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a b s t r a c t

Common artifacts existing in anisotropic elastic reverse time migration (ERTM) image are mainly cross- 
talk artifacts, false images and low-frequency noise. To address these problems, we propose a new 
elastic wave decomposition approach in vertical transversely isotropic (VTI) media, which decompose 
original elastic wavefield  into up-/down-going P-wave and S-wave components for ameliorating im
aging artifacts in ERTM. We first  apply a space-domain VTI P/S wave-mode decomposition operator, 
reducing the cross-talk artifacts of ERTM image. Then, we derive the dispersion relation formulation of 
P-wave and S-wave which are used to construct Hilbert transformed operators in VTI media. For 
adapting to complex model, the first-order Taylor expansion around anisotropic parameter is applied to 
these derived P/S wave Hilbert transformed operators. We therefore present an up/down wavefield 
separation operator for VTI media that requires solving the wave equation only once, computing both 
the original wavefield and its Hilbert transform. This up/down going separated operator can be used to 
suppress false images and low-frequency noise of ERTM images. Finally we embed proposed up/down 
going wave separation into P/S wave-mode decomposition and develop a new elastic wave decom
posing approach, which can efficiently improve the image quality in VTI ERTM. Simple and complex 
synthetic models demonstrate the effectiveness of our method.
© 2026 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-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Compared to acoustic reverse time migration (ARTM), elastic 
reverse time migration (ERTM) demonstrates superior capabilities 
in lithology characterization and complex velocity contrast area 
imaging, such as sweet spot (Tang et al., 2009) and gas chimney 
zones identification (Caldwell, 1999; Granli et al., 1999; Liu, 2019; 
Zhao et al., 2018a). In ERTM, P-waves typically yield images with 
high illumination and energy, while P-to-S converted waves 
enhance imaging resolution owing to their short wavelengths. The 

application of P/S wave-mode decomposition leads to marked 
improvements in ERTM images (Zhou et al., 2022; Zhang et al., 
2022b).

For P/S wave-mode decomposition in isotropic media, Helm
holtz decomposition (Morse and Feshbach, 1953; Dellinger and 
Etgen, 1990; Sun et al., 2001) is commonly used for generating 
scalar P and vector S waves. To ensure the vectorial equivalence to 
the original wavefield, Zhu (2017) developed a vector decompos
ing approach via building Poisson equation. Furthermore, this 
method is improved by Zhao et al. (2018b) and Yang et al. (2018)
via time integration in wavelet and seismic records. While in 
anisotropic media, Helmholtz decomposition fails to properly 
decouple P/S wave-modes due to the misalignment between 
elastic wave propagation and polarization directions (Tsvankin, 
2012). Dellinger and Etgen (1990) calculated a VTI P-wave 
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decomposing operator from Christoffel equation, delineating a 
principled framework for elastic wave decomposition in aniso
tropic media. Subsequently, Zhang and McMechan (2010) derived 
a wavenumber domain P/S wave decoupling formula via solving 
Christoffel equation. To adapt to heterogeneous media, many 
useful mathematical tools (Yan and Sava, 2009; Cheng and Fomel, 
2014; Yu et al., 2016; Wang et al., 2018; Yang et al., 2019; Zhang 
et al., 2022a, 2023b; Zheng and Yao, 2023; Fang et al., 2024; Liu 
et al., 2024) are proposed to help decouple P/S waves in complex 
anisotropic models. Moreover, in order to improve efficiency, a 
Poynting-based Helmholtz decomposition algorithm are devel
oped to solve the anisotropic vector P/S waves (Tang et al., 2009; 
Lu et al., 2019; Zhang et al., 2023a; Yao et al., 2024; Fan et al., 
2024; Fang et al., 2025). They start to fastly calculate approxi
mate P-wavefield  and utilize it to obtain accurate propagating 
angles. These angles are finally used to calculate correct P/S waves. 
This method is efficient  but easily disrupted by complex 
waveforms.

