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a b s t r a c t

The low-wavenumber components in the gradient of full waveform inversion (FWI) play a vital role in
the stability of the inversion. However, when FWI is implemented in some high frequencies and current
models are not far away from the real velocity model, an excessive number of low-wavenumber com-
ponents in the gradient will also reduce the convergence rate and inversion accuracy. To solve this
problem, this paper firstly derives a formula of scattering angle weighted gradient in FWI, then proposes
a hybrid gradient. The hybrid gradient combines the conventional gradient of FWI with the scattering
angle weighted gradient in each inversion frequency band based on an empirical formula derived herein.
Using weighted hybrid mode, we can retain some low-wavenumber components in the initial low-
frequency inversion to ensure the stability of the inversion, and use more high-wavenumber compo-
nents in the high-frequency inversion to improve the convergence rate. The results of synthetic data
experiment demonstrate that compared to the conventional FWI, the FWI based on the proposed hybrid
gradient can effectively reduce the low-wavenumber components in the gradient under the premise of
ensuring inversion stability. It also greatly enhances the convergence rate and inversion accuracy,
especially in the deep part of the model. And the field marine seismic data experiment also illustrates
that the FWI based on hybrid gradient (HGFWI) has good stability and adaptability.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The FWI method was proposed by Tarantola (1984) in the early
1980s. In this method, all waveform information in the simulated
and observed data was used to construct the L2-norm objective
function, and the gradient was calculated by adopting the adjoint
state method. Using an optimization algorithm, the given initial
velocity model was continuously updated iteratively according to
the gradient, and the high-resolution inversion result of the sub-
surface structures was obtained. Due to the potential of FWI to
describe the velocity model of complex underground structures,
this method has beenwidely discussed, and has become a research
hotspot in the field of geophysics (Chen et al., 2018; Jakobsen and
Wu, 2018; Ren et al., 2019, 2023; Song et al., 2019; Yao et al.,
y Elsevier B.V. on behalf of KeAi Co
2019b; Fu et al., 2020; Yang et al., 2020; Li and Alkhalifah, 2021;
Li et al., 2022; Ke et al., 2023).

The gradient of FWI is usually calculated by applying cross-
correlation between the forward-propagated wavefield of sources
and the back-propagated wavefield of residual records. The wave-
number component of the gradient is related to the frequency
component of the data and the scattering angle between the shot
and receiver points (Alkhalifah, 2015). Thus, when FWI is imple-
mented in some low-frequency bands, numerous low-wavenumber
components that help avoid the cycle skipping of low-frequency
inversion are available. In recent years, many experts and scholars
have studied the application of low-wavenumber components in
the gradient to reduce the dependence of FWI on initial velocity
models. Shipp and Singh (2002) applied large offset data to large-
scale structures because large offset data generally correspond to
large scattering angle information. Tang et al. (2013) used scat-
tering angle information to separate the low-wavenumber and
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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high-wavenumber components in the gradient of FWI and
increased the weight of the low-wavenumber components to
improve the inversion ability of large-scale structures. Alkhalifah
(2015) directly performed scattering angle filtering on the
gradient of FWI, and applied the large scattering angle (low-
wavenumber) information close to 180� to construct a highly ac-
curate initial model. Based on this, Alkhalifah and Wu (2016)
combined such information with multiple scattering information
to enrich the effective low-wavenumber components. Yao et al.
(2018) achieved the separation of tomography and migration
components in the plane wave domain and verified the effective-
ness and stability of the method in field seismic data processing.
Huang et al. (2018) developed a hybrid multi-scale FWI method
based on a frequency-wavenumber filter, which improved the
robustness of the multi-scale inversion method. Lian et al. (2018)
adopted tomography components from the gradient for inversion
and obtained satisfactory experimental results in noisy and low-
frequency missing seismic data. Yao et al. (2019a) transformed
the gradient into the wavenumber domain for filtering and
extracted the tomographic components using nonstationary
smoothing. Li et al. (2022) proposed a multi-scale FWI method
based on gradient decomposition in the wavenumber domain,
which obtained a high-precision initial model.

