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a b s t r a c t

Angle domain common imaging gathers (ADCIGs) serve as not only an ideal approach for tomographic
velocity modeling but also as a crucial means of mitigating low-frequency noise. Thus, they play a sig-
nificant role in seismic data processing. Recently, the Poynting vector method, due to its lower
computational requirements and higher resolution, has become a commonly used approach for
obtaining ADCIGs. However, due to the viscoelastic properties of underground media, attenuation effects
(phase dispersion and amplitude attenuation) have become a factor, which is important in seismic data
processing. However, the primary applications of ADCIGs are currently confined to acoustic and elastic
media. To assess the influence of attenuation and elastic effects on ADCIGs, we introduce an extraction
method for ADCIGs based on fractional viscoelastic equations. This method enhances ADCIGs accuracy by
simultaneously considering both the attenuation and elastic properties of underground media. Mean-
while, the S-wave quasi tensor is used to reduce the impact of P-wave energy on S-wave stress, thus
further increasing the accuracy of PS-ADCIGs. In conclusion, our analysis examines the impact of the
quality factor Q on ADCIGs and offers theoretical guidance for parameter inversion.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Common imaging gathers (CIGs), which are intermediate data
obtained from pre-stack migration imaging methods, encapsulate
crucial information about the velocity and lithology of under-
ground media (Zhang and McMechan, 2011a, 2010). This estab-
lishes CIGs as powerful tools in both migration velocity analysis
(MVA) (Biondi and Tisserant, 2004) and amplitude variation with
angle/offset (AVA/AVO) (Canning and Malkin, 2009). Commonly
utilized CIGs primarily comprise offset domain common imaging
gathers (ODCIGs) and angle domain common imaging gathers
(ADCIGs). However, ODCIGs encounter limitations inMVA, AVA and
AVO analyses due to the prevalence of offset artifacts arising from
the multipath problem. ADCIGs are adept at effectively addressing
this issue, thereby offering more prospects for development
(Mosher et al., 1997). Simultaneously, given the widespread visco-
elastic properties of underground media, the extraction of ADCIGs
of Petroleum Resources and
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based on viscoelastic models has attracted considerable attention.
Currently, ADCIGs can be acquired using various methods,

including Kirchhoff migration, one-way wave migration and two-
way wave migration (Sava and Fomel, 2003; Biondi, 2007; Liu
et al., 2015). Here, our focus is on extracting angle gathers using
two-way wave migration, specifically reverse time migration
(RTM). Three ways are often used to produce ADCIGs for RTM.
Presently, there are three prevalent methods used for obtaining
ADCIGs based on RTM. One of the methods for extracting ADCIGs is
through an indirect approach, like the extended imaging condition
approach (Sava and Biondi, 2004; Biondi and Symes, 2004). In this
method, ODCIGs are initially generated using a local-shift extended
imaging condition. Subsequently, these ODCIGs are converted into
ADCIGs through either Fourier transform or slant stack transform.
The other method is a direct method called local plane-wave
decomposition (LPWD) method (Soubaras, 2003; Xu et al., 2011;
Tang and McMechan, 2016). This method adopts the LPWDmethod
to decompose the source and receiver wavefields into local angle
components, and then uses angle domain cross-correlation imag-
ing conditions to output ADCIGs. However, both methods
mentioned earlier face significant challenges in terms of
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computational cost, which can be a limiting factor in practical ap-
plications. The last method for extracting ADCIGs is based on di-
rection vector methods, including Poynting vector-based method
(Yoon et al., 2011; McGarry and Qin, 2013; Tang et al., 2017), the
polarization-based method (Zhang and McMechan, 2013) and
optical-flow-based method (Gong et al., 2016). These methods
directly extract ADCIGs during reverse time migration, offering a
cost-effective approach for obtaining ADCIGs. This final method has
garnered increased attention from scholars due to its significant
advantages (Yang et al., 2016, 2022; Hu et al., 2019; Li et al., 2021).
ADCIGs have become a versatile tool in the wavefield of seismic
data analysis. They are not only used for tomographic velocity
inversion through residual velocity analysis (Koren et al., 2008;
Zhou et al., 2011), but also play a crucial role in noise suppression
during migration through angle-based stacking techniques (Jin
et al., 2015). However, the extraction of ADCIGs has been primar-
ily focused on acousticmedia (Jin et al., 2014; Hu et al., 2016), elastic
wave media (Liu, 2019) and anisotropic media (Alkhalifah and
Fomel, 2009). The focus of this paper is to extend the extraction
of ADCIGs to viscoelastic media, which is an important and chal-
lenging area of study in the wavefield of seismic imaging and
analysis.

