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ABSTRACT
Attenuation in seismic wave propagation is a common cause for poor illumination of
subsurface structures. Attempts to compensate for amplitude loss in seismic images by
amplifying the wavefield may boost high-frequency components, such as noise, and
create undesirable imaging artefacts. In this paper, rather than amplifying the wave-
field directly, we develop a stable compensation operator using stable division. The
operator relies on a constant-Q wave equation with decoupled fractional Laplacians
and compensates for the full attenuation phenomena by performing wave extrapola-
tion twice. This leads to two new imaging conditions to compensate for attenuation
in reverse-time migration. A time-dependent imaging condition is derived by apply-
ing Q-compensation in the frequency domain, whereas a time-independent imaging
condition is formed in the image space by calculating image normalisation weights.
We demonstrate the feasibility and robustness of the proposed methods using three
synthetic examples. We found that the proposed methods are capable of properly
compensating for attenuation without amplifying high-frequency noise in the data.
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INTRODUCTION

Seismic Attenuation is caused by the anelastic behaviour
of the Earth (Aki and Richards 2002; Carcione 2007).
Some prospective hydrocarbon reservoirs such as shales and
unconsolidated gas sandstones exhibit strong attenuation
described by a small quality factor Q. Attenuated seismic
data suffer from amplitude and phase distortions, which may
lead to poor illumination and misplacement of reflectors in
a migrated image. Multiple efforts have been made to com-
pensate for these effects. The earliest attempts involve inverse
Q-filtering in the data domain (Bickel and Natarajan 1985;
Hargreaves and Calvert 1991; Wang 2002). These methods
can only partially correct for attenuation due to their 1D Q

model assumption. More accurate attenuation compensation
can be performed during prestack depth migration, for
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example, ray-based methods (Xin et al. 2008; Xie et al. 2009)
and one-way wave-equation migration (Dai and West 1994;
Mittet, Sollie and Hokstad 1995; Yu, Lu and Deal 2002;
Zhang and Wapenaar 2002; Mittet 2007; Wang 2008;
Valenciano et al. 2011; Zhang, Wu and Li 2013; Shen et al.

2014).
In the context of reverse-time migration (RTM), Zhang,

Zhang and Zhang (2010) proposed a viscoacoustic wave
equation involving a pseudo-differential operator based on
the constant-Q model (Kjartansson 1979) with decoupled
effects of amplitude loss and velocity dispersion. Since
seismic energy increases with frequency during backward
propagation, Zhang et al. (2010) introduced a regularisation
process to avoid numerical instability. Suh et al. (2012)
extended the operator to vertical transverse isotropy media.
Bai et al. (2013) adopted a similar approach for attenuation
compensation in RTM but used a viscoacoustic wave
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equation without memory variables. Zhu and Harris (2014)
proposed a new constant-Q viscoacoustic wave equation
with decoupled fractional Laplacians, with separate terms ac-
counting for amplitude loss and velocity dispersion, which is
further applied for Q-compensated RTM using both synthetic
and field data (Zhu, Harris and Biondi 2014; Zhu and Harris
2015). All these approaches tend to boost high-frequency
components of the wavefield and therefore rely on low-pass
filtering to stabilise the wave extrapolation process. However,
removing the high-frequency components of the wavefield
may introduce inaccuracy and artefacts to the final image.

