
Case History

Multiparameter full-waveform inversion of 3D ocean-bottom cable data
from the Valhall field

Nishant Kamath1, Romain Brossier2, Ludovic Métivier3, Arnaud Pladys2, and Pengliang Yang2

ABSTRACT

Full-waveform inversion (FWI) applications on 3D ocean-
bottom cable (OBC) data from the Valhall oil field in the
North Sea have demonstrated the importance of appropriately
accounting for attenuation. The Valhall field contains uncon-
solidated shallow sediments and a low-velocity anomaly in its
center — indicative of gas clouds — which have a significant
attenuation imprint on the data. Our challenge is to perform
time-domain viscoacoustic 3D FWI, which requires more so-
phisticated tools than in the frequency domain wherein atte-
nuation can be incorporated in a straightforward manner. The
benefit of using a viscoacoustic, instead of a purely acoustic,

modeling engine is illustrated. We have determined that, in the
frequency band used (2.5–7.0 Hz), it is better to reconstruct
the velocity only keeping the attenuation fixed because simul-
taneous inversion of the velocity and quality factor Q does not
provide reliable Q updates. We develop an efficient time-
domain workflow combining a random source decimation al-
gorithm, modeling using standard linear solid mechanisms,
and wavefield preconditioning. Our results are similar to those
obtained from state-of-the-art frequency-domain algorithms, at
a lower computational cost compared to conventional check-
pointing techniques. We clearly illustrate the improvement
in terms of imaging and data fit achieved when accounting for
attenuation.

INTRODUCTION

Several case studies have proven full-waveform inversion (FWI)
to be a valuable tool in estimating high-resolution models of
mechanical properties of the subsurface (Pratt and Shipp, 1999;
Plessix and Perkins, 2010; Raknes et al., 2015; Górszczyk et al.,
2017). Previous work in the North Sea, for example, byWarner et al.
(2013) and Haacke et al. (2019), addresses issues related to recon-
structing velocity of the subsurface, where the sediments are known
to be gas bearing and, hence, viscous. To circumvent the problem of
explicitly including attenuation in the modeling engine, preprocess-
ing can be applied to the observed and modeled data. Warner et al.
(2013) equalize the root-mean square (rms) amplitudes of the ob-
served data and normalize the modeled data within a broad sliding

time window as part of their data processing to invert 3D ocean-
bottom cable (OBC) data from the Tommeliten Alpha field in the
North Sea. Haacke et al. (2019) invert ocean bottom node and
towed-streamer data from the South Arne field in the Danish North
Sea simultaneously to obtain the velocity VP0, anisotropy coeffi-
cient ε, and quality factor Q.
The first FWI study of a data set from Valhall was performed by

Sirgue et al. (2010) to address the challenge of imaging the crest
of the reservoir, obscured by the presence of gas-bearing sediments
in the overburden. They run isotropic FWI in the frequency domain
by converting an initial anisotropic velocity to an “equivalent
isotropic” one. The inverted velocity yielded images that were supe-
rior to those obtained from tomography.
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Prieux et al. (2013) invert a 2D line of hydrophone data (OBC)
from the Valhall field for P-wave vertical velocity VP0, density, and
attenuation, in the frequency domain, with the medium assumed to
be transversely isotropic with a vertical symmetry axis (VTI). They
recommend a hierarchical approach, wherein the velocity is updated
first, followed by joint inversion of all three parameters (VP, ρ, and
Q). Radiation patterns for perturbations in velocity and anisotropy
parameters in VTI media are analyzed by Gholami et al. (2013). The
accuracy and resolution of the reconstructed P-wave vertical, hori-
zontal, or normal moveout velocity are found to be fairly similar if
the low-wavenumber components of the anisotropy fields are cor-
rect. They test this on the same 2D data used by Prieux et al. (2013).
The same data set in its entirety (i.e., the 3D data set) is inverted

by Operto et al. (2015) in the frequency domain. They model the
wavefield assuming the medium is VTI, and they reconstruct the P-
wave vertical velocity VP0, keeping the anisotropy coefficients ε and
δ as well as the density and attenuation fixed at their initial values
during inversion. They assert that running monofrequency (discrete
frequencies from 3.5 to 10.0 Hz) FWI is more conducive to reduc-
ing the imprint of inaccuracies in the attenuation field on the inver-
sion. In their later work (Operto and Miniussi, 2018), they update
VP0, density ρ, and quality factorQ simultaneously in the frequency
domain by inverting groups of discrete frequencies. Apparently, the
grouping of frequencies helps to better model the dispersive part of
the wavefield, leading to more reliable updates in the parameters. In
addition, the data redundancy helps mitigate trade-offs between the
reconstructed parameters. They show that the acquisition footprint
in the reconstructed velocity field is severely mitigated because
these artifacts are partially absorbed by the parameters ρ and Q.
The objective of the present study is to design a suitable time-

domain viscoacoustic FWI workflow to invert exploration-scale
data acquired in a region where the presence of gas raises specific
imaging challenges. We focus on the time-domain approach be-
cause of its greater flexibility and scalability compared to the fre-
quency domain, which makes it more amenable to handling large-
scale 3D case studies. We highlight the importance of taking attenu-
ation into account, as opposed to assuming the medium to be purely
acoustic. We are also interested in reconstructing the quality factor

Q along with the P-wave vertical velocity VP0 because time-domain
modeling is more amenable to the simultaneous updating of veloc-
ity and Q (Operto and Miniussi, 2018).
In the first section, “Data and initial models,” we describe the geol-

ogy of the Valhall field and the data set used in the study. The theory of
modeling viscoacoustic wavefield in VTI media in the time domain,
and the inversion strategy adopted to perform FWI, are explained in
the second section, “Modeling and inversion methodology.”We elabo-
rate on the preprocessing of the hydrophone component used in the
inversion, as well as of the estimation of the source-time function from
the data in the third section, “Data processing and experimental set
up.” The inversion results are presented in the fourth section, “FWI
results.” Inversion is run for three different scenarios: (1) we update
the P-wave vertical velocity VP0 assuming the medium is nonattenua-
tive, (2) the VP0-field is inverted in a viscoacoustic medium with con-
stant values of quality factorQ in the subsurface, and (3) the values of
the velocity andQ are updated simultaneously. We present the quality
control (QC) performed on the results: evaluation of data fit, compari-
son of objective function, as well as that of the inversion results with
available well logs, and images derived from the FWI model updates.
The results are addressed in the “Discussion” section, and finally we
draw conclusions from our study.

