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ABSTRACT

Kang, S.-G., Shin, C., Ha, W. and Hong, J.K., 2016. A gradient scaling method for Laplace
domain full waveform inversion in acoustic-elastic coupled media. Journal of Seismic Exploration,
25: 199-227.

In 2D full waveform inversions of acoustic-elastic coupled media, wave propagation is
described by the acoustic and isotropic elastic wave equations. To consider the irregular topography
of the seafloor in full waveform inversions, the interface between the acoustic and elastic media in
wave propagation modeling by the finite element method is represented using both square and
isosceles triangular elements. However, numerical artifacts are generated near the seafloor, and
widespread abnormal gradient directions are generated in the high velocity area in the target model,
when the gradient direction is calculated during full waveform inversion in the Laplace domain. This
issue generates unsuitable inversion results near the seafloor. We propose a scaling function that
minimizes numerical artifacts in the gradient direction for Laplace domain full waveform inversion
of acoustic-elastic coupled media. Based on a heuristic approach, we describe a gradient scaling
method of Laplace-domain waveform inversion in acoustic-elastic coupled media that can be used
to construct more accurate P- and S-wave velocity models of geological targets beneath the seafloor
than previous methods. The technique scales the gradient direction using an accumulated gradient
that is generated from the accumulated sum of the squares of the conventional gradient with respect
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to depth. This approach is designed to improve the imaging of large anomalies with high-velocity
structures and to attenuate artifacts that are related to an irregular seafloor. We perform numerical
tests using the synthetic SEG/EAGE salt model and field data. The numerical results demonstrate
the validity of Laplace-domain waveform inversions that are calculated with the new scaling method
for acoustic-elastic coupled media. The proposed gradient scaling method reduces artifacts more with
field data than in the synthetic case. In particular, the abnormal high velocity areas near the seafloor
in the inverted P- and S-wave velocity models are effectively removed by the gradient scaling
method. We also conduct frequency-domain waveform inversion using the Laplace-domain inversion
results as an initial model to confirm the accuracy of the inverted model of field data from our
proposed inversion algorithm. The reverse time migration images and synthetic seismograms that
were obtained from the field data indicate that this gradient scaling method is a useful tool for
building accurate long-wavelength inverted P-and S-wave velocity models of field data from the
Laplace domain full waveform inversion.

KEY WORDS: acoustic-elastic coupled media, full waveform inversion, Laplace domain,
gradient direction, scaling method.

INTRODUCTION

Several algorithms have been developed to construct velocity models of
subsurface structures using seismic data. Mathematicians and geophysicists have
proposed refraction-travel-time tomography techniques (Hampson and Russell,
1984; White, 1989; Zhu and McMechan, 1989; Docherty, 1992; Qin et al.,
1993; Stefani, 1995; Shtivelman, 1996; Zhang and Toksoz, 1998; Brenders and
Pratt, 2007), which apply ray-tracing methods to calculate first arrival times.
Reflection travel time tomography can also be applied and allows building a
large-scale velocity models to be constructed based on seismic data (Bishop et
al., 1985; Chiu and Stewart, 1987; Farra and Madariaga, 1988). However,
reflection travel time tomography involves the time-consuming process of
identifying and picking continuous events. Migration velocity analysis
(Al-Yahya, 1989; Symes and Carazzone, 1991; Jin and Madariaga, 1993;
Docherty et al., 1997) and controlled directional reception tomography
(Riabinkin, 1957; Riabinkin et al., 1962; Biondi, 1990, 1992) have been
proposed to avoid this difficult identifying and picking step. Stereotomography
has also been proposed to improve these methods (Billette and Lambaré, 1998).

