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ABSTRACT

In this study, we investigate non-repeatability effects on time-lapse elastic full-waveform
inversion for VSP (vertical seismic profile) seismic data. The non-repeatabilities tested are
the non-repeatability on source locations, the non-repeatability on random noises, and the
non-repeatability on the near-surface properties. Four time-lapse inversion strategies, in-
cluding the parallel strategy, the sequential strategy, the double-difference strategy, and the
common-model strategy, are applied in each type of non-repeatability. From the investi-
gation, we can conclude: P-wave velocity changes can be better recovered than S-wave
velocity changes; except for the double-difference strategy, the other three strategies have
similar performance; the double-difference strategy also has similar performance to the
others when acquisition geometries for baseline and monitor surveys are identical, but it is
sensitive to the non-repeatability on source locations between twice surveys; no strategies
can effectively handle the case of random noise; near-surface property changes have limit
impact on the recovery of time-lapse changes for VSP data.

INTRODUCTION

Applying time-lapse (4D) seismic methods for reservoir monitoring and characteri-
zation has developed for a long time since the mid-late 1980s (Greaves and Fulp, 1987;
Lumley, 2001; Landrø, 2001; Calvert, 2005; Hicks et al., 2016; Jack, 2017; Cho and Jun,
2021), which can be employed to monitor reservoir changes caused by the production of
hydrocarbon (e.g., enhanced oil recovery) and the unground storage of CO2. Especially,
due to the increasing demand for technologies to control greenhouse gas emissions, storing
CO2 in the subsurface has been being developing by many researchers, and 4D seismic
methods are used to monitor the CO2 storages accordingly (Egorov et al., 2017; Cho and
Jun, 2021; Ajo-Franklin et al., 2013; Macquet et al., 2019). However, successful seismic
monitoring depends on the repeatability between baseline and monitor surveys that can be
affected by variations in weather conditions, source and receiver positions, environmental
noises, source wavelets, seawater or near-surface properties, etc.

The impact of the variations can be alleviated by good acquisition plans and/or proper
processing, e.g., repeatable acquisition geometries and data processing procedures. To
obtain good repeatable data to monitor the reservoir changes, the permanent OBC (ocean-
bottom-cable) installations are set at Foinhaven and Valhall fields (Calvert, 2005; Yang
et al., 2016). And at the Aneth oil field in Utah, the receivers are cemented in the moni-
tor well to acquire time-lapse VSP (vertical seismic profile) data (Cheng et al., 2010). In
the CO2CRC Otway field experiment, Shulakova et al. (2015) improve the repeatability
of the land seismic data by burying the receivers which can lower the noises caused by
poor weather conditions, non-repeatable receiver positions, near-surface changes, and non-
repeatable survey environments. During the data processing, a cross-equalization method
is often applied to enhance the repeatability between baseline and monitor data (Rickett

CREWES Research Report — Volume 34 (2022) 1



Fu et al.

and Lumley, 2001). Fu et al. (2020) propose a double-wavelet method to eliminate the
source wavelet non-repeatability which can also be reduced by designing a matching filter
(Fu and Innanen, 2022c). In past years, time-lapse seismic surveys based on a fiber-optic
distributed acoustic sensing (DAS) system becomes increasingly popular, since the down-
hole DAS array can be permanently installed, has lower monitoring cost, and is of finer
spatial sampling (Zwartjes et al., 2018; Byerley et al., 2018; Wilson et al., 2021).

As a powerful tool for 4D seismic data inversion to monitor subsurface reservoir changes
and/or CO2 storages, full waveform inversion (FWI) (Lailly et al., 1983; Tarantola, 1984;
Virieux and Operto, 2009) has the ability of high-resolution imaging of physical proper-
ties for subsurface media, and it can solve the problem of non-repeatable receiver/source
positions in time-lapse seismic surveys (Zhou and Lumley, 2021b). In the past decade,
many time-lapse FWI methods have been developed. The most conventional time-lapse
FWI strategy is the parallel strategy (Lumley et al., 2003; Plessix et al., 2010), but its
result is prone to be affected by the convergence difference (Yang et al., 2015) and non-
repeatable receiver/source positions (Zhou and Lumley, 2021b; Fu and Innanen, 2022a)
between baseline and monitor inversion. Routh et al. (2012) present the sequential strat-
egy, using the inverted baseline model as a starting model for monitor inversion, which can
help to save computational cost and has been justified in a field VSP data case (Egorov
et al., 2017). However, this strategy often generates strong artifacts since it enhances
the convergence difference between twice FWIes (Yang et al., 2015; Zhou and Lumley,
2021b). But a local-updating sequential strategy can efficiently reduce the artifacts and
perform well in both synthetic and field time-lapse data (Raknes and Arntsen, 2014; As-
naashari et al., 2015). Also, the local-updating method can be incorporated with the double-
difference strategy, which will be introduced later, to improve the time-lapse results (Zhang
and Huang, 2013; Li et al., 2021), alleviate the impact of taking an acoustic approximation
to elastic subsurface rocks (Willemsen et al., 2016), or implement Bayesian/Markov Chain
Monte Carlo formulation of time-lapse FWI (Fu and Innanen, 2022b). And the local-
solver-based local-updating method can significantly decrease the computational cost of
time-lapse FWI (Willemsen, 2017; Huang et al., 2018; Kotsi et al., 2020). Of course, the
local-updating method needs prior location information about reservoir change, which may
be difficult to be obtained in some cases of non-repeatable time-lapse surveys, such as the
ones in this study.