In addition to anisotropic P/S wave-mode decomposition, 
ERTM is also contaminated with low-frequency noise and false 
images. The former term results from identical wave propagation 
paths in both source and receiver wavefields,  while the latter 
arises from encountering strong velocity contrasts within the 
migration model (Fei et al., 2014). To suppress these artifacts, 
geophysicists propose many effective methods such as non- 
reflection  wave equation (Baysal et al., 1984), Laplace filtering 
(Zhang and Sun, 2009) and up/down going wavefield separation 
(Liu et al., 2011; Shen and Albertin, 2015; Zhang et al., 2021). 
Compared to other methods, up/down going wave separation 
demonstrates superior performance in suppressing false interface 
and low-frequency contamination in RTM results, without 
compromising the original seismic bandwidth. Liu et al. (2011)
developed an implicit up/down wavefield  separation, serving as 
RTM imaging condition. Fei et al., 2015 presented deprimary im
aging method, suggesting only correlating down-going source 
wavefield with up-going receiver wavefield. To obtain explicit up/ 
down going waves, Shen and Albertin (2015) used Hilbert trans
formed wavelet for additional once wavefield extrapolation with 
acoustic equation. Wang et al. (2016) extended explicitly up/down 
separation to isotropic elastic media. However, the twice wavefield 
extrapolation require much computation and memory especially 
in 3D space. To improve the efficiency, Revelo and Pestana (2019)
proposed single propagation-based up/down wavefield separation 
approach for acoustic RTM imaging. They utilize acoustic disper
sion relationship to calculate Hilbert transformed wavefields  in 
temporal direction instead of solving the wave equation again. 
However, efficient  explicit up/down separation in anisotropic- 
elastic media remains an open challenge and requires further 
investigation.

In this paper, we extend Zhang et al. (2023a)'s method to pure 
space domain via eliminating the phase-angle compensated term, 
which compute vector P/S wavefields with approximated ampli
tude and correct travel time. Then, we propose an efficient  VTI 
elastic up/down going wave separating operator. We also embed 
this separating operator into P/S wave-mode decomposition 
formulation. A highly efficient  up/down P/S wave-mode decom
position approach is developed and successfully applied in VTI 
ERTM.

The structure of our paper is shown as follows: We first 
introduce P/S wave-mode decomposition approach. Then a VTI 
elastic up/down going separated operator is presented and embed 

into P/S decoupling formula. Simple and complex models are 
finally used to test our proposed method.

2. Efficient P/S wave-mode decomposition approach in VTI 
media

Decoupling P/S waves during propagation requires determining 
their polarized directions. In VTI media, the P/S wave polarization 
vector and dispersion formulation can be calculated from Chris
toffel equation and expressed as (Tsvankin, 2012; Zhang et al., 
2022a) 
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⎢
⎢
⎢
⎢
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and 

ρω2 = ρv2
p

[
(1 + 2ϵ)k2

x + k2
z

]
;

ρω2 = ρv2
s

[
k2

x + k2
z

]
;

(2) 

The detailed derivation of Eqs. (1) and (2) can be found in Zhang 
et al. (2022a). DP and DS of Eq. (1) are the P- and S-waves polari
zation vectors, respectively. As shown in Eq. (2), it represents the 
dispersion relationship of the P- and S-waves. kx and kz are x- and 
z-components of wavenumber, vp and vs are vertical P- and S-wave 
velocities, ϵ and δ are anisotropic parameters, ρ is the density, and 
ω is circular frequency.

Elastic vector wavefield  U is built as summation of P- and S- 
waves, which is expressed as 

U = UP + US; (3) 

where UP and US are vector P- and S-wavefield  in wavenumber 
domain. The projection of U, UP and US onto polarization vectors 
(Eq. (1)) gives 

DP⋅U = DP⋅UP;

DS⋅U = DS⋅US;

DS⋅UP = 0;
DP⋅US = 0:

(4) 

The unknown variables of Eq. (4) are vectors UP and US and 
their solutions are expressed as 

UP = DP
(

DP⋅UP
)/

|DP|2;

US = DS
(

DS⋅US
)/

|DS|2;
(5) 