As exploration targets becomemore complex, it becomes crucial
to account for the impact of attenuation and elasticity in the media
(Robertsson et al., 1994). A considerable number of scholars have
made significant contributions to advancing modeling and migra-
tion methods in viscoelastic media. Currently, two widely adopted
methods for simulating the propagation of seismic waves in
viscoelastic media are the standard linear solids (SLS) model and
the decoupled fractional Laplacian (DFL) approach (Chen et al.,
2023). The viscoelastic equations based on the SLS model can be
efficiently solved using finite difference methods. However, incor-
porating the SLS model into these equations adds to the complexity
of the wave equations (Hu et al., 2019). Simultaneously, using the
SLS-based model to effectively correct phase distortion and coun-
teract energy loss is a substantial challenge (Chen and Holm, 2004).
The DFL-based method can overcome this problem due to its two
fractional Laplace operators, which are specifically designed to
manage amplitude attenuation and phase distortion, respectively
(Zhu and Harris, 2014; Zhu and Carcione, 2014; Chen et al., 2016).
The DFL-based method has been adapted for use in viscoelastic
media, allowing for the acquisition of multi-component seismic
data (Zhu, 2017a; Moradi and Innanen, 2017; Wang et al., 2018a).
The fractional operator, varying with the quality factor and
changing across locations, is difficult to solve using traditional finite
difference (FD) methods (Carcione et al., 2002). To overcome this
difficulty, the optimal staggered grid finite-difference method
based on binomial windows (Sun et al., 2017) and the local finite-
difference approach (Song et al., 2020) have been proposed as so-
lutions for the fractional wave equation. Additionally, to efficiently
address fractional order operators in DFL-based methods, several
techniques have been introduced. These techniques include low-
rank decomposition, Taylor series expansion, and the utilization
of partial independent fractional operators (Sun et al., 2015; Guo
et al., 2016; Chen et al., 2019; Xing and Zhu, 2019; Zhang et al.,
2020). The DFL-based method possesses the inherent capability
to recover amplitude attenuation and handle phase dispersion.
Through altering the sign of the amplitude dissipation term, it ac-
complishes Q-compensated RTM (QRTM), thereby ensuring the
preservation of phase dispersion and amplitude attenuation during
both forward and backward wave propagation (Zhu et al., 2014).
The DFL-based method, serving as a compelling solution for QRTM,
forms the foundation of our research.

Viscoelastic reverse time migration (QERTM), which employs
the vector viscoelastic wave equation, offers the advantage of
4053
producing multi-wave imaging for a more comprehensive under-
standing of subsurface structures. Additionally, it addresses the
issue of inaccurate imaging caused by seismic wave absorption
attenuation (Chang and McMechan, 1987; Yoon et al., 2004; Deng
and McMechan, 2008; Li et al., 2016a). In QERTM, a multi-wave
imaging method, the separation of P-waves and S-waves is ach-
ieved by means of Helmholtz decomposition and the decoupling
equations. This process helps to effectively reduce crosstalk noise,
allowing for clearer imaging of subsurface structures (Sun et al.,
2004; Du et al., 2017). In the Helmholtz decomposition method,
which is widely used in QERTM, the S-wave is obtained by per-
forming a curl operation on the wavefield, while the P-wave is
derived through a divergence operation. This separation of P-waves
and S-waves is crucial for accurate imaging in viscoelastic media
(Zhang et al., 2010; Li et al., 2016b; Zhu, 2017b). However, while the
Helmholtz decomposition method effectively separates P-waves
and S-waves, the resulting wavefield may exhibit amplitude and
phase distortions. These distortions can affect the accuracy of im-
aging in viscoelastic media (Du et al., 2012). On the other hand, the
decoupling equation method directly extracts separated P-waves
and S-waves as the wavefield propagates, bypassing the need for
post-processing operations like curl and divergence operations.
This method can help reduce amplitude and phase distortion in the
separated wavefields (Xiao and Leaney, 2010; Wang et al., 2015).
Furthermore, it's worth noting that the energy compensation pro-
cess in RTM based on viscoelastic (QERTM) and viscoacoustic media
(QRTM), characterized by exponential amplification, can be sus-
ceptible to instability during the compensation phase. This insta-
bility can pose challenges when applying compensation techniques
in such media (Zhao et al., 2018; Wang et al., 2022). To solve this
issue, one effective solution is to apply a low-pass filter. This filter
can help stabilize the compensation process and mitigate the
instability associated with exponential amplification in QERTM and
QRTM. However, using a low-pass filter in RTM to stabilize
compensation in QERTM and QRTM filters out high-frequency
noise but may also lead to the loss of important seismic signals
(Sun and Zhu, 2018). To preserve important seismic signals while
stabilizing compensation in viscoelastic and viscoacoustic media,
several compensation operators have been proposed, yielding
positive application outcomes (Xie et al., 2015; Wang et al., 2017a,
2017b, 2018a, 2019). Currently, there is limited research focused on
extracting ADCIGs based on viscoelastic media.