DATA AND INITIAL MODELS

The Valhall field, discovered in 1975, is located in the southern
part of the Norwegian North Sea, 300 km to the southwest of
Stavanger. It lies along the Lindesnes Ridge, which trends north–
northwest (Munns, 1985; Leonard and Munns, 1987), and it is char-
acterized by an Upper Cretaceous chalk reservoir at a depth of
2.4 km, overlain by gas-bearing Tertiary shale. Although the reser-
voir is structurally complex, the Tertiary overburden is relatively
free of structure (Hall et al., 2002). The water column has a near-
constant depth of approximately 70 m.
The four-component OBC data, of which we use only the hydro-

phone component in this study, were acquired in 2011 as part of the
Valhall Life of Field Seismic project (Barkved et al., 2003). The
survey consists of 50,824 shots, 5 m below the ocean surface,
and 2048 receivers, each spaced 50 m apart (Figure 1). The cable
spacing is 300 m, and the data are sampled at 4 ms. The survey
covers an area of approximately 145 km2. We apply reciprocity,
and we exchange the source and receiver positions to save computa-
tional cost during FWI.
We use the same initial velocity and anisotropy models (Figure 2)

as the ones used in Prieux et al. (2011), Operto et al. (2015), and
Operto and Miniussi (2018), provided courtesy of BP. The models
were generated by reflection traveltime tomography, and their efficacy
as initial models for FWI has been studied in the abovementioned work.
Prieux et al. (2011) compute the traveltimes of first arrivals in a 2D
section (at approximately x ¼ 6.7 km) of this model and conclude that
diving waves sample depths down to 1.5 km. The model updates be-
neath 1.5 km can then be primarily attributed to reflected events in the
data. Comparing data in the 3–7 Hz range with those generated in the
initial model, Operto et al. (2015) observe that the diving waves are
within half a cycle of each other, confirming that the initial velocity
and anisotropy parameters can indeed be used for FWI.
We do not apply smoothing to the sharp interface at the reservoir

(z ¼ 2.5 km) because we expect the reflected energy to help update
the part of the model not probed by the diving energy. Although
structurally not complex, the anisotropy in the region is significant,

Figure 1. Locations of the receivers (red), a line of shots (green-
yellow) and three well logs (magenta, green, and cyan) overlaid
on a depth slice (z ¼ 1 km) of the velocity reconstructed from vis-
coacoustic FWI. The white cross indicates the receiver at which the
data along the shot line are compared subsequently. The yellow
lines starting from logs 1 and 2 are projections of the respective
trajectories on the horizontal plane.
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with ε as high as 0.20. Density is computed from the initial velocity
field using Gardner’s relationship (Gardner et al., 1974), given as
ρ ¼ 309.6ðVP0Þ0.25. The initial Q model (for viscoacoustic media)
has values of 1000 in the water column and 200 in the sediments.
The values of Q are chosen such that they help us match the rms
energy of early-arriving phases of the observed data to those gen-
erated in the initial model as shown in Prieux et al. (2011) and
Operto et al. (2015).

MODELING AND INVERSION METHODOLOGY

Modeling

Frequency-domain FWI (Pratt, 1999; Brossier et al., 2009; Prieux
et al., 2013; Operto et al., 2015) has certain distinct advantages:
data decimation is a natural consequence of computing the wavefield
for a set of discrete frequencies. Attenuation can be easily incor-
porated by defining a complex-valued velocity field (Kolsky, 1956;
Futterman, 1962). In addition, the impedance matrix, once decom-
posed, can be used to generate the wavefield for all of the sources at
little additional expense. To this end, parallel direct solvers, such as
the multifrontal massively parallel sparse (MUMPS) solver (Amestoy
et al., 2015), have been used for FWI by Operto et al. (2015) and
Amestoy et al. (2016). The size of the impedance matrix, however,
is proportional to the dimensions of the model which, in turn, de-
pends on the frequency for which data are being generated. For a
3D model with dimensions N × N × N, the computational complex-
ity of wavefield modeling isOðN6Þ, whereas the memory complexity
is OðN4Þ (Operto et al., 2007; Li et al., 2015). Depending on the
architecture of the supercomputer and the efficiency of the parallel
direct solver used, this could lead to a bottleneck in memory and/or
scalability issues and render large-scale problems intractable using
conventional computational resources.
Time-domain modeling, however, might require some form

of more stringent data decimation (either simultaneous source-
encoding or subsampling), but it benefits from much better scalabil-
ity, allowing us to tackle large-scale problems with two levels of
parallelization, over sources and domains, with conventional do-
main decomposition processes. This is because although the com-
putational complexity of time-domain methods is similar to that of
frequency-domain parallel direct solvers, the memory complexity is
an order of magnitude lower, i.e., OðN3Þ (Li et al., 2015).
Of the various kinds of existing rheological models used to rep-

resent the behavior of viscoelastic materials, such as the Maxwell
body, Kelvin–Voigt, and standard linear solid (SLS), a mechanical
model consisting of a combination of SLS bodies (i.e., a generalized
SLS model) has been shown to best describe the physical properties

of viscoelastic solids (Casula and Carcione, 1992). The viscoelastic
wave equation for such a model can be expressed as (Yang et al.,
2016b):

ρ∂tv ¼ ∇ · σ

∂tσ ¼ Mu∶
�
∇ · v −

XL
l¼1

Yl ξl

�

∂tξl þ ωlξl ¼ ωl∇ · v; l ¼ 1; 2; : : : ; L; (1)

where ρ is the density, v is the particle velocity, σ is the stress,Mu is
the unrelaxed modulus (i.e., the modulus as ω → ∞), “∇” is the
vector differential operator, and “·” and “:” represent the dot product
and double dot product, respectively. A combination of L attenuation
mechanisms, with relaxation functions ξl, along with the associated
anelastic coefficients Yl, and reference frequencies ωl, simulate a
constant attenuation within the frequency range of interest. In our
study, L ¼ 3 and the reference frequenciesωl are 1, 6.32, and 40 Hz.
The details of computing the coefficient Yl can be found in

Blanch et al. (1995) and Yang et al. (2016b); here, we briefly de-
scribe how Yl is estimated. For the model represented by equation 1,
the quality factorQðωÞ, whose inverse is proportional to the fraction
of energy lost per cycle, is related to the anelastic coefficients and
reference frequencies via the equation

Q−1ðωÞ ¼
P

L
l¼1 Yl

ωlω
ω2
lþω2

1 −
P

L
l¼1 Yl

ω2
l

ω2
lþω2

: (2)

In realistic attenuative media, we can assume QðωÞ ≫ 1 (Blanch
et al., 1995), leading to the denominator in equation 2 to be ≈1.
We also assume that QðωÞ can be represented by a constant value
Q0 within the frequency range of interest. The coefficients Yl can
then be obtained by minimizing

Zω2

ω1

�
1 −

XL
l¼1

�
yl

ωlω

ω2
l þ ω2

��
2

; (3)

with respect to the variable yl ð∶ ¼ Q0YlÞ.
Yang et al. (2018) show that equation 1, in the acoustic approxi-

mation of VTI media (Alkhalifah, 1998; Duveneck and Bakker,
2011), simplifies as

Figure 2. Initial model provided to us by Aker BP: (a) the P-wave vertical velocity VP0, and the anisotropy coefficients (b) ε and (c) δ. The
values along the sections inside the cubes, denoted by the lines, are projected on the respective faces.
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ρ∂tvx ¼ ∂xg

ρ∂tvy ¼ ∂yg

ρ∂tvz ¼ ∂zq

∂tg ¼ c11ð∂xvx þ ∂yvyÞ þ c13∂zvz −
XL
l¼1

Yl½c11ξgl þ c13ξ
q
l�

∂tq ¼ c13ð∂xvx þ ∂yvyÞ þ c33∂zvz −
XL
l¼1

Yl½c13ξgl þ c33ξ
q
l�

∂tξ
g
l ¼ −ωlξ

g
l þ ωlð∂xvx þ ∂yvyÞ; l ¼ 1; 2; : : : ; L

∂tξ
q
l ¼ −ωlξ

q
l þ ωl∂zvz; l ¼ 1; 2; : : : ; L; (4)

where c11, c33, and c13 are the stiffness coefficients, g ≔ σxx ¼ σyy,
q ≔ σzz, ξxxl þ ξyyl ≔ ξgl, and ξzzl ≔ ξql. In the acoustic approxima-
tion to VTI media, the following equations relate the stiffness co-
efficients to the P-wave vertical velocity VP0 and the anisotropy
parameters ε and δ (Duveneck and Bakker, 2011; Yang et al., 2018):

c11 ¼ ρV2
P0ð1þ 2εÞ

c33 ¼ ρV2
P0

c13 ¼ ρV2
P0ð1þ 2δÞ: (5)

