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SUMMARY

Anisotropy can have a significant footprint in seismic imag-
ing from surface wide-aperture data, because of the difference
between vertical and horizontal velocities in vertical trans-
versely isotropic (VTI) media. A key issue in anisotropic full
waveform inversion (FWI) is to define a suitable parametriza-
tion of the subsurface model, and the number of parame-
ter classes that can be reliably reconstructed for the chosen
parametrization. We address this issue with an applicationof
frequency-domain acoustic isotropic/anisotropic FWI to real
surface wide-aperture data recorded by an ocean bottom ca-
ble in the Valhall field. Isotropic FWI results show that the
horizontal velocity is mainly reconstructed in the upper struc-
ture, dominantly constrained by diving waves and supercriti-
cal reflections. This can lead to depth stretching and/or over-
estimated velocity perturbations in the deep velocity struc-
ture, mainly controlled by short-aperture reflections. Mono-
parameter anisotropic FWI shows a reliable reconstructionof
either the vertical, the horizontal or the NMO velocity, when
the model is parametrized by one wave speed and the Thom-
sen’s parametersδ andε. For such mono-parameter FWI, the
smoothδ andε background models are kept constant during
FWI iterations. Alternatively, the vertical and the horizontal
velocities can be jointly reconstructed by multiparameterFWI,
when the subsurface model is parametrized by the two wave
speeds andδ , this latter is kept fixed during FWI iterations.

INTRODUCTION

Full Waveform inversion (FWI) is a multiscale data-fitting ap-
proach for high-resolution velocity model building from wide-
aperture / wide-azimuth acquisition geometries (see Virieux
and Operto (2009) for a review). Inversion of a broad range
of aperture angles in the data allows one to image a continuous
broadband of wavelengths in the medium, hence, leading to
high-resolution models of the subsurface (e.g., Pratt and Wor-
thington, 1990; Pratt, 1999; Sirgue and Pratt, 2004). Wide-
aperture / wide-azimuth acquisition geometries increase,how-
ever, the potential footprint of anisotropy in seismic imaging,
because of the intrinsic difference between vertical and hor-
izontal velocities in vertical transversely isotropic (VTI) me-
dia (Pratt and Sams, 1996). It is therefore necessary to in-
volve anisotropy in FWI of surface wide aperture data. In the
2D acoustic approximation, a VTI medium is described by
3 classes of anisotropic parameters (i.e., without considering
density and attenuation). One example of such parametriza-
tion involvesVP0,δ , ε, whereVP0 is the vertical velocity andδ
and ε are the Thomsen’s parameters (Thomsen, 1986). Two
other possible parametrization involveVP0, Vh, δ andVNMO,
Vh, δ , whereVNMO=VP0

√
1+2δ andVh =VP0

√
1+2ε are the

normal-move-out (NMO) and the horizontal velocities, respec-

tively. A first critical issue in multiparameter FWI is to define
the most reliable parametrization (see Tarantola (1986) and
Forgues and Lambaré (1997) for a discussion on the parametriza-
tion of acoustic and elastic inversions of seismic reflection
data). A second issue is to define the number of parameter
classes within the chosen parametrization which can be reli-
ably reconstructed. The criteria to choose the parametrization
and the number of inverted parameter classes are related to the
sensitivity of the data to each parameter class and the poten-
tial trade-off between different parameter classes with respect
to the aperture angle. A theoretical analysis of the parametriza-
tion of the 2D acoustic VTI FWI based on the eigenvalue/eigenvector
decomposition of the Hessian has been performed by Plessix
and Cao (2011), who show thatVNMO andVh can be reliably
reconstructed from long offset data. Gholami et al. (2010) and
Gholami et al. (2011) present an analysis of the radiation pat-
tern of the anisotropic parameters (i.e., the radiation pattern
of the virtual point sources from which partial derivative of
the data with respect to model parameters are computed, (Pratt
et al., 1998)) as well as a grid search analysis of the misfit
function for canonical models to influence of the different pa-
rameter classes in the data. These studies show that the seismic
data are significantly more sensitive to the wave speeds (either
VP0, Vh or VNMO) relative to the Thomsen’s parametersδ and
ε. This implies that only the wave speed can be reconstructed
when the chosen parametrization involves one wave speed and
the Thomsen’s parameters. In contrast, the sensitivity of the
data toVP0 andVh is of the same order of magnitude. Moreover,
these two parameters should be reasonably uncoupled because
their radiation patterns are significantly different. Therefore,
the joint reconstruction of the two wave speeds should be fea-
sible, although the spatial resolution of the imaging of thetwo
parameters can be different.

