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Advanced computing facilities accelerate the research
in highly computational seismic imaging techniques
(full-waveform tomography (FWT) and migration) that
play a vital role in hydrocarbon exploration. We have
carried out a synthetic study to understand the practi-
cal intricacies of FWT for its successful application to
field seismic data by choosing different strategies. The
results show that the high-resolution features, which are
missing from the conventional traveltime tomography,
are well imaged by the FWT. Further, frequency over-
lapping is more suitable than discrete frequencies
without overlapping for FWT in obtaining reasonable
results from multiscale imaging.
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SEVERAL theoretical studies on full-waveform tomography
(FWT) have been carried out over the past 20 years.
However, most of its applications lie in the theoretical
domain because of the complexity involved in understat-
ing and implementing the physics of seismic waves. FWT
computes the difference between observed and synthetic
responses and updates the current velocity models, similar
to reverse time migration (RTM) of the residual dataset,
by computing the gradient volume'?. An excellent techni-
cal review of FWT is given by Virieux and Operto”.

Implementation of the FWT algorithm and its strate-
gies for field seismic data is more difficult than the syn-
thetic data. To understand the practical aspects of FWT,
we must study the sensitivities of different factors such as
the starting model, frequency selection and their overlap-
ping in multiscale imaging in frequency-domain FWT.
Here, we have carried out a synthetic study to understand
the intricacies involved in FWT of field seismic data
(Figure 1). In addition, one must keep in mind that the
FWT is sensitive to other factors that include the algori-
thm which has been implemented, solution of the inverse
problem, cost function, step-length criteria, etc. However,
these factors are beyond the scope of the present study,
and need further attention in future research.
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Forward modelling

We constructed a two-dimensional P-wave velocity (V)
model by correlating two available sonic logs in a marine
environment (Figure 2 @). The true model shows very fine
details of the subsurface and is complex in nature. This
can be considered as one of the benchmark models for re-
search in seismic tomography. The S-wave velocity (V)
and density (o) models can be derived from the ¥, model
using eqs (1) and (2) (Figure 2 b and ¢).

V. (m/s) = 0.8619 x V, — 1172, (1)
p(g/ee) = 0.31 x (V). )

The dimensions of the model are 50.0 km in length and
5.0 km in depth. It is parameterized by 12,500 x 1250
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Figure 1. Flowchart of the acoustic full-waveform tomography (FWT)
from elastic synthetic data.
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nodes for forward modelling using 4 m grid spacing,
which may be sufficient to represent the true model.
However, the model has very fine-scale structural details
in the order of log-scale. One can notice two important
dominant features: (i) high-velocity pinch-out and (ii)
dominant convex features at a depth of 3.0 and 4.0 km re-
spectively, with an intermediate hidden zone between
them. Also, in Figure 2, we have marked the major inter-
faces observed in the model. The wide-angle elastic data
were generated using the finite-difference modelling for
such a complex geological model*’. The synthetic seismic
experiment includes a total of 51 ocean bottom seismo-
meters (OBSs) at 1.0 km spacing, and 1000 shots (at 5 m
below the water surface) per OBS with 50 m interval. The
OBS depth varies from a minimum of 45 m to the maxi-
mum of 370 m. The normalized Ricker wavelet with cen-
tral frequency 10 Hz was used to generate the synthetic
data. The total recording length was 16.384 s with a sam-
pling interval of 4 ms. Figure 3 shows a representative
OBS gather with a reduction velocity 6.0 km/s. Hereafter,
the generated elastic data are referred to as the realistic
seismic data throughout this study.

Visco-acoustic full-waveform tomography

We applied visco-acoustic FWT in the frequency domain
to the realistic seismic data by choosing different strate-
gies while selecting the starting model and/or inverted
frequencies® . The FWT algorithm solves the frequency-
domain wave equation using mixed-grid finite-difference
approach during forward modelling phase'® and uses the
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Figure 2. (a) True P-wave velocity (V}), (b) S-wave velocity (V)
models and (c¢) density model used for generating elastic data. Identi-
fied major interfaces are shown by thin black lines.
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classic gradient method to solve the weighted least square
linearized inverse problem'’.