In this study, we rely on a finite-difference discretization (second
order in time and fourth order in space) of these equations. The free
surface is modeled at z ¼ 0 m, whereas absorbing (sponge) layers
are used beyond the limits of the model to mimic a medium of in-
finite extent (Cerjan et al., 1985). Windowed sinc interpolation
(Hicks, 2002) allows us to locate sources and receivers accurately
on the finite-difference grid.
Note that the wavefield velocity in a viscous medium depends on

the frequency. However, the P-wave vertical velocity VP0 in equa-
tion 5 is the velocity as ω → ∞. To obtain the apparent velocity in
the frequency range of interest, we compute the so-called kinematic
velocity (Hao, 2019), which corresponds to an equivalent velocity
corresponding to a given peak frequency (see Appendix A).

Inversion

The inversion is set up to minimize the following least-squares
objective function:

χðmÞ ≔ 1

2

ZT

0

kdcalðmÞ − dobsk2dt; (6)

where dobs are the observed data, dcalðmÞ are the data generated
from the model m, and T is the recording time. Only the pressure
data from the hydrophone are inverted in this study.
The adjoint-state method is used to compute the gradient of the

objective function with respect to the model parameters (Tarantola,
1984; Plessix, 2006). Although the updates are performed for VP0

and Q−1, the gradients are obtained with respect to κ−1 (where
κ ≔ ρV2

P0) and Q−1 according to (Yang et al., 2018)

∂χ
∂κ−1

¼ 1

2ðε − δÞ
ZT

0

��
ḡ −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2δ

p
q̄

�
∂tg

þ
�
−

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2δ

p
ḡþ ð1þ 2εÞq̄

�
∂tq

�
dt;

∂χ
∂Q−1 ¼

ZT

0

�
ḡ
XL
l¼1

ylξ
g
l þ q̄

XL
l¼1

ylξ
q
l

�
dt; (7)

where the quantities under the bar represent adjoint-state variables.
These are computed by solving the wave equation backward in
time, with the data residuals as the forcing functions (Plessix, 2006;
Yang et al., 2018).
Gradient computation requires access to the forward and adjoint

wavefields. However, for realistic 3D problems, it is often not possible
to store the forward wavefield on a disk (challenging for input-/output-
intensive problems) or in memory (because of its size). The forward
wavefield is hence recomputed along with the adjoint wavefield from
the boundary values stored during the forward simulation and those at
the final time step. In attenuative media, the forward wavefield, when
reconstructed in reverse time, is susceptible to numerical instabilities,
and checkpointing is commonly used to mitigate this problem (Grie-
wank and Walther, 2000; Anderson et al., 2012).
The checkpoint-assisted reverse forward simulation (CARFS)

strategy proposed by Yang et al. (2016c), wherein wavefield stored
at checkpoints during forward simulation can be used to either for-
ward- or back-propagate a wavefield from a given checkpoint dur-
ing the reconstruction based on an energy threshold, providing a
stable and yet more efficient (compared to conventional checkpoint-
ing) means of computing the gradient. In addition, the CARFS strat-
egy is dedicated to the situation in which the manner that FWI is
implemented (using openMP instead of domain decomposition) and
hardware constraints allow us only a few GB of RAM per shot.
When domain decomposition is used and/or high performance com-
puting (HPC) architecture with large RAM is available, it is always
more efficient to store the incident wavefield in the memory (or on
fast disks). In our work, such an architecture was not available: we
used a Blue Gene machine with very low RAM per node (16 GB per
node and 16 cores per node).
The model is updated every iteration using a preconditioned

limited-memory Broyden–Fletcher–Goldfarb–Shanno algorithm
(l-BFGS) (Nocedal, 1980), as implemented in the SEISCOPE
optimization toolbox (Métivier and Brossier, 2016). The wavefield
preconditioner, which is a modified version of illumination com-
pensation, is presented in Appendix B. We apply Gaussian smooth-
ing to the gradient, with the correlation lengths being fractions
(0.4 and 0.3 in the horizontal and vertical directions, respectively)
of the local wavelength λðxÞ, based on the current estimate of veloc-
ity VP0ðxÞ and an average frequency faverage:

λðxÞ ¼ VP0ðxÞ
faverage

: (8)

Reconstructed parameters

When FWI is performed in viscoacoustic media, attenuation can
be a “passive parameter” (wherein the attenuation remains un-
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changed during the inversion), or it can be updated (i.e., it is an
“active parameter”). Operto and Miniussi (2018) conclude that
the velocity updates from VP0-only inversion (in viscoacoustic me-
dia) were consistent with those from reconstructing it simultane-
ously with density and attenuation. This is because the inversion
below 10 Hz is dominated by the difference in phase between
the modeled and observed data. Including ρ and Q as active param-
eters, however, reduces the acquisition footprint on the inverted
velocity VP0 (Operto and Miniussi, 2018). We choose not to update
the density by applying Gardner’s relationship to the inverted VP0

because errors in the velocity would propagate into ρ and possibly
bias subsequent inversion. Hence, we retain the smooth density-
field obtained from the initial VP0 (Figure 2a) throughout the inver-
sion and update either VP0 only or VP0 and Q simultaneously. A
matter of detail here is that, during the inversion, we navigate
through a model space defined by parameters VP0 and the attenu-
ation factor Q−1. Additionally, each parameter is normalized in the
optimization so that its value lies between 0 and 1. This is the strat-
egy that was adopted by Yang et al. (2018).

DATA PROCESSING AND EXPERIMENTAL SET UP

The data were provided to us in the SEGY format, with no pre-
processing applied. The coordinates of the data and models are
transformed from real-world to local coordinates (with the origin
at x ¼ 0 km and y ¼ 0 km). We then apply source-receiver reci-
procity to decrease the cost of inversion. This is followed by de-
spiking the data and then application of minimum-phase band-pass
filters (Figure 3) in the 2.5–5.0 Hz and 2.5–7.0 Hz frequency ranges
(referred to as band 1 and band 2, respectively). The white and yel-
low arrows depicted in Figure 3a indicate reflections from the top of
the gas and the top of the chalk, respectively, as shown by Operto
and Miniussi (2018). The linear event with a velocity of ≈400 m/s,
identified by the black arrow, denotes Schölte waves. We compute
the energy (rms) of each gather and perform manual QC of gathers
with large amplitudes.
The grid spacing of the models for the first and second frequency

bands are set to 70 and 50 m, respectively, to ensure five grid points
for the smallest wavelength. The frequency ranges (for the two
bands) and the grid spacing of the models are similar to those
chosen by Operto et al. (2015).
At the beginning of the run for each frequency band, we estimate

the source-time function by solving a linear inverse problem (Pratt,

1999). A random selection of 128 gathers is used for the source
inversion, and it is performed using the updated velocity and attenu-
ation models (where applicable).
It is important to apply appropriate weights to the data during