To avoid the difficulty in stabilising the wave propa-
gation, Fletcher, Nichols and Cavalca (2012) proposed to
design separate amplitude and phase filters calculated from
running an acoustic wave extrapolation twice. The filters are
then applied to source and receiver wavefields before imaging
to obtain a Q-compensated image. The filtering approach is
based on attenuated travel times along wavepaths and there-
fore may not completely handle multipathing or large varia-
tions in the Q model. To implement stable Q-compensation
RTM in tilted transversely isotropy media, Xie et al. (2015)
employed amplitude spectrum compensation by dividing the
amplitude spectrum of acoustic wavefield with that of vis-
coacoustic wavefield. One major issue with this method is
that the square of the amplitude spectrum ratio between the
acoustic and viscoacoustic wavefields is used to scale the vis-
coacoustic wavefield, but the viscoacoustic wavefield suffers
from a secondary attenuation, which could lead to unrecov-
erable loss of high-frequency signal in the data. Additionally,
amplitude spectrum compensation performs division in the
temporal frequency domain, which is challenging for mem-
ory because it may require access to the entire wavefield
history. The computational cost of the two aforementioned
approaches is approximately twice the cost of conventional
RTM. Alternatively, Dutta and Schuster (2014); Sun, Zhu and
Fomel (2014); Sun et al. (2016) adopted a least-squares RTM
(LSRTM) approach to iteratively compensate for attenuation
based on standard linear solid (SLS) model with one relaxation
mechanism and constant-Qviscoacoustic wave equation (Zhu
and Harris 2014), respectively. LSRTM generally can achieve
highly accurate results without instability issues but at the cost
of multiple RTMs.

In this paper, based on our previous work (Sun and
Zhu 2015), we develop two attenuation compensation op-
erators that correct for both amplitude loss and velocity dis-
persion in a stable manner. When applied to RTM, it leads
to two kinds of Q-compensated imaging conditions, namely,
time-dependent and time-independent. The time-dependent

imaging condition operates in the data space by calculat-
ing frequency-dependent Q-compensation weights based on
a stable division of the amplitude spectrums of two sepa-
rately propagated wavefields, i.e., the velocity-dispersion-only
wavefield and viscoacoustic wavefield. For efficiency, it can
be approximated by performing smooth division of wave-
fields in the time domain. The time-independent imaging
condition can be formulated as a normalisation scheme by
performing the division in the model (image) space and, there-
fore, can also be used for preconditioning LSRTM. We also
derive the corresponding deconvolution imaging condition
and source illumination, which further reduce the computa-
tional cost by 25%. We use three synthetic examples to test the
accuracy of the proposed method in application to modelling
and imaging in attenuating media.

THEORY

Q-compensated reverse-time migration in viscoacoustic
media

We first briefly review the basic principles of Q-compensated
reverse-time migration (RTM).

Based on the constant-Qmodel, in which the attenuation
coefficient is linear with frequency (Kjartansson 1979), Zhu
and Harris (2014) derived an approximate constant-Q wave
equation with decoupled fractional Laplacians:

1
c2

∂2 P
∂t2

= ∇2 P + β1{η(−∇2)γ+1 − ∇2}P

+ β2τ
∂

∂t
(−∇2)γ+1/2 P , (1)

where P(x, t) is the pressure wavefield, γ is a dimensionless
parameter that relates to the inverse of the quality factor Q,

η(x) = −c2γ (x)
0 ω

−2γ (x)
0 cos(πγ (x)) , (2)

τ (x) = −c2γ (x)−1
0 ω

−2γ (x)
0 sin(πγ (x)) , (3)

c2(x) = c2
0(x) cos2(πγ (x)/2) , (4)

γ (x) = arctan(1/Q(x))/π , (5)

and c0(x) is the velocity model defined at a reference frequency
ω0. When Q is finite, the wave equation involves fractional
powers of the Laplacian operator.

The merit of equation (1) is that the β1 and β2 terms
separately govern the velocity dispersion and amplitude loss
phenomena of seismic attenuation (Zhu and Harris 2014).
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Table 1 Different combinations of the β1 and β2 parameters and their
corresponding wave propagation effects

β1 β2 Effect

0 0 acoustic
1 1 viscoacoustic
1 0 velocity-dispersion-only
0 1 amplitude-loss-only
1 −1 Q-compensated

Different combinations of the parameters and their corre-
sponding effects to wave propagation are summarised in
Table 1. Note that, for attenuation compensation during back-
ward propagation, the sign of β1 must be kept unchanged to
counteract the dispersion effects. To approximate the frac-
tional Laplacian operators accurately, we adopt the low-rank
one-step wave extrapolation method to solve equation (1)
(Sun and Fomel 2013; Sun, Zhu and Fomel 2015b).