However, when FWI is implemented in some high-frequency
bands, a large number of low-wavenumber components still exist
in the gradient because some data originate from large scattering
angle. For high-frequency inversion, the velocity models are
generally not far from real ones; hence, in such cases, the low-
wavenumber components in the gradient no longer play an
important role in FWI, and may even reduce the convergence rate
and inversion accuracy of FWI. To limit the low-wavenumber
components in the gradient, Wang et al. (2016) separated the
whole wavefield into the up-going wavefield and down-going
wavefield based on FeK transform and only extracted the effec-
tive wavefield components to calculate the gradient; this method
can significantly reduce the generation of low-wavenumber com-
ponents, but the amount of computation and storage it requires is
typically unacceptable. Xie (2015) implemented wavenumber
filtering in the angle domain. He employed the scattering angle
calculated by the Poynting vector to weigh the gradient and used
the small scattering angle information to construct the short-
wavelength component of the velocity model, thereby acceler-
ating the convergence rate of the inversion. Subsequently, Jeong
et al. (2018) adopted the optical flow method to calculate the
scattering angle and found it to be more stable than the Poynting
vector. However, both methods which include the Poynting vector
and the optical flow method require a large amount of calculation.

In least-squares reverse time migration, Yang and Zhang (2018)
proposed an angle-dependent factor weighted (essentially scat-
tering angle weighted) gradient formula, which could effectively
suppress low-wavenumber components and emphasize the
gradient in the deep part without the need for the Poynting vector
or optical flow method. Therefore, we introduce this method into
FWI and derive the gradient formula of FWI based on scattering
angle weighted. To better ensure the stability of FWI, we further
propose a type of hybrid gradient, which combines the conven-
tional gradient of FWI with the scattering angle weighted gradient
in each inversion frequency band on the basis of the empirical
formula of the hybrid weighting coefficient given in this study.
With the proposed method, we can use more low-wavenumber
components in some initial frequency bands to ensure the stabil-
ity of inversion, and use more high-wavenumber gradient in some
high-frequency inversion to improve the convergence rate and
inversion accuracy.
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2. Principle

2.1. Basic principle of FWI in the time domain

The objective function of FWI based on the L2 norm can be
defined as (Tarantola, 1984)

EðvÞ¼1
2

X
ðs;rÞ

½dcalðxr;xsÞ�dobsðxr;xsÞ �T½dcalðxr;xsÞ�dobsðxr;xsÞ �

(1)

where v denotes the velocity model, E(v) represents the objective
function, xr signifies the receiver position, xs signifies the source
position, dcal denotes the simulated data, dobs stands for the
observed data, and the superscript T represents matrix trans-
position. Due to the ill-posed characteristics of the seismic inver-
sion problem, the objective function shown in Eq. (1) is difficult to
formulate directly, and iterative gradient algorithms are often used
to restore the velocity model.

Herein, we use the adjoint state method (Plessix, 2006) to
calculate the gradient and can obtain

gðxÞ ¼ �
X
ðs;rÞ

ð
2

vðxÞ3
v2Uðx; t; xsÞ

vt2
lðx; t; xrÞdt (2)

where x represents the spatial position, g(x) is the gradient, v(x)
denotes the velocity, U(x,t,xs) is the forward-propagated wavefield
perturbed by the source wavelet at point xs, which can be calcu-
lated by forward modeling, l(x,t,xr) is the back-propagated wave-
field perturbed by the residual record at point xr, which can be
calculated by reverse time extrapolation. Then we use the conju-
gate gradient algorithm based on gradient preconditioning and
express the updating process of the velocity model as

8>>>>>>><
>>>>>>>:

mkþ1 ¼ mk þ akyk

yk ¼
8<
:

�Qgk k ¼ 1

�Qgk þ bkyk�1 k � 2

(3)

where k represents the number of iterations, b is the correction
factor of the conjugate gradient, y is the conjugate gradient, a de-
notes the step length, andQ stands for the gradient preconditioning
operator.
2.2. Strategy of multi-scale inversion

To prevent the objective function from falling into local minima,
Bunks et al. (1995) proposed the idea of multi-scale in the time
domain. They applied a filtering method to divide seismic data into
different frequency components and scales, thus forming a serial
inversion strategy from low frequency (large scale) to high fre-
quency (small scale). The main process of the time-domain multi-
scale FWI can be written as follows.

