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ABSTRACT

Kim. S.Y.. Chung, W.K.. Shin. S.R. and Lee. D.W.. 2020. Seismic full-waveform inversion
using decomposed P-wavefield. Journal of Seismic Exploration, 29: 201-224.

Here we describe the development of a seismic full-waveform inversion method
which employs P-wavefield decomposition to obtain accurate velocity information.
Briefly, P-wavefield decomposition for multi-component data was performed with
Helmholtz decomnosition in elastic media and an obiective function. To achieve efficient
inversion, application of a back-propagation technique is essential. Therefore. a stress
tensor was used for P-wavefield decomposition to allow application of a back-
propagation technique. Our proposed inversion algorithm was validated with synthetic
data obtained from the Marmousi2 velocity model which simulated an ocean bottom.
multi-component survey. The subsurface information obtained with our inversion
method was more accurate in regard to velocity and structure compared with a
conventional elastic inversion method. In addition. the application of our inversion
method to svnthetic data simulating an ocean bottom seismometer survey which uses a
small number of receivers also obtained better results in a numerical test.

KEY WORDS: full-waveform inversion, P-wavefield decomposition, multi-component,
elastic.

INTRODUCTION

Seismic full-waveform inversion 1s the process of obtaining a
subsurface property (i.e.. velocity) of an exploration area. This process
involvesan objective function which calculates the difference between field
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data and modeling data. This difference 1s minimized when subsurface
properties are updated. The final model 1s then assumed to represent an
exploration area of interest. It has been proposed that calculation of gradient
direction can improve the obijective function of an inversion process, with
zero-lag cross-correlation of partial derivative wavefield and residual of data
performed. However, this approach requires a large number of calculations.
Lailly (1983) and Tarantola (1984) both proposed efficient calculations for
gradient direction with use of a back-propagation technique which uses
wave equation-based migration. These approaches have reduced calculation
time and the resources needed for waveform inversion work, thereby
facilitating inversion studies. Initially, a subsurface was assumed to
represent an acoustic media. Accordingly. Kolb (1986) and Gauthier et al.
(1986) performed waveform inversion for acoustic media in the time
domain. However, representing the subsurface as an acoustic media does
not account for possible effects of complex waves such as S-waves. surface
waves, and converted waves. Therefore, Mora (1987) expanded waveform
inversion to elastic media, and this was subsequently studied in various
domains. For example, Crase et al. (1990), Shipp and Singh (2002)., and
Sheen et al. (2006) studied waveform inversion for elastic media in the time
domain. while Choi et al. (2008). Lee et al. (2010), and Jeong et al. (2012)
studied it in the frequency domain.

Data processing of an elastic media can provide various types of
information, including P-wave and S-wave data. However, calculations of
gradient direction for updating models are based on determinations of PP,
PS. SP. and SS reflectivity at each grid point in a data processing approach
which uses cross-correlation with parameters such as migration.
Furthermore, when performing full-waveform inversion in elastic media,
crosstalk from the scattering of each parameter can lead to contamination
(Operto et al., 2013; Operto et al.. 2018; Pan et al.. 2019). To reduce this
crosstalk, wavefield decomposition has been studied by Dankbaar (1987),
Dellinger and Etgen (1990). Amundsen et al. (1998). and Sun (1999). In
addition to the application of wavefield decomposition to the processing of
seismic data, wavefield decomposition has also been applied to migration by
Yan and Sava (2008. 2009). Yan (2010). Zhang and McMechan (2011),
Chung et al. (2012). and Ha et al. (2015). Among these studies. Chung et al.
(2012) defined a new migration technique involving P-wavefield
decomposition, a procedure which was originally proposed by Dellinger and
Etgen (1990). This techique obtained clear subsurface information in
numerical tests.