To achieve accurate compensation along the entire
wavepath, Zhu et al. (2014) and Sun et al. (2015b) ap-
plied the Q-compensated operator to both source and re-
ceiver wavefield extrapolations to implement Q-RTM. The
cross-correlation imaging condition in acoustic media can be
expressed as (Claerbout 1985)

I(x) =
∑

i

∑
t

S∗
i (x, t) Ri (x, t) , (6)

where Si (x, t) is the source wavefield, Ri (x, t) is the receiver
wavefield, and i is the shot number. Superscript ∗ denotes
complex conjugate in the case of a complex-valued wavefield
required by the low-rank one-step method (Sun and Fomel
2013). The summation is performed over all the time and shot
locations. For viscoacoustic media with a homogeneous atten-
uation factor α, the receiver wavefield calculated by backward
propagating the attenuated data carries an amplitude loss fac-
tor accumulated along the entire wavepath, which can be rep-
resented symbolically as

R̂i (x, t) = Ri (x, t) e−α(LD+LU ) , (7)

where LD denotes the down-going wavepath and LU denotes
the up-going wavepath. Q-RTM seeks to achieve the following
Q-compensated imaging condition:

Ic(x) =
∑

i

∑
t

S∗
i (x, t) R̂i (x, t) eα(LD+LU ) = I(x). (8)

The Q-compensated image gets corrected for the amplitude
loss in the data and is therefore better illuminated. However,
the straightforward implementation of equation (8) relies on
the use of the Q-compensated wave extrapolation operator,

which contains an exponentially growing term that amplifies
the wavefield at each time step. In practice, such an operator
is prone to numerical stability issues due to the fast-growing
high-frequency components and thus requires low-pass filter-
ing to stabilise the process. Zhu (2016) demonstrated that
the relaxation of the low-pass filter can recover the higher
frequencies; on the other hand, a low cutoff frequency tends
to compromise the benefits of full attenuation compensation.
Additionally, the artificial removal of high-frequency compo-
nents may introduce inaccuracy and artefacts into the propa-
gating wavefield and the final image.

Stable Q-compensation operator

An examination of the options listed in Table 1 suggests that,
to compensate for attenuation, we can combine two stable
operators, namely, the velocity-dispersion-only wave extrap-
olation operator and viscoacoustic wave extrapolation oper-
ator. Both operators account for velocity dispersion effects;
therefore, they will generate wavefield with the same phase.
By performing wave propagation twice, a proper compensa-
tion operator can be computed by taking the stable division
between the amplitude spectrum of two wavefields:

A(x, ω) = 〈Pd(x, ω) Pv(x, ω)〉
〈P2

v (x, ω)〉 + ε2
, (9)

where Pd(x, ω) represents the velocity-dispersion-only wave-
field, Pv(x, ω) represents the viscoacoustic wavefield, and an-
gle brackets denote smoothing. Smoothing is applied along the
spatial dimensions, and the radius depends on the dominant
frequency of the wavefield. Parameter ε is used as a damping
factor to stabilise the division. The Q-compensated wavefield
can thus be formed as

Pc(x, ω) = A(x, ω) Pd(x, ω), (10)

where Pc(x, ω) is the resulting Q-compensated wavefield.
Similar to equation (9), the Q-compensation operator of

Xie et al. (2015) can be expressed as follows:

Pc(x, ω) =
( 〈Pa(x, ω) Pv(x, ω)〉

〈P2
v (x, ω)〉 + ε2

)2

Pv(x, ω). (11)

Note that the major difference between our method with that
of Xie et al. (2015) is that we use the dispersion-only wave-
field instead of the acoustic wavefield in the numerator due
to the ability of decoupling the amplitude loss and velocity
dispersion effects in wavefield simulation. Consequently, the
scaling can be applied on the dispersion-only wavefield instead
of the viscoacoustic wavefield and is thus better at preserving
high-frequency signal in the data.
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(a) (b)

Figure 1 Three-layer velocity model and a rectangular Q model.