Starting model

For any gradient search inversion, we need a starting
model. We have developed the starting model from two
different approaches: (i) smoothed version of the true
model and (ii) first-arrival traveltime tomography model.
The first approach is straightforward, and is generally
used to demonstrate the efficacy of seismic tomography
during the development of an inversion algorithm. For
field experiments the true velocity structure is not known;
however, many researchers prefer to use only the smooth
version of the true model. This avoids the situation of de-
veloping an initial model from synthetic data as in field
experiments using practical approaches (e.g. first arrival/
reflection traveltime tomography, stereo-tomography, etc.).
The second approach is considered for field applications
in which the subsurface model is unknown. We have focu-
sed on both types of initial models in this study.

We employed the well-known first-arrival seismic tomo-
graphy (FAST) code to traveltime data picked from all
OBSs'*"*. This package offers iterative regularized inver-
sion in terms of data misfit and roughness, and calculates
new ray paths at each iteration. For more details, the
reader may refer to the literature'*'®. A total of 50,903
first-arrival picks with 30 ms uncertainty were used. We
parameterized the model in 201 x 21 grids having 0.25 x
0.25 km gird size in forward modelling and 0.5 x 0.25 km
cell size during inversion. The final traveltime tomo-
graphic model was achieved after 16 iterations with root
mean square traveltime residual of 33.8 ms from a starting
model that was derived using the intercept—time method
from different OBS data and juxtaposing them'® (Figure
4). Figure 5 shows the corresponding ray paths for the final
model and traveltime residual plots for both starting and
final models. The ray paths plot clearly shows that there
is good ray coverage and penetration up to a depth of
~3.5-4.0 km (Figure 5 a). Also, there is no ray penetration
at the corners of the profile. This indicates that the delin-
eated model has good confidence at the ray-penetrated

Offset X (km)

Figure 3. A representative ocean bottom seismometer (OBS) gather
displayed with a reduction velocity of 6.0 km/s. The picked first-arrivals
are superimposed on the OBS gather.
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positions (Figure 4 b); the remaining positions represent
the background model only. This traveltime tomography
(TT) model was used as one of the starting models for
FWT. It allows the inherent numerical propagation error
during the synthetic data generation similar to real field
seismic data acquisition. The other starting model is the
smoothed version of the true model that has been ob-
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Figure 4. (a) Starting model and () final velocity model from first-
arrival traveltime tomography.
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Figure 5. a, Ray tracing through the final traveltime tomographic
model. Traveltime residual for (b) starting and (c) final models respec-
tively.
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tained by applying damped least square moving average
filter on the true model (Figure 6). The dimensions for
the moving average filter in both distance and depth are
50 and 50 samples respectively. Both the starting models
show the long-wavelength features but lack in finer de-
tails (Figures 4 b and 6), and we expect these from FWT.

Data pre-processing

Since we apply acoustic FWT, data pre-processing is
necessary to mitigate or exclude arrivals and propagation
effects in data which cannot be predicted from acoustic
approximation. A time window of 1300 ms was applied
around the first arrivals to exclude the non-acoustic arrivals
such as the P-SV converted arrivals, free-surface multiples
and early ambient noise. Figure 7 displays a representative
pre-processed OBS gather. The data were subsequently
Fourier-transformed and the selected components were
extracted in order to form a mono-frequency dataset for
FWT in the frequency domain.

Full-waveform tomography

Many of the past case studies have verified that a discrete
set of a few frequencies is enough to obtain reasonable
results from FWT in the frequency domain'’"’. Earlier
studies followed two strategies: (i) discrete set of fre-
quencies with an equal interval®****'  and (ii) discrete set
of frequencies selected by the criteria of Sirgue and Pratt™.
We briefly describe the later strategy below.
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Figure 6. Smoothed version of the true model achieved by applying
damped least squares moving average filter on the model. The dimen-
sions for the moving average in both distance and depth are 50 and 50
samples respectively.
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Figure 7. A representative pre-processed OBS gather displayed with
a reduction velocity of 6.0 km/s. The picked first arrivals are superim-
posed on the OBS gather.
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Frequency selection criteria: As the computational cost
increases over a range of frequencies starting from low to
high frequency in FWT, Sirgue and Pratt*> have demon-
strated that a properly selected, limited number of fre-
quencies is sufficient for utilization of the wavenumber
spectrum. Brenders and Pratt'® considered FWT using the
selected frequencies® as an efficient strategy. It has been
applied to numerous studies by Brenders and Pratt'®, and
Wang and Rao'’. We also adopted a similar strategy in the
visco-acoustic FWT. For continuous wavenumber cover-
age, the proposed strategy for frequency discretization is

