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Short-offset towed streamer data, and sparse ocean-bottom seismometer (OBS)
data are not conducive to applying multi-parameter full waveform inversion (FWI) in
production. It is challenging to reconstruct deep velocity in the former, and the latter
suffers from severe acquisition footprints. We developed a joint acoustic-elastic
coupled full waveform inversion (J-AEFWI) method, in which towed streamer data
and ocean-bottom seismometer data were used jointly to build P-wave and S-wave
velocity models. A new joint objective function was established using the least-
squares theory, and the joint acoustic-elastic coupled full waveform inversion
method on the acoustic-elastic coupled equation was derived. The method can
inject the residuals of the towed streamer data and the ocean-bottom seismometer
data in time backward propagating to update P-wave and S-wave velocity models.
The synthetic experimental results show that joint acoustic-elastic coupled full
waveform inversion obtains more accurate results than when using these two
types of data alone. Compared to using the towed streamer or ocean-bottom
seismometer data alone, the joint acoustic-elastic coupled full waveform
inversion method leads to better illumination of the deep background velocities
and suppression of acquisition footprints. The results of joint acoustic-elastic
coupled full waveform inversion were slightly better than those of the cascaded
full waveform inversion strategy. To further demonstrate the benefit of the
proposed method, we applied it to the field data, and better results are
obtained as expected.
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1 Introduction

Since it was proposed (Lailly, 1983; Tarantola, 1984), full waveform inversion (FWI) has
been successfully applied to practical seismic data to build subsurface geophysical parameters
(Crase et al., 1990; Operto et al., 2013; Pan et al., 2018; Pan et al., 2020; Borisov et al., 2020; Peter
et al., 2022). In recent decades, the development and application of FWI ranges from acoustic
media (Gauthier et al., 1986; Ravaut et al., 2004; Plessix et al., 2010; Xukai and Robert, 2015;
Yang et al., 2016) to elastic media (Sears et al., 2008; Vigh et al., 2014; Liu et al., 2021), using
towed streamer acquisition (Dessa et al., 2004; Plessix et al., 2010; Shen, 2010) or ocean-bottom
node/ocean-bottom seismometer (OBN/OBS) acquisition (Sears et al., 2008; Vigh et al., 2014;
Peter et al., 2022).
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When OBN/OBSs cannot be deployed on a large scale, a towed
streamer is the primarymarine seismicwave observation tool. The low cost
and low processing effort have appealed to recent researchers and have led
to successful cases of acoustic FWI (Dessa et al., 2004; Plessix et al., 2010;
Shen, 2010; Agudo et al., 2018); however, several issues need to be
addressed. To facilitate macro-model building, FWI relies on a wide-
azimuthal acquisition to obtain sufficient transmitted waves (Bunks et al.,
1995; Pratt, 1999; Virieux and Operto, 2009; Plessix, 2010). The fixed
spreading and cable length limit the towed steamer observation aperture,
resulting in insufficient diving waves recorded, especially in deep seawater
environments. In this case, FWI tends to fall into cycle skipping without
considering other methods to supplement low frequencies (Yao et al.,
2019). On the other hand, the modeling equation for acoustic FWI is a
simplified approximation of the elastic equation. The converted P-waves
generated by the elastic parameters (e.g., S-wave velocity) cannot be
simulated using the acoustic equation. When significant converted
waves are present in towed streamer data, acoustic FWI tends to
incorrectly project converted waves onto P-wave velocity instead of the
correct S-wave velocity. Some studies have also focused on this issue,
considering that the application of towed streamer data in elasticmedia in a
more advanced approach (Li andWilliamson, 2019; Thiel et al., 2019; Sun
and Jin, 2020; Yang and Liu, 2020). In addition, the absence of necessary
low frequencies and surge noise in streamer data is not conducive to FWI,
resulting in the need for other waveform shaping methods.