source estimation. The initial velocity model allows us to predict
the reflection only from the top of the chalk. Without any time win-
dowing, the inverted (erroneous) wavelet would account for all re-
flected events. In addition, the observed data contain Schölte waves,
which cannot be generated when the wavefield is modeled in the
acoustic approximation. Hence, we apply an inner mute to ensure
that only the direct arrivals are used for computing the wavelet
(Figure 4a). There are also differences in phase between the mod-
eled and observed data at far offsets because the initial velocity is
not accurate enough. Using the entire offset range would, hence,
affect the quality of the estimated wavelet. Therefore, offset-based
weights are applied to the data wherein the direct arrivals until
400 m are used in their entirety. The weights are then smoothly ta-
pered to zero over an offset of 800 m, and no data beyond 1200 m
are included to estimate the wavelet. These specific values were ob-
tained after several iterations of trial and error estimating the wave-
let, comparing the observed data with those generated from the
wavelet, and observing the wavelet spectrum. Finally, we ensure
that the source-time function (Figure 4c) is causal and goes to zero
after the main arrivals by applying cosine tapers. By including a free
surface while generating data for source inversion, the inverted
source-time function is free of the source ghost.
The spectrum of the weighted modeled data matches that of the

source-time function closely (compare Figure 4d and 4h). The rela-
tively larger amplitudes at lower frequencies in the observed data
(Figure 4g) could be due to the presence of noise. In addition, the
data in this specific case were modeled for nonattenuative media,
whereas the recorded wavefield propagated through gas, which could
also be responsible for the higher amplitudes. We note that the in-
version results are influenced very heavily by the source-time func-
tion, and it is worth spending effort to compute a satisfactory wavelet.
During FWI, the same inner mute as the one used during the

source estimation is used to remove the Schölte waves in the data.
The offset-based weights are zero to an offset of 150 m, increasing
linearly to a value of 1 at 350 m and constant (= 1) thereafter
(Figure 4b).
No other processing steps, such as deghosting or demultiples,

are applied to the observed data. By implementing a free-surface

Figure 3. (a) Despiked data along the green-yellow line (x ¼ 5.46 km) in Figure 1, recorded at (x ¼ 5.6 km, y ¼ 6.0 km). The white and
yellow arrows indicate reflections from the top of the gas and chalk, respectively, and the black arrow denotes the Schölte waves. The data are
filtered between (b) 2.5–5.0 Hz (band 1) and (c) 2.5–7.0 Hz (band 2).
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Figure 4. Recorded data in band 1, with data weights for the (a) source inversion and (b) FWI superimposed on them. (c) The source estimated
for band 1 by modeling the wavefield in nonattenuative media, and (d) its normalized spectrum. The data modeled with the estimated wavelet
in the initial velocity field with weights used for (e) source inversion and (f) FWI overlain on top. The normalized spectra of the weighted
(g) observed and (h) modeled data used in FWI.
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Figure 5. (a) Data in the 2.5–5 Hz range modeled with the initial VP0 with attenuation taken into account. A comparison of normalized data
modeled with (red) and without (blue) attenuation at offsets of approximately (b) 3.4 km, (c) 7.4 km, and (d) 9.4 km indicated by the cyan,
orange, and white lines, respectively, on Figure 5a.

Figure 6. Initial velocity VP0 at depths of (a) 0.2 km and (b) 1.0 km, and at (c) x ¼ 5.6 km.
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condition in the modeling stage, the ghost and surface-related multi-
ples are included in the generated data.
The data subsampling technique adopted during the inversion is

similar to the one described in Warner et al. (2013). The 2048 gath-
ers are divided into 16 groups of 128 randomly selected gathers
without repetition, and we run three iterations of l-BFGS on each
group. The potential gain from running more iterations could be
offset by the artifacts introduced because of the sparse sampling
of the receiver gathers. The number of iterations chosen per group

is the minimum necessary to benefit from l-BFGS. The number of
groups and gathers per group chosen are such that, at the end of a
run of inversion, all data are included.

FWI RESULTS

Band 1 (2.5–5.0 Hz)

As stated previously, the tertiary gas-bearing sediments in the
Valhall field make the medium attenuative. We compare data

Figure 7. Velocity VP0 obtained assuming the medium to be purely acoustic, using data in the 2.5–5.0 Hz frequency range, at (a) z ¼ 0.2 km,
(b) z ¼ 1.0 km, and (c) x ¼ 6.5 km. The arrow and box indicate artifacts in the reconstructed velocity because attenuation has not been taken
into account.

Figure 8. The difference between observed data
and those modeled with (a) the initial VP0 and
(b) the reconstructed velocity for the wavefield
computed in attenuative media.
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(the red and blue curves, respectively, in Figure 5b–5d) modeled in
the initial velocity field without and with attenuation using a con-
stant-Q model below the water layer (the Q model described pre-
viously). Viscosity in the medium causes a decrease in the wavefield
amplitudes and, in addition, dispersion delays arrivals of events.

These effects are stronger at larger offsets (compare Figure 5b
and 5d).
To study the influence of viscosity on the inversion, we first run

FWI without taking attenuation into account. The source-time func-
tion (Figure 4c) is estimated from the initial velocity model, and we

Figure 9. Velocity obtained from VP0-only FWI in viscoacoustic media at depths of (a) 0.2 km and (b) 1.0 km, and at (c) x ¼ 5.6 km. Magnified
regions at x ¼ 5.6 km for (d) nonattenuative FWI (Figure 7) and (f) VP0-only viscoacoustic FWI. The arrows and box indicate a decrease in artifacts
when attenuation is taken into account during inversion.
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run 16 iterations of l-BFGS. Although the frequencies in the data
are limited to 5.0 Hz, significant details emerge in the updated
velocities down to a depth of 2.5 km. The underground channels
are clearly visible at z ¼ 0.2 km (compare Figures 6a and 7a).
The velocity inversion at z ≈ 0.6 km is delineated, as is the top

of the low-velocity region indicative of gas (z ¼ 1.0 km), in the
vertical section at x ¼ 5.6 km (Figure 7c).

Next, FWI is performed assuming the medium to be viscous. We
start with the constant-Q model and update only the velocity VP0.
For the range of frequencies in the data, the final data misfit for

viscoacoustic FWI (Figure 8b) is very close to
that for acoustic FWI. However, the model up-
dates that lead to the data misfits are understand-
ably different: the kinematic velocity obtained at
4.0 Hz at x ¼ 5.6 km (Figure 9c) has more con-
tinuous features (indicated by the black rectan-
gles) than that for acoustic FWI (Figure 7c),
although the improvement is not very obvious
in the depth slices here. The vertical section
shows a decrease in artifacts (the black arrows),
improvement in resolution, and an upward shift
in events in the low-velocity region as well as in
those in the reservoir. As mentioned previously,
diving waves do not penetrate the medium
deeper than ≈1.5 km and the updates are pri-
marily due to FWI operating in the least-squares
migration mode.
Simultaneous inversion of VP0 and attenuation

yields velocities that are very close to those ob-
tained from VP0-only inversion. The updates in
Q are also very small: of the order of �20 for
an initial model that has a constant value of 200
in the sediments. As expected, the difference in
the data misfit computed for the final models
(VP0-only withQ as a passive parameter, and joint
inversion) is insignificant. This is most likely
because, at such low frequencies, the objective

Figure 11. Modeled data and misfit at (x ¼ 5.6 km, y ¼ 6.0 km), in the 2.5–7.0 Hz frequency range. (a) The data modeled with the velocity
obtained from nonattenuative FWI, and the (b) initial and (c) final data misfit. (d) The data computed from the VP0 and Q values from their
simultaneous inversion, and the (e) initial and (f) final data differences. The arrows indicate differences in the final data misfit for nonatten-
uative and viscoacoustic FWI.