Expanding on the stable framework of QERTM, we have
extended the method to extract ADCIGs within viscoelastic media.
This novel method, based on viscoelastic media that consider both
attenuation and elasticity, not only enhances the accuracy of
ADCIGs but also compensates for the energy of deep ADCIGs. This
represents a significant advancement compared to traditional
methods based on elastic media. Specifically, we implement PP and
PS imaging based on decoupled viscoelastic equations. During the
imaging process, we simultaneously extract the ADCIGs for PP-
images and PS-images using the Poynting Vector method.
Furthermore, we enhance the accuracy of the S-wave Poynting
vector by utilizing the S-wave quasi-tensor. Finally, we conduct
separate analyses on the effects of the quality factor Q on P-waves
and S-waves in ADCIGs, providing valuable insights for tomo-
graphic inversion.

2. Theory and method

In this section, we will first introduce a method for imple-
menting QERTM using decoupling equations. Next, we will explain
how to calculate the Poynting vector. Finally, building upon these
foundations, we will present a method for extracting ADCIGs in
viscoelastic media.
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2.1. The review of reverse time migration based on viscoelastic
media

In QERTM, the viscoelastic extrapolation method couples not
only P-wave and S-wave components but is also influenced by
seismic attenuation and dispersion effects. Therefore, to achieve
viscoelastic imaging, it is necessary to implement wavefield simu-
lation, wavefield decomposition and attenuation compensation.

2.1.1. Viscoelastic wave equation
The 2D DFL viscoelastic wave equation offers a notable advan-

tage due to its ability to decouple correlation terms of amplitude
attenuation and phase distortion. This unique feature allows for a
more accurate simulation of seismic wave propagation in visco-
elastic media. The specific equation (Zhu and Harris, 2014) is as
follows:
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where v ¼ ðvx; vzÞ and t ¼ ðtxx; tzx; tzzÞ are particle velocity and
stress components separately; r represents the density; D ¼
ðDp;DsÞ are functions related to velocity V ¼ ðVp;VsÞ and quality
factors Q ¼ ðQp;QsÞ of the P-wave and S-wave, and they can be
described as:

D2ðtÞz a
�
�V2

�g2 þ b
�
�V2

�g2�0:5
vt ; (2)

where 2 represents the parameters related to P-wave and S-wave,

respectively; ð�V2Þg2 and ð�V2Þg2�0:5 are two fractional Laplacian
operators, which the first specifically solves seismic wave attenu-
ation, and the second effectively manages phase dispersion effects;
g2 ¼ arctanð1 =Q2Þ=p is the fractional order associated with the
quality factor Q2 of P-wave and S-wave. The intermediate variable a
and b in Eq. (2) can be defined as:
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>>>>:
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b ¼ MðV2=u0Þ2g2�1u�1

0 sinðpg2Þ

M ¼ rV2
2 cos2

�pg2
2
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where u0 ¼ 2pf0 represents the reference angular frequency, V2 is
the reference velocity of P-wave and S-wave. In this study, we
utilize the staged grid pseudo spectral (SGPS) method to solve the
DFL viscoelastic equation.

2.1.2. The decoupled viscoelastic wave equation
QERTM utilizes the viscoelastic wave equation for wavefield

extension and applies wavefield separation techniques to distinctly
isolate P-wave and S-wave wavefields, enabling more detailed
analysis. Subsequently, applying elastic wave imaging conditions, it
successfully obtains the final PP-wave and PS-wave migration im-
age. The decoupled P-wave viscoelastic equation (Xiao and Leaney,
2010; Wang et al., 2015) can be described as follows:
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where vp ¼ ðvxp; vzpÞ is the particle velocity of P-wave; tp represents
the stress component of P-wave, which is a scalar quantity; The
particle velocity of S-wave vs ¼ ðvxs; vzsÞ can be obtained as follows:

�
vxs ¼ vx � vxp
vzs ¼ vz � vzp

: (5)