S =70 €)

where f, is the previous frequency, f,+; the new frequency
for inversion and « is the cosine of the maximum incident
angle for a scattered wavefield, corresponding to the
maximum value of half source-receiver offset /., and
target depth z.
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Figure 8. Flowchart for different strategies of FWT. Case 1: TT mod-
el — continuous frequency set without overlapping. Case 2: TT model —
continuous frequency set with overlapping. Case 3: TT model — optimal
frequency set without overlapping. Case 4: TT model — optimal fre-
quency set with overlapping. Case 5: Smooth model — continuous fre-
quency set without overlapping. Case 6: Smooth model — continuous
frequency set with overlapping. Case 7: Smooth model — optimal fre-
quency set without overlapping. Case 8: Smooth model — optimal fre-
quency set with overlapping.
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Results and discussion

Since our focus is to study the influence of the starting
model and frequency selection and their combinations in
producing the best possible results from visco-acoustic
FWT in the frequency domain, we restricted using the
same FWT parameters in each case. Figure 8 summarizes
the different cases where the models differ from each other
during multiscale imaging. Further, we have used constant
density and quality factor (Q) for all case studies. Kurz-
mann et al.”> showed that for single-parameter acoustic
inversion, the constant density and Q models are suffi-
cient to obtain better results from FWT. The case studies
are described below.

Case 1: TT model — continuous frequency set
without overlapping

In this case, the TT model as the starting model and con-
tinuous discrete set of total 40 frequencies starting from 2
to 21.5 Hz with an interval 0.5 Hz were used. These 40
frequencies formed 20 groups (group 1, 2, 2.5 Hz; group
2, 3.0, 3.5 Hz; group 3, 4.0, 4.5 Hz, ...) each having two
frequencies, without any overlapping between the groups.

Case 2: TT model — continuous frequency set with
overlapping

We used the same starting model and discrete set of fre-
quencies as in case 1, but formed 39 groups by overlap-
ping between the frequency groups with one common
frequency (group 1, 2, 2.5 Hz; group 2, 2.5, 3.0 Hz; group
3,3.0,3.5Hz, ...).

Case 3: TT model — optimal frequency set without
overlapping

We used the same starting model as in cases 1 and 2, and
the frequency selection was done using the criterion of
Sirgue and Pratt™. According to this criterion, only two
frequencies, viz. 2.0 and 10.2 Hz within our range of in-
terest between 2.0 and 20.0 Hz will contribute. To main-
tain consistency in the frequency range and stabilize the
inversion, we added four more frequencies (1.95, 19.54,
20.03 and 20.1 Hz) and then inverted independently all
six frequencies one after another (1.95, 2.0, 10.2, 19.54,
20.03 and 20.1 Hz) without overlapping.

Case 4: TT model — optimal frequency set with
overlapping

Same strategy as used in case 3, except for frequency over-
lapping. We formed all six frequencies into four groups
with each group having three frequencies by overlapping
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Figure 9.
a, Case 1; b, case 2; ¢, case 3; d, case 4; e, case 5; f, case 6; g, case 7; h, case 8.

between the groups (group 1, 1.95, 2.0, 10.2 Hz; group 2,
2.0, 10.2, 19.54 Hz; group 3, 10.2, 19.54, 20.03 Hz;
group 4, 19.54, 20.03, 20.1 Hz).

Case 5 (smooth version of true model — continuous
frequency set without overlapping), case 6 (smooth ver-
sion of true model — continuous frequency set with over-
lapping), case 7 (smooth version of true model — optimal
frequency set without overlapping) and case 8 (smooth
version of true model — optimal frequency set with over-
lapping) were similar to case 1, case 2, case 3 and case 4
respectively, except for the starting model which was the
smoothed version of the true model.

Figure 9 shows the final models, obtained from FWT
for each case as described in Figure 8. The one-dimensio-
nal velocity—depth functions extracted from the FWT
models at two different positions, viz. 17.9 and 28.9 km
distance were compared with those extracted from the
true model generated from well-log data (Figure 10).

In general, we need good correlation with the available
well-log data to confirm that the models are reliable to in-
terpret/postulate further about the subsurface in terms of
geological features. However, this may lead us in the
wrong direction as we will be observing the 1D velocity—
depth functions at two well positions (17.9 and 28.9 km)
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Distance (km)

Final FWT models obtained from each case as described in Figure 8. Major interfaces are superimposed on the final FWT models.