In the present study. P-wavefield decomposition was applied to
waveform inversion to obtain accurate subsurface property information. For
this, we set a new objective function for P-wavefield decomposition.
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However, when Dellinger and Etgen (1990) defined waveform
inversion theory with P-wavefield decomposition, it was demonstrated that
derivation with a back-propagation algorithm is very difficult due to
divergence of the operator in the obijective function. Ha et al. (2015)
proposed elastic reverse time migration using a stress tensor. When we
applied this decomposition method to inversion and a back-propagation
algorithm for efficient inversion, we were able to develop a full-waveform
inversion theory wusing a decomposed P-wavefield procedure. To
demonstrate that the proposed inversion method can be appropriately
applied to multi-component data, inversion results generated with our
proposed method were compared with those obtained with a conventional
inversion method 1n elastic media in numerical tests. (Hereafter,
conventional inversion refers to multi-parameter elastic 1nversion.)
Numerical tests were performed with synthetic data and the Marmousi2
model., and modeling and inversion were subsequently performed to
simulate ocean bottom cable (OBC) and ocean bottom seismometer (OBS)
multi-component survey data. Inversion results were also compared with
true velocity models and depth profiles.

THEORY

The obijective function in seismic waveform inversion is composed of a
/>-norm between field data and modeling data for a single source and can be
defined as follows (Claerbout and Muir, 1973):

Nrec Tmax

E=) ) (y® -4y ()

J=1

where E 1s an obiective function, Nrec is the number of receivers, u
indicates modeling data, d indicates field data, and T.,... is the total
record time. Gradient direction minimizes the obiective function and is the
first derivative form for the model parameter, p,., as shown in eq. (2).
However, gradient direction must be calculated. Alternatively, it 1s possible
to perform an indirect calculation [see eqgs. (2)-(5)] by using a back-
propagation technique.
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where P is the gradient direction with p, as a model parameter obtained
k

from eq. (1), zu—p(t) is a partial derivative wavefield at the k-th point, @ isa
k

cross correlation operator, G is Green’s function, V* is the virtual source,
r is residual, * is a convolution operator, and B is a back-propagated
wavefield. The latter, represented as B(t) in eq. (5), is the same as the
G *x (r(Tgx —t)) term in eq. (4). Furthermore, this back-propagated
wavefield is obtained from modeling with residual between modeling data
and field data as sources. By using a back-propagated wavefield and a
virtual source as shown in eq. (5), the gradient direction is efficiently
calculated and this method is referred to as a back-propagation technique.

P-wavefield decomposition

In this study, two P-wavefield decomposition techniques were
applied to perform waveform inversion: the wavefield decomposition
techniques proposed by Dellinger and Etgen (1990) and by Ha et al. (2015).
The P-wavefield decomposition proposed by Dellinger and Etgen (1990)
based on Helmholtz decomposition is described as follows:

ou, Jdu,

L 6
Vo=t ©




205

where V- u is the decomposed P-wavefield of modeling data and u, and
u, represent displacement along the x- and z-axes., respectively. P-
wavefield decomposition with the stress tensor proposed by Ha et al. (2015)
1s described in eq. (7). This method 1s based on use of a time domain, two-
dimensional (2D) staggered grid finite difference method for elastic media
as described in egs. (8)-(10)

gy = Qx y OUs _ TaxtTzy (7)
Vou= ox 9z 2+w)’
du, )
+4 0z’
= (1+2 )"’“Z 12%, 9)
Ty + Tz = 21 + )(%+%) (10)

where 1., and T,, are stress tensors and A and u are Lamé constants.
To check the accuracy of P-wavefield decomposition in eq. (7) compared to
that 1n eq. (6). we performed a simple numerical test in elastic homogeneous
media. The P-wave velocity of the model was set to 2.0 km/s, S-wave
velocity was set to 1.0 km/s, and density was set to 1000.0 g/cm’. The
positions of the source and receivers are shown in Fig. 1. Snapshots and
seismograms at 1.2 s are presented in Figs. 2 and 3.
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Fig. 1. Elastic homogeneous model for P-wavefield decomposition tests.
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In Fig. 2. snapshots are provided of horizontal (a) and vertical (b)
displacement, as well as a decomposed P-wavefield with divergence

operator (c). In panels (d), (e), and (f), the seismogram is at the receiver
position.
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Fig. 2. P-wavefield decomnosition with a divergence operator in homogeneous media.
The following snapshots are presented with the seismogram at the receiver position:

(a. d) horizontal displacement. (b. e) vertical displacement, and (c, f ) decomposed P-
wavefield with divergence operator.
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The stress tensor in elastic media has a different component at
horizontal and vertical. In the case of using the stress tensor in elastic media
like an eq. (7), we can confirm the decomposed P-wavefield. In Fig. 3,
snapshots are provided of the horizontal (a) and vertical (b) stress tensor, as
well as a decomposed P-wavefield with a stress tensor (c¢). Panels (d), (e),
and (f') have the seismogram at the receiver position.
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Fig. 3. P-wavefield decomnosition with a stress tensor in homogeneous media. The
following snapshots are provided with the seismogram at the receiver position:

(a. d) horizontal displacement. (b. e) vertical displacement, and (c, f ) decomposed P-
wavefield with a divergence operator.

The decomposed P-wavefields shown in Figs. 2 and 3 were found to
correspond to each other in numerical tests. Thus, P-wavefield
decomposition with a stress tensor as described in eq. (7) can replace
decomposition with a divergence operator as described in eq. (6).
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Full waveform inversion using P-wavefield decomposition

To apply P-wavefield decomposition to waveform inversion, we
proposed a new objective function in this study. An objective function for a
single source is described in eq. (11), and the gradient direction of the A-th
model parameter is described in eq. (12):

Nrec Tmax

IR ATGEIAT G (1)

j=1 t=1

Nrec Tmax

oV e
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0Veu ()

In eq. (12), is a partial derivative wavefield of decomposed P-

wavefield. A back—propagation technique should be used for efficient
calculation of gradient direction. However, this is difficult due to the
divergence operator present in the partial derivative wavefield shown in eq.
(12). Therefore, we applied P-wavefield decomposition with a stress tensor
as proposed by Ha et al. (2015) to inversion and a back-propagation
algorithm. The developed gradient direction of model parameter, which is
applied above decomposition to the partial derivative wavefield in eq. (12),
is shown in eq. (13), which is subsequently expanded in eqgs. (14) and (15).
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If the model parameter is A, the virtual sources VTxx* and VTZZ* in
eq. (15) are composed as follows:

e o, (16)

Tzz ~ 9x oz’

V., "=V

Txx

Elastic parameters such as A, u, and p can be updated with a
calculation of gradient direction according to this process, with the only
difference being the definition of the virtual sources. It should also be noted
that calculation of gradient direction can result in large update values
proximal to the source position. In the present study, final parameter updates
were performed with gradient direction scaled in a pseudo-hessian manner
as follows (Shin et al., 2001; Ha et al., 2009):

i+1 — 5 i _ o - NRMI(di [H]+ 1—16—E 17
Dk Pkt — @ [(diag|H, | + yI) 5pk]' (17)

where p,’ is the k-th model parameter at the i-th update, a is the step
length and has a constant value, H, is the pseudo-hessian parameter
defined as the square of the virtual source, ¥ is a damping factor, I is a
diagonal matrix, and NRM] ] is the normalizing operation.
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NUMERICAL TESTS