In QERTM, with vp ¼ ðvxp; vzpÞ and vs ¼ ðvxs; vzsÞ, we can obtain PP-
image (Ipp) and PS-image (Ips) with inner product conditions (Du
et al., 2012):
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where superscripts Sou and Rec denote the source and receiver
wavefields, respectively. However, to calculate the Poynting vector,
the stress components of both P-wave and S-wave are required. In
the traditional method, the stress component of the S-wave is
subtracted from the total stress component, the stress components
(tSðtxxs; tzzs; txzsÞ) of S-wave can be obtained:
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Due to P-wave stress crosstalk in the stress component derived
from Eq. (7), we utilize the S-wave quasi tensor to calculate the S-
wave stress, which can be expressed as follows:
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Applying Eqs. (1), (4), (5) and (8), we can determine the particle
velocity and stress components of both P-waves and S-waves,
which are essential for extracting ADCIGs. As the attenuation me-
dium is a time-varying system marked by an exponential decrease
in seismic wave energy, the energy compensation required for
attenuation also increases exponentially with propagation time.
This increase is related to the wavenumber, suggesting that com-
ponents with high wavenumbers may cause instability during the
compensation process. In this paper, we use adaptive stability for
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Q-ERTM (Appendix A).
Fig. 2. Viscoelastic parameters of the layer model.

Fig. 1. Schematic diagram of calculating the incident angle (qp) of P-wave and
reflection angle (qs) of S-wave using Poynting vectors.
2.2. Extracting ADCIGs of PP and PS based on poynting vectors

The Poynting vector is originally used to represent the direction
of electromagnetic wave propagation. Subsequently, it is intro-
duced into seismic exploration as a basis for an imaging condition.
In seismology, the Poynting vector (Poynting) (Yoon and Marfurt,
2006) is expressed as follows:

Poynting¼ � v,t; (9)

where v and t represent particle velocity and stress components
respectively. Since these variables are already calculated during the
RTM process, computing the Poynting vector becomes cost-
effective. In viscoelastic media, the Poynting vector for P-waves
(Poyntingpj ) can be represented as follows:

Poyntingpj ¼ � tpvjp; (10)

Correspondingly, the Poynting vector of the S-wave (Poyntingsj ) is

obtained as follows:

Poyntingsj ¼ � tjksvks; (11)

where j and k stand for the x and z components respectively; s and p
respectively represent parameters associated with the P-wave and
the S-wave. After calculating the Poynting vectors of the source
wavefield (SpPoynting) and the receivewavefield (RpPoynting) separately,

we can obtain the cosine of the angle (4pp) between them using the
following equation:

cos 4pp¼
SpPoyntingR

p
Poynting���SpPoyntingRpPoynting

��� : (12)

Referring to Fig. 1, the incident angle of P-wave (qp) can be calcu-
lated based on this angle (4pp). This calculation formula can be
expressed as follows:

qp¼1
2
arccos 4pp: (13)

However, considering the disparity in velocities between P-waves
and S-waves, we can determine the reflection angle of S-wave (qs)
waves using Snell's law:

sin qp
�
Vp ¼ sin qs

�
Vs: (14)

To simplify the calculation, the S-wave reflection angle can be
obtained based on the triangle area (Liu et al., 2017), as described
below:

qs¼ arcsin
Vs sin 4psffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2
p þ V2

s þ 2VpVs cos 4ps

q ; (15)

where 4ps ¼ qs þ qp can be calculated as follows:

4ps¼
1
2
arccos

SpPoyntingR
s
Poynting���SpPoyntingRsPoynting

��� : (16)

After obtaining the P-wave incidence angle qp and the S-wave
reflection angle qs, we can obtain the PP-ADCIGs (ADCIGspp) and PS-
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ADCIGs (ADCIGsps). This process (Wang et al., 2013) can be
expressed as follows:
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(17)

where bk is the kth discrete angle; x, t and is stand for the imaging
point at the Sth and image time, respectively; Tmax and ns represent
the maximum recording time and number of shots; vrecs and vrecp are
the P-wave and S-wave particle velocity obtained from receivers;
vsoup stands for the P-wave particle velocity obtained from sources; s
represents the variance of the Gaussian function. To enhance the
signal-to-noise ratio of ADCIGs and ensure the in-phase axes of
these gathers clearer and more continuous, we employ triangle



Fig. 3. The snapshots at 0.4 s: The snapshots of stress (txzs) (a) and S-wave Poynting vector in x component (c) and z component (e) obtained by conventional method; The
snapshots of stress (txzs) (b) and S-wave Poynting vector in x component (d) and z component (f) obtained by S-wave equal tensor-based method.
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filtering (Wu et al., 2018) to smooth the ADCIGs.
3. Examples