The double-difference strategy, directly minimizing residuals between synthetic differ-
ence data (synthetic monitor data minus synthetic baseline data) and observed difference
data (observed monitor data minus observed baseline data), applied in 4D FWI first by
Zheng et al. (2011), has been adopted by several researchers (Zhang and Huang, 2013;
Raknes and Arntsen, 2014; Yang et al., 2015; Willemsen et al., 2016; Fu and Innanen,
2021) including a real data case in Yang et al. (2016). It can focus on reservoir changes and
reduce artifacts outside the reservoir, hence, its result is not sensitive to the convergence de-
gree of the inverted baseline model. Nevertheless, the double-difference strategy requires
well repeated time-lapse surveys. Fu et al. (2020) introduce a double-wavelet method to
handle the case of non-repeatable baseline and monitor source wavelets. But the double-
difference strategy is still vulnerable to the non-repeatability of receiver/source positions.
The common-model strategy, presented by Hicks et al. (2016), can also decay the artifacts
caused by the divergence difference between baseline and monitor inversions (Fu and In-
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nanen, 2022a). Its philosophy is employing the same relatively well-converged starting
model for baseline and monitor FWIes to guide them into the same local minimum, and it
has been applied in field cases in Hicks et al. (2016) and Bortoni et al. (2021). Moreover,
Maharramov et al. (2016) present a joint method in which baseline and monitor models are
simultaneously inverted; Zhou and Lumley (2021a) propose a central-difference strategy
containing two sequential strategies; and Fu and Innanen (2022a) build a stepsize-sharing
strategy by sharing stepsizes between baseline and monitor inversions, which can eliminate
the artifacts linked to the convergence difference and is suitable when the starting model is
biased.

In this paper, we will investigate non-repeatability effects on time-lapse elastic full-
waveform inversion for VSP seismic data. The non-repeatabilities tested will be the non-
repeatability on source locations, the non-repeatability on random noises, and the non-
repeatability on the near-surface properties. Four time-lapse inversion strategies, includ-
ing the parallel strategy (PRS), the sequential strategy (SQS), the double-difference strat-
egy (DDS), and the common-model strategy (CMS), will be applied in each type of non-
repeatability.

THEORY

Elastic full-waveform inversion

EFWI Tarantola (1986) starts from a given model m0 and uses an optimization method
to search a model m that makes the synthetic data dsyn(m) match the observed data dobs

best. Usually, this is achieved by minimizing the L2 norm of data residual ∆d (dsyn(m)−
dobs) given by

E(m) =
1

2
∆dT∆d∗, (1)

where T denotes the transpose of a matrix and ∗ denotes the complex conjugate. For EFWI,
the model m in equation 1 represents the elastic parameters (e.g. P-wave velocity, S-wave
velocity, and density), and dsyn is the wave field at receiver positions. In this paper, the
wave field is obtained by soveling a frequency-domain 2D elastic wave equation given by
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where ω is the angular frequency; u = u(x, z, ω), v = v(x, z, ω), f = f(x, z, ω), and
g = g(x, z, ω) are, respectively, the horizontal displacement field, the vertical displacement
field, the horizontal component of source, and the vertical component of source, all depend
on the position (x, z) and ω; λ and µ are Lamé constants; Vp = Vp(x, z), Vs = Vs(x, z),
and ρ = ρ(x, z) are, respectively, P-wave velocity, S-wave velocity, and density, all depend
on the position. Equation 2 can be discretized and solved by the finite-difference method
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(Pratt, 1990) under which it can be formulated as

Au = s, (3)

where A is the impedance matrix, u = [u, v]T is the displacement vector, and s = [f, g]T

is the source vector.