(1) Set the maximum frequency of the initial inversion model, as
well as the maximum and minimum inversion velocities.

(2) Determine the grid step of the model according to the ac-
curacy of the spatial difference, maximum frequency, and
minimum velocity of the forward modeling. Then, provide
the initial model of the frequency band.
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(3) Filter the original source wavelet and seismic record to
obtain the source wavelet and seismic record participating in
the inversion of the frequency band.

(4) Perform time-domain FWI until the end of the frequency
band inversion.

(5) Repeat Step (2) and the following steps to perform the
inversion for the next frequency band. The initial model of
the next frequency band is the inversion result of the pre-
vious frequency band obtained in Step (4) until the inversion
of all frequency bands is completed.

The frequency band selection in Step (3) is the core issue in the
time-domain multi-scale FWI. This study adopts the frequency
band calculation formula proposed by Boonyasiriwat et al. (2009),
which is given as

fNþ1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ z2

p
z

fN (4)

where N denotes the serial number of the frequency band, fN is the
cut-off frequency of the Nth frequency band, fNþ1 represents the
cut-off frequency of the (Nþ1)th frequency band, h is half of the
maximum offset, and z is the maximum depth.

3. Hybrid gradient formula for FWI based on scattering angle
weighted

Eq. (2) indicates that the gradient of FWI is calculated from the
cross-correlation between the forward-propagated wavefield of
source wavelet and the back-propagated wavefield of residual re-
cord. Alkhalifah (2015) and Yao et al. (2020) indicated that the
wavenumber components of the gradient are related to the fre-
quency components of the data and the scattering angle between
the shot and receiver points; a wavenumber component can be
expressed as

K¼u

v
cos

�
q

2

�
n (5)

where K denotes the wavenumber, v is the velocity, u denotes the
angular frequency, n represents the unit vector of the wavenumber
direction, and q is the scattering angle.

As shown in Fig. 1, the vectors ns and nr denote the direction of
the wave propagating from the source point to the scattering point
and the scattering point to the receiver point, respectively. The
scattering angle q is the opening angle between ns and nr.

It can be seen from Eq. (5) that the level of wavenumber is
closely related to the size of the scattering angle. A large scattering
angle generally corresponds to low wavenumber, while small
scattering angle often corresponds to high wavenumber. Therefore,
Fig. 1. Schematic description of scattering angle.
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when FWI is implemented in some low-frequency bands, there will
be plenty of low-wavenumber components which contribute to
avoiding local minima of low-frequency inversion. And when FWI
is implemented in some high-frequency bands, lots of low-
wavenumber components are also abundant in the gradient
because some data originate from large scattering angle. However,
for high-frequency inversion, the velocity models are usually not
far from real velocity model, so for such cases, the low-
wavenumber components are no longer needed too many to
ensure the stability of FWI, and they even will reduce the conver-
gence rate and inversion accuracy of FWI.

Yang and Zhang (2018) proposed an angle-dependent factor
weighted (essentially scattering angle weighted) gradient formula
in the field of least-squares reverse time migration, which signifi-
cantly reduced the low-wavenumber components in the gradient
and improved the accuracy of deep inversion. In this paper, the idea
is introduced into FWI, and the gradient formula of FWI based on
scattering angle weighted is further derived.

3.1. Gradient formula for FWI based on scattering angle weighted

To reduce the low-wavenumber components in the gradient and
compensate for the lack of deep illumination, the conventional
gradient (Eq. (2)) of FWI is weighted:

gwðxÞ ¼ �
X
ðs;rÞ

ð
2

vðxÞ3
v2Uðx; t; xsÞ

vt2
lðx; t; xrÞwdt (6)

where gw(x) is the weighted gradient at point x, and w denotes the
weighted term of the scattering angle, which is taken as cos2(q/2).
Fig. 2 shows the schematic description of the scattering angle
weighting factor cos2(q/2), and as the scattering angle increases
from 0� to 180�, the weighting factor gradually changes from 1 to 0.
Therefore, in theory, applying this weighting factor to the con-
ventional gradient can effectively reduce the low-wavenumber
components because low-wavenumber components usually
appear on the wave propagation path with a large scattering angle
(close to 180�). Moreover, for a fixed offset, the scattering angle of
the deep part is normally smaller than that of the shallow part, so
this weighting factor assigns a relatively large weight to the deep
part of the gradient, which can greatly make up for the lack of deep
illumination.