Eq. (5) is P/S wave decomposing formulation in the wave
number domain. The difficulty of implementation for this formula 
is to deal with the denominators |DP|2 and |DS|2 (apparently 

|DP|2 = |DS|2 = k2
x + r2k2

z ). Noting that these denominators mainly 
influence the amplitudes and frequency band of decomposed P/S 
wavefields, we rewrite Eq. (5) as 
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with 

|K1|
2
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p

[
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]
;
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2
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]
:

(7) 

It is worthy noting that the wavenumber components kx and kz 

are canceled out in |
K1|

2

|DP
|
2 and |

K2|
2

|DS
|
2 due to k2

x=k2
z = tan2θ (θ is the 

phase velocity angle) (Zhang et al., 2023a). Therefore, |K1 |
2

|DP
|
2 and |K2|

2

|DS
|
2 

solely affect the amplitudes of the decomposed P-waves and S- 
waves, keeping their phases or travel time. This means we can 
remove those two terms in Eq. (6) and shall not impact on the 
ERTM image in anisotropic media.

After eliminating |K1|
2

|DP
|
2 and |K2|

2

|DS
|
2 in Eq. (6), we convert it to space 

domain as 

up(x; t) = ∇p(∇p⋅u
′′

(x; t));
us(x; t) = ∇s(∇s⋅u

′′

(x; t));
(8) 

where up and us are vector P- and S-wavefield in the space domain, 
u″ is the inverse Fourier transform of U/ω2, x = (x, z) is two- 
dimensional Cartesian coordinate, t is time. To avoid storing full 
wavefields  and performing FFT (fast Fourier transform)-based 
computations, u″ can be efficiently derived by temporally extrap
olating the elastic wavefield using a twice-integrated wavelet (or 

seismic records in recever side). ∇p = [∂x r∂z]
T and 

∇s = [r∂z − ∂x]
T are P/S wave decomposing operators in space 

domain, ∂x and ∂z are 1-order partial derivative in x- and z-axis 

direction. r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[(1+2δ)v2

p − v2
s ][v2

p − v2
s ]

√

(1+2ϵ)v2
p − v2

s 
is the model coefficient.  The 

decomposed P/S wavefields  produced by Eq. (8), with correct 
travel times, phases, and approximated amplitudes, are obtained 
through only a few partial differential calculations, providing 
sufficient accuracy for ERTM imaging.

3. Up/down wavefield separation approach in elastic VTI 
media

Conventional cross-correlation image condition usually gener
ates low-frequency noise and false images. To solve this problem, 
up/down wavefield  separation imaging condition is proposed in 
RTM as 

I(x) =
∫ T

0
Sd(x; t)Ru(x; t)dt; (9) 

where I(x) is RTM image, Sd(x, t) is the down-doing wavefield and 
Ru(x, t) is the up-going receiver wavefield. Eq. (9) mitigates com
mon artifacts in conventional reverse-time migration (RTM) by not 
only avoiding the correlation of source and receiver wavefields 
along identical propagation paths but also suppressing spurious 
imaging effects through the targeted correlation of up-going 

source waves with down-going receiver waves at strong gradient 
interfaces.

To explicitly obtain the up/down wavefield, Shen and Albertin 
(2015) developed a separating formulation as 

Sd(x; t) =
1
2
(1 + HzHt)S(x; t);

Ru(x; t) =
1
2
(1 − HzHt)R(x; t);

(10) 

where Hz and Ht are the Hilbert transform along z-axis and tem
poral direction. For the implementation of operator Ht, it requires 
to perform Hilbert transform on source wavelet and then extrap
olate additional source wavefield.  The same way also needs in 
receiver wavefields.  This is effective but requires substantial 
computation and memory especial in elastic media. An alternative 
method for acoustic media is to calculate the Hilbert transformed 
wavefield during the propagation (Zhang and Zhang, 2009; Revelo 
and Pestana, 2019). In this paper, we aim to extend it to elastic VTI 
media.