One caveat of performing stable division in the frequency
domain (see equation (9)) is that for real-data applications it
may quickly become impractical to store the entire wavefield
history or its frequency spectrum in the memory, and check-
pointing is unlikely to help in this situation (Symes 2007). In
such cases, we propose to approximate the operator in equa-
tion (9) by stable division in the time domain as follows:

A(x, t) = 〈Pd(x, t) Pv(x, t)〉
〈P2

v (x, t)〉 + ε2
. (12)

Equation 12 does not require wavefields to be stored in
memory. They can be instead reconstructed from checkpoints
(Symes 2007) or saved boundaries (Dussaud et al. 2008). This
reduces the memory complexity of the frequency-domain for-
mulation (9). In this paper, to accurately perform stable divi-
sion (equations (9) and (12)), we employ smooth division by
shaping regularisation (Fomel 2007a, b):

A = [
λ2 I + S

(
PT

v Pv − λ2 I
)]−1

S PT
v Pd , (13)

where S is a smoothing operator, Pv and Pd are diagonal ma-
trices, and λ = ‖Pv‖2.

Stable Q-compensated imaging conditions

We propose the following algorithm as a stable implementa-
tion of Q-compensated RTM.

1. Compute the source compensation operator As
i (x, ω) and

apply it on the dispersion-only source wavefield:

Sci
(x, ω) = Asi

(x, ω)Sdi
(x, ω) . (14)

2. Compute the receiver compensation operator Ar
i (x, ω) and

apply it on the dispersion-only receiver wavefield:

R̂ci
(x, ω) = Ari

(x, ω)R̂di
(x, ω) , (15)

where the hat indicates seismic attenuation carried in data (see
equation (7)).
3. Apply the cross-correlation imaging condition:

I1(x) =
∑

i

∑
t

S∗
ci

(x, t)R̂ci
(x, t) , (16)

where the source wavefield Sdi
(x, t) and the receiver wave-

field R̂di
(x, t) are computed by the velocity-dispersion-only

operator.

The imaging condition in equation (16) is time depen-
dent since it relies on the amplitude spectrum compensation
in the frequency domain. Theoretically, it achieves the same
effect of accurate attenuation compensation as in equation
(8) but using numerically stable operators, i.e., equations (9)
and (12).

Alternatively, image weights can be calculated outside of
the summation over time. This means that, instead of calcu-
lating and applying the Q compensation operators Asi

(x, ω)
and Ari

(x, ω) prior to imaging, we can separately perform
two RTMs using the velocity-dispersion-only wave equation
and viscoacoustic wave equation, respectively, and then com-
pute an image weighting function W(x) by smoothly divid-
ing Id(x) and Iv(x, t), where Id(x) is the image produced by
velocity-dispersion-only RTM and Iv(x) is the image produced
by viscoacoustic RTM. The Q-compensated image can be then
calculated as

I2(x) =
∑

i

Wi (x)Idi
(x). (17)

Equation 17 is time independent and more convenient to im-
plement because the compensating operator is now in the
model space. Alternatively, a non-stationary matching filter,
e.g. Guitton (2004), can be used in place of the weighting
function W(x) for optimal results.

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 2 Snapshots of the source wavefield, receiver wavefield, and cross-correlation imaging condition obtained by different operators at
t = 0.61 seconds: (a)–(c) the velocity-dispersion-only operator using data without amplitude loss as a reference; (d)–(f) the velocity-dispersion-
only operator using attenuated data; and (g)–(i) the stable Q-compensated operator (time-dependent imaging condition) using the attenuated
data.

The smooth division approach to image compensation is
reminiscent of the illumination-based diagonal normalisation
scheme (Rickett 2003; Symes 2008). Due to the convenience
of a velocity-dispersion-only modelling operator, our weight-
ing function is inexpensive to compute. It can be used as an
efficient preconditioner for least-squares RTM in attenuating
media (Sun, Fomel and Zhu 2015a).