(Figure 10). All 1D velocity—depth functions of FWT are
almost close enough (at least 60%—70%) to the true models
at both well positions, except at a few depth positions.
Expecting an excellent correlation with a well-log is also
not fair due to several factors such as usage of band-
limited data, discrete frequency inversion, difference be-
tween the log and seismic scale and many others. Note
that we have performed FWT with consistent parameters
such as both modelling and inversion for each FWT case.
This may terminate updating of the FWT model before
the maximum number of iterations due to deterministic
stopping rule. It may also affect inherently the model up-
date, irrespective of the initial model used for FWT.

All the final 2D velocity models obtained from FWT
help delineate the finer details and major interface struc-
tures, which are clearly absent in the TT tomography
models (Figure 9). However, these FWT models are not
sufficient to explain all the finer details present in the true
model. This may be due to nonlinearity of the problem,
acoustic approximations, sufficient band-limiting, discrete
frequency selection and many inherent unexplainable
problems. These models can be further improved by pur-
suing FWT with more number of iterations and including
higher frequencies. However, in reality, one does not know
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Figure 10. One-dimensional models extracted from the true (black), traveltime tomography

(red) and FWT (blue) models from each case at () 17.9 km and (b) 28.9 km.
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the subsurface structure, but derives the velocity model
from the acquired seismic data that are band-limited and
may not be sufficient to resolve all finer details in the order
of log scale, even though one performs sophisticated
FWT. Hence, we will always get a relatively larger wave-
length velocity model from field seismic data than that
obtained from the well-log data.

Thus, considering all these situations, 1D velocity
model comparisons (Figure 10) and 2D velocity models
(Figure 9), we observe that the models obtained in case 2
and case 6 are in good correlation with one another and
maintain consistency in delineating the major structural
features of the true model. We can draw some important
conclusions in obtaining optimum solution from the
acoustic FWT. Irrespective of the initial model, overlap-
ping of the frequencies produces reliable results. As dis-
cussed earlier, the inherent error of the initial model,
constructed from any other practical approach will take
advantage of examining the algorithm’s capability rather
than smoothed version of the true model. Further, this
explains the complexities in the application of acoustic
FWT with real field seismic data during the delineation
of fine-scale details for different applications, such as
reservoir characterization, etc. This also suggests that the
interpreters need to carefully consider the FWT models
with maximum possible prior information due to the well-
log details, which are confined to a single position in the
profile.

Conclusion

Though FWT has been applied to a limited number of
field seismic data, the tool mostly lies in the theoretical
domain to understand the intricacies during multiscale
imaging. We studied the role of the starting model and
choice of frequency in acoustic FWT from elastic wide-
angle synthetic data that have been generated for a realistic
model, obtained from well logs. Since FWT is highly
computational-intensive, such synthetic case studies are
useful to understand the practical issues for successful
application to field seismic data. This study suggests that
overlapping of frequency groups with continuous interval
always produces the best possible results, irrespective of
the starting model. To demonstrate the capability of the
FWT algorithm, many researchers use the smooth version
of the true model as the starting model, and reach the solu-
tion without much difficulty. However, it may not be pos-
sible to have such a close starting model in all real-time
scenarios. Further, it provides flexibility to avoid the in-
herent propagation of errors in the model. In such a situa-
tion, the TT model or any other model that can be derived
from the data can be used as the best possible starting
model in demonstrating the efficacy of the FWT algo-
rithm. While using the smooth version of the true model
as the starting model, one should allow sufficient smooth-
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ing filter by which one can develop a model similar to a
model that can be obtained by any practical approach
(e.g. first arrival/reflection traveltime tomography, stereo-
tomography).

Although the FWT models show detailed velocity
structure than the TT model, some finer details are
missed in the FWT models. This may be due to the appli-
cation of acoustic modelling to realistic elastic data, use
of a discrete set of frequencies and, most importantly, in-
adequacy of wide-angle synthetic seismic data to resolve
subsurface finer details in the order of log scale. One can
recover the true model from FWT of wide-angle synthetic
seismic data only when the true model is close to seismic
scale or greater the log scale that has been used here.
These types of studies play a key role in highly computa-
tional imaging techniques that take a long duration to
produce the best possible results within the timeframe.
The usage of variable grid sizes is also helpful in multi-
scale imaging techniques to save the computational time,
which needs to be further studied.
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