The multi-parameter elastic FWI for OBN/OBS seismic data is now
considered as a more advanced solution to solve some of the complex
imaging problems, which usually has the advantages of low frequencies,
long offsets, and full azimuthal coverage (Sears et al., 2008; Dellinger
et al., 2017; Peter et al., 2022). The benefits of low frequencies need not
be elaborated, while the long-offsets and full-azimuthal coverage can
receive a sufficient number of diving waves. This weakens the
dependence on the starting velocities for obtaining large-scale
structures (Plessix et al., 2010). In addition, the abundant S-waves in
the OBN/OBS data play a key role in S-wave velocity inversion, which
improves the resolution of the multi-parameter inversion results. All of
these can overcome the shortcomings of towed streamer acquisition, but
limitations of towed streamer cannot be ignored. Its expensive cost and
low quantity (hundreds or even thousands of meters apart) constrain its
dense deployment in practical production. Insufficient or under-
sampled data is not enough for FWI to cover subsurface structures.
In general, FWI requires dense, fully sampled data for migration
stacking. The under-sampled data, in turn, causes the inversion to
fall into a system of underdetermined solutions, causing sharp

acquisition footprints and layer discontinuities in the inversion
results (Zheglova and Malcolm, 2019; Faucher et al., 2020).

Because OBN/OBS is still expensive to deploy densely, a scheme of a
joint towed streamer and OBN/OBS acquisition has been successfully
applied (Yang and Zhang, 2019; Yu and Sun, 2022). One of its advantages
is that the towed streamer and OBN/OBS simultaneously receive seismic
waves from the subsurface (Figure 1). The solid red line indicates the wave
path of the towed streamer, and the solid blue line indicates the wave path
of the OBS. The OBS is sparsely placed on the seafloor, which can receive
P- and S-waves in x, y, and z directions, whereas the densely connected
towed streamer hydrophones in seawater can only receive P-waves
(containing S-P converted waves). Moreover, their wave paths
intuitively showed that OBS acquisition has a larger imaging angle
than towed streamer acquisition, and a larger imaging angle is more
conducive to FWI macromodel building (Virieux and Operto, 2009).
Currently, most FWI applications use only streamer data or OBS data, but
few studies use both. We propose a joint acoustic-elastic coupled FWI
(J-AEFWI) method that combines towed streamers and OBS data using
the acoustic-elastic coupled equation (AECE), which can simultaneously
record the pressure component, x, y, and z components in acoustic-elastic
coupled media (Yu et al., 2016; Yu and Geng, 2019). The method can
inject the residuals of the towed streamer data and the OBS data in
time backward propagating to update P-wave and S-wave velocity
models. The J-AEFWI approach complements FWI with wide-
azimuthal coverage to make obtaining long-wave information
easier and make S-wave velocity inversion better than FWI with
towed streamer data alone. It complements FWI with dense data
simultaneously to suppress the acquisition footprints more than
FWI with OBS data alone. Next, the AECE is reviewed, and the
J-AEFWI method is illustrated. A set of synthetic and field data
inversion experiments were conducted.

2 Methodology

In acoustic-elastic coupled media, AECE was used to simulate
wave propagation (Yu et al., 2016) as follows:

LAEUAE � FAE (1)
where UAE � (vx, vz, P, τsxx, τsxz)T is the wavefield components and
FAE � (0, 0, f, 0, 0)T is the source vector. T indicates transposition.
The operator LAE is the AECE forward operator and satisfies the
following:

FIGURE 1
Combined towed streamer andOBS acquisition geometry. The red dots on the seawater surface indicate the towed streamer hydrophones, and the blue
squares on the sea floor indicate the OBS. The solid red line indicates the wave path of the towed streamer, and the solid blue line indicates the wave path of
the OBS.

Frontiers in Earth Science frontiersin.org02

Yang et al. 10.3389/feart.2022.1085441

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1085441


LAE �

ρ
z

zt
0

z

zx
− z

zx
− z

zz

0 ρ
z

zt

z

zz

z

zz
− z

zx

λ + μ( ) z

zx
λ + μ( ) z

zz

z

zt
0 0

−μ z

zx
μ
z

zz
0

z

zt
0

−μ z

zz
−μ z

zx
0 0

z

zt

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(2)

where vx and vz are the particle velocity components, P is the pressure,
τsxx and τ

s
xz are the deviatoric stress components, ρ is the density, and λ

and μ are Lamé parameters. The pressure, x, and z components are
integrated into the AECE, allowing pure P-waves to be obtained
directly (Yu et al., 2016).

