010b). These errors will decrease the accuracy of sub-
sequent passive seismic data processing if we directly apply
the conventional seismic method to passive seismic data (e.g.
multiple elimination and velocity analysis). Besides, inheriting
from noise-source data, incoherent noise always appears in the
virtual shot gathers. Compared with random noise, the mor-
phological characteristics of the incoherent noise is similar to
seismic events, resulting in poor performance of conventional
seismic denoising methods, additionally making the primary
estimation process unstable. Inspired by the successful appli-
cations of focal transform (Berkhout and Verschuur, 2006;
Lopez and Verschuur, 2015;Ma et al., 2009) and local similar-
ity (Fomel, 2007) in signal restoration and noise removal, we
propose an integrated primary estimation process for passive
seismic data, together with correcting the travel-time errors at
far offsets and thereby compensate the corrected time to the
primary estimation results in a closed-loop manner.

Figure 1 Workflow for obtaining the focal-denoising operator from
noise-source passive seismic data.

Review of the focal transform

For denoising, it is common to separate signal and noise in a
new data domain by using a suitable mathematical transform.
Focal transform is a multishift correlation process, based on
a multidimensional operator that contains an estimate of the
propagation properties in the subsurface (Berkhout and Ver-
schuur, 2006). By using focal transform, the target signal can
be mapped into and around one focal point. In this way, the
inverse focal transform is well defined by a multishift convolu-
tion process (defocusing). In multiple removal cases, primaries
are focused around the zero time, and multiples can be de-
ordered into the lower order multiple if we use primaries as
the inverse focal operator (Berkhout,1982; Berkhout and Ver-
schuur, 2006). For example, if we use primaries as the inverse
focal operator, first-order multiple and second-order multiple
can be de-ordered into primary and first-order multiple, re-
spectively.

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17
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Figure 2 (a) Virtual shot gather obtained from noise-source passive seismic data by cross-correlation, (b) denoised virtual shot gather based on
local similarity weighting operator (inverse focal operator), (c) virtual shot gather in the focal domain after muting the focal area, (d) shallow
part of Figure 1(a) in the NMO domain, (e) virtual shot gather in the focal domain after correcting the curvatures of events, (f) focal operator
with compensated far-offset information and (g) focal operator denoised by the weighting operator.

Following the primary–multiple model proposed by
Berkhout and Verschuur (2006), the forward and inverse fo-
cal transformation is formulated as a matrix multiplication in
each frequency component

Q = FP (forward) (7)

and

P = GQ (inverse), (8)

where F and G are the forward focal operator and the inverse
focal operator.With the application of the forward focal trans-
form, the measured data P can be transferred toQ in the focal
domain (equation (7)). Similarly, inverse focal operator G can
bring Q back to the original data domain (equation (8)).

The forward focal operator F can be obtained by an in-
version process. One way is to use the least-squares inversion
approach (Berkhout and Verschuur, 2006):

F ≈ GH[GGH + ε2I]−1, (9)

where ε is a stabilization factor. GH is a conjugate of the in-
verse focal operator G and can remove spatial spectrum from
the original seismic records.

Equation (1) describes the physical relationship between
primaries and multiples in the frequency domain, which can
be further reformulated as

P = P0 (I− AP0)
−1

, (10)

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17
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Figure 3 (a) Model for simulating noise-source data and (b) wavelets of the random sources.

Figure 4 (a) Virtual shot gathers from noise-source seismic data and (b) primary estimation from virtual shot gathers via sparse closed-loop
SRME.

Besides, we apply a polynomial expansion on equation
(1) (Berkhout, 1982):

P = P0 (I− AP0 + (AP0)
2 − (AP0)

3 + (AP0)
4 + · · ·), (11)

P = P0 − P0AP0 + P0(AP0)
2 − P0(AP0)

3 + P0(AP0)
4 + · · · ,

(12)

where the acquired seismic wavefield P is the summation of
the primary P0, the first-order multiple −P0AP0, the second-
order multiple P0(AP0)2 and so on.