Obviously, we should determine the value of the scattering
angle by using Eq. (6). One way is to use the Poynting vector or
optical flow method to directly obtain the scattering angle q (Xie,
Fig. 2. Schematic description of the scattering angle weighting factor.



Fig. 3. Marmousi model.
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2015; Alkhalifah, 2015; Jeong et al., 2018); however, because the
two methods need to calculate the scattering angle of each point
and eachmoment in the velocitymodel in each iteration of FWI, the
amount of computation required increases, thereby reducing the
calculation efficiency of FWI. To avoid the direct calculation of the
scattering angle, we use the following calculation formula and its
derivation process is detailed in Appendix A.

gwðxÞ ¼ 1
2vðxÞV

2

0
@X

ðs;rÞ

ð
Uðx; t;xsÞlðx; t;xrÞdt

1
A (7)

Eq. (7) indicates that the weighted gradient gw(x) calculated by Eq.
(6) can be equivalent to the Laplace operation on the intermediate
gradient gi(x) and then multiplied with the coefficient 1/2v, which
skillfully avoids the direct calculation of the scattering angle q.
Fig. 4. Initial model.
3.2. Hybrid gradient method

Low-wavenumber components are necessary to ensure the
stability of the inversion algorithms, especially for the low-
frequency parts of multi-scale inversion in FWI. The gradient pre-
conditioning method based on scattering angle weighted is not
expected to be fully applied to low-frequency inversion, and it is
only expected to be used partially in some high-frequency bands so
as to reduce the low-wavenumber components of the gradient.
Even so, due to the use of Laplace operation, this method still needs
to be used carefully to prevent it from falling into local minima.
Therefore, the applicability of this method is limited. To solve the
problem, we further propose a new type of hybrid gradient for FWI,
which can be described by the following equation:

ghðxÞ¼ εgwðxÞ þ ð1� εÞgðxÞ (8)

where gh(x) is the hybrid gradient at point x, gw(x) is the weighted
gradient at point x, g(x) is the gradient at point x, and ε is the hybrid
weighting coefficient. The empirical formula for the hybrid
weighting coefficient is directly given as

εN ¼0:9
fN
fmax

þ 0:1 (9)

where εN is the hybrid weighting coefficient of the Nth frequency
band and fN denotes the cut-off frequency of the Nth frequency
band calculated using Eq. (4). Meanwhile, fmax is the maximum
effective frequency of the shot gather, which can be obtained using
the spectrum analysis of the shot gather before inversion.

From Eq. (9), we can see that the hybrid weighting coefficient
always remains unchanged in the same frequency band. Moreover,
the hybrid weighting coefficient in the low-frequency band is much
smaller than that in the high-frequency band. Hence, based on the
hybrid gradient, more low-wavenumber components can be used
in some initial frequency bands to ensure the stability of inversion,
and more high-wavenumber components can be used in some
high-frequency inversion to improve the convergence rate and
inversion accuracy. Theoretically, the adaptability of HGFWI has
been significantly enhanced.
Fig. 5. Normalized amplitude spectrum of shot gather.
4. Synthetic data experiment

The Marmousi velocity model is applied to the inversion test in
this paper, which has 461 and 176 sampling points in the horizontal
and vertical directions, respectively (as shown in Fig. 3), and the
spatial sampling interval is 20 m. The smoothed velocity model is
taken as the initial model (as shown in Fig. 4). The survey line
1663
contains 461 shots, which are evenly distributed on the surface
with the interval of 20 m. Meanwhile, each shot has 461 geophones
to receive. Besides, a Ricker wavelet with a 20 Hz dominant fre-
quency is used to generate the data. The time sampling step is 0.5
ms and the maximum record time is 3.5 s. A hybrid absorbing
boundary condition (Xie et al., 2020) is used for boundary
processing.