Full waveform inversion is another method for constructing velocity
models using seismic data, and it was initially developed to recover subsurface
information in the time domain (Lailly, 1983; Tarantola, 1984; Gauthier et al.,
1986; Kolb et al., 1986; Mora, 1987; Bunks et al., 1995; Shipp and Singh,
2002). This work was subsequently extended to the frequency domain to
improve the computational efficiency using parallel computation for each
frequency (Geller and Hara, 1993; Pratt et al., 1998; Operto et al., 2004;
Sirgue and Pratt, 2004; Shin and Min, 2006; Choi et al., 2008; Plessix et al.,
2009; Brossier et al., 2009; Sirgue et al., 2009; Vigh et al., 2010). However,
frequency-domain full waveform inversion is limited by the requirement to
include low-frequency information (Virieux and Operto, 2009).
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A Laplace-domain waveform inversion technique has recently been
proposed to address the problem of the initial model when performing inversions
in the frequency or time domains (Shin and Cha, 2008; Shin and Ha, 2008; Bae
et al., 2010; Chung et al., 2010; Ha et al., 2010b; Pyun et al., 2011).
Laplace-domain waveform inversion solves the problems of insufficient
low-frequency information by using the zero-frequency component of a damped
wavefield (Shin and Cha, 2008). By combining the work of Bae et al. (2010)
and Kim et al. (2009), Kang et al. (2012) has been developed an inversion
algorithm that can account for the effects of elastic waves in marine
environments while taking into account irregular submarine topography.
However, this algorithm can produce gradient artifacts of Laplace-domain
waveform inversion near the seafloor, especially in the case of rough
topography in the field data.

In this study, we propose an improved gradient scaling approach for 2D
Laplace-domain waveform inversion. The algorithm was developed empirically
through several numerical experiments. Our gradient scaling is computed using
the sum of the squares of the conventional gradient values that accumulate with
depth. This scaling function is designed to enhance the recovery of high-velocity
deep-water structures, such as salt domes, while suppressing artifacts that are
related to an irregular seafloor. We present inversion examples of synthetic and
field data to verify the accuracy of the proposed algorithm. The numerical tests
show that the gradient scaling method can diminish the numerical artifacts of the
gradient and thus construct more accurate inverted models for acoustic-elastic
coupled media than conventional methods. In the case of the field data test,
inverted models of the Laplace domain full waveform inversion from the
conventional approach result in abnormal high P-wave and S-wave velocity
values at the seafloor that are caused by numerical artifacts in the gradient
direction. However, the inverted models from the scaled gradient direction
method do not contain the abnormal high velocity areas. We evaluate the
inversion results of the field data using reverse time migration images and
synthetic seismograms that are obtained from the inversion results to verify the
inverted models from the scaled gradient method.

WAVE PROPAGATION MODELING FOR ACOUSTIC-ELASTIC
COUPLED MEDIA IN THE LAPLACE DOMAIN

By applying the finite element method, we can obtain a discretized matrix
equation for acoustic-elastic coupled media with irregular topography. The
acoustic and isotropic elastic wave equations with irregular interface conditions
can be expressed by the finite element method (Kim et al., 2009):
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where s is the Laplace damping constant, c is the velocity of the acoustic media,
p, is the density of the water column, py is the density of the elastic media, K,
is the stiffness matrix for the acoustic media, K'!, K'?, K?!' and K* are the
stiffness matrices for the elastic media, M” is the mass matrix for the acoustic
media, M'' and M* are the mass matrices for the elastic media, Q* and QF are
the interface boundary matrices for the acoustic and elastic media, respectively,
0 is the slope of the interface between the acoustic and elastic layers, p(s) is a
pressure-field vector, and h(s) and ¥(s) are the horizontal and vertical
displacements of the elastic media in the Laplace domain, respectively (Kim et
al., 2009; Kang et al., 2012).

The Laplace-transformed pressure, displacements and source term can be
obtained from the time-domain wavefields using the Laplace transform (Bae et
al., 2010):

p(s) = S:pa)e-“dt , @)
fits) = §:h(t)e‘5‘dt , 3)
W(s) = S:v(t)e‘s‘dt , @)
f(s) = s:f(t)e‘s‘dt : (5)

We can simplify eq. (1) using the impedance matrix S:

Si=F, 6)

where u is the Laplace-domain wavefield vector that contains the pressure field
and the displacements.
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WAVEFORM INVERSION USING A SCALED GRADIENT

Here, we describe our inversion algorithm that uses a new gradient
scaling method for acoustic-elastic coupled media. We use the Lamé parameters
A(x,z) and u(x,z) and the density pg(x,z) as the elastic model parameters for the
waveform inversion. After the inversion results are obtained using the Lamé
parameters, the models of the Lamé parameters are converted into P-wave
velocity, S-wave velocity and density values (Choi et al., 2008; Kim et al.,
2009; Bea et al., 2010; Kang et al., 2012).