The computational cost of both the proposed operators
are effectively two RTMs. This cost can be further reduced to
1.5 RTMs by employing a deconvolution imaging condition

since only the receiver wavefield needs to be compensated for
attenuation as follows:

I3(x) =
∑

i

∑
t

R̂ci
(x, t)

Svi
(x, t)

=
∑

i

∑
t

Rdi
(x, t)

Sdi
(x, t)

. (18)

The last equality means that the Q-compensated deconvo-
lution imaging condition theoretically can achieve the same
result as if there were no attenuation in the data. To see this,

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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(a) (b)

(c) (d)

(e)

Figure 3 Images obtained using different kinds of operators. (a) Reference RTM image. (b) Image obtained by velocity-dispersion-only RTM.
(c) Image obtained by the imaging condition in equation (16). (d) Image obtained by the imaging condition in equation (17). (e) Image obtained
by the method of Xie et al. (2015).
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(a)

(b)

Depth (m)

Distance (m)

Figure 4 Slices extracted from the images in Fig. 3: (a) vertical slice at X = 850 m across the second reflector and (b) horizontal slice at
Z = 1250 m. The black solid line corresponds to the reference image, the pink fine dash line corresponds to the image without compensation,
the blue dash line corresponds to the time-dependent imaging condition (frequency domain), the cyan dot dash line corresponds to the time-
independent imaging condition, the green dash line corresponds to the approximate time-dependent imaging condition (time domain), and the
red dash line corresponds to the method of Xie et al. (2015).

expand the expression denoted by the hat and subscripts c

and v as follows:

R̂ci
(x, t)

Svi
(x, t)

=
Rdi

(x, t)eαLU e−α(LD+LU )

Sdi
(x, t)e−αLD

=
Rdi

(x, t)

Sdi
(x, t)

. (19)

The corresponding imaging condition with source illumi-
nation is

I4(x) =
∑

i

∑
t Svi

(x, t)R̂∗
ci

(x, t)∑
t Svi

(x, t)S∗
vi

(x, t)
. (20)

Both equations (19) and (20) do not require the computa-
tion of the source wavefield using the velocity-dispersion-only
operator, saving 25% of the total cost.

NUMERICAL EXA MPL ES

In the following examples, we focus on testing the cross-
correlation imaging conditions (equations (16) and (17)).
The deconvolution imaging condition and source illumina-
tion can be similarly computed with a cheaper cost. We use

the velocity-dispersion-only operator instead of the acoustic
operator to generate the reference data and images used in all
the examples. The reason is that strong attenuation may cause
changes to reflectivity, and by keeping the velocity-dispersion
effect unchanged, we can focus on investigating the amplitude
variation.

Simple three-layer model

In the first example, we use a simple three-layer model with
a rectangular Q model (Fig. 1). The second reflector locates
within the attenuation zone. The model is discretised on a
140 × 140 grid with a 12.5-m spacing in both vertical and hor-
izontal directions. The source wavelet is a Ricker wavelet with
a 20-Hz peak frequency. To anatomise Q-compensated imag-
ing condition, Fig. 2 shows wavefields and their correspond-
ing image contributions at t = 0.61 seconds for three different
cases. In the first row, as a reference, velocity-dispersion-only
reverse-time migration (RTM) is applied to data without am-
plitude loss, i.e., data modelled with the velocity-dispersion-
only operator. In the second row, velocity-dispersion-only

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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(a) (b)

(c) (d)

(e) (f)

Figure 5 (a) BP gas cloud velocity model. (b) Corresponding Qmodel. (c) Reference image obtained by velocity-dispersion-only RTM using data
without amplitude loss. (d) Image obtained by velocity-dispersion-only RTM using attenuated data. (e) Image obtained by the time-dependent
imaging condition using attenuated data. (f) The image obtained by the time-independent imaging condition using the attenuated data.