In this study, we validate the above-mentioned statements against
an application of 2D acoustic isotropic and anisotropic (VTI)
FWI to a real wide-aperture ocean-bottom-cable (OBC) data
set from the Valhall field, where the presence of significant
anisotropy is acknowledged. We first discuss the real meaning
of the velocity reconstructed by isotropic FWI of anisotropic
wide-aperture data. Then, we show the results of the mono-
parameter and multi-parameter anisotropic FWI, for which dif-
ferent model-space parametrization are used.

METHOD

We apply 2D visco-acoustic VTI frequency-domain FWI us-
ing an extension to VTI media of the isotropic visco-elastic
code of Brossier (2011). Seismic modeling is performed witha
frequency-domain velocity-stress discontinuous Galerkin method
for VTI medium parametrized by the elastic modulic11, c33,
c13, andc44 and the densityρ. In the acoustic approximation,
the shear wavespeed on the symmetry axis is set to zero. The
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inversion is performed with a preconditioned steepest-descent
method. The gradient of the misfit function is preconditioned
by a 2D Gaussian filtering to remove high wavenumber arti-
facts and by the diagonal terms of the approximate Hessian
to compensate for geometrical spreading (e.g., Ravaut et al.,
2004). The gradient of the misfit functionC with respect to
model parametermi, j is computed with the adjoint state method
(Plessix, 2006) and is given by

∇Cmi, j =−ℜ
{

pT ∂AT

∂mi, j
λ
}
, (1)

where the real part of a complex number is denoted byℜ, the
conjugate of a complex number by the sign−, the incident
pressure wavefield byp and the so-called back-propagated ad-
joint wavefield byλ . The forward problem operator in the
frequency domain is denoted byA. In equation 1, the gradient
is given for one frequency and one source. The gradient corre-
sponding to multiple sources and frequencies is computed by
summation of the elementary gradients associated with each
source-frequency couple. The indexi of the model parame-
ter mi, j denotes the spatial position of the parametermi, j in
the discretized model, while the indexj denotes one parame-
ter class in the parametrization of the model. The matrix∂ A

∂mi, j

provides some insights on the sensitivity of the data to the pa-
rameter classj as a function of the aperture angle. This matrix
describes the radiation pattern of the virtual source of thepar-
tial derivative of the wavefield with respect to the model pa-
rametermi, j (Pratt et al., 1998). Note that the radiation pattern
associated with a given parameter classj (for example, the
horizontal velocity) can vary significantly depending on the
chosen parametrization. Therefore, the choice of the model
parametrization is a key issue in FWI, because the radiation
pattern controls the spatial resolution of the imaging as well as
the potential trade-off between different parameter classes.

APPLICATION TO REAL DATA

We present an application of 2D visco-acoustic isotropic and
anisotropic (VTI) FWI to the hydrophone component of an
ocean bottom cable data set recorded in the Valhall field. The
shallow-water Valhall oilfield in the North Sea is character-
ized by a gas cloud, which hampers the imaging of reflectors
at the oil reservoir level at 2.5-km depth, and by a significant
VTI anisotropy with a vertical velocity 15% slower than the
horizontal velocity (Kommedal et al., 2004). In this study,we
consider the cable 21 of the 3D data set, that has been previ-
oulsy processed by 3D isotropic acoustic FWI (Sirgue et al.,
2010). This line is located at the end of the gas cloud. The
shot and receiver spacing is 50 m, and the maximum offset in
the acquisition is 13 km. A receiver gather for the hydrophone
component is shown in Fig. 1a. First arrivals and the reflec-
tions from top and bottom of the gas layers are highlighted
in the seismograms. Comparison between recorded seismo-
grams and synthetic seismograms, computed in an isotropic
NMO velocity model built by reflection traveltime tomography
(Fig. 1(b-c)), shows a significant delay of the modeled first-
arrival traveltimes. The isotropic NMO velocity model was
updated by first-arrival traveltime tomography (FATT), lead-