In this section, we will begin by evaluating the accuracy of our
developed method in calculating the Poynting vector. Next, we will
validate the advantages of our method in extracting ADCIGs from
both simple and complex synthetic data, with a focus on enhancing
4056
the imaging accuracy of PP waves through angular stacking imag-
ing conditions. Additionally, we will analyze the impact of various
parameters on the quality of ADCIGs. It's worth noting that all
numerical examples will be implemented using CUDA program-
ming for efficient computation. To minimize storage requirements,
we will employ a checkpoint-assisted time reversal reconstruction
scheme for the reconstruction of the source wavefield (Symes,
2007). In contrast to the traditional ERTM-based method for



Fig. 4. The snapshots with different attenuation effects at 0.4 s: The S-wave Poynting vector in x component (a) and z component (b); The P-wave Poynting vector in x component
(c) and z component (d).

Fig. 5. Viscoelastic parameters of the layer model.
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extracting ADCIGs, our developed Q-ERTM method theoretically
considers the attenuation effects of seismic waves, which has the
potential to improve the accuracy of ADCIGs. In this section, we first
evaluate the accuracy of our method in calculating the Poynting
vector. Next, we demonstrate the advantages of our method for
ADCIG extraction from both simple and complex synthetic data,
focusing on enhancing PP wave imaging accuracy through angular
stacking imaging conditions. Additionally, we examine the impact
of key parameters on ADCIG quality. Notably, all numerical exam-
ples are implemented using CUDA programming for efficient
computation. To minimize storage requirements, we employ a
4057
checkpoint-assisted time reversal reconstruction scheme for the
source wavefield reconstruction (Symes, 2007). Unlike the tradi-
tional ERTM-based method, our Q-ERTM approach theoretically
accounts for seismic wave attenuation, which may improve ADCIG
accuracy.

3.1. Calculation of Poynting Vector

In the forwardmodeling process, we use the velocity and quality
factor model depicted in Fig. 2, which includes the specific pa-
rameters (Vp, Vp, Qp, Qs). The size of parameter model is
2 km � 2 km, with a grid interval of 10 m. A Ricker wavelet with a
frequency of 15 Hz serves as the source. The time sampling interval
is set to 0.4 ms, and the maximum recording time is 0.8 s. A source
is set on the surface at 1 km.

We conduct calculations for the Poynting vector and generate a
snapshot of the wavefield and Poynting vector at 0.4 s, which is
illustrated in Fig. 3. Initially, we validated the superiority of the S-
wave equal tensor-based method. In Fig. 3(a) and (b), we showcase
stress (txzs) snapshots acquired through traditional methods and
those derived from S-wave equal tensor-based method. Fig. 3(a)
vividly shows there is P-wave interference in the coupled S-wave
wavefield snapshot, resulting in an inaccurate calculation of the S-
wave's Poynting vector. Utilizing the S-wave equal tensor-based
method, as demonstrated in Fig. 3(b), we successfully isolate the
S-wave wavefield, thereby eliminating P-wave interference and



Fig. 6. The migration image of layer model: (a) PP image and (b) PS image obtained by ERTM; (c) PP image and (d) PS image obtained by QERTM.
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enhancing the accuracy of Poynting vector calculations. Fig. 3(b)
displays interface artifacts, reducible through velocity model
smoothing or removable via median filtering. Given the migration
velocity model's smoothness, these artifacts do not impact the
migration process or ADCIGs extraction. Fig. 3(c)e(f) displays the x
and z components of the S-wave Poynting vector, obtained by the
traditional method and the S-wave equal tensor-based method.
Comparing Fig. 3(c), (e) with Fig. 3(d), (f) demonstrates that the S-
wave equal tensor-based method, which avoids P-wave interfer-
ence in stress, yields more accurate Poynting vectors for S-waves in
the x and z components. Next, using the parameter models shown
in Fig. 2, we evaluate the impact of attenuation effects, such as
amplitude attenuation and phase disturbance, on the Poynting
vector, as illustrated in Fig. 4. It illustrates how the attenuation
effect, which influences both the phase and amplitude of seismic
waves, impacts the Poynting vector and thus affects ADCIG
extraction. Therefore, studying ADCIG extraction from viscoelastic
media is of significant importance.

3.2. The layer model

We initially employ a layered model to evaluate the impact of
viscoelastic media on ADCIGs. The primary parameters are illus-
trated in Fig. 5, which also shows that the second layer is charac-
terized as a strongly attenuating layer. The dimensions of the
parameter model are 2 km in length and 4 km in width, with each
grid 10 m. A total of 100 sources and 400 receivers are evenly
dispersed across the surface to acquire the observed data. The
source employs a Ricker wavelet with a frequency of 18 Hz and a
time sampling interval of 1 ms.