Unlike the wavefield in frequency-domain full waveform inversion, the
Laplace-domain wavefield exhibits small values because the Laplace-domain full
waveform inversion uses the damped wavefield (Shin and Cha, 2008). Given
these conditions, the logarithmic objective function (Shin and Min, 2006) is
more useful than the conventional /, objective function for measuring residuals
(Shin and Cha, 2008; Shin and Ha, 2008). Numerous studies associated with
Laplace-domain waveform inversions have obtained successful results using the
logarithmic objective function (Shin and Cha, 2008; Bae et al., 2010; Chung et
al., 2010; Ha et al., 2010a; Pyun et al., 2011). The logarithmic objective
function for our Laplace-domain waveform inversion method for a given

Laplace damping constant is expressed by (Shin and Min, 2006; Shin and Cha,
2008):

n,

G(Kyo) = Y5 ), 3, OF, 6T, )

i=1 j=1

where d, 7» U;; and of;; are the observed wavefield, modeled wavefield, and
residual at the j-th receiver by the i-th source, respectively, and n, and n, are the
total numbers of sources and receivers, respectively. Using the back-propagation
algorithm, we can effectively calculate the gradient of the objective function
with respect to the model parameter k, , by (Tarantola, 1984; Pratt et al.,
1998):

n,

Vi, G(x,2) = Re[ ), (v, )'S7'oF] , )
i=1 e

where vf, is the virtual source term, which is defined as:
(x.2)

Kea

where 1, is the forward modeled wavefield, and 6F; is the residual for the i-th
source, which is defined as:
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ln(ﬁn/czlu)/un
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0
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The gradient direction is constructed from the back-propagation algorithm.
However, the gradient direction of the conventional full waveform inversion for
acoustic-elastic coupled media contains numerical artifacts at the seafloor, which
degrade the inversion results.

We propose a gradient scaling algorithm to resolve the numerical artifacts
by modifying the conventional gradient using an accumulated gradient, which
is calculated using the vertically accumulated sum of the squares of the original
gradient values.

The accumulated gradient can be calculated as:
Vi Gu(x,0) = [Re[ Z (vf, 'SR
~ :
= [V, GEOP . Xpp € X < X (12)
Eq. (12) presents the accumulated gradient of the conventional gradient within

the first horizontal layer (z = 0). We then sequentially obtain the accumulated
gradient:

Vk(\” Gacc(x’z) = ka\ GaCC(X,Z'—AZ) - [Vkm’ G(X’Z)]Z . (13)
Xpin = X < Xpaoo 2 = 0,Az,7, .0

After obtaining the accumulated gradient Vi, G,..(x,z), we compute the
scaled gradient direction VG (x,z) by multiplying the conventional gradient
by the accumulated gradient (Code 1):

Vi, GLx,2) = [Vi  G(x,2)'V, G(x,2)] . (14)

Note that the accumulated gradient is always positive and that the resultant
gradient vector is a rescaled gradient. The accumulated gradient tends to focus
on large anomalies while minimizing the numerical artifacts on the seafloor. To
normalize the gradient, we adopt the diagonal elements of the pseudo-Hessian
matrix (Shin et al., 2001).
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Code 1. The gradient scaling procedure written in Fortran 90 [egs. (12), (13) and (14)].

accumulated gradient(1:nx,1) = gradient(1:nx,1)**2
do z=2,nz

accumulated_gradient(1:nx,z) = accumulated gradient(1:nx,z-1) + gradient(1:nx,z)**2
enddo

scaled_gradient(1:nx,1:nz) = gradient(1:nx,1:nz) * accumulated gradient(1:nx, 1:nz)

After calculating the scaled gradient direction of the objective function,
we update the model parameters (Shin and Cha, 2008) as follows:

nf n,

k', = ki, — o Y NRM[V, G, (x,2) /{ ). Diag[(vf, )T-vf, 1+n}], (15)

s=1 s=1

where [ is the iteration number, o is the step length in the [-th iteration, nf is
the total number of Laplace damping constants, NRM is a normalizing operator
(Ha et al., 2009), and 7 is a stabilizing factor. We estimate the unknown source
wavelet from the initial source using the Newton method (Shin et al., 2007). We
repeat this procedure iteratively until a stopping criterion is met.