RTM is applied to the attenuated data. Both the source and re-
ceiver wavefields have the correct phase, but amplitude is not
compensated. Therefore, the source wavefield has the similar
amplitude as the reference, whereas the receiver wavefield suf-
fers from amplitude loss accumulated along the entire wave
path due to the attenuated data. As a result, the cross cor-
relation of source and receiver wavefields leads to a poorly
illuminated reflector compared with the reference. In the third
row, Q-compensated RTM with time-dependent imaging

condition (equation (16)) is applied to the attenuated data.
Compared with the velocity-dispersion-only case, both the
source and receiver wavefields are amplified in amplitude in
order to compensate for amplitude loss along the both the
downward and upward travelling paths. Compared with the
reference, the receiver wavefield is still weaker in amplitude
since backward extrapolation of the receiver wavefield only
compensates for the upward travelling part of the atten-
uation. After the cross-correlation imaging condition, the

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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Figure 6 Vertical slice at X = 2475 m. The black solid line corresponds to the reference image, the pink fine dash line corresponds to the image
without compensation, the blue dash line corresponds to the time-dependent imaging condition, the cyan dot dash line corresponds to the time
independent imaging condition, and the green dash line corresponds to the approximate time-dependent imaging condition.

Q-compensated RTM correctly recovers the original ampli-
tude of the reflector as in the reference image.

The reference RTM image calculated using data without
amplitude loss shows both reflectors clearly (Fig. 3a). For
viscoacoustic data, if we do not compensate for amplitude

loss, the image will suffer from poor illumination at the second
reflector (Fig. 3b). Both the time-dependent imaging condition
(equation (16)) and the time-independent imaging condition
(equation (17)) successfully recover the reflector amplitude
(Figs. 3c and 3d).

(a)

(b)

Figure 7 (a) Marmousi velocity model. (b) Corresponding Q model.

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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(a)

(b)

(c)

(d)

Figure 8 (a) Reference image obtained by velocity-dispersion-only RTM using data without amplitude loss. (b) Image obtained by velocity-
dispersion-only RTM using attenuated data. (c) Image obtained by the time-dependent imaging condition using the attenuated data. (d) Image
obtained by the time-independent imaging condition using the attenuated data.

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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Figure 9 Vertical slice at X = 6000 m. The black solid line corresponds to the reference image, the pink fine dash line corresponds to the image
without compensation, the blue dash line corresponds to the time-dependent imaging condition, the cyan dot dash line corresponds to the
time-independent imaging condition, and the green dash line corresponds to the approximate time-dependent imaging condition.

Finally, to compare with the method proposed by Xie
et al. (2015), we produce the image from the Q-compensated
wavefields calculated by equation (11), as shown in Fig. 3e.
Figure 4 shows the vertical and horizontal slices through the
second reflector. The time-dependent imaging condition re-
covers the reflector amplitude almost perfectly (blue lines),
whereas the time-independent imaging condition produces a
slightly lower amplitude (cyan lines). The method of Xie et al.

(2015), in this noise-free case, produces results (red lines)
similar to but slightly inferior those of the time-dependent
imaging condition. We also perform the time-dependent imag-
ing condition using its time-domain approximation (equa-
tion (12)) (green lines), which still performs better than the
time-independent imaging condition but slightly inferior to
the original operator.

BP gas cloud model

For the second test, we select a portion of the BP 2004 bench-
mark velocity model (Billette and Brandsberg-Dahl 2004)
(Fig. 5a). A corresponding Q model was generated by Zhu
et al. (2014) (Fig. 5b). The model contains a gas chimney with
high attenuation. The model is discretised on a 171 × 398 grid
with a 12.5-m spacing in both vertical and horizontal direc-
tions. A total of 31 shots are spaced with a 162.5-m interval.
The source wavelet is a Ricker wavelet with a 22.5-Hz peak
frequency. A reference image (Fig. 5c) is produced from data
without attenuation. When velocity-dispersion-only RTM is

applied to viscoacoustic data without compensating for am-
plitude loss, the resulting image suffers from poor illumination
(Fig. 5d). In contrast, both of the proposed cross-correlation
imaging conditions are capable of properly recovering im-
age amplitudes (Figs. 5e and 5f). For a trace-by-trace com-
parison at X = 2475 m, we can observe that both imaging
conditions (blue and cyan lines) produce accurate image am-
plitude and phase (Fig. 6). The result calculated by the ap-
proximate time-dependent imaging condition is also shown in
Fig. 6 (green line), which again performs similar to the original
operator.