Figure 10. (a) Source-time function and (b) its normalized spectrum computed from
(c) the observed data filtered between 2.5 and 7.0 Hz, by modeling the wavefield with-
out taking attenuation into account. (d) The data modeled with the computed wavelet
and the initial VP0.
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function is not very sensitive to attenuation. To test that this is indeed
the case, we used the velocity-field obtained from the VP0-only inver-
sion as the initial model to run another set of 48 iterations of FWI in
the first frequency band to update only the parameterQ. The inversion
turned out to be unstable, with the Q-field being assigned erratic and
geologically unrealistic values as high as 1000 in the subsurface.

Band 2 (2.5–7.0 Hz)

The output of the inversions from the first frequency band is used
to estimate the source-time functions from observed data filtered
between 2.5 and 7.0 Hz (Figure 10). We run 48 iterations of
FWI for the acoustic, VP0-only viscoacoustic, and joint inversion
(VP0-Q).
The influence of attenuation on the inversion is higher for data in

the 2.5–7.0 Hz frequency range. There is a larger decrease in the
data misfit (qualitatively, as indicated by the arrows in Figure 11,
and quantitatively, by Table 1) after inversion when Q, as an active
or passive parameter, is taken into account. This is especially no-
ticeable for the reflection from the top of the reservoir: in band 1, the
final data misfit with and without attenuation is comparable. How-
ever, because higher frequencies are included, inversion using
acoustic modeling is unable to steer the velocity to reduce the
differences in amplitude. Consequently, the differences in the recon-
structed velocities are starker: at shallow depths (z ¼ 0.2 km), the
acquisition footprint in VP0 from nonattenuative FWI is larger, as is
noticeable in the depth slices (Figures 12a and 13a) and pointed out
by the arrows at depths of ≈0.2 km in the sections at x ¼ 5.6 km

(Figures 12c and 13c).

Table 1. Objective function computed for 128 evenly spaced
receiver gathers with the respective initial and final models
in the two frequency bands.

FWI

Band 1 Band 2

Initial
misfit

Final
misfit

Initial
misfit

Final
misfit

Without Q 1065 665 65,880 51,430

VP0-only with Q 1095 670 49,900 41,470

VP0-Q
simultaneous

1095 665 50,475 41,660

Figure 12. Velocity obtained from FWI of data in the 2.5–7.0 Hz range, assuming the medium is nonattenuative, at depths of (a) 0.2 km,
(b) 1.0 km, and at (c) x ¼ 5.6 km. The arrows highlight artifacts in the final result.
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For depths between 2.0 and 2.5 km, the events in velocity recon-
structed from viscoacoustic FWI are more continuous and some
diagonal artifacts are mitigated (indicated by the arrows at 2.0 km <
z < 2.5 km in Figures 12c and 13c). Wavefields that propagate
through the gas cloud experience stronger changes in amplitude
and phase compared to those that travel through other wavepaths.
When the background values of Q are inaccurate, the distortions in
phase and amplitudes are attributed either entirely to velocity
updates (in the case of nonattenuative or VP0-only FWI) or dispro-
portionately to them (during VP0-Q-inversion) because of larger
sensitivity of the objective function to the parameter VP0. In addi-
tion, because FWI without attenuation has to compensate for the
viscosity of the medium, it yields velocities that are lower, on aver-
age, than the kinematic velocity (computed at 5.5 Hz), which is
expected.
It is important to note that the figures displaying velocities recon-

structed from viscoacoustic FWI refer to the kinematic velocity.
This is the apparent velocity for a given dominant frequency, which
allows us to make a fair comparison between the different results. At
the low frequencies used in the study, the difference between the
kinematic velocities computed for 4.0 and 5.5 Hz are very small:
the mean difference between the kinematic velocities computed

for the two frequencies using the initial velocity model is approx-
imately 1.7 m/s. However, to put this in perspective, the mean differ-
ence between the initial velocity at infinite frequency and at 4 Hz is
nearly 13.9 m/s.
The differences in the final data misfit when performing inversion

with Q as an active or passive parameter are extremely small. The
kinematic velocity obtained from VP0-only inversion (not shown
here) is consequently very close to that from simultaneous FWI
of velocity and Q (Figure 13a–13c). The small differences, visible
in blinking displays, correlate with the reconstructed values of the
attenuation factor (Figure 14): the inverted kinematic velocity from
simultaneous inversion is lower (or higher) than that from VP0-only
FWI when the values of Q exceed (or are less than) 200. There is a
decrease in velocity and Q at shallow depths (≈0.5 km); hence, it is
difficult to conclude if the two parameters are well decoupled at
these depths and in this frequency band.

Data comparison

The data for the initial and inverted models are generated with the
respective wavelets (acoustic, velocity-only viscoacoustic, and VP0-
Q simultaneous inversion) computed at the beginning of the inver-

Figure 13. Reconstructed kinematic velocity (at 5.5 Hz) from VP0-Q simultaneous FWI of data in the 2.5–7.0 Hz range, at (a) z ¼ 0.2 km,
(b) z ¼ 1.0 km, and at (c) x ¼ 5.6 km. The arrows show regions where artifacts decrease because attenuation is taken into account.
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sion for band 2. The observed data are plotted in red, white, and
blue, whereas those generated with the different models are super-
imposed in gray scale (Figure 15). The same percentile clip has been
applied to each set of data. Less blue-colored events highlighted in
the overlaid images indicate a better data match. The data compar-
isons for VP0-only FWI in the presence of attenuation are not shown
because they closely resemble those for the VP0-Q joint inversion.
In the acoustic and viscoacoustic inversions, the data modeled

with the initial, as well as the inverted, velocities match the ob-
served ones at near offsets. This is expected because offsets of
up to 400 m are used to compute the source-time function. Source
wavelets computed with the updated models in the manner de-
scribed in the “Data Processing and Experimental Setup” section
are identical to those used for the inversion. This confirms that the
data weights chosen to estimate the wavelet are appropriate and our
wavelet estimation is quite robust.
There is significant improvement in the data match for the direct

arrivals and diving waves, as seen from the presence of the predomi-
nantly red-colored events in Figure 15b and 15d. The fact that the
reflections from the top of the reservoir follow the observed data
closely gives us confidence in the velocity updates in the top
2.5 km. In addition, the details added to the velocity-field lead
to reflections from the top of the gas. There are subtle improvements

in the data fit when the quality factor, as an active or passive param-
eter, is included in the FWI (indicated by the less blue-colored
events in the white boxes in Figure 15d compared to Figure 15b).
We also note that the rms value of the final data misfit is lower in the
former cases. The impact of Q, however, is more visible in the
reconstructed velocities and the obtained images.