We initially conduct tests to assess the impact of viscoelastic
media on migration imaging, with the results from both ERTM and
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QERTM illustrated in Fig. 6. In Fig. 6(a) and (b), the PP-image and
PS-images from ERTM show weaker reflective events due to the
lack of compensation capability in this method. Conversely, Fig. 6(c)
and (d) show that the QERTM-based method effectively compen-
sates for the Q effect in seismic wave propagation, enhancing the
energy of reflective events, particularly in deep imaging.

Subsequently, we assess the performance of ADCIGs (0� � 60�)
extraction methods in a comparative analysis of ERTM and QERTM,
as presented in Fig. 7. Fig. 7(a) and (b) respectively showcase a
comparison of PP-ADCIGs and PS-ADCIGs at CDP ¼ 200. Initially,
due to the attenuation compensation effect, the QERTM method
effectively enhances the deep energy in ADCIGs which is similar
with migration image. Concurrently, the attenuation compensation
effect results in more concentrated energy in large angle gathers
from ADCIGs, particularly in deeper layers of PS-ADCIGs. Moreover,
owing to the limited coverage of seismic data, the observations
mentioned are more evident in the ADCIG at CDP ¼ 350, as shown
in Fig. 7(c) and (d). The test has validated that using the Poynting
vector method for extracting ADCIGs is notably effective in visco-
elastic media, particularly achieving superior results in deeper
parts and at larger angles.

3.3. The hess model

To further evaluate practicality in more complex model with our
method, we employ the Hess model for testing. Fig. 8 presents
essential model parameters, including the P and S velocity models,
as well as the quality factor models Qp and Qs. Notably, it show-
cases the presence of two distinct and prominent attenuation
layers. Specifically, the dimensions of these models are 2.18 km and
3.62 km with a grid spacing of 10 m. The observational system
consists of 120 sources and 362 receivers, uniformly distributed



Fig. 7. The ADCIGs of layer model: (a) PP-ADCIGs and (b) PS-ADCIGs at CDP ¼ 200; (c) PP-ADCIGs and (d) PS-ADCIGs at CDP ¼ 350.
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across the surface to record observational data. The source is a
Ricker wavelet with a central frequency of 20 Hz. The temporal
sampling interval is configured at 0.4 ms, with a maximum
recording time of 1.6 s.

Fig. 9 presents the elastic wave migration images obtained by
ERTM with non-compensated viscoelastic data and migration im-
ages obtained by QERTM. It becomes evident that the images
beneath the attenuation layer in Fig. 9(a) and (b) display a notice-
able degree of blurriness and a corresponding decrease in energy.
In contrast, Fig. 9(c) and (d) demonstrate a substantial improve-
ment in this regard, which can significantly enhance the imaging
accuracy beneath the attenuation layer. Furthermore, the migration
images of salt model boundaries acquired by QERTM display
enhanced resolution, with a particularly notable improvement in
PS-image. The vertical profile at CDP ¼ 190 further clearly dem-
onstrates the compensation effect of QERTM on PP image
(Fig. 10(a)) and PS image (Fig. 10(b)). Subsequently, we conduct an
analysis of the influence of the proposed method on the extraction
of ADCIGs. In Fig. 11, we showcase the ADCIGs at CDP ¼ 260, which
are obtained by QERTM and ERTM, respectively. Both PP-ADCIGs
(Fig. 11(a)) and PS-ADCIGs (Fig. 11(b)) correspond well with the
reflection layer (red line). However, compared to ADCIGs obtained
from ERTM, QERTM achieves more effective compensation for deep
energy and offers more comprehensive information at larger
angles.
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3.4. The BP gas model

To further demonstrate the adaptability of this method to
complex models, we further apply this method to the classic BP gas
model. The velocity models for P- and S-waves, along with their
respective Quality factors Q, are illustrated in Fig. 12. These models
use a grid of 200 � 500 with a spacing of 10 m. A Ricker wavelet
with frequency 20 Hz, is utilized as the source wavelet. The sam-
pling time is set to 3 s, with a time interval of 0.6 ms.