If we transform the seismic wavefield P to the focal do-
main and use the primary P0 as the inverse focal operator G,
the forward focal operator F can be calculated as

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17



A customized closed-loop surface-related multiple elimination for passive seismic data 7

Figure 5 (a–c) Virtual shot gathers from the noise-source data by cross-correlation; (d–f) active-source shot gathers simulated by the same
model.

F = P−10 ≈ P0
H
[
P0P0

H + ε2I
]−1

. (13)

Equation (7) uses the inverse focal operator (equation
(13)) together with equation (12) to estimate the acquired seis-
mic wavefield P in the focal domain:

QP = I− AP0 + (AP0)
2 − (AP0)

3 + (AP0)
4 + · · · (14)

and

QP = I− A(P0 − P0AP0 + P0(AP0)
2 − P0(AP0)

3 + · · ·). (15)

In equations (14) and (15), the primary is represented by
I and localized in the focal domain; the first-order multiple is
transformed into the primary; second-order multiple is trans-
formed into the first-order multiple and so on. Forward fo-
cal transform is a de-order process, which can raise the valid

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17
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Figure 6 (a–c) Primary estimation results from virtual shot gathers by the proposed method; (d–f) primary estimation results from active-source
data by sparse closed-loop SRME.

signal in the deep data to the shallow data in the focal domain.
In other words, high-order multiples become low-order mul-
tiples or primaries. It provides the basis to extract the correct
seismic events at far offsets in the focal domain and compen-
sates the energy into the input data in the normal data domain.

Review of the local similarity

Following Fomel (2007), the local similarity is defined be-
tween two vectors a and b, vector notations for signal a(t )

and b(t ):

c =
√
cT1 c2 (16)

where c is used to describe the degree of local similarity. c1
and c2 come from the least-squares minimization problem:

c1 = argminc1‖A− C1B‖22 (17)

c2 = argminc2‖A− C2B‖22, (18)

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17
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Figure 7 Enlarged portion (red box) of Figures 5(b,e) and 6(b,e).

where A and B are diagonal operators composed of the ele-
ments of a and b, respectively. Ci is a diagonal operator com-
posed from the elements of ci.

The weighting operator W(t,x) is defined as

W (t, x) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1 for Vn,s(t,x) > v2

Vn,s(t,x)− v1

v2 − v1
for v1 ≤ Vn,s(t,x) ≤ v2

0 for Vn,s(t,x) < v1

(19)

to extract reflection information, where Vn,s(t,x) represents
2D local similarity coefficients; v1 and v2 represent two thresh-
olds and correspond to the fidelity of each noise point as a sig-
nal point. s and n represent signal and noise, respectively. The
weighting operator W(t,x) is calculated by detecting a use-
ful component in the noise section with different weighting
scales.

FOCAL-DENOIS ING CLOSED-LOOP
SURFACE-RELATED MULTIPLE
ELIMINATION BASED ON THE 3D
L1-NORM SPARSE INVERS ION

To remove noise and reconstruct the correct travel time, we
combine the focal transform and local similarity into an in-
tegrated process for noise-source data (Fig. 1). We define D
as the focal-denoising operator and then add it into the main
loop of the proposed primary estimation method:

{
ŝnoise,0 ← argmins0‖snoise,0‖1 s.t.‖Dp−DLS∗snoise,0‖2 ≤ σ

p̂noise,0 ← S∗ ŝnoise,0
, (20)

where all notations are the same as in equation (6). By us-
ing equation (20), we obtain the estimated primaries with less
noise and use it as the input for the next loop. After several
loops, primaries can be finally estimated without the incoher-
ent noise.