Objective function

A quantitative estimate of the objective function gives us some
insight into the different types of FWI performed. We use every 16th
receiver gather (i.e., a total of 128 gathers) to compute the cost func-
tion for the initial and reconstructed models in each frequency band.
When data in the 2.5–5.0 Hz are inverted, the initial and final values
of the objective functions are very close to each other (Table 1). How-
ever, as shown previously, the velocity field reconstructed without
attenuation has artifacts in it. Interestingly, the objective function
computed for data in the 2.5–7.0 Hz range from the model obtained
from the previous band is much higher when the medium is consid-
ered to be purely acoustic. This is because the influence of attenu-
ation is larger because we include higher frequencies. Although the
decrease in the misfit in this case is also larger compared to VP0-only
and VP0-Q simultaneous inversion, the values of the final cost func-

Figure 14. Values of Q at depths of (a) 0.2 km, (b) 1.0 km, and at (c) x ¼ 5.6 km, derived from simultaneous (VP0-Q) inversion of data in the
2.5–7.0 Hz range.
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tion are lower in the two latter cases. This is obviously the result of
incorporating Q as a parameter (active or passive) into the inversion.

Well logs

We have access to logs obtained from three wells in the survey: a
deviated well close to the low-velocity anomaly, 2/8-A-3B (referred
to henceforth as Log 1); a deviated development well at the northern
edge of the survey, 2/8-N-12 (Log 2); and a vertical exploration well
2/11-1 (log 3). The horizontal and vertical coordinates (correspond-
ing to the true vertical depth) from the log files are used to inter-
polate and extract the initial and inverted velocities from the
velocity cubes. The velocities from viscoacoustic FWI correspond
to the unrelaxed modulus here and not the kinematic velocity shown
in the slices from the model. Once again, we plot only the results
from VP0-Q simultaneous inversion; those from VP0-only FWI with
Q as a passive parameter are very similar to the former.

The initial and reconstructed velocities at log 1 (Figure 16a) stand
out because they are much lower than those estimated by the sonde.
The sources and receivers in a sonic log are very close to each other;
hence, the velocity obtained from the log is more representative of
the formation velocity. The VP0 obtained from FWI, however, is
over seismic scales and influenced by the low velocities of the
gas-bearing sediments in the overbuden, which results in slower val-
ues compared to the ones from the well log. In addition, the inverted
VP0 from nonattenuative FWI (the blue curve in Figure 16a) is
slower than those from the viscoacoustic inversion because it has
to compensate for the phase shifts caused by the viscosity of the
medium.
In log 2 (Figure 16b), which is closer to the northwestern edge of

the survey, there is good agreement between the well-log data and
the reconstructed velocities. The slow velocity of the initial model
increases at shallow depths, for 0.8 km < z < 1.2 km, especially
when attenuation is taken into account. There is also a significant

Figure 15. Data (2.5–7.0 Hz) generated with the (a) initial and (b) inverted velocity without taking attenuation into account, overlaid on the
recorded pressure component. The data modeled with the (c) initial and (d) inverted parameters VP0 and Q when they are updated simulta-
neously. The boxes indicate regions where the data-match is different for FWI with and without attenuation.
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increase of velocity for 1.9 km < z < 2.3 km, matching it with the
values obtained from the log. There are distinct jumps in the
well-log measurements at a depth of 1.5 km, which seems to cor-
respond to an increase in the reconstructed velocity over a distance
of ≈0.2 km. The computed velocities are, however, underestimated,
with respect to the well log, at depths of 0.5 and 0.8 km. Interest-
ingly, this is noticed at Log 3 as well.
At the location of Log 3, the updated velocity profiles match the

log measurements at several depths (Figure 16c): for example, at
depths of \approximately 1.3, 1.55, 1.65, and 1.9 km. As observed

in the other logs, the velocity obtained from nonattenuative FWI is,
in general, slower than when Q is taken into account.

Images

The images are computed from the velocity perturbations: the
difference between the reconstructed and initial velocity is con-
verted to time, band-pass filtered (1–15 Hz), and then converted
back to depth. The artifacts at shallow depths, attributed to the
acquisition footprint, and the “diagonal” nongeological artifacts

Figure 16. Superposition of well logs from the field over initial velocity and that obtained from FWI in nonattenuative media, and VP0-only
and VP0-Q inversion assuming the medium is viscoacoustic. The positions of the logs, (a) Log 1 (2/8-A-3B), (b) Log 2 (2/8-N-12), and (c) Log
3 (2/11-1), are marked in Figure 1.

Figure 17. Images computed from the velocities
reconstructed from (a) nonattenuative FWI and
(b) VP0-Q FWI. The sections in the two cases dis-
played here correspond to x ¼ 5.6 km. The arrows
indicate differences in the images in two cases.
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(shown by the green arrows) are mitigated by viscoacoustic FWI
(Figure 17). In addition, the reflectors are more continuous, as in-
dicated by the arrows in yellow. There is significant improvement in
the region with the low velocities (1.0 km < z < 2.5 km), in terms
of artifacts and the consistency of the events. Taking attenuation
into account also shifts some of the deeper reflectors upward:
for instance, the one to which the white arrow points. We expect
reverse-time migration on the broadband data, which would result
in higher wavenumbers in the image, to better highlight the
differences.

Computational cost

All of our inversions are run on the Turing IBM Blue Gene/Q
machine, access to which is provided by the Institute for Develop-
ment and Resources in Intensive Scientific Computing (IDRIS).
Each compute node consists of 16 cores (16 GB of memory), each
of which has a clock speed of 1.6 GHz and can run four threads
simultaneously (the hyperthreading functionality). We parallelize
over receiver gathers, with two being run simultaneously on each
node for both frequency bands in the case of acoustic FWI. To run
the inversion in viscoacoustic media, we were able to assign two
gathers per node for the first frequency band, but only one per node
for band 2. The maximum number of checkpoints permitted by
memory (20 and 10 for the first and second bands, respectively)
was used. For computing the wavefield for each gather, we take
advantage of OpenMP and hyperthreading: 32 or 64 threads are
used per receiver gather, depending on the number of gathers proc-
essed per node.
The computation time saved per gradient by the CARFS tech-

nique relative to conventional checkpointing is 12% and 26%, re-
spectively, for frequency bands 1 and 2. Viscoacoustic FWI of data
containing frequencies to 5 Hz requires approximately 28 hours
(equivalent to 29,000 scalar hours) to run 48 iterations. This
amounts to almost four times the number of hours consumed by
acoustic FWI (Table 2). The total number of scalar hours required
for inverting data in the second frequency band without and with
attenuation is, respectively, 24,500 and 106,500.