Marmousi velocity and Q model

In the last example, we use a more complex Marmousi veloc-
ity model (Fig. 7a) and a corresponding Q model (Fig. 7b).
The model has three highly attenuative zones in the shallow
parts of the model, i.e., a pattern commonly caused by the
presence of a gas accumulation. The model is discretised on a
241 × 961 grid with a spacing of 12.5 m in both horizontal
and vertical directions. A total of 42 shots with a horizontal
spacing of 287.5 m were used, starting from 25 m, and the
source is a Ricker wavelet with a peak frequency of 17.5 Hz.
Receivers have a spacing of 12.5 m, starting from 0 m and
ending at 12000 m. For simplicity of modelling, both sources
and receivers are located at a depth of −62.5 m, where
the negative sign indicates above the surface. The data have
a temporal sampling rate of 2 ms, with a total length of

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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(a)

(b)

Figure 10 (a) Image obtained by conventional Q-RTM using the attenuated data with random noise. (b) Image obtained by the time-dependent
imaging condition using the attenuated data with random noise.

8 seconds. First, velocity-dispersion-only modelling is used
to generate reference data, and then viscoacoustic modelling
is used to generate viscoacoustic data, accounting for ampli-
tude loss caused by seismic attenuation during wave propa-
gation. We first apply velocity-dispersion-only RTM on the
non-attenuated data to generate a reference image (Fig. 8a).
The image generated by velocity-dispersion-only RTM using
attenuated data (Fig. 8b) suffers from a lack of illumination
within and below the attenuative region. Using the proposed
imaging conditions, illumination below the attenuative region
is dramatically improved (Figs. 8c and 8d). Compared with
the non-compensated case, the amplitude of the parallel nor-
mal faults and anticline structures has been mostly recovered,
and image resolution inside and below gas has been greatly
enhanced. For this example, we also extract image traces at
X = 6000 m and compare them in Fig. 9. Again, both imag-
ing conditions (blue and cyan lines) produce accurate image

amplitude and phase, and the result calculated by the ap-
proximate time-dependent imaging condition (also shown in
Fig. 9 in green) produces similar result compared with the
original operator. Finally, we add random noise to the vis-
coacoustic shot gather with a signal-to-noise ratio (S/N) of 1.
We first perform conventional Q-RTM with a relatively con-
servative wavenumber-domain tapering technique to stabilise
Q-compensated wave extrapolation. The cutoff wavenumber
is calculated based on the cutoff frequency over the maximum
velocity of the model (Zhu et al. 2014). The taper used in
this example is a Tukey window with a cutoff frequency of
100 Hz. As shown in Fig. 10a, conventional Q-RTM with
a tapering strategy tends to amplify the high-frequency com-
ponent in the data, therefore amplifying the contribution of
random noise to the stacked image. On the other hand, as
shown in Fig. 10b, stable Q-RTM using amplitude spectrum
scaling generates similar results to the noise-free case (Fig. 8c),

C© 2017 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1–14
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which indicates the robustness of the proposed method in the
presence of noise.

CONCLUSIONS

We have introduced stable operators for attenuation com-
pensation in viscoacoustic media. Attenuation compensation
can be done by taking advantage of the dispersion-only vis-
coacoustic wave equation, which avoids the amplification of
wavefield explicitly, i.e., forms a stable operator. Based on
the stable operators, we have formulated two new imaging
conditions for stable Q-compensation in reverse-time migra-
tion (RTM) at the cost of 1.5 to 2 conventional reverse-time
migrations (RTMs). The time-dependent imaging condition is
based on amplitude spectrum scaling. For practical implemen-
tations, we have proposed to approximate it by smooth divi-
sion of wavefields in the time domain. The time-independent
imaging condition, on the other hand, is computed in the
model space by image normalisation and can be used as pre-
conditioners for least-squares RTM and full-waveform inver-
sion (FWI) in attenuating media. We have also derived the
corresponding deconvolution imaging condition and source
illumination, which can be computed at the cost of only 1.5
conventional RTMs. Using numerical examples, we demon-
strate that the proposed Q-compensated imaging conditions
are capable of accurately and stably recovering the image am-
plitude loss caused by attenuation in the data.
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