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17
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We provide a detailed description of the proposed pri-
mary estimation process as follows:

Algorithm: Noise-source data primary estimation and noise
removal via focal-denoising closed-loop SRME based on 3D
L1-norm sparse inversion

1: Input: virtual shot gathers Pnoise from noise-source data ob-
tained by cross-correlation, target residual energy σ (5% ̴ 10%
of the L2-norm of Pnoise);
2: Initialize p̂noise,0 ← 0, Â← 0;
3: Compute p̂noise,0 via p̂0 ← argminp0‖p0‖1

s.t. ‖p− Lp0‖2 ≤ σ ,

Main loop:
4: While i = 1→ niter do
5: if i < 2

Substitute p̂noise,0 from step 3 into

Â← argminA
∥∥∥P− P̂0(I+ AP)

∥∥∥2

2
to calculate Â1;

Reset p̂noise,0 to the zero column vector
else

Substitute p̂noise,0 into

Â← argminA
∥∥∥P− P̂0(I+ AP)

∥∥∥2

2
to calculate Âi

end
6: Use the estimated primaries to construct the focal-
denoising operator;

7:

{
ŝnoise,0 ← argmins0

∥∥snoise,0∥∥1 s.t.
∥∥Dp−DLS∗snoise,0

∥∥
2 ≤ σ

p̂noise,0 ← S∗ŝnoise,0
8: i++
9: until

∥∥p− LS∗ŝnoise,0
∥∥
2 ≤ σ

10: Output: primary estimation results of the original data
Pnoise,0 = S∗ ŝnoise,0

APPLICATION

In this section, we will first give an example to show how
the focal transform and local similarity integrally work in
the primary estimation process. Then, a simple model data
and salt model data are used to demonstrate the proposed
method.

Test for focal-denoising operator

To account for the noise removal and travel-time correction
capabilities of the focal-denoising operator for passive seis-
mic data, a data test is shown in Figure 2. In Figure 2(a), we
can observe that the seismic events and incoherent noise are

mixed with each other, and there are time errors in the virtual
shot gathers. To preliminarily attenuate the noise, we use lo-
cal similarity (Fomel, 2007) combined with the weighting op-
erator (Chen and Fomel, 2014). The denoised result is shown
in Figure 2(b). Only seismic events with high amplitudes are
preserved after using a large value of the weighting operator.
The denoised results (Fig. 2b) are close to the primaries, so
we use it as the inverse focal operator G. In this way, we use
inverse focal operator G and equation (9) to obtain the for-
ward focal operator F. According to Berkhout and Verschuur
(2006), the focal operator can be a single reflector response or
multi-reflector responses. In our case, the virtual shot gathers
consist of both primaries and multiples. Therefore, primaries
in the input data will be mapped in or around the focal point
if we only use primaries as the inverse focal operator. Multi-
ples in the focal domain will appear in the positive time axis.
We muted the signal around the focal point, and the signal
above 0.3 s is muted in our case. The muted area is decided by
the first seismic events in Figure 2(a). And the muted result is
shown in Figure 2(c). Seismic events indicated by the colourful
arrows have similar curvatures with the input data (Fig. 2a).
This similarity also demonstrates the kinematical feasibility of
the focal transform for passive seismic data.

Although the far offsets (offset: −1200 to −300) have
been reconstructed by the focal transform (Fig. 2c), the cur-
vatures of seismic events here are still incorrect. In Figure 2,
far offsets are defined by the area, where there are no valid
seismic events. For example, in Figure 2(a), we can only
observe the first seismic event (0.3 s) from offset −100 to
offset 100.