In J-AEFWI, the joint pressure component of the towed streamer
and the x and z components of the OBS objective function based on
the l2-norm can be written as

min
m

J m( ) � γ*φ ‖ Psim
ts − Pobs

ts ‖22 + α ‖ vsimxo − vobsxo ‖22 + β‖ vsimzo − vobszo ‖22,
(3)

where J indicates the objective function,m indicates the model parameters,
superscripts sim and obs indicate the simulated and observed data,
subscripts ts, xo, and zo indicate the pressure component of the towed
streamer, and x and z components of the OBS, respectively.

We used the adjoint-state method to deduce the adjoint equation
(included in Appendix A):

L
AE

* ~U
AE

� ~FAE (4)

where, ~UAE � (~vx, ~vz, ~P, ~τsxx, ~τsxz)T is the adjoint wavefield, LAE* is the
adjoint operator, and

~FAE � α vsimxo − vobsxo( ), β vsimzo − vobszo( ), γ*φ Psim
ts − Pobs

ts( ), 0, 0( )T (5)
is the adjoint source function and satisfies

α � 0, β � 0, γ � 1, or
α � 1, β � 1, γ � 0, or
α � 1, β � 1, γ � 1.

⎧⎪⎨⎪⎩ (6)

Parameters α, β, and γ act as switches in the inversions. When α = 0, β = 0,
and γ = 1, it indicated towed streamer data alone. When α = 1, β = 1, and
γ =0,AEFWIwas indicated forOBS data alone. J-AEFWI is indicatedwhen
α = 1, β = 1, and γ = 1. The φ is a weighting parameter used to control the
contribution of different data points in the inversion. The selection strategy
for parameter φ is explained in a subsequent discussion. LAE* was given by:

LAE
* �

ρ
z

zt
0 − z

zx
λ + μ( ) z

zx
μ

z

zz
μ

0 ρ
z

zt
− z

zz
λ + μ( ) − z

zz
μ

z

zx
μ

− z

zx
− z

zz

z

zt
0 0

z

zx
− z

zz
0

z

zt
0

z

zz

z

zx
0 0

z

zt

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(7)

The gradients of the objective function with respect to the
parameters λ and μ are derived as follows:
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Finally, P- and S-wave velocity gradients were obtained using the
chain rule. The parameters were updated by:

mk+1 � mk + αkgk (9)
wherem is the model parameter, α is the updating step length, g is the
conjugate update direction of the model parameters, and k is the
number of iterations.

FIGURE 2
The true P-wave velocity (A) and S-wave velocity (B) models and their starting models (C,D).
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3 Synthetic inversion examples

We conducted three FWI experiments for towed streamer data alone,
OBS data alone, and combined towed streamer and OBS data. All
experiments used Eqs 1, 4, 8, 9 to invert P- and S-wave velocities, and

the difference is the selection of the weighting parameters in Eq. 6. The
size of the true and starting models was 10 km × 3.5 km shown in
Figure 2. The experimental acquisitions followed the towed streamer and
the OBS acquisition. A total of 200 streamer hydrophones were spaced
20 m apart at the seawater surface, and 11OBSwere spaced 1,000 m apart

FIGURE 3
Shot gathers of the towed streamer (A), OBS x (B), and z (C) components.

FIGURE 4
The P-wave velocity (A,C,E) and S-wave velocity (B,D,F) updating directions for the first iteration of three inversion experiments. (A,B) are updating
directions of towed streamer data alone, (C,D) are updating directions of OBS data alone, and (E,F) are updating directions of joint towed streamer and OBS
data.
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FIGURE 5
The spectrums of updating directions. (A–C) are the P-wave velocity updating direction of TS-FWI, OBS-FWI and J-AEFWI, respectively. (D–F) are the
S-wave velocity updating direction of TS-FWI, OBS-FWI and J-AEFWI, respectively.