We conduct QERTM and ERTM imaging on this synthetic data
separately, and the obtained images are displayed in Fig. 13. From
Fig. 13, it is clearly observable that, owing to the incorporation of
attenuation compensation, the deep energy in QERTM imaging is
significantly enhanced in comparison to ERTM imaging. This
enhancement is especially notable in the areas below the attenu-
ation chimney (highlighted by yellow boxes) and around acute
structures (indicated with red arrows). Additionally, as we compare
PP-ADCIGs and PS-ADCIGs at CDP ¼ 150 in Fig. 14, it becomes
apparent that the event axis of ADCIG closely aligns with the
reflection layer (red line). Furthermore, because of the attenuation
compensation effect, QERTM outperforms ERTM by better
compensating for attenuation in the ADCIGs and enhancing energy
at large angles.



Fig. 8. Viscoelastic parameters of the Hess model: (a) P-wave velocity and (b) S-wave velocity; Quality factor Q of P-wave (c) and S-wave (d).

Fig. 9. The migration image of Hess model: (a) PP image and (b) PS image obtained by ERTM; (c) PP image and (d) PS image obtained by QERTM.
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Fig. 10. The vertical profile at CDP ¼ 190 of PP image (a) and PS image (b).

Fig. 11. The ADCIGs of Hess model at CDP ¼ 260: (a) PP-ADCIGs and (b) PS-ADCIGs.
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3.5. The influence of parameters on ADCIGs

In viscoelastic media, the quality factor significantly influences
the propagation of seismic waves. Consequently, this paper uses the
layer model of section 3.2 to examines the impact of the quality
factor on ADCIGs. The quality factor Q parameters, which are used
to migration, are configured as follows in Table 1. Specifically, we
set up two cases: the quality factor Q values are all less than the true
values (small case), and the quality factor Q values are all greater
than the true values (big case). We use the true values as the
standard values. Because deep Q-value inversion has always been a
challenge in tomography and full waveform inversion, we create a
greater difference in the values of the last layer to further simulate
this challenge. Fig. 15 displays the ADCIGs from CDP ¼ 250. By
comparison, it can be found that although a smaller particle quality
factor QQQ used for migration is beneficial for energy compensa-
tion in deep PP-ADCIG and PS-ADCIG, it may cause wavefield
instability, negatively impacting their resolution. Concurrently, it
also impacts the focusing of large angle (green arrow) ADCIGs.
Furthermore, when the quality factor Q is excessively high, it fails to
achieve satisfactory compensation, yielding migration similar to
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the uncompensated ADCIGs obtained by ERTM. This observation
demonstrates that within the inversion process, opting for a rela-
tively high Q model as the initial value for inversion parameters is
optimal, as it aids in enhancing the accuracy of viscoelastic
parameter inversion.
4. Discussion

Currently, there are three categories for extracting angle-
domain common-image gathers (ADCIGs) during reverse-time
migration (Vyas et al., 2011a): direction-vector-based methods
(DVB), local-plane-wave decomposition methods (LPWD), and
local-shift imaging condition methods (LSIC). The LPWD and LSIC,
utilizing some transforms method, yielding highly comparable
angle gathers (Jin et al., 2015). The quality of ADCIGs generated by
these techniques is contingent upon the size of the local window in
which the transformations are executed. In smaller windows, both
approaches produce ADCIGs with minimal noise yet reduced
angular resolution; conversely, larger windows facilitate higher
angular resolution at the expense of introducing smeared artifacts
(Xu et al., 2011). As a comparison, the ADCIGs based on DVB have



Fig. 12. Viscoelastic parameters of the BP gas model: (a) P-wave velocity and (b) S-wave velocity; Quality factor Q of P-wave (c) and S-wave (d).

Fig. 13. The migration image of the BP gas model: (a) PP image and (b) PS image obtained by ERTM; (c) PP image and (d) PS image obtained by QERTM.
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Fig. 14. The ADCIGs of the BP gas model: at CDP ¼ 150: (a) PP-ADCIGs and (b) PS-ADCIGs.

Table 1
The quality factor Q parameters used for migration.

Case Qp (from top to bottom in four layers) Qs (from top to bottom in four layers)