We performed numerical tests with our proposed inversion algorithm,
and then compared these results with those from tests performed with elastic
inversion as described in eq. (5) (which is referred to conventional inversion
hereafter). Briefly, numerical tests were performed with synthetic data
simulating an ocean bottom multi-component seismic survey, and then were
compared with the results obtained from developed inversion with elastic
mnversion for multi-component data. The Marmousi2 model (Martin et al.,
2006) was used for modeling and inversion because this model provides P-
wave velocity, S-wave velocity, and density models for elastic inversion.
This model also includes various structures for benchmarking. Recently,
ocean bottom multi-component surveys have been actively used for elastic
inversion studies. Therefore, we simulated various receiver numbers based
on available OBC and OBS surveys.
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Fig. 4. True Marmousi2 model of (a) P-wave and (b) S-wave velocities.
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Inversion simulating of an ocean bottom survey with use of a large
number of receivers

We compared the results of conventional inversion with those from our
proposed inversion for simulating an OBC survey with the Marmousi2
model. True models of P-wave and S-wave velocities which were used for
inversion are shown in Fig. 4. The initial P-wave and S-wave velocity
models for inversion (shown in Fig. 5) were generated with the smooth2

function of Seismic Unix. The density model was assumed to be
homogeneous.
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Fig. 5. The smoothed initial model of (a) P-wave and (b) S-wave velocities.
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To obtain modeling data, pressure sources at the water surface were
defined at 52 points which were spaced at 320-m intervals. In addition,
receivers simulating the OBC survey recorded horizontal and vertical
displacements for 850 points spaced at 20-m intervals. Survey geometry is
shown in Fig. 6.
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Fig. 6. Survey geometry in the marine Marmousi2 model.
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Fig. 7. Updated P-wave velocity models from (a) conventional elastic inversion and
(b) our proposed inversion after 200 iterations.
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The source waveform was obtained from a first derivative Gaussian
function with a 15 Hz cutoff frequency. The maximum recording time was
6 s and the sampling interval was 0.002 s. After performing an inversion
with the above parameters and survey geometry, P-wave velocity models
after 200 iterations were generated (Fig. 7). S-wave velocity models are
shown in Fig. 8.
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Fig. 8. Updated S-wave velocity models from (a) conventional inversion and (b) our
proposed inversion after 200 iterations.

The results from the conventional inversion technique and our
proposed inversion technique both accurately show a thin, high-velocity
layer (Figs. 7 and 8). Both approaches also clearly provide various
structures such as a gas layer, fault, and turtle back. However, the images
obtained with the proposed inversion method are more accurate. The
differences between these two methods are apparent from the depth profiles
obtained at three points which include various structures such as gas sand,
salt layer, fault, turtle back, oil cap, and strata (Fig. 9).
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Fig. 9. The three points evaluated in depth profiles of the Marmousi2 model.

The depth profile of the inverted velocities at the 3-km point is
shown 1n Fig. 10. The P-wave velocity trends observed in this profiles
accurately indicate details in the structures. However, the proposed
inversion method provides more exact information in the area within the
dotted circles in regard to P-wave (a) and S-wave (b) velocities.
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Fig. 10. Depth profiles of (a) P-wave and (b) S-wave velocities at the 3-km point.
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The depth profiles at the 10.4-km point are shown in Fig. 11. Similar
to the results obtained at the 3-km point, the proposed inversion method also
provides more accurate information for both P-wave (a) and S-wave (b)
velocities. In particular, the profile for the turtle-back structure below the
high-velocity layer and low-velocity information for the oil trap were more
exact (see regions within the dotted circles).
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Fig. 11. Depth profiles of (a) P-wave and (b) S-wave velocities at the 10.4-km point.

Fig. 12 presents depth profiles obtained for the 14-km point. The
proposed inversion method provides more accurate velocity information in
the salt layer and below.
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Fig. 12. Depth profiles of (a) P-wave and (b) S-wave velocities at the 14.0-km point.

Thus, the results obtained from the proposed inversion method to
simulate the ocean bottom and multi-component surveys provides more
accurate velocity information at greater depths. In addition, the results
obtained are similar to the true velocity recorded in the area below the high-
velocity layer.