DISCUSSION

There are minor differences in the values of inverted velocity VP0

obtained from VP0-only viscoacoustic and VP0-Q simultaneous in-
versions. The updates in the quality factor Q are also not very large.
This is reflected in the final data misfit from the two inversions, the
difference between which is also not very significant. This, how-
ever, does not mean that the parameter Q lies in the null space

of the FWI. In fact, as shown in Operto et al. (2013), the radiation
patterns of the parameters VP0 and Q are similar (isotropic). How-
ever, while velocity influences reflected- and diving-wave energy in
the data equally, the effect ofQ is stronger at farther offsets, in trans-
mitted energy and postcritical reflections (Operto et al., 2013). With
a lower \signal-to-noise ratio at larger offsets, it becomes difficult
for the inversion to make significant updates to Q. This is because,
although Q influences the phase and amplitude of the wavefield, it
is a second-order effect.
We note that the VP0-field reconstructed in the 2.5–7.0 Hz fre-

quency range by viscoacoustic FWI in this paper and those esti-
mated by Operto and Miniussi (2018) at 7.0 Hz are qualitatively
similar for 0.5 km < z < 2.5 km. The features recovered by them
match the ones in our work, although their model has higher res-
olution. This could be because of different smoothing parameters
chosen for the gradient during inversion. At shallow depths
(z < 0.5 km), some ringing is present in their estimated velocity
field, which might be related to the data used for source estimation.
There are structural differences at the top of chalk, and they have
larger values of VP0 deeper than 2.5 km. The differences in the
deeper region could be because of the fact that they apply FWI
on a different vintage. They received preprocessed data, and they
had approximately 250 more receiver gathers, all of which they
use every iteration of FWI.
The Q-field reconstructed by Operto and Miniussi (2018) is also

structurally similar to the one obtained here from viscoacoustic
FWI. This indicates that our inversion updates the quality factor
in the correct direction. As in the case of the P-wave vertical veloc-
ity, their Q model has higher resolution. The main difference, how-
ever, is that the magnitude of the update in their case is much higher:
starting from a constant quality factor of 200 in the sediments, they
obtain values of Q as low as 55 in the region with the low-velocity
anomaly, which is typical of gas-bearing sediments in the North Sea
(Haacke et al., 2019).
The pseudo-Hessian preconditioner used by Operto and Miniussi

(2018), in addition to the fact that they use all of the data in every
iteration, most likely helps them make larger updates to the quality
factor. There are, however, parameters that must be tuned, and they
exert significant influence on the final results (FWI4, compared to
FWI5, in their paper). As explained in Appendix A, the data sub-
sampling prevents us from applying the same preconditioner;
hence, we resort to a modified version of illumination compensa-
tion. Other techniques designed to increase the sensitivity of the
objective function to quality factor exist. Applying implicit regulari-
zation to one of the model parameters, by scaling it, has been shown
to improve convergence of the velocity and the quality factor
(Kamei and Pratt, 2013). Alternatively, a misfit function that em-
phasizes the amplitude of the signal within a time window can also
mitigate crosstalk between the reconstructed velocity and the qual-
ity factor (Pan and Innanen, 2019; Pan and Wang, 2020).
The inverted density ρ in Operto and Miniussi (2018) is suppos-

edly reliable at shallow and intermediate depths. More importantly,
however, it absorbs the acquisition footprint during inversion,
thereby mitigating the footprint in the final VP0 field. This is most
likely because the density in the parameter combination VP0-ρ, in-
fluences near offsets in the data; as a result, the inversion primarily
updates the high-wavenumber component of ρ. We implement a
different strategy: we choose not to invert for an additional param-
eter (density) so that the issue of crosstalk between velocity and ρ

Table 2. Computational time required for 48 iterations of
FWI for frequency bands 1 and 2 with and without taking
attenuation into account.

FWI

Compute time

Band 1 Band 2

Without Q 7.5 h (8 cores/gather) 24 h (8 cores/gather)

With Q 28 h (8 cores/gather) 52 h (16 cores/gather)
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does not arise. Instead, we fix the density field at its initial value
throughout the inversion (for both bands). In addition, the data
in the near offset (up to 150 m) are muted and are not used during
FWI. One potential problem with using a density field obtained
from Gardner’s relationship is that the ρ values are not very accurate
for gas-bearing rocks. Hence, keeping the density fixed at the erro-
neous values in the gas cloud can lead to inaccuracies in the recon-
structed velocities.
Another interesting issue we discovered here was with regard

to placement of the grid points of the density model at the water
bottom. The seafloor at Valhall is almost constant at 70 m, as
mentioned previously. The grid spacing for the models used during
FWI for band 1 is 70 m as well. The velocity, anisotropy coeffi-
cients, and quality factor have the first grid point in water and
the second one (at z ¼ 70 m) in the sediment. The discretization
of the viscoacoustic wave equations in the stress-velocity formu-
lation (equation 4) results in staggering the density ρ, stiffness co-
efficients cijkl, vertical stress component σz, and vertical derivative
of the vertical particle velocity vz (i.e., ∂zvz) by half a grid point
with respect to vz, buoyancy 1∕ρ, and the quantity ∂zσz. As a con-
sequence, the P-wave vertical velocity VP0, the anisotropy coeffi-
cients ε and δ, and the quality factory Q can all share the same
grid as far as water and sediment are concerned. However, one must
decide if the second grid point of the density model should have
values corresponding to those in water or in sediment. With the sec-

ond grid point in the sediment, the buoyancy and vz have errors in
them. However, if the second grid point is placed in water, the ver-
tical stress σz tends to be inaccurate. The wavelets computed in each
case differ in amplitude and phase, which in turn results in a small
systemic shift in depth of the inverted velocity model. We choose to
place the second grid point of the density model in the sediment
because the data misfit with the source wavelet estimated with this
model was lower.
For the second frequency band, the grid spacing in the models

is 50 m, which is liable to introduce errors because of its inability
to simulate the exact water bottom (which is at z ¼ 70 m). In ad-
dition, because of the staggered grid, it was necessary to determine
if only the first or the first two grid points of the density model
should be placed in water. The data misfit being lower in the latter
case, we chose the first two grid points of ρ to have values of
1000kg∕m3.
With the time-domain workflow we have created, it should be

fairly straightforward to invert data containing higher frequencies
(up to 12 or 15 Hz). In addition to adding further details to the veloc-
ity field, we expect larger updates in the parameter Q. With the in-
clusion of higher frequencies, however, the data will contain more
events and, hence, one must be careful while designing weights for
source estimation. If the source-time function does not represent the
direct arrivals accurately enough (either it has too many, or not
enough, wiggles), the reconstructed VP0- and Q-fields will exhibit

Figure 18. Illumination compensation ℋic at depths of (a) 0.2 km, (b) 0.5 km, and (c) 1.0 km.

Figure 19. Normalized depth preconditioner am-
plitude profiles at three locations for a choice of
three preconditioners: linear depth preconditioner
(red), illumination compensation (black dashed
line), and modified illumination compensation
(cyan dashed line). The profiles are extracted at x ¼
5.6 km and (a) y ¼ 5.0 km, (b) y ¼ 10.0 km, and
(c) y ¼ 12.5 km.
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layers that are not indicative of geology but artifacts from the erro-
neous source wavelet.
We have a data set of a different vintage from the Valhall, which

enables time-lapse studies in the area. Several authors have ad-
dressed the problem of FWI applied to time-lapse data using dif-
ferent techniques (Asnaashari et al., 2015; Hicks et al., 2016;
Yang et al., 2016a). Investigating 4D changes in VP0 and Q using
an appropriate workflow would be a very interesting problem.
In our study, we use only the pressure data, although we also have

three velocity components. The data redundancy resulting from
multicomponent data could help constrain the inversion better
and aid multiparameter FWI. They also allow for the possibility
of investigating viscoelastic FWI, although computationally it is or-
ders of magnitude more expensive than viscoacoustic inversion.
This is especially true for low shear-wave velocities at shallow
depths because of unconsolidated sediments.