FIGURE 6
The P-wave velocity (A,C,E) and S-wave velocity (B,D,F) inversion results. (A,B) are results for towed streamer data alone, (C,D) are results for OBS data
alone, (E,F) are results for joint towed streamer and OBS data.
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FIGURE 7
Vertical P-wave velocity (A) and S-wave velocity (B) profiles at three different locations. The solid black lines indicate the true velocities, the dashed lines
indicate the starting velocities, the red lines indicate the results for towed streamer data, the green lines indicate the results for OBS data, and the blue lines
indicate the J-AEFWI results.

TABLE 1 The data residuals of the final inversion results.

Method Vx of OBS Vz of OBS Pressure of towed streamer

FWI for towed streamer data 23.6% 22.6% 1.3%

FWI for OBS data 16.5% 20.6% 20.2%

J-AEFWI 5.7% 5.9% 2.2%
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on the seafloor. Figure 3 shows the common shot gathers for both
acquisitions. The towed streamer data had a clear acquisition density
advantage, but only a few diving waves were recorded. In contrast, OBS

data are sparse, but its long-offset data are abundant. The experiments are
concerned with P-wave velocity and S-wave velocity building, and the
weak parameter density is the true value that is not updated in the
inversions. All three experiments were iterated 200 times to maintain
consistency in the computation effort.

The characteristics of these three experiments can be observed in the
updated directions for the first iteration of the inversion, as shown in
Figure 4. Figures 4A, B show the P-wave velocity and S-wave velocity
updating directions of the AEFWI for towed streamer data. The updating
direction of the P-wave velocity has good continuity of layers (especially in
shallow parts), which is attributed to the dense acquisition of the towed
streamer. The weakness of (A) is that the updating direction is dominated
by the high-wavenumber information mainly concentrated on the layers
rather than the most desired low-wavenumber information. This is
because of the slight imaging angle, which is attributed to the narrow
aperture of the towed streamer acquisition. Although FWI can slowly
recover models after multiple iterations, such small-angle data are
unfavorable for inversion. Moreover, relying only on small-angle
reflected waves, the illumination of the shallow part of the updating

FIGURE 8
Pressure residuals of FWI results for (A) towed streamer data, (B) OBS data and (C) J-AEFWI. The z-components residuals of FWI results for (D) towed
streamer data, (E) OBS data and (F) J-AEFWI.

FIGURE 9
The x, z-component data of OBS and towed streamer data.

Frontiers in Earth Science frontiersin.org07

Yang et al. 10.3389/feart.2022.1085441

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1085441


direction is excellent, whereas the illumination of the deep part is
insufficient (Peter et al., 2022). In addition, without S-waves, the

direction of the S-wave velocity relying only on the converted P-waves
is insufficient and shows dispersion in depth.

FIGURE 10
The starting P-wave (A) and S-wave (B) velocities; P-wave (C) and S-wave (D) velocities of AEFWI for OBS data; and P-wave (E) and S-wave (F) velocities
of J-AEFWI. The dotted line behind the ship indicates the towed streamer, the red balls represent OBS, and the target area is in the red box. The yellow line
indicates the free gas layer. The part of images of starting P-wave velocity (G), starting S-wave velocity (H), P-wave velocity of AEFWI for OBS data (I), S-wave
velocity of AEFWI for OBS data (J), P-wave velocity of J-AEFWI (K) and S-wave velocity of J-AEFWI (L), respectively. The areas indicated by arrows,
rectangles and circles show improvements for J-AEFWI.
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Figure 4C, D show P-wave and S-wave velocity updating directions of
sparse OBS data AEFWI. As expected, the updating directions of the OBS
data are very poor for layer continuity compared with the updating
directions of the towed streamer data. The sparse data indicate that
imaging stacking is insufficient, and many acquisition footprints (show
arcs) appear in the direction profiles. Encouragingly, long-offset data play a
significant role in determining the background velocity. The updated
directions of the OBS data have more low-wavenumber information,
which is crucial for recovering large-scale structures. The deep
illumination of the model is much better because of wide-azimuthal
acquisition (Shen et al., 2018). Virieux and Operto (2009) found that
the frequency and imaging angle influence the wavenumber of the imaging.
The lower the frequencies and the larger the imaging angles, the lower the
wavenumber of the imaging results. If the starting model is not good
enough, the low frequency and long observation aperture become keys to
the success of FWI (Shipp and Singh, 2002; Ravaut et al., 2004; Operto et al.,
2006; Plessix et al., 2010). In addition, positively influenced by the abundant
S-waves, the updating direction of the S-wave velocity is better illuminated
in the deep part (Figure 4D), making the S-wave velocity inversion more
likely to succeed (Ren and Liu, 2016; Wang and Cheng, 2017).