Small 40, 15, 40, 15 35, 10, 35, 10
Large 100, 75, 110, 100 95, 70, 105, 95

Fig. 15. PP-ADCIGs (a) and PS-ADCIGs (b) at CDP ¼ 250 with different quality factor Q.
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the highest angle resolution. In addition, the propagation angles of
the source and receiver can be calculated using the Poynting vector-
based method (Yoon and Marfurt, 2006), the polarization vector-
based method (Zhang and McMechan, 2011a), and the instanta-
neous wavenumber vector based method (Zhang and McMechan,
2011b). Since both the Poynting vector-based method and the po-
larization vector-based method rely on amplitude gradients and
yield identical (or opposite) directions, they are regarded as vari-
ations of the same methodology, namely the amplitude-gradient
approach. The method utilizing the instantaneous wavenumber
vector relies on the instantaneous phase of the wave field in the
spatial domain, as opposed to the amplitude. At present, there
exists no quantitative calculation available for comparison among
these methods. In terms of improving resolution using DVB-based
method, two primary methods exist for enhancing the resolution
of ADCIGs (Luo et al., 2010). One approach involves calculating the
propagation angles of both the source and the receiver, which in-
cludes averaging the Poynting vectors in space over four time pe-
riods of the source wavelet (Yoon et al., 2011), a least squares
solution over a time window (Yan and Ross, 2013), or smoothing
the Poynting vectors in the space domain (Dickens and Winbow,
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2011). These techniques can significantly enhance both the reso-
lution and the signal-to-noise ratio of ADCIGs. An alternative
method presently utilized is the filtering-based approach, which
encompasses mean filtering, Gaussian smoothing, and Laplace
filtering (Chang and McMechan, 1986; Dafni and Symes, 2016).
These methods have the advantages of high computational effi-
ciency and significant resolution improvement. Due to the fact that
this paper primarily analyzes the influence of attenuative media
and adopts the correct migration velocity, we have chosen the
second method (triangular smoothing filtering) to improve reso-
lution, balancing efficiency and accuracy.

In addition, research on ADCIGs is primarily concentrated on
ensuring stability in the calculation of the Poynting vector (Vyas
et al., 2011b). This focus is due to the nature of the Poynting vec-
tor, which is derived from the product of the time and spatial de-
rivatives of the wave field. At the local extremum of the seismic
wave field, these two derivatives equate to zero, rendering the
Poynting vector incapable of providing the propagation direction at
such points. The triangular smoothing filter selected is also capable
of effectively addressing this issue (Yoon, 2017; Wu et al., 2018). In
addition, commonly used methods include optical flow (OF)
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strategies (Zhang, 2014), and time shifting approaches (Tang et al.,
2017). Enhancing the stability of Poynting vector calculations in
viscoelastic media is also a key focus of our future research (Li et al.,
2023).
5. Conclusions

We develop a Poynting vector-based method for extracting
ADCIGs in viscoelastic media. Specifically, by introducing the
viscoelastic effect of the medium during ADCIGs extraction, we can
achieve more accurate Poynting vectors compared to traditional
methods. This results in more precise calculation of P-wave and S-
wave angles. In addition, for the S-wave's Poynting vector calcu-
lation, we utilize the S-wave equal tensor to improve the accuracy
of S-wave stress, leading to a more precise S-wave Poynting vector.
Numerical experiments reveal that, in comparison to traditional
methods without compensation, the introduction of Q-compensa-
tion effectively compensates for the deep energy in offset imaging
and ADCIG, and enhances the large-angle accuracy of ADCIG.
Finally, our examination focuses on the impact of quality factors on
the extraction of ADCIGs. Finally, we assess the impact of quality
factors on the ADCIGs extraction process. We observe that smaller
quality factors tend to cause overcompensation, thereby influ-
encing the accuracy of ADCIGs more significantly than larger
inversion quality factors Q.
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Appendix A

The reverse time migration imaging in viscoelastic media in-
cludes amplitude compensation and phase correction. However,
amplitude compensation during the migration process frequently
makes the divergence of high-frequency noise, leading to numeri-
cal instability. In this paper, we employ adaptive stabilization
techniques to address this issue (Wang et al., 2018b, 2019). The
adaptive stabilization operator can be represented as:

Sðk; tÞ¼ 1
1þ s2e2x2ðkÞt

; (A-1)

where s represents a constant value in this equation, x2ðkÞt can be
described as:
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x2ðkÞt¼
1
2
c2g�1
0 u�2g

0 sinðpgÞc2jkj2gþ1: (A-2)

This coefficient will be employed to facilitate absorption attenua-
tion within the all reverse time extension process, which can be
described as:

Sðk; lDtÞ¼

8>>><
>>>:

1
1þ s2e2x2ðkÞDt

; l ¼ 1;

1þ s2e2x2ðkÞðl�1ÞDt

1þ s2e2x2ðkÞlDt
; l ¼ 2;3;…;n;

(A-3)

where l is the lth time steps. In the viscoelastic equation, both P-
wave and S-wave components share identical expression forms,
allowing for the direct application of the adaptive stabilization
operator to their backpropagated wave fields. This approach
effectively addresses the instability issues associated with ampli-
tude compensation in QERTM.
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