EXPERIMENT USING SYNTHETIC DATA

We first examine the scaled gradient by comparing it to the conventional
gradient direction of the modified SEG/EAGE salt model (Aminzadeh et al.,
1994). Fig. 1 shows a modified SEG/EAGE salt model (P-wave, S-wave and
density) that includes a seawater layer and an irregular seafloor. We modeled
wave propagation in acoustic-elastic coupled media based on 2D profile AA’ of
the SEG/EAGE salt model to generate the recorded data. The data contain 151
shots, each of which has 760 receivers. The shot interval is 100 m, and the
receiver interval is 20 m. For the inversions, we use 15 damping constants that
range between 1 and 15. The velocities and density of the starting models
increase linearly with depth (Fig. 2): the P-wave velocities vary from 1.5 to 3.6
km/s, the S-wave velocities vary from 1.0 to 2.3 km/s, and the densities vary
from 1.8 to 2.5 g/cc. The P-wave velocity, S-wave velocity and density of the
water layer are 1.5 km/s, O km/s and 1 g/cc, respectively.
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Fig. 1. Modified 2D profile AA’ of the SEG/EAGE salt model. (a) P-wave velocity, (b) S-wave
velocity, and (c) density.
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Fig. 2. Starting velocity models for the waveform inversion of the SEG/EAGE salt model. (a)
P-wave velocity, (b) S-wave velocity, and (c) density.
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Fig. 3. Calculated gradient directions of the SEG/EAGE salt model for the Laplace domain full
waveform inversion. (a) Conventional gradient, (b) accumulated sum of the squares of the
conventional gradient, and (c) scaled gradients for \(x,z).
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Fig. 4. Horizontal profiles of the conventional and scaled gradient directions for at a depth of 2.5
km.

Fig. 3 shows the conventional, accumulated and scaled gradient directions
of N(x,z) in the first iteration. The scaled gradient (Fig. 3c) is computed by
multiplying the conventional and accumulated gradients (Figs. 3a and 3b,
respectively). The gradient direction of u(x,z) behaves similarly to that of
A(x,z). The scaled gradient direction concentrates on the high-velocity salt
structure and reduces artifacts near the interface. Fig. 4 shows horizontal
profiles of the conventional (Fig. 3a) and scaled gradients (Fig. 3c) at a depth
of 2.5 km. In the true models in Fig. 1, salt dome structures are located 8 km
from the left edge of the model. In Fig. 4, the scaled Laplace gradient (solid
black line) is highest at the salt body. However, the conventional gradient
direction (dotted black line) cannot detect the exact position of the salt dome in
the first iteration. This example shows that the scaled gradient can identify
high-velocity zones more accurately than the conventional gradient direction
can. Additionally, artifacts near the seafloor are minimized because the
accumulated gradient tends to put less weight near the seafloor than on deeper
structures.

We invert for the P- and S-wave velocities and density simultaneously
within the Laplace domain. However, the density model cannot be recovered
fully because the waveform inversion is not sufficiently sensitive to density
(Virieux and Operto, 2009). We use 15 damping constants that range between
1 and 15. Fig. 5 shows the inversion results after 100 iterations that were
derived from the conventional gradient (Bae et al., 2010), and Fig. 6 shows the
inversion results that were derived from the scaled gradient direction. The
inversion that was calculated from the scaled gradient direction is superior to
that from the conventional method. In Fig. 5, abnormal high velocities were
calculated by conventional gradient approach (dotted black rectangular boxes).
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Fig. 5. Results of the Laplace-domain waveform inversion of the SEG/EAGE salt model for
acoustic-elastic coupled media using the conventional gradient: (a) inverted P-wave velocity, (b)
S-wave velocity, and (c) density models.
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Fig. 6. Results of the Laplace-domain waveform inversion of the SEG/EAGE salt model for
acoustic-elastic coupled media using the scaled gradient: (a) inverted P-wave velocity, (b) S-wave
velocity, and (c) density models.
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Fig. 7. Differences between the true P-wave velocity model and the inversion results from (a) the
conventional inversion and (b) the inversion using the scaled gradient. (c) Root mean square (RMS)
error histories of the two inversion experiments.
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However, the inverted velocity models from gradient scaling method (Fig. 6)
do not include the abnormal inverted values near the seafloor. The shapes of the
salt dome in Fig. 6 are obtained from the scaled gradient direction, and these
shapes more closely mimic the true model than those of the conventional
algorithm (Fig. 5). Fig. 7a and 7b show the difference between the true velocity
models and the inversion results. The results of the conventional algorithm
contain high-velocity artifacts near the seafloor (Fig. 7a). However, the inverted
models that apply the scaled gradient provide similar results to those of the true
models near the interface (Fig. 7b). Fig. 7c shows the error histories of the two
inversion cases, which show that the inversion that applies the scaled gradient
converges to a smaller error value than the conventional inversion.