To start with, the operator HzHt can be defined in wavenumber- 
frequency domain as 

HzHt =
ikz

|kz|

iω
|ω|
; (11) 

where i =
̅̅̅̅̅̅̅
− 1

√
. In terms of Eq. (2), we replace ω of Eq. (11) with 

wavenumber and model parameters as 
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P
=
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where (HzHt)
P and (HzHt)

S are Hilbert transform operators for P- 
and S-wave, respectively. Note that model parameter ϵ exists in 
denominator of Eq. (12a), limiting this formula to homogeneous 
media. According to weakly anisotropic assumption (Thomsen, 
1986), we perform first-order  Taylor expansion on Eq. (12a)
around ϵ = 0 and then convert Eq. (12) into space-wavenumber 
domain as 

(HzHt)
P
=

1
vp

⎡
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⃒
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(13a) 
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∂z

∂
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where ∂z and ∂t is 1-order derivative along z-axis and temporal 
direction. Using Eq. (13), the Hilbert transformed wavefield 
required in Eq. (10) can be calculated during single propagation, 
instead of additionally solving wave equation. The detailed 
workflow  of Eqs. (10) and (13) is shown in Algorithm 1. As 
observed, only once forward and two inverse FFTs are required for 
P- (Eq. (13a)) and S-wavefield (Eq. (13b)) separation, 
respectively.
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In last subsection, we propose a vector P/S wave-mode 
decomposition method that produces four wave components up

x , 
up

z , us
x and us

z (Eq. (8)). Performing Algorithm 1 on each of those 
waves will generate much computation. To improve the efficiency, 
we embed Eq. (10) into Eq. (8) as 

up(x; t)u=d =
1
2
∇p(1 ± HzHt)(∇

p⋅u
′′

(x; t));

us(x; t)u=d =
1
2
∇s(1 ± HzHt)(∇

s⋅u
′′

(x; t));
(14) 

where up(x,t)u/d and us(x,t)u/d denote up/down going vector P- and 
S-wavefields,  respectively. Up- or down-going mode depends on 
sign of ± (“+” determines up-going wave and “− ” produces down- 
going wave). Because of scalar ∇p ⋅u″ and ∇s ⋅u″, only one time 
implementation of Algorithm 1 is required for each term of Eq. 
(14), which efficiently  achieve anisotropic P/S wave-mode 
decomposition and up/down going separation. The specific 
calculation procedure of Eq. (14) is shown in Algorithm 2.

By using Eq. (14), a dot product correlation imaging condition is 
applied for VTI ERTM as 

IPP(x) =
∫ T

0
SP

d(x; t)R
P
u(x; t)dt;

IPS(x) =
∫ T

0
SP

d(x; t)R
S
u(x; t)dt;

(15) 

where IPP(x) and IPS(x) are PP- and PS-images, SP
d(x; t) are vectors 

down-going P-wavefield  in source side, RP
u(x; t) and RP

d(x; t) are 
vector up- and down-going S-wavefields in receiver side.

4. Example

In this section, we present two examples via VTI layered and 
Hess models. We apply first-order stress-velocity wave equation 

and solve it with staggered grid finite difference and convolution 
perfectly match layer boundary condition.

4.1. Layered model

As first example, a VTI layered model (Fig. 1) is used for P/S wave- 
mode decomposition and up/down going separation test. The 
model size of 10,000 m × 2000 m is with a uniform spacing of 10 m. 
A 20 Hz Ricker wavelet, serving as an explosive source, is applied 
with a time interval of 1 ms. A single shot is positioned at (5000, 
1800) m to generate elastic wavefields  in both the x- and z-com
ponents (Fig. 2). In terms of Eq. (8), the original elastic VTI wave
fields are decomposed into P-wave (Fig. 3(a) and (b)) and S-wave 
(Fig. 3(c) and (d)) components. For further analysis, a trace data 
selected from Figs. 2 and 3 at xline (distance axis) of 4000 m to 
facilitate comparison (Fig. 4). The red line denotes the simulated 
elastic wavefield, while the blue line corresponds to the decom
posed P- and S-wave components. As demonstrated, the decom

posed P/S-wave components exhibit accurate travel times and 
approximated amplitudes relative to the simulated elastic wave
fields. Then, using Eq. (14), the decomposed P- and S-wavefields are 
separated into down-going (Fig. 5) as well as up-going P/S wave 
components (Fig. 6). To reduce the influence of zero-wavenumber 
components, we add a cosine triangle function window in both 
edges of data. Although this damages a little useful signal, the 
separated up/down P/S wavefields still keep correct travel time and 
phases as those of P/S wavefields, which are sufficient for ERTM.