Full waveform inversion simulating OBS survey

To test the proposed inversion method, we simulated an OBS survey
which uses node-type receivers. In the present study, the number of
receivers was small, and the intervals were wider than those used in the
OBC survey. Specifically, 22 OBS receivers were simulated at the ocean
bottom at 400-m intervals. The corresponding survey geometry is shown in
Fig. 13. The other parameters for inversion were the same as described in
the previous example above.
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Fig. 13. Survey geometry in the Marmousi2 model with an OBS receiver.

Results from the updated conventional elastic inversion method (a)
and the proposed inversion method are presented in Figs. 14 and 15,
respectively. Both accuracy and the continuity of the structures are worse
than the previous test, although the proposed inversion method provided
clear P-wave and S-wave velocity information in the updated model.
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Fig. 14. Updated P-wave velocity models from (a) conventional elastic inversion and
(b) proposed inversion methods after 200 iterations.
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Fig. 15. Updated S-wave velocity models from (a) conventional elastic inversion and
(b) proposed inversion methods after 200 iterations.

To identify specific differences between the two methods, depth
profiles were generated at three points as described above. The depth profile
presented in Fig. 16 for the 3-km point shows that both inversion methods
can find trends in P-wave and S-wave velocities with a small number of
receivers. However, use of the proposed inversion method did provide more
accurate results near the high-velocity layers (indicated in dotted circles).
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Fig. 16. Denth profiles of (a) P-wave and (b) S-wave velocities at the 3-km point with
OBS receivers.

Fig. 17 presents the depth profiles obtained for the 10.4-km point.
The proposed inversion method provided more accurate information of the
turtle back and complex structures present (shown in dotted circles). In
particular, low velocity is observed below a continuous high-low velocity
area in the circled regions in (a) and (b).
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Fig. 17. Depth profiles of (a) P-wave and (b) S-wave velocities at the 10.4-km point with
OBS receivers.

The depth profiles at 14.0 km are shown in Fig. 18. The proposed
inversion method provided accurate velocity information for the salt layer in
regard to P-wave and S-wave velocities, despite use of a small number of
receivers. Moreover, at greater depths below the salt layer, the depth profile
closely represented the true model.
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Fig. 18. Denpth profiles of (a) P-wave and (b) S-wave velocities at the 14.0-km point with
OBS receivers.

Thus. the inversion results simulating an OBS multi-component
survey exhibited less continuity than the previous example. However, the
proposed inversion method did provide more accurate information at greater
depths, particularly in regard to velocity.

CONCLUSIONS

We developed a full waveform inversion method which employs P-
wavefield decomposition by using numerical, multi-component seismic
survey data. In elastic inversion, various wave modes such as PP, PS, SP,
and SS act as noise. Therefore, we hypothesized that elastic inversion would
be improved by applying P-wavefield decomposition. Furthermore, we
proposed the application of a back-propagation algorithm for efficient
mnversion to be possible by employing a stress tensor in the obijective
function. This pronosed inversion method was subseauently evaluated in
numerical tests with synthetic data froma Marmousi2 model. In the test-
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simulating OBC survey, our proposed inversion method accurately
predicted a thin, high-velocity laver, strata, and gas layer in updated velocity
models. In particular, clear structures and accurate velocity information
were predicted at greater depths compared with the elastic inversion
method. These improved results are attributed to the use of P-wavefield
decomposition, which prevents the corruption of data by S-waves at greater
depths. In the numerical test to simulate an OBS survey, both inversion
methods provided unclear images with use of a small number of receivers.
However, our proposed inversion method did provide more accurate
boundary information and velocity of the salt layer. Thus, inversion with P-
wavefield decomposition provided better results with a small number of
receivers. Finally, P-wavefield decomposition in this study can be
considered as a pressure field, whereby pressure data obtained at the ocean
bottom can be applied for inversion. As a result, these pressure data can
provide information regarding elastic properties with use of our proposed
inversion method.
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