The gradient of E(m) in equation 1 with respect to m can be expressed as

5mE = −<

{[
∂u

∂m

]T
∆d∗

}
, (4)

where < denotes the real part operator. Differentiating equation 3 with respect to m gives

A
∂u

∂m
= −∂A

∂m
u, (5)

which tells us that the partial derivative wavefield ∂u/∂m can be calculated by solving the
wave equation with a virtual source − (∂A/∂m)u. Putting equation 5 into equation 4, we
have

5mE = <
{
uT

[
∂A

∂m

]
A−1∆d∗

}
, (6)

from which, we can see that the adjoint wavefield A−1∆d∗ is obtained by solving the wave
equation with the source of the conjugate data residual. ∂A/∂m is referred to the radiation
that can be used to investigate the crosstalk situation between different parameters (Brossier
et al., 2009).

By minimizing the second-order Taylor expansion of the objective function, we can
obtain the equation satisfied by the update of the Newton method, which is given by

Hδm = −5m E, (7)

where H is the Hessian matrix, the second-order derivative of the misfit E(m) with respect
to m. The Hessian matrix can compensate for the sphere spreading energy loss and miti-
gate the parameter crosstalk. However, the explicit Hessian and its inverse matrix consume
huge computation and computer memory, it is unrealistic to find the exact Newton update
in large-scale FWI. The truncated Gauss-Newton optimization method can overcome this
difficulty. It uses a linear optimization method (the L-BFGS method in this work) to solve
equation 7 to obtain a relatively accurate approximate Newton update, and the linear opti-
mation method as a whole only needs to use the product of Hessian matrix and a known
vector. After using the truncated Gauss-Newton optimation method, the updated model m
is given by

m = m + αδm, (8)

where α is the step length.
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Tested time-lapse inversion strategies

In the introduction section, we have introduced the parallel strategy, the sequential
strategy, the double-difference strategy, the common-model strategy, the central-difference
strategy, the stepsize-sharing strategy, and the joint method. Exhaustively testing all the
methods is too resource-intensive. Hence, in this study, we only test the three typical strate-
gies (the parallel strategy, the sequential strategy, and the double-difference strategy), and
the common-model strategy that has been applied in a case with minor seawater velocity
changes in Hicks et al. (2016).

Parallel strategy

As the most conventional time-lapse inversion strategy, the parallel strategy, , with
workflow illustrated in Figure 1a, includes two independent FWI processes. One is for
baseline model inversion, and inputs are the baseline data and a starting model. Another
one is for monitor model inversion, and inputs are the monitor data and the same starting
model as that in the baseline model inversion. Then the inverted time-lapse model is the in-
verted monitor model subtract the inverted baseline model. Since FWI is highly non-linear
and is easy to be stuck in different minima, the two FWI processes mentioned above often
have different convergences and yield many artifacts on the final time-lapse inversion.

Sequential strategy

The sequential strategy, with workflow illustrated in Figure 1b, has the same baseline
model inversion as the PRS, using baseline data and a starting model to obtain the baseline
model. But the second time inversion, monitor model inversion, is different, in which the
inverted baseline model is sequentially employed as the starting model for the monitor
model inversion. Then the inverted monitor model minus the inverted baseline model is the
time-lapse model.

Double-difference strategy

The double-difference strategy, with workflow illustrated in Figure 1c, also contains
twice FWI processes. This first one is still the baseline model inversion, the same as that
in the parallel strategy or sequential strategy. In the second monitor model inversion, the
starting model is the inverted baseline model, same as the sequential strategy, but the input
monitor data are not the observed monitor data which are altered to the composited data:

dDD = F(mbas) + (dmon − dbas), (9)

where F(mbas) is the synthetic data of inverted baseline model mbas, (dmon − dbas) is the
difference data (observed monitor data dmon subtract observed baseline data dbas). Ac-
cordingly, the misfit function for monitor model inversion becomes:

EDD(mmon) =
1

2
||dDD − F(mmon)||22, (10)

where F(mmon) is the synthetic data of inverted monitor model mmon.
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a) b)

c) d)

FIG. 1. Workflows of (a) the parallel strategy (PRS), (b) the sequential strategy (SQS), (c) the
double-difference strategy (DDS), and (d) the common-model strategy (CMS).

Common-model strategy

The common-model strategy, with workflow illustrated in Figure 1d, can be seen as an
upgraded version of the strategy. Essentially, it contains twice parallel strategies. Firstly,
the baseline and monitor model inversions are performed independently with the same start-
ing model. Then a new starting model is taken from the average of baseline and monitor
models, with which the baseline and monitor model inversions are performed indepen-
dently again, still using the original data sets. And the final time-lapse change is obtained
from the difference of baseline and monitor models in the second-time parallel strategy.

Note that in the original version of the common-model strategy in Hicks et al. (2016),
the first-time parallel strategy only uses low-frequency seismic components, and only high-
frequency seismic components are employed in the second-time parallel strategy. It may
cause a low-frequency component lack in the final inverted time-lapse change. Hence, we
use all-frequency seismic components for every single FWI process to enhance the original
version.