4.2. VTI Hess model

The second numerical experiment is conducted on the VTI Hess 
model, constructed with a grid dimension of 1200 × 500 and a 
uniform spacing of 10 m (Fig. 7). The S-wave velocity field  is 
derived by scaling the P-wave velocity by a factor of 2.0. A 15 Hz 
Ricker wavelet is employed as the explosive source. The time 

Algorithm 1 
Up/down wavefield separation for P/S waves in VTI media.

Input: anisotropic scalar P-wavefield up(z, t) and S-wavefield us(z, t)
Output: up/down going P- and S-wavefields up

u(z; t), u
p
d(z; t), u

s
u(z; t) and us

d(z; t)
for t time step do

1. (up)
′′

←
∂2up

∂z∂t
, (us)

′′

←
∂2us

∂z∂t
,

2. UP←FFT[(up)
′′

], US←FFT[(us)
′′

],

3. up
a ←FFT− 1

⎡

⎣UP⋅
1

⃒
⃒
⃒
⃒kz

⃒
⃒
⃒
⃒

(
k2

x + k2
z

)1=2

⎤

⎦; up
b←FFT− 1

⎡

⎣UP⋅
k2

x⃒
⃒
⃒
⃒kz

⃒
⃒
⃒
⃒

(
k2

x + k2
z

)3=2

⎤

⎦ϵ, us
a←FFT− 1

⎡

⎣US⋅
1

⃒
⃒
⃒
⃒kz

⃒
⃒
⃒
⃒

(
k2

x + k2
z

)1=2

⎤

⎦,

4. up
H←

1
vp

(
up

a − up
b ⋅ϵ

)
, us

H←
1
vs

us
a,

5. up
u =

1
2
(
up − up

H

)
; up

d =
1
2
(
up + up

H

)
, us

u =
1
2
(
us − us

H

)
; us

d =
1
2
(
us + us

H

)
,

end for
where FFT and FFT− 1 are 2D forward and inverse FFT performed to the anisotropic wavefields. For simplicity, the coordinates of wavefields are omitted in steps 1 to 5.

Algorithm 2 
Up/down and P/S wavefield decomposition for P/S waves in VTI media.

Input: anisotropic vector elastic wavefield u″(x, t),
Output: up/down going vector P- and S-wavefields up

u(x; t), u
p
d(x; t), u

s
u(x; t) and us

d(x; t)
for t time step do

1. (up) ←∇p ⋅u″, (us) ←∇s ⋅u″,
2. up

u = (1 − HzHt)up; up
d = (1+ HzHt)up, us

u = (1 − HzHt)us; us
d = (1+ HzHt)us,

3. up
u = ∇up

u; up
d = ∇up

d , us
u = ∇us

u; us
d = ∇us

d ,
end for
where the calculation of HzHt can refer to algorithm 1. For simplicity, the coordinates of wavefields are omitted in steps 1 to 3.
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sampling interval of 1 ms. A single seismic source is positioned at 
coordinates (6000 m, 2000 m) to excite elastic wave. Fig. 8 displays 
the original vector wavefields, comprising both x- and z-compo
nents. Then our developed decomposing method (Eq. (8)) suc
cessfully isolates the theses coupled wavefields into P- and S-wave 
modes, as demonstrated in Fig. 9. Similar to those of decomposed 
P/S wavefields  in Fig. 3, these wave components possess correct 
travel time and approximate amplitudes. Moreover, the up/down 
wavefield  separating operator (Eq. (14)) is applied to those P/S 
wavefields and generate up- and down-going wave components 
(Figs. 10 and 11), which are used for imaging in VTI ERTM.