ing to higher velocity in the first 1.5 km of the medium (Fig.
1(d)). Seismograms computed in the FATT model shows an
improved agreement of the first arrivals at the expense of that
of the reflected waves (Fig. 1(e)). These modelings highlight
the footprint of the anisotropy in the data: the early-arriving
phases, which propagates only in the upper structure due to
insufficient long-offset coverage, are mainly controlled by the
horizontal velocity, while the short-aperture reflectionsfrom
the top and the base of the gas layers are mainly controlled by
the NMO velocity.

Isotropic FWI
We first apply isotropic FWI to the OBC data set (Prieux et al.,
2010). We successively invert 5 frequency groups: [3.5, 3.78,
4], [4, 4.3, 4.76], [4.76, 5, 5.25], [5.25, 5.6, 6] and [6, 6.35,
6.7] Hz with 25 iterations per frequency groups. The initial
model for FWI is the isotropic NMO velocity model (Fig. 1b),
that has been inferred from theVP0 andδ models developed by
anisotropic reflection traveltime tomography (Fig. 2(a)-(c)).
The density model is inferred from the initialVP0 model using
the Gardner law (Gardner et al., 1974). A homogeneous atten-
uation model was defined by trial-and-error such that the root-
mean squares amplitudes of the early-arriving phases com-
puted in the initial model roughly matches that of the recorded
data. We found 150 for the best fitting attenuation factorQP.
Both the density and the attenuation models are kept fixed dur-
ing FWI iterations. The final isotropic FWI velocity model is
shown in Fig. 3a. The model shows a shallow reflector at 500-
m depth and a series of low-velocity gas layers between 1.5
and 2.5 km depth. Some reflectors below the reservoir level
can be interpreted and can be compared with that shown in
Sirgue et al. (2010,their figure 3b). Confrontation of the FWI
velocity model with the vertical velocities measured in a well
shows that the horizontal velocity is reconstructed in the upper
structure mainly constrained by the wide-aperture components
of the data (Left panel of Fig. 3e). No obvious evidence of
depth stretching of the deep velocity structure is shown forthe
particular starting velocity model and the data precondition-
ing we use. However, we notice overestimated low-velocity
perturbations in the gas layers which can have been artificially
created to balance the high horizontal velocities in the upper
structure (Left panel of Fig. 3e). This kinematic balance is
required to match the deep short-aperture reflections from the
top of the reservoir level. Synthetic seismograms computedin
the final isotropic FWI model shows a good agreement with
the observed seismograms (Fig. 4), that highlights the ill-
posedeness of the FWI of the anisotropic data in terms of non
unicity of the solution. The improvement in the match between
recorded and modeled seismograms after FWI can be assessed
by comparing Figures 1c and 4.

Mono-parameter anisotropic FWI
The sensitivity analysis of acoustic anisotropic FWI has shown
that the data are more sensitive to wave speed perturbations
(i.e., VP0, Vh, or VNMO) relative to Thomsen’s parameter per-
turbations (Gholami et al., 2011). Therefore, the model space
should be parametrized by one wave speed and the Thomsen’s
parameters when one seeks to reconstruct one single param-
eter, keeping theδ andε parameter constant over FWI itera-
tions. Moreover, the radiation pattern of the velocity parame-
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ter is isotropic when the parametrization combines one wave
speed with the Thomsen’s parameters (Gholami et al., 2011).
Therefore, a good spatial resolution of the velocity parameter
is expected when such parametrization is used. This is con-
firmed by the results of mono-parameter FWI forVP0, Vh, and
VNMO, respectively (Fig. 3(b-d)). The initial models for FWI
are shown in Fig. 2. The three FWI velocity models (VP0,
Vh, andVNMO) are of comparable quality and resolution. Con-
frontation of the FWI vertical velocity model with the well log
shows a good agreement between the measured and the recon-
structed vertical velocity (Fig. 3e). The horizontal and the
NMO velocities reconstructed by FWI remain centered on the
corresponding initial models, suggesting a stable reconstruc-
tion of these two parameters.