NUMERICAL TESTS

An elastic time-lapse model is employed to investigate the non-repeatability effects
Non-repeatability effects on time-lapse elastic full-waveform inversion for VSP seismic
data. The model is plotted in Figure 2a-f including a baseline model and a monitor model.
And the time-lapse changes for P- and S- velocities, and density are plotted in Figure 2g-
i. The acquisition geometries for baseline and monitor surveys are, respectively, plotted
in 2a and d, which are identical at the beginning. The red stars and dash lines represent
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FIG. 2. True elastic models, the true baseline model includes the baseline P-wave velocity (a), the
baseline S-wave velocity (b), and the baseline density (c), and the true monitor model includes the
monitor P-wave velocity (d), the monitor S-wave velocity (e), and the monitor density (f). (g), (h),
and (i) are the corresponding time-lapse changes (the monitor model minus the baseline model)
of the three parameters, respectively. The acquisition geometries shown in (a) and (d) for baseline
and monitor surveys, respectively, are identical. The red stars and dash lines represent sources
and receiver locations, respectively.
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FIG. 3. Starting models that are identical for baseline and monitor inversion.
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FIG. 4. Inverted results of time-lapse changes in the case that baseline and monitor surveys are
perfectly repeated. The first row is the inverted P-wave velocity changes of the PRS (a), the SQS
(b), the DDS (c), and the CMS (d). The second row is the inverted S-wave velocity changes of the
PRS (e), the SQS (f), the DDS (g), and the CMS (h).
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FIG. 5. Inverted results of time-lapse changes in the case that the source locations of the monitor
survey are set 20 meters to the right of the baseline survey. The first row is the inverted P-wave
velocity changes of the PRS (a), the SQS (b), the DDS (c), and the CMS (d). The second row is
the inverted S-wave velocity changes of the PRS (e), the SQS (f), the DDS (g), and the CMS (h).
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FIG. 6. Inverted results of time-lapse changes in the case that baseline and monitor surveys are
perfectly repeated, but non-repeated random noises (SNR = 20dB) are added to baseline and
monitor data, separately. The first row is the inverted P-wave velocity changes of the PRS (a), the
SQS (b), the DDS (c), and the CMS (d). The second row is the inverted S-wave velocity changes
of the PRS (e), the SQS (f), the DDS (g), and the CMS (h).
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FIG. 7. Inverted results of time-lapse changes in the case that baseline and monitor surveys are
perfectly repeated, but non-repeated random noises (SNR = 10dB) are added to baseline and
monitor data, separately. The first row is the inverted P-wave velocity changes of the PRS (a), the
SQS (b), the DDS (c), and the CMS (d). The second row is the inverted S-wave velocity changes
of the PRS (e), the SQS (f), the DDS (g), and the CMS (h).
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FIG. 8. (a), (b), and (c) are new time-lapse changes with near-surface property changes.
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FIG. 9. Inverted results of the new time-lapse changes (Figure 8a-c) in the case that baseline and
monitor surveys are perfectly repeated. The first row is the inverted P-wave velocity changes of
the PRS (a), the SQS (b), the DDS (c), and the CMS (d). The second row is the inverted S-wave
velocity changes of the PRS (e), the SQS (f), the DDS (g), and the CMS (h).

sources and receiver locations, respectively. Starting models that are identical for baseline
and monitor inversion are plotted in Figure 3.

Inverted results of time-lapse changes for the four strategies (i.e., the PRS, the SQS, the
DDS, and the CMS), in the case that baseline and monitor surveys are perfectly repeated,
are plotted in Figure 4. Inverted results of time-lapse changes for the four strategies, in
the case that the source locations of the monitor survey are set 20 meters to the right of
the baseline survey, are plotted in Figure 5. Inverted results of time-lapse changes for the
four strategies, in the case that baseline and monitor surveys are perfectly repeated, but non-
repeated random noises (SNR = 20dB) are added to baseline and monitor data, separately,
are plotted in Figure 6. Inverted results of time-lapse changes for the four strategies, in the
case that baseline and monitor surveys are perfectly repeated, but non-repeated random
noises (SNR = 10dB) are added to baseline and monitor data, separately, are plotted
in Figure 7. In Figure 8, new time-lapse changes with near-surface property changes are
plotted. And the corresponding results are plotted in Figure 9.

CONCLUSION

From the results in the above section, we can conclude: P-wave velocity changes can be
better recovered than S-wave velocity changes; except for the DDS, the other three strate-
gies have similar performance; the DDS also has similar performance to the others when
acquisition geometries for baseline and monitor surveys are identical, but it is sensitive to
the non-repeatability on source locations between twice surveys; no strategies can effec-
tively handle the case of random noise; near-surface property changes have limit impact on
the recovery of time-lapse changes for VSP data.
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