Figures 4E, F show the P-wave and S-wave velocity updating
directions of the J-AEFWI. The updating directions of J-AEFWI are
shaped as a combination of the towed streamer and OBS updating
directions. On the one hand, the strong acquisition footprints are
faded, and the continuity of the layers was enhanced owing to the
addition of the towed streamer data. On the other hand, the low-
wavenumber information from the wide-azimuthal OBS data
remained, and the superior illumination of the deep parts was
preserved. As observed, the updated directions of
J-AEFWI carry more information for P-wave and S-wave
velocity buildings.

Figure 5 shows the wavenumber spectrum of the updating
directions of the FWI for towed streamer data, OBS data and
J-AEFWI. The low wavenumbers in the updating directions of the
OBS data are dominant, whereas updating the directions of the towed

streamer data contain higher wavenumbers. The updating directions
of J-AEFWI contain both low and high wavenumbers.

The characteristics of the updating directions are projected in the
inversion results. Figure 6 shows the results of the three inversion
experiments. Figures 6A, B are P-wave and S-wave velocity results for
the towed streamer data. Benefiting from dense acquisition, FWI accurately
depicts the structural layers, which are almost consistent with the true
velocities. However, below 2 km depth, the different background velocities
are not adequately inverted and blended, which affects the identification of
deeper structures (low-velocity structures indicated by the dashed boxes). In
the results of theOBSdata (Figures 6C,D), large-scale background velocities
are adequately inverted, especially at the depth indicated by the dashed
boxes, where the low-velocity structures are well illuminated and can be
identified clearly. The shortcoming is that insufficient data leads to
inadequate stacking, resulting in poor continuity and shallow acquisition
footprints. Figures 6E, F show better inversion results for J-AEFWI. In the
shallow part, the results depict the layers at high resolution, and the
acquisition footprints are suppressed; in the deep part, sufficient
illumination and accurate macroscopic velocities remain.

Figure 7 shows vertical velocity profiles at three different locations.
Above 2 km depth, the results for towed streamer data (red lines) closely
match true velocities (black lines), while the results deviate from true
velocities below it. On the contrary, the results forOBS data (green lines) are
slightly worse at shallow depth and slightly better at a deeper depth. The
inversion results of J-AEFWI accurately fit the true velocities in both the
deep and shallowparts. Overall, the results of J-AEFWI are better than those
of AEFWI for towed streamer data alone or AEFWI for OBS data alone.

To further illustrate the accuracy of the inversion results, the
data residuals are quantitatively shown. Figure 8 shows the final
data residuals of FWI for towed streamer data, OBS data, and
J-AEFWI. Where the red arrows indicate, the amplitudes of
residuals are smaller for J-AEFWI. Compared to the residuals of
the initial model, the data residuals of the final inversion results are
shown in Table 1. Naturally, the FWI for towed streamer data uses
only towed streamer data and not the OBS data, which has the

FIGURE 11
Synthetic data generated using initial models (A), AEFWI results for OBS data (B) and J-AEFWI results, compared to the observed data. Themiddle of each
image shows the field data and the sides show the synthetic data, which are separated by red lines. The waveforms after multiples are muted.
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smallest residuals for the towed streamer data and the larger
residuals for the OBS data. The FWI for OBS data uses only
OBS data and not the towed streamer data, which has the
smallest residuals for the OBS data and the larger residuals for
the towed streamer data. The J-AEFWI uses both towed streamer
and OBS data, and have the smallest residuals.