Then, we apply normal move-out and inverse normal
move-out (NMO–INMO) on the shallow data (Fig. 2d)
to correct the curvatures of the data at far offsets. The
definition of the shallow data can be empirical. For exam-
ple, in Figure 2(c), the shallow part is defined as the area
above the 1.0 s events. In terms of NMO speed, we use auto-
matic velocity picking, and the NMO–INMO result is shown
in Figure 2(e). Then, we introduce the corrected informa-
tion (Fig. 2e) into the data (Fig. 2b) and then obtain the fo-
cal operator with compensated far offsets (Fig. 2f). By com-
paring Figure 2(f,g), we can see those seismic events at far
offsets have been reconstructed, which means travel-time er-
rors have been corrected. In the actual processing of our pro-
posed method, all the above steps have been integrated into
an operator named the focal-denoising operator, which can
be added into the sparse closed-loop surface-related multiple
elimination (SRME) framework directly. During the inversion
process, we use the estimated primaries as the input of the

© 2020 European Association of Geoscientists & Engineers,Geophysical Prospecting, 1–17
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Figure 8 Enlarged portion (blue box) of Figures 5(b,e) and 6(b,e).

focal-denoising operator. Thereby, we can obtain the updated
focal operator for the next iteration. In each iteration of
closed-loop SRME, the updated focal operator is added into
the linear operator inversion process. Consequently, far-offset
information is gradually compensated to the final primary es-
timation result. Noise-free primary estimation and far-offset
reconstruction can thus be achieved simultaneously.

Simple model

In this section, we will illustrate the algorithm with a 2D data
set obtained from the five-reflector subsurface model with a
fault in Figure 3(a). Two hundred and fifty receivers with a
20-m interval are set at the surface, while 299 noise sources
emitting random small bursts (Fig. 3b) are randomly buried
underground. We obtain 800 seconds passive records for the
cross-correlation process and associated virtual shot gathers
are shown in Figure 4(a).

To account for the focal-denoising capabilities of the
present method, we first estimate primaries (Fig. 4b) from vir-

tual shot gathers (Fig. 4a) via sparse closed-loop SRME. As
we can see, multiples have not been eliminated, because inco-
herent noise is similar to the available seismic events and con-
sequently disturbed the inversion process. Besides, travel-time
errors at far offsets and incoherent noise ruin the primary–
multiple model (Berkhout, 1982). From Figure 4, we can con-
clude that it is impossible to apply sparse closed-loop SRME in
this circumstance, and the introduction of the focal-denoising
operator to the sparse closed-loop SRME framework is neces-
sary.

To test the effectiveness of the present method further, the
active-source acquisition is also set for the same model as a
reference. Figure 5(d–f) shows the artificial-source shot gath-
ers from the simple model (Fig. 3a). By comparing virtual shot
gathers (Fig. 5a–c) and active-source shot gathers (Fig. 5d–f),
we can observe that travel times (curvature of the events) are
incorrect in the virtual shot gathers (white arrows). This oc-
curs because the subsurface sources cannot illuminate the sur-
face with all angles. Besides, seismic events are overlapped by
incoherent noise (black arrows) at 0.8 to 1.2 s in Figure 5(a–c).
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Figure 9 Zero-offset profile of (a) virtual shot gathers obtained from noise-source data by cross-correlation, (b) active-source data, (c) estimated
primaries from noise-source data by the proposed method and (d) estimated primaries from active-source data by sparse closed-loop SRME.

Figure 6(a–c) depicts the primary estimation results from
noise-source data by using the proposed method. To better
account for the capabilities of the algorithm, we use sparse
closed-loop SRME to estimate primaries from artificial-source
shot gathers (Fig. 6d–f). By comparing the input (Fig. 5a–

c) and the output (Fig. 6a–c) data sets, we can see that in-
coherent noise has been removed (also shown in Fig. 8).
Additionally, travel-time errors correction (white arrows)
and multiple elimination (black arrows) have been achieved
(Figs 5–7). To further demonstrate the result quantitatively,we
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Figure 10 (a) Complex salt model, (b) wavelets of the random sources and (c) distribution of sources.

can see that the proposed method provides accurate primaries
and correct travel time at far offsets. Note that the primary es-
timation from noise-source seismic data and artificial-source
data is almost the same. However, because the focal-denoising
operator cannot remove all the incoherent noise, we can still
observe some noise leakage in Figure 6(a–c). Associated zero-
offset profiles are also shown in Figure 9(a–d). It is clear that
the primaries are estimated in an accurate and clean manner.
Noise-free primary estimation and incoherent noise attenua-
tion are achieved simultaneously.