Multi-parameter anisotropic FWI
The parametrization analysis of the anisotropic FWI presented
in Plessix and Cao (2011) and Gholami et al. (2011) suggests
that the sensitivity ofVP0 andVh is of the same order of mag-
nitude and that the radiation pattern of the two wavespeeds
do not overlap significantly. Therefore, the joint reconstruc-
tion of both parameters should be possible. We consider the
parametrization (VP0, Vh,δ ) for the model space, whereδ is
kept constant over FWI iterations. The initialVP0, Vh and δ
models for FWI are shown in Fig. 2(a-c). The final FWI
models forVP0 andVh are shown in Fig. 5(a-b) and suggest
a reliable reconstruction of the two wave speeds. The spatial
resolution of theVP0 model (Fig. 5a) is comparable to that
obtained by mono-parameter FWI (Fig. 3b), while the resolu-
tion of theVh model (Fig. 5b) is significantly degraded relative
to that obtained by mono-parameter FWI (Fig. 3c). This is
consistent with the radiation patterns of theVh parameter for
the parametrization(Vh,δ ,ε) and(VP0,Vh,δ ) (Gholami et al.,
2011). The spatial resolution of the FWIVh model (Fig. 5b)
has however been improved relative to that of the initialVh
model (Fig. 2b). We also performed the FWI for the joint
reconstruction ofVP0 andε, keepingδ constant over FWI it-
erations (not shown here). This leads to aVP0 model which is
close to the models shown in Figs. 3b and 5a. However, the
FWI failed to update significantly theε model because of the
limited sensitivity of the data toε.

CONCLUSION

We have presented an application of acoustic isotropic and
anisotropic FWI to real surface wide-aperture data from the
Valhall field, where the presence of significant VTI anisotropy
is acknowledged. We have shown that isotropic FWI recon-
structs the horizontal velocity in the upper structure, mainly
controlled by the wide aperture components of the data. This
can lead to depth stretching and/or overestimated velocityper-
turbations in the deep velocity structure, mainly controlled by
short-aperture reflections. Although these bias in the veloc-
ity reconstruction, a good match of the wide aperture data
has been achieved by full waveform seismic modeling, hence,
highlighting the intrinsic ill-posedness of the anisotropic FWI.
Mono-parameter anisotropic FWI can provide reliable FWI
velocity models for either the vertical velocity, the horizon-
tal velocity or the NMO velocity, when the model space is

parametrized by one wave speed and the Thomsen’s parame-
tersδ andε. Theδ andε background models are kept constant
over FWI iterations and should describe sufficiently accurately
the long-wavelength variations of the medium. Alternatively,
two wave speed parameters (for example, the vertical and hor-
izontal velocities) can be jointly reconstructed when the model
space is parametrized by the two wave speeds andδ . In this
case too, theδ background model is kept constant over FWI
iterations. Further work is required to define more precisely
the accuracy needed in the initial anisotropic models and to
implement useful a priori constraints on anisotropy in FWI.
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Figure 1: Isotropic seismic modeling. (a) Recorded receiver
gather plotted with a reduction velocity of 2.5 km/s. The first
arrivals and the reflections from the top and the bottom of the
gas layers are highlighted with green, red and blue curves, re-
spectively. (b) NMO velocity model, inferred from theVP0 and
the δ models shown in Fig. 2(a)-(c). (c) Direct comparison
between recorded seismograms (black) and synthetic seismo-
grams computed in the NMO velocity model shown in (a). (d)
As (b) after velocity model update by FATT. (e) As (c) for syn-
thetic seismograms computed in the FATT model (d).
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