4 Field data examples

We tested the J-AEFWI approach on South China Sea field data. A
total of 875 shots were distributed evenly over a straight line of
approximately 20 km. Considering the calculation cost, we

selected only a part of the data to implement in the
experiments. The collection ship carried 360 towed streamer
hydrophones, and only five OBSs were arranged on the seafloor
with 400 m spacing. Figure 9 shows the x, z-component of an OBS,
and the towed streamer data. We know from early works that free
gas layers exist in the target area (indicated by the yellow line in
Figure 10A). During pre-processing, we applied a transformation
from 3D to 2D geometric spreading (Crase et al., 1990), and a band-
pass filter was applied to the data. A time window is applied to mute
the reflected waves after multiple arrivals.

In approximately 1 km deep water, the towed streamer hardly
received the diving waves, so it is unwise to implement FWI for
multi-parameter building using towed streamer data alone. In this

FIGURE 12
The images with corresponding velocity models overlay. P-wave velocity of AEFWI for OBS data (A), S-wave velocity of AEFWI for OBS data (B), P-wave
velocity of J-AEFWI (C) and S-wave velocity of J-AEFWI (D). The ADCIGs of (E) P-wave velocity of AEFWI for OBS data, (F) S-wave velocity of AEFWI for OBS
data, (G) P-wave velocity of J-AEFWI, and (H) S-wave velocity of J-AEFWI. The areas indicated by arrows and rectangles show improvements for J-AEFWI.
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section, we describe the implementation of an AEFWI experiment
for OBS data and a J-AEFWI experiment. The starting P-wave and
S-wave models are presented in Figures 10A, B. Before the FWI,
we improved the starting models using tomography techniques.

Figures 10C, D shows AEFWI results for OBS data alone.
Compared with the starting models, the inversion results change
on macroscopic velocities and appear to have some high
wavenumber information which is beneficial to identify the
layers. In particular, a well-defined low-velocity layer appears in
the shallow part, which is consistent with prior information
provided by the early works that free gas layers exist in the
target area. Unfortunately, sparse data led to poor continuity
and irregular perturbations in these layers. J-AEFWI improved
these anomalies caused by insufficient data. As shown in Figures
10E, F, the irregular disturbances of the layers are suppressed, and
layers are more continuous.

Conventionally, the reverse time migration (RTM) imaging
technique is used to verify the accuracy of inversion results.
Figures 10G–L shows the P-wave velocity (G) and S-wave velocity
(H) images of the starting models, P-wave velocity (I) and S-wave
velocity (J) images of AEFWI for OBS data, and P-wave velocity (K)
and S-wave velocity (L) images of J-AEFWI. In the target area, both
inversion experiments improved the RTM images (indicated by
rectangular areas). More accurate velocities allowed the images to
migrate to the correct position, as evidenced by the more continuous
and clear images. In particular, the images of S-wave velocities, which
were blurred for the starting models, improved significantly with the
inversion results. In addition, the images of the J-AEFWI results are
more converged and clearer than those of the OBS data (indicated by
the circles and arrows).

Figure 11 presents a comparison between field data and synthetic
data for the initial models, OBS data AEFWI results, and J-AEFWI
results. The center of the red lines represents the field data, with the
synthetic data on either side. The waveforms after multiples have been

suppressed. In Figure 11A, the initial model’s synthetic data lacks
some reflection events and exhibits poor continuity (as indicated by
the red arrow). In contrast, Figure 11B demonstrates that the OBS data
inversion results exhibit improved continuity in the reflection events.
Finally, Figure 11C shows that the synthetic data generated by the
J-AEFWI method most closely aligns with the field data, as indicated
by the red circles.

To verify the reliability of the inversion results, we show the
P-wave and S-wave velocity images with a velocity model overlay,
as shown in Figures 12A–D, where the emerging velocity layers
largely coincide with the image positions. We also show the angle-
domain common-image gathers (ADCIGs) to illustrate the
accuracy of the inversion results. Figures 12E–H shows ADCIGs
at locations in the target region. Figures 12E–F show the ADCIGs
of P-wave velocity and S-wave velocity for the AEFWI of OBS data,
and Figures 12G–H show the ADCIGs of P-wave velocity and
S-wave velocity for the AEFWI of joint data. The ADCIGs of the
two FWIs are generally similar, and a comparison shows that the
ADCIGs of the J-AEFWI results are flatter and clearer at some
locations than those of the OBS data (indicated by arrows and
rectangles).