For VTI ERTM imaging experiment, a total of 600 shots were 
placed with uniform spacing of 20 m at a constant depth of 100 m. 
Each shot was recorded by an array of 300 receivers to capture the 
seismic signal. During the wavefield  propagation process, the 
elastic wavefields were dynamically separated into up-going and 
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down-going P- and S-wave components at each time step. 
Fig. 12(a) present conventional PP-image contaminated with se
vere low-frequency noise (indicated by red arrows). While 
Fig. 12(c) denotes PP-image via up/down separation imaging 
condition (Eq. (15)) with clear imaging effect. Fig. 12(b) is con
ventional PS-image that exist apparent false images in the strong 
velocity contrast (indicated by red arrows). Through up/down 
separation imaging condition, those artifacts are suppressed in PS- 
image of Fig. 12(d) which improves the image quality. Note that 
artifacts (indicated by circles) caused by multiple and converted 
wave also exist in Fig. 12(c) and (d), which can be removed from 
multiple waves imaging.

5. Discussion

We present an efficient P/S and up/down wavefield separation 
approach in elastic VTI media with single propagation. Our 
method adapts to arbitrary complex models and afford low-cost 
computation. It effectively suppresses the common artifacts 
existed in conventional ERTM and improve the imaging quality. 

However, our proposed method is derived based on some as
sumptions and approximations, which has to pay attention for 
some deficiency. First of all, the polarization vector is derived 
based on elliptical assumption. Implementation in strongly non- 
elliptical media may reveal intrinsic error characteristics in our 
method. The applying effect analysis of our approach under 
elliptical assumption can be found in Zhang et al. (2022a). 
Meantime, in the P/S wave-mode decomposition formula (Eq. 

(8)), the amplitude terms |K1|
2

|DP
|
2 and |K2|

2

|DS
|
2 are eliminated. Although 

this way shall not influence on ERTM imaging, the angle domain 
or offset domain common image gathers produced from ERTM 
may not be in accord with AVO (amplitude versus offset) 
response.

First-order Taylor expansion is used for deriving Hilbert 
transform operator of P-wave. This is implemented based on 
weakly anisotropic media assumption. When ϵ is far greater than 
zero, our up/down wave separation method may give an unclear 
separating result for P-wavefield.  To present the computational 
accuracy of derived Hilbert transformation formula, a 
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homogeneous medium are used for test. The P-wave velocity is 
chosen as 2500 m/s and main frequency is 15 Hz. Three pairs of 
wavenumber components are applied with kx = kz = 0.001, 
kx = kz = 0.025 and kx = kz = 0.05. Fig. 13 presents amplitude of 
Hilbert transformation calculated from Eqs. (12a) and (13a). As 
observed, the difference between analytical (red line using Eq. 
(12a)) and approximate (blue line using Eq. (13a)) solution in
crease with epsilon varying from 0 to 0.5. However, the relative 
error is only 2.67% for each case (Fig. 13(a),(b) and (c)), which is 

accordance with the good ERTM image effect in VTI Hess model 
(whose maximum ε is about 0.4).

Our method can be easily extended to three-dimensional (3D) 
VTI media and TTI media. For 3D space, the S-wave includes SV- 
and SH-wave modes which have their own polarization vectors 
solved in Christoffel equation. They keep the similar decomposing 
formation to Eq. (8). For converting VTI media to TTI media, bond 
transform can be used with the rotating angle between z-axis and 
symmetric axis of TI media.
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6. Conclusion

We first develop an efficient P/S wave-mode decomposition of 
pure space domain in elastic VTI media which produces vector P- 
and S-wave with correct travel time and approximated amplitude, 
reducing cross-talk artifacts in elastic image. To further suppress 
the low-frequency and false images, we propose an up/down 
wavefield separation approach for P/S waves in elastic VTI media. 
Our approach solves wave equation only once and is embedded 
into decomposing P/S wave-mode formulation. Finally an up/ 
down and P/S decomposition method is presented to improve the 
image quality of ERTM in VTI media. Simple and complex examples 
demonstrate the effectiveness of our approaches.
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