Based on the aforementioned methods and experiment pa-
rameters, this paper conducts a multi-scale FWI experiment based
on hybrid gradient. The experiment is divided into 5 inversion
bands, and each band is iterated 20 times. Then, we determine the
maximum effective frequency of the shot gather, and perform the
spectrum analysis on the shot gather. The normalized amplitude
spectrum obtained is shown in Fig. 5; fmax is set to 50. Therefore, the
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high cut-off frequencies for the 5 inversion bands are 5, 8.26, 13.64,
22.52, and 37 Hz, and the hybrid weighting coefficients of each
frequency band are 0.19, 0.25, 0.35, 0.51, and 0.77, respectively.

Fig. 6(a)e(c) show the conventional gradient section, scattering
angle weighted gradient section, and the hybrid gradient section
after 1 iteration in the first frequency band, respectively.
Fig. 7(a)e(c) present the wavenumber spectra corresponding to
Fig. 6(a)e(c), respectively. From Fig. 6(a) (the point indicated by the
red arrows), we can observe that the low-wavenumber compo-
nents are particularly obvious in the conventional gradient section.
Moreover, we observe that large energy at the center of the
wavenumber spectra (Fig. 7(a)), indicating low-wavenumber
components. As shown in Figs. 6(b) and 7(b), the low-
wavenumber components are greatly reduced in the scattering
angle weighted gradient section; this condition may lead to insta-
bility. In Figs. 6(c) and 7(c), the hybrid gradient just reduces very
few low-wavenumber components, which will help maintain the
stability of FWI in low-frequency bands.

Fig. 8 shows the gradient section after 1 iteration in the fourth
Fig. 6. Gradient section after 1 iteration in the first frequency band: (a) conventional
gradient; (b) scattering angle weighted gradient; (c) hybrid gradient.

Fig. 7. Normalized wavenumber spectra corresponding to Fig. 6: (a) conventional
gradient; (b) scattering angle weighted gradient; (c) hybrid gradient.
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Fig. 8. Gradient section after 1 iteration in the fourth frequency band: (a) conventional
gradient; (b) scattering angle weighted gradient; (c) hybrid gradient.

Fig. 9. Normalized wavenumber spectra corresponding to Fig. 8: (a) conventional
gradient; (b) scattering angle weighted gradient; (c) hybrid gradient.
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frequency band. Many low-wavenumber components can be
observed in the shallow layer of the original gradient section in
Figs. 8(a) and 9(a) (points indicated by the dashed red circles).
These components mask the gradient energy of the deep part. In
addition, the low-wavenumber components in the gradient are
effectively suppressed using the scattering angle weighted from
Figs. 8(b) and 9(b). As shown in Figs. 8(c) and 9(c), the low-
wavenumber components are reduced in the hybrid gradient sec-
tion; such condition accelerates the convergence rate of the
inversion. Moreover, the energy of the shallow and deep areas is
particularly balanced and can thus improve the inversion accuracy
of the deep structure.

Fig. 10 illustrates the inversion result of conventional FWI after
20 iterations in the second frequency band. Fig. 11 shows the
inversion result of the proposed method after 1 iteration in the
second frequency band. Comparing Figs. 10 and 11, it can be seen
that the inversion effect of FWI based on the hybrid gradient after 1
iteration in the second frequency band is better than that of the
conventional FWI after 20 iterations in the second frequency band.
1665



Fig. 10. The result of conventional FWI after 20 iterations in the second frequency
band.

Fig. 11. The result of HGFWI after 1 iteration in the second frequency band.

Fig. 13. The result of conventional FWI after 20 iterations in the fifth frequency band.

Fig. 14. The result of HGFWI after 20 iterations in the fifth frequency band.
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To compare the inversion effects of the two methods more clearly,
we extract the velocity curves at x ¼ 2540 m and x ¼ 7800 m from
the sections in Figs. 10 and 11, respectively, and compare themwith
the real velocity curve. In Fig.12, the green, blue, red, and black lines
represent the initial velocity, the velocity of the conventional FWI,
the velocity of the FWI based on the hybrid gradient, and the real
Fig. 12. Velocity curves: (a) x ¼

Table 1
Calculation time comparison.