Salt model

In this section, we will apply the proposed method on data
simulated by a more complex salt model (Fig. 10), to make
it closer to the real situation. Two hundred and ninety-nine
noise sources are randomly set between 900 and 1200 m
underground (Fig. 10c), and 250 seismic receivers are located
at the surface. Figure 11(a) shows the virtual shot gathers
(cross-correlation results) from noise-source data. We can ob-
serve that multiples are still visible, and valid signals are over-
lapped by the incoherent noise in the virtual shot gathers.
Figure 11(c) shows the primary estimation from virtual shot
gathers by using the proposed method. Figure 11(b) shows
the shot gather from the same salt model (Fig. 10a) by tra-

ditional artificial-source acquisition. Primary estimation from
artificial-source data by sparse closed-loop SRME is shown in
Figure 11(d).

By comparing Figure 11(a,c), the travel-time errors at far
offsets have been corrected (white arrow), and the incoherent
noise is effectively suppressed (black arrow) simultaneously.
By comparing Figure 8(c,d), as expected, estimated results for
noise-source data are close to artificial-source primary esti-
mation. Figure 12 depicts the enlarged portion of Figure 11,
which demonstrates the effect of the algorithm in travel-time
correction and noise removal. However, some artefacts and
noise can still be observed in the estimates, but these effects
are small if we consider how much valid events are visible in
the virtual shot gathers.

Figure 13(a,c) shows the zero-offset section of the vir-
tual shot gathers and its corresponding primary estimation
by the proposed method, respectively. Figure 13(b,d) shows
the zero-offset section of the artificial-source shot gathers and
its corresponding primary estimation by sparse closed-loop
SRME. From Figure 13, some remarks can be deduced: (1)
SNR (signal noise ratio) has been significantly improved with
the application of the proposed method by comparing with
Figure 13(a,c). (2) In terms of artificial-source data multiple
elimination, primary estimation with the same quality can also
be obtained from noise-source data (Fig. 13c,d). The shown
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Figure 11 (a) Virtual shot gathers obtained by cross-correlation from noise-source data, (b) active-source data simulated by the same salt model,
(c) estimated primary responses from noise-source data by the proposed method, (d) estimated primary responses from active-source data by
sparse closed-loop SRME.
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Figure 12 Enlarged portion (red box) of Figure 11.

examples depict capabilities of the present method for noise-
source seismic data, in which clean primaries with correct
travel time are obtained.

DISCUSS ION AND CONCLUSION

The proposed method can be a great value for reservoir mon-
itoring by passive acquisition.

For the synthetic models, we put the sources within a spe-
cific range of depth. This setting mimics a situation that reser-
voir rock cracks during the production. Note, in particular, a
prerequisite of our method is that the cross-correlation result
must be the input of the algorithm (Draganov et al., 2009).

In terms of the 3D situation, 2D wave propagation can
never accurately explain the 3D ray path in practice. Partic-
ularly, if there are some dips in the crossline direction, the
2D method cannot estimate accurate primaries, and there will
be some multiple leakages in the results. However, all the 3D
surface-related multiple elimination (SRME)-related methods,

including our proposed method, are facing an unavoidable
problem – computation cost (Dragoset et al., 2010), which
need to be further investigated.

In this paper, we have presented the extension of sparse
closed-loop SRME to the situation of noise-source data. We
combined the focal transform and local similarity into a focal-
denoising operator and added it into the conventional sparse
closed-loop SRME framework. Our proposed method uses
cross-correlation result as the input and estimates noise-free
primaries with correct travel time from noise-source data. Af-
ter this modification, we remove the sensitivity to the lim-
ited source illumination and strengths of the noise sources in
passive-source acquisition.
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