5 Discussion

The weighting parameter φ played a key role in the success of
the J-AEFWI approach. For simplicity, the value of φ was set to
balance the proportions of the two data in the objective function. In
addition, before calculating the updating directions of J-AEFWI, φ
can be adjusted such that the energy of the gradients of the two
types of data is approximately half. In practice, the value of φ can be
adjusted according to the quality of the different data. If the spacing
of OBS in the field data is large, it is appropriate to increase the
weighting of towed streamer data and decrease the weighting of

FIGURE 13
P-wave (A) and S-wave (B) velocity of cascaded AEFWI.
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OBS data in this case. The weighting of the OBS data can be
increased as the OBS interval decreases, or the weighting of the
towed streamer data can be adjusted downward if the noise
pollution is serious.

Next, we present a cascaded AEFWI approach that does not require
determining the value of the weighting parameters. We first inverted
100 times using theOBS data, and the inversion results were then inverted
100 times using the towed streamer data, with the same inversion
parameters as above for AEFWI. As shown in Figure 13, the cascaded
AEFWI accurately reconstructs the velocitymodels. In the vertical velocity
profiles (Figure 14), the inversion accuracy of the cascaded FWI was

slightly worse than that of J-AEFWI. This is because cascaded FWI utilizes
both data in segments, whereas J-AEFWI utilizes both data in the entire
inversion process.

Figure 15 shows P-wave and S-wave velocity normalized misfits
between inversion and true models. First, the decline of J-AEFWI in
P-wave velocity misfit is leading in the whole process, and cascaded
AEFWI takes inversion results of OBS data as the starting point, which
inevitably lags behind J-AEFWI. This pattern is the same in S-wave
velocity misfit, but inversion for OBS data is ahead of inversion for towed
streamer data. This is because S-waves in OBS data play a significant role
in S-wave velocity building.

FIGURE 14
Vertical P-wave velocity (A) and S-wave velocity (B) profiles at three different locations. The solid black lines indicate the true velocities, the dashed lines
indicate the starting velocities, the red lines indicate the cascaded AEFWI results, and the blue lines indicate the J-AEFWI results.
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6 Conclusion

We developed a J-AEFWI method, in which towed streamer
and OBS data were used to build P-wave and S-wave velocity
models based on the same acoustic-elastic coupled equations. This
method combines the advantages of both types of data. On the one
hand, towed streamer data with dense acquisition can accurately
depict model layers and suppress acquisition footprints. On the
other hand, the long-offset OBS data with rich diving waves benefit
deep illumination and large-scale background velocity building.
The synthetic experimental results show that J-AEFWI obtains
more accurate results than when using these two types of data
alone. The results of J-AEFWI were slightly better than those of the
cascaded FWI strategy. This method was applied to the field data,
and better results were obtained.
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Appendix A

We used Lagrangian multiplier method to derive the adjoint
equations and gradients. The acoustic-elastic coupled equation and
the objective function can be expressed as
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Expanding the objective function using the Lagrange multiplier

method yields:
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where,
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The vector ~U represents adjoint-wavefield. The new objective
function J calculates the first derivative of each parameter and
equals zero:
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Finally, we can obtain the adjoint equations:
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zz
+ μ

z~τsxz
zx

+ β vsimzo − vobszo( )
z~P

zt
� − z~vx

zx
+ z~vz

zz
( ) + Ppre − Pobs( ) + γ*φ Psim

ts − Pobs
ts( )

z~τsxx
zt

� z~vx
zx

− z~vz
zz

( )
z~τsxz
zt

� z~vx
zz

+ z~vz
zx

( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(A9)

and gradients:

∇λE � ∫t

0

zvx
zx

+ zvz
zz

( )~Pdt (A10)

∇μE � ∫t

0

zvx
zx

+ zvz
zz

( )~P − zvx
zx

− zvz
zz

( )~τsxx − zvx
zz

+ zvz
zx

( )~τsxzdt
(A11)

The expressions of P- and S-wave velocity can be obtained by using the
chain rule.
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