CONCLUSION

We perform FWI of a 3D OBC data set from the Valhall field and
highlight the differences in the inverted P-wave vertical velocity
(VP0) models with and without accounting for attenuation. Time-
domain viscoacoustic modeling has lower memory complexity,
and better scalability at higher frequencies, compared to its fre-
quency-domain counterpart. Efficiency of time-domain inversion
is aided by a data subsampling strategy, resulting in speed-up by
a few factors. In addition, we save up to 26% of our computational
resources per gradient computation (compared to conventional
checkpointing) using the CARFS strategy, when the medium is
assumed to be attenuative.
Using even a simple model for the attenuation factor Q (constant

values in the subsurface) yields a velocity field that has less geo-
logical artifacts than not using any attenuation at all. Although the
objective function for the two cases is comparable at lower frequen-
cies, the reconstructed velocity models are understandably different.
Because higher frequencies are included in the data, viscoacoustic
FWI results in fewer artifacts in the inverted velocity field, in ad-
dition to a smaller objective function compared to nonattenuative
FWI. Simultaneous inversion of velocity VP0 and Q decreases
the acquisition footprint in VP0. However, the narrow range of
frequencies used in the study is unable to provide reliable updates
in the Q-field.
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APPENDIX A

KINEMATIC VELOCITY

Aviscous medium causes dispersion and attenuation of the wave-
field propagating through it. In the frequency-domain formulation,
attenuation is incorporated into the medium by making the velocity
field complex-valued (Kolsky, 1956; Futterman, 1962), with the
real and complex components being frequency dependent. For a
given frequency, the real part of the velocity influences the kinemat-
ics of the wavefield, whereas the amplitude depends on the imagi-
nary component. This gives us a way to compare velocities in
viscous and nonattenuative media. However, in time-domain mod-
eling, viscous effects are taken into account by using multiple re-
laxation mechanisms. Hao (2019) shows a way of computing the
so-called kinematic velocity.
The stress relaxation function ψðtÞ for a generalized SLS body

consisting of L mechanisms is (Casula and Carcione, 1992)

ψðtÞ ¼ Mrð1þ
XL
l¼1

~Yle−t∕τσlÞHðtÞ; (A-1)

where Mr is the relaxed modulus, corresponding to the value of
ψðtÞ as t → ∞, ~Yl is the anelastic coefficient, τσl is the stress re-
laxation time, andHðtÞ is the Heaviside step function. The anelastic
coefficient is expressed in terms of the stress and strain relaxation
(τεl) times as

~Yl ¼ 1

L

�
τεl
τσl

− 1

�
: (A-2)

The unrelaxed modulus Mu, given by ψðtÞ for t → 0, is related to
Mr by the relationship

Mu ¼ Mr

�
1þ

XL
l¼1

~Yl

�
: (A-3)

The complex modulus MðωÞ of the system in the frequency
domain is

MðωÞ ¼ Mr

�
1þ

XL
l¼1

~Yliω
ωl þ iω

�
; (A-4)

where ωlð≔ 2π∕τσlÞ is the reference frequency for each SLS
mechanism. Hao (2019) defines the real part of the complex veloc-
ity obtained from equation A-4, for a given peak frequency, as the
“kinematic velocity” because it explains the kinematics of the wave-
field travelling in viscous media. This is done by first estimating the
anelastic coefficients, which are related to the attenuation factor

Q−1ðωÞ, expressed as the ratio of the imaginary to the real part of
the complex modulus MðωÞ. Under the assumption of ~Yl ≪ 1

(Blanch et al., 1995), Q−1ðωÞ reduces to

Q−1ðωÞ ≈
XL
l¼1

~Yl
ωωl

ω2 þ ω2
l
: (A-5)

Instead of solving for each ~Yl, Blanch et al. (1995) further assume
that the ~Yl’s are equal, thereby yielding a linear relationship be-
tween the attenuation factor and τ (where τ ≔ ~Yl). Setting the
derivative of the least-squares functional,

Zω2

ω1

½Q−1
0 −Q−1ðω; τÞ�2dω; (A-6)

with respect to τ to 0, where Q−1
0 is the desired attenuation factor

within the frequency range ðω1;ω2Þ, we obtain the value of τ as

τ ¼ 1

Q0

R
ω2
ω1
FðωÞdωR

ω2
ω1
½FðωÞ�2dω ; (A-7)

where

FðωÞ ¼
XL
l¼1

ωωl

ω2 þ ω2
l
: (A-8)

The unrelaxed modulus Mu, which is the input and output of our
modelling and inversion algorithm, is related to the relaxed modulus
Mr and τ from the previously mentioned assumption of Blanch et al.
(1995) (i.e., τ ¼ ~Yl) via equation A-3 as

Mu ¼ Mrð1þ LτÞ: (A-9)

The obtained τ andMr can finally be substituted in equation A-4 to
compute the kinematic velocity vk (Hao, 2019):

vk ¼
vrffiffiffi
2

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1þ

XL
l¼1

τω2

ω2 þ ω2
l

�
2

þ
�XL

l¼1

τωωl

ω2 þ ω2
l

�
2

vuut þ
�
1þ

XL
l¼1

τω2

ω2 þ ω2
l

�vuuut ;

(A-10)

where vk is the kinematic velocity and vr is the velocity correspond-
ing to the relaxed modulusMr. It can be verified from equations A-9
and A-10 that vr < vk < vu, where vu is the unrelaxed velocity
(i.e., the velocity corresponding to the unrelaxed modulus Mu).

APPENDIX B

PRECONDITIONER

For multiparameter FWI, an approximation of the Hessian matrix
that takes the scattering pattern of each parameter class into account
(Shin et al., 2001; Choi and Shin, 2008) results in better resolution
between the different classes. Yang et al. (2018) invert data gener-
ated for a synthetic 2D model based on the Valhall field for velocity,
density ρ, and the attenuation factor simultaneously by using the
pseudo-Hessian as a preconditioner. All three parameters are
obtained in Operto and Miniussi (2018) by FWI of 3D OBC data
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from the Valhall field by using preconditioned l-BFGS. However,
obtaining appropriate values to scale the parameters relative to each
other, and damping factors to stabilize the inversion, requires nu-
merous trials. In addition, the 2D synthetic and 3D field studies
benefit from regular and sufficient sampling of sources and OBC
receivers, respectively. This is not true of the work presented in this
paper because of the random data subsampling strategy applied.
Hence, in spite of several tests performed to obtain appropriate scal-
ing and damping coefficients, we were not satisfied with the results
and resorted to a preconditioner based on illumination compensation.
The illumination-compensation preconditioner applied to the

gradient is computed by accumulating (over time) the source wave-
field during gradient computation. The preconditioned gradient ~gp
is hence given by

ℋic ¼ diag

�X
shots

X
t

juj2
�

~gp ¼ ℋ−1
ic g; (B-1)

where ℋic is an approximation of the Hessian responsible for illu-
mination compensation, u is the source wavefield, and g is the
gradient computed from equation 7. The sparse location of the
gathers, however, results in nonuniform values of ℋic, especially
in the shallow region (Figure 18a). This leads to a preconditioner
that has uneven values close to the ocean bottom (the dashed-black
plots in Figure 19), resulting in a preconditioned gradient with
predominantly larger values at shallow depths (Figure 20b).
We fix this problem by replacing the values ofℋ−1

ic in the shallow
region (in this case, depth z < 800 m) by a linear function of depth
(i.e., z1). The resulting modified preconditioner (the dashed-cyan
plot in Figure 19) has values that are more uniform close to the
ocean bottom, thereby yielding gradients that are consistent in depth
(Figure 20d). There is significant improvement in the illumination
and resolution in the VP0 inverted using the modified illumination com-
pensation compared to the depth preconditioning (compare Figure 21a
and 21b), along with a corresponding decrease in data misfit.
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