FWI method Computing environment Iterations

Conventional FWI Tesla K40 40
HGFWI Tesla K40 21

1666
velocity, respectively. The calculation time required for the two
methods is shown in Table 1. It should be noted that the experi-
mental environment used in this work is a GPU (Tesla K40) with 28
cards. As shown in Figs. 10e12, and Table 1, the proposed method
can obtain a relatively high inversion accuracy with only half of the
iterations of the conventional FWI in a short amount of time; hence,
its convergence rate is high.
2540 m; (b) x ¼ 7800 m.

Average time per iteration, min Total time, min

3.58 143
4.05 85



Table 3
Eres comparison.

FWI method Eres

Conventional FWI 0.104%
HGFWI 0.028%

Table 2
Calculation time comparison.

FWI method Computing environment Iterations Total time, min

Conventional FWI Tesla K40 100 896
HGFWI Tesla K40 100 1007
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Figs. 13 and 14 illustrate the inversion results of the conven-
tional FWI method and the proposed method, respectively, after 20
iterations in the fifth frequency band. Table 2 shows the calculation
time required for the two inversions. From Figs. 13 and 14 (marked
by the dashed red circle) and Table 2, we can observe that when the
numbers of iterations are the same, the FWI based on the hybrid
gradient achieves a much higher inversion accuracy than the con-
ventional FWI, especially for the strata of deep high-velocity bodies.
Moreover, the proposed method requires minimal calculation time.
We extract the velocity curves at x ¼ 2540 m and x ¼ 7800 m from
the sections in Figs. 13 and 14, respectively, and compare themwith
the real velocity curve. In Fig.15, the green, blue, red, and black lines
denote the initial velocity, the velocity of the conventional FWI, the
velocity of the proposed method, and the real velocity, respectively.
It can be seen from Fig. 15(a) and (b) that, compared with con-
ventional FWI at 2540 m or 7800 m, the velocity curve of the
proposed method is closer to the actual velocity curve. The results
further verify that the proposed method achieves a relatively high
inversion accuracy, especially for deep high-velocity bodies.

In order to quantify the inversion accuracy, the following
calculation formula (Ben-Hadj-Ali et al., 2011) is used to quantita-
tively compare the final model residuals of the two methods, and
the results are shown in Table 3.

Eres ¼kmresult �mrealk2
kmrealk2

� 100% (10)

where Eres represents the model residuals, mresult and mreal are the
final inversion result and the real velocity model, respectively.

Normalized data residual and its partially enlarged view
(enlarging the part with residual less than 0.2) are shown in
Fig.16(a) and (b), respectively. In Fig.16, the blue, and red curves are
the convergence curves of the conventional FWI and FWI based on
the hybrid gradient, respectively. As observed from Fig. 16, the FWI
based on the hybrid gradient has a faster convergence rate and
smaller residual error. In summary, the proposed method achieves
better inversion results than the conventional method.
Fig. 15. Velocity curves: (a) x ¼
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5. Field marine seismic data inversion

We performed experiment on field marine seismic line to check
the inversion adaptability of HGFWI. The survey line adopts the
streamer acquisition method of shooting on the right and receiving
on the left. The minimum offset is 100 m. There are 2699 shots in
total, each shot has 240 hydrophones to receive. The intervals be-
tween shots and receivers are both 25 m. The depths of shots and
receivers are both 12.5 m. The recording time is 7 s. The finite-
difference accuracy of wavefield continuation is eighth order in
space and second order in time. Meanwhile, the time sampling step
is 1 ms.

Here the section ranging from 35 to 70 km of the whole survey
line is intercepted as the inversion test area. The inversion process
is divided into four inversion frequency bands (high cut-off fre-
quencies are 5, 8, 15, 23 Hz, respectively), and 50 iterations are
performed for each frequency band. Fig. 17(a) shows the initial
model, which is constructed from migration velocity analysis.
Fig. 17(b) shows the final FWI result.