EXPERIMENT USING FIELD DATA

After completing the synthetic data test, we applied our inversion
algorithm to marine field data (Fig. 8). We applied low-cut filtering to the data
and muted the noise prior to the first arrival (Ha and Shin, 2012). The data
consist of 1,156 shots, each of which has 804 receivers. The shot interval is
37.5 m, and the receiver interval is 12.5 m. The maximum offset is 10.2 km,
and the recording time is 15.0 s. Fig. 8 shows a shot gather from the data.

Distance (km)

Time (s)

Fig. 8. A shot gather (751st/1156) from the field data after preprocessing (e.g., band-pass filtering,
noise muting) for the full waveform inversion test.
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Fig. 9. Starting models for the Laplace-domain waveform inversion of the field data: (a) P-wave
velocity, (b) S-wave velocity, and (c) density models.
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Fig. 10. Calculated gradient directions of the field data for the Laplace domain full waveform
inversion. (a) Conventional gradient, (b) accumulated sum of the squares of the conventional
gradient, and (c) scaled gradients for \(x,z).
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Fig. 9 shows the initial P-wave velocity, S-wave velocity and density
models for the field data test. The P-wave velocities increase linearly from 1.5
to 3.5 km/s, the S-wave velocities increase from 0.9 to 2.5 km/s, and the
densities vary between 1.8 and 2.3 g/cc. We fixed the P- and S-wave velocities
of the water layer at 1.5 km/s and O km/s, respectively. The density of the
water layer is 1.0 g/cc. We used 10 Laplace damping constants that range from
1 to 10. The inversion grid size was 25 m. Fig. 10 shows the conventional
gradient, accumulated gradient and scaled gradient directions; the latter was
computed by multiplying the conventional gradient by the accumulated gradient.
Fig. 11 shows the horizontal profiles of the conventional and scaled gradients
at a depth of 2.5 km, which show that the scaled gradient direction recovers
high-velocity anomalies, such as salt dome structures, more effectively than the
conventional gradient. Figs. 12 and 13 show the Laplace-domain inversion
results after 100 iterations that were derived from the conventional and scaled
gradient directions, respectively. Note that the results of the conventional
method show the presence of high-velocity artifacts (marking with dotted black
rectangular boxes) below the seafloor near the left edge of the model. The
artifacts are substantially reduced when the scaling method is applied.

We performed frequency-domain full waveform inversions using the
Laplace-domain inversion results as the initial model to examine the accuracy
of the results. We used the /, objective function with a frequency range of 3.1
to 10.0 Hz. Figs. 14 and 15 show the frequency-domain inversion results after
400 iterations based on the Laplace-domain inversion results that apply the
conventional or scaled gradients, respectively. Note that the frequency-domain

0.0
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g—o.a—
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Z -0.8f| === scaled gradient BN ‘ ;

- = conventional gradient| . :

~1.05 10 20 30 40 50 60

Distance (km)

Fig. 11. Horizontal profiles of the conventional and scaled gradient directions for A(x,z) at a depth
of 2.5 km.
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Fig. 12. Results of the conventional Laplace-domain waveform inversion for acoustic-elastic coupled
media: (a) inverted P-wave velocity, (b) S-wave velocity, and (c) density models.
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Fig. 13. Results of the Laplace-domain waveform inversion using the scaled gradient for
acoustic-elastic coupled media: (a) inverted P-wave velocity, (b) S-wave velocity, and (c) density
models.
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Fig. 14. Results of the frequency-domain waveform inversion for acoustic-elastic coupled media that
were obtained using the conventional Laplace-domain inversion results as the initial model: (a)
inverted P-wave velocity, (b) S-wave velocity, and (c) density models.
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Fig. 15. Results of the frequency-domain waveform inversion for acoustic-elastic coupled media that
were obtained using the Laplace-domain inversion results with the scaled gradient direction as the
initial model: (a) inverted P-wave velocity, (b) S-wave velocity, and (c) density models.
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Fig. 16. Error histories of the frequency-domain full waveform inversion using the Laplace-domain
inversion results with the conventional and scaled gradient directions.