Fig. 18 shows the results of reverse time migration, where
Fig. 18(a) is the imaging result based on the initial model and
Fig. 18(b) is the imaging result based on the model obtained from
the HGFWI. It can be seen from Fig. 17(b) that the HGFWI can finely
describe the high-resolution velocity model of the subsurface
structure. And compared with Figs. 17(b) and 18(b), the imaging
profile has good continuity of events, clear fault points and its
structural feature is in excellent agreement with the velocity
inversion result. Fig. 19(a) and (b) show the simulated seismic re-
cord and observed seismic record of the 1801th shot, respectively.
Fig. 20 illustrates that the waveform comparison chart of the 1st
trace of the 1801th shot. From Figs. 19 and 20, we can see that the
simulated seismic record canmatch well with the observed seismic
record. Fig. 21(a) and (b) display the common imaging gather with
the initial model and the final FWI result, respectively. The position
of the common imaging gather is 55.625 km. Compared with
Fig. 21(a) and (b), we can see that the events in Fig. 21(b) are closer
to the horizontal than in Fig. 21(a), which illustrates that the
inversion result is closer to the real velocity model. In summary, our
proposed method can be highly applicable to the FWI for field data.
2540 m; (b) x ¼ 7800 m.



Fig. 16. Normalized data residual: (a) global convergence diagram; (b) partially enlarged view.

Fig. 17. Velocity model: (a) initial model; (b) the result of HGFWI.

Fig. 18. The results of reverse time migration: (a) the imaging result based on the initial model; (b) the imaging result based on the model obtained from the HGFWI.

Fig. 19. Seismic record: (a) simulated data; (b) observed data.

Fig. 20. The waveform comparison chart of the 1st trace of the 1801th shot.

C. Xie, Z.-L. Qin, J.-H. Wang et al. Petroleum Science 21 (2024) 1660e1670
6. Conclusions and prospect

This paper proposes a hybrid gradient, which combines the
1668
conventional gradient of FWI with the scattering angle weighted
gradient based on an empirical formula given in the study. The
experimental results of the Marmousi model reveal the following:
the proposed method can preserve enough low-wavenumber
components in the gradient in low-frequency inversion and



Fig. 21. Common imaging gather: (a) the initial model; (b) the final FWI result.
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reduce lots of low-wavenumber components in high-frequency
inversion, which leads to a stable and high accuracy FWI with
high convergence rate, also it has a higher inversion accuracy for
deep structures. And the result of marine seismic data shows that
our proposed method can adapt to FWI for field data well, and
obtain a high-precision velocity model of the subsurface structure.

This paper only implements two-dimensional multi-scale
V2giðxÞ ¼ �2

0
@X

ðs;rÞ

ð
1

vðxÞ2
vUðx; t; xsÞ

vt
vlðx; t; xrÞ

vt
dt �

X
ðs;rÞ

ð
VUðx; t;xsÞ$Vlðx; t;xrÞdt

1
A (A-2)
HGFWI. Subsequent research will focus on further extending the
algorithm to three-dimensional inversion.
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Appendix A

We calculate the intermediate gradient first, which shares a
similar form to the imaging condition (Baysal et al., 1983) used in
the conventional reverse time migration; that is,
1669
giðxÞ ¼
X
ðs;rÞ

ð
Uðx; t; xsÞlðx; t; xrÞdt (A-1)

where gi(x) is the intermediate gradient. Using Laplace transform
on both sides of Eq. (A-1), we can obtain (Douma et al., 2010)
where V2 stands for the Laplacian operator and V denotes the
gradient operator. As the dot product of the spatial gradient vectors
of forward- and back-propagated wavefields contains information
of the scattering angle, we can perform the following trans-
formation (Yang and Zhang, 2018):
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X
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1
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(A-3)

Substituting Eq. (A-3) into Eq. (A-2), we can obtain

V2giðxÞ¼�2
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Substituting Eq. (A-4) into Eq. (6) leads to

gwðxÞ ¼ 1
2vðxÞV

2giðxÞ ¼
1

2vðxÞV
2

0
@X

ðs;rÞ

ð
Uðx; t;xsÞlðx; t; xrÞdt

1
A

(A-5)

where gw(x) is the weighted gradient. Eq. (A-5) is consistent with
Eq. (7) in the paper.
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