inversion that applies the Laplace-domain waveform inversion results through
the scaled gradient exhibits superior results. In particular, the high-velocity
structures in the center are well defined. Fig. 16 shows the error histories of the
frequency-domain inversions. Although we inverted the data using the same
conditions for both cases, the inversion that used the initial models that were
generated from the scaled gradient exhibits superior convergence results.

Fig. 17 shows reverse time migration sections for each inverted model.
The acoustic time-domain reverse time sections were generated using the P-wave
velocities and a grid size of 20 m. Note that the scaled gradient inversion
recovered the high-velocity structures within the velocity model better. A
substantial number of events are more coherent in the image that was obtained
from the scaling method than in the image that was obtained from the
conventional method. Fig. 18 shows common image gathers of the migration
algorithm that were extracted at 10 and 26 km as indicated in the migration
images (Fig. 17). Although the differences between the results of the common
image gathers are not large, the flatness of the gather is improved with the
gradient scaling method.

We also generated synthetic seismograms from the inversion results. The
seismograms were generated within the frequency domain using frequencies of
up to 15 Hz, after which they were transformed into the time domain. We then
bandpass-filtered the observed data to match the data frequency contents to the
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Fig. 17. Reverse time migration sections from the inverted models. The migration images used the
inversion results that were obtained from (a) the conventional gradient direction and (b) the scaled
gradient direction.

seismograms that were obtained from the inversion. Fig. 19 shows the 751st
shot from the observed data and the results of the two inversions. Fig. 19a
shows the seismogram that was extracted from the field data, and Figs. 19b and
19c show synthetic seismograms that were generated from the inversion results
using the conventional and scaled gradients, respectively. We extracted time
traces from the seismograms at an offset of 1.6 km to provide a comparison
(Fig. 20). The seismogram that was derived from the scaled gradient results
more closely resembles the field trace. Figs. 17 through 20 show that inverting
field data using scaled gradients can enhance the recovery of deep-water,
high-velocity structures.
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Fig. 18. Common image gathers from the previous migration images (Fig. 17). Panels (a) and (b)
show common image gathers from the conventional inversion algorithm. Panels (c) and (d) show
common image gathers from the inverted models that used the scaling method. The images in panels
(a) and (c) were extracted 10 km from the left edge of the model, and the images in (b) and (d) were
extracted 26 km from the left edge of the model.
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Fig. 19. Seismograms from (a) field data, (b) the inverted model using the conventional gradient,
and (c) the inverted model using the scaled gradient.
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Fig. 20. Comparisons between field and synthetic time traces using (a) the conventional algorithm
and (b) the gradient scaling algorithm at a 1.6 km offset.
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CONCLUSIONS

In this study, we presented a gradient scaling method that uses an
empirical approach to Laplace-domain waveform inversion in acoustic-elastic
coupled media. The proposed gradient is computed by multiplying the
conventional gradients by the accumulated gradients. The accumulated gradient
is obtained from the accumulated sum of the squares of the conventional
gradient with depth. We compared the conventional and scaled gradients using
a synthetic salt model. Both inversions provided accurate long-wavelength
results. However, the scaled gradient removed the numerical artifacts near the
irregular interface and recovered high-velocity structures more accurately. We
also tested each gradient using a field dataset. The scaled gradient emphasized
the deep-water salt dome structure and attenuated artifacts near the irregular
seafloor. The results of the frequency-domain inversions, reverse time migration
images, common image gathers and synthetic seismograms indicated that the
gradient scaling method could improve Laplace-domain inversion results. The
scaling method that uses the accumulated gradient is designed to attenuate
seafloor artifacts and to improve the recovery of deep-water high-velocity
structures. This method can thus be applied to inverting marine seismic data that
are acquired over high-velocity structures, such as salt diapers and basalts.
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