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ABSTRACT
Building an accurate initial velocity model for full waveform inversion (FWI) is a
key issue to guarantee convergence of full waveform inversion towards the global
minimum of a misfit function. In this study, we assess joint refraction and reflection
stereotomography as a tool to build a reliable starting model for frequency-domain
full waveform inversion from long-offset (i.e., wide-aperture) data. Stereotomography
is a slope tomographic method that is based on the inversion of traveltimes and slopes
of locally-coherent events in a data cube. One advantage of stereotomography compared to conventional traveltime reflection tomography is the semi-automatic picking
procedure of locally-coherent events, which is easier than the picking of continuous
events, and can lead to a higher density of picks. While conventional applications of
stereotomography only consider short-offset reflected waves, we assess the benefits
provided by the joint inversion of reflected and refracted arrivals. Introduction of the
refracted waves allows the construction of a starting model that kinematically fits
the first arrivals, a necessary requirement for full waveform inversion. In a similar
way to frequency-domain full waveform inversion, we design a multiscale approach
of stereotomography, which proceeds hierarchically from the wide-aperture to the
short-aperture components of the data, to reduce the non-linearity of the stereotomographic inversion of long-offset data. This workflow which combines stereotomography and full waveform inversion, is applied to synthetic and real data case studies
for the Valhall oil-field target. The synthetic results show that the joint refraction
and reflection stereotomography for a 24-km maximum offset data set provides a
more reliable initial model for full waveform inversion than reflection stereotomography performed for a 4-km maximum offset data set, in particular in low-velocity
gas layers and in the deep part of a structure below a reservoir. Application of joint
stereotomography, full waveform inversion and reverse-time migration to real data
reveals that the FWI models and the reverse-time migration images computed from
the stereotomography model shares several features with FWI velocity models and
migrated images computed from an anisotropic reflection-traveltime tomography
model, although stereotomography was performed in the isotropic approximation.
Implementation of anisotropy in joint refraction and reflection stereotomography of
long-offset data is a key issue to further improve the accuracy of the method.
Key words: Stereotomograpgy, Full waveform inversion

∗ E-mail: prieux@geoazur.unice.fr


C

2012 European Association of Geoscientists & Engineers

1

2 V. Prieux et al.

INTRODUCTION
Full waveform inversion (FWI) is an ill-posed inverse problem (e.g., Tarantola 1987; Pratt 1999; Virieux and Operto
2009). The ill-posedness of full waveform inversion results
from noise in the data, the limited bandwidth of the seismic sources and the incomplete illumination of the subsurface provided by seismic surveys. As full waveform inversion
seeks to exploit the full wavefield, it is amenable to inversion
of wide-aperture arrivals, such as diving waves and supercritical reflections recorded by long-offset acquisition geometries. These arrivals are useful for the reconstruction of the
large wavelengths of the subsurface and for improvement of
the wave illumination in complex environments, such as subsalt and sub-basalt targets. However, such long-offset data
increase the ill-posedness of full waveform inversion, because
more wavelengths are propagated in the subsurface, making
the optimization subject to cycle skipping artefacts (Sirgue
2006; Pratt 2008). Full waveform inversion conventionally
relies on local optimization methods, such as steepest-descent
or Gauss-Newton methods, because of the computational cost
of the multi-source seismic modelling and the large number
of model parameters. In this local optimization framework,
the remedies to reduce the ill-posedness of full waveform inversion and to converge towards the global minimum of the
misfit function are either the recording of low frequencies
or the use of an accurate initial model. Therefore, although
several attempts have been made recently by the oil industry
to record low frequencies in land and marine environments
(Plessix et al. 2010; Soubaras and Whiting 2011), building
accurate initial models for full waveform inversion remains a
topical issue (Chauris et al. 2008).
Possible seismic approaches for building initial models
for full waveform inversion rely on traveltime tomography,
migration-based velocity analysis (MVA) and Laplace-domain
inversion, apart from other potential sources of information. The traveltime tomography methods include first-arrival
traveltime tomography (FATT) (e.g., Toomey, Solomon and
Purdy 1994; Zelt and Barton 1998), reflection traveltime tomography (RTT) (Woodward et al. 2008) or a combination
of both (Zelt and Smith 1992; Hobro, Singh and Minshull
2003).
As well as the non-uniqueness of the solution (Aki and
Richards 2002), the drawbacks of first-arrival traveltime tomography are three fold: first-arrival traveltime picking is difficult in the presence of low-velocity zones, because the rays
do not refract in low-velocity layers. Moreover, these low-
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velocity zones are challenging to reconstruct, because the rays
are attracted towards high-velocity zones, hence creating a
deficit of ray illumination of the low-velocity zones. Second,
long-offset fixed-spread acquisition geometries are required
for sufficient ray-path coverage of deep targets. Typically,
maximum offsets as large as at least four times the maximum depth of investigation are necessary (e.g., Dessa et al.
2004). Third, the spatial resolution of first-arrival traveltime
tomography is low and is of the order of the radius of the
√
first Fresnel zone, given by λ × o, where λ is the wavelength
and o is the source-receiver offset (Williamson 1991). It is still
an open question whether this resolution is sufficient to provide a suitable starting model for full waveform inversion for
realistic starting frequencies (typically, 4 Hz for conventional
sources). First-arrival traveltime tomography is conventionally implemented with rays, which require suitable regularization to steer the inversion towards smooth models. Alternatively, finite-frequency first-arrival traveltime tomography
relies on the sensitivity kernel computed by integration over
the first-Fresnel zone and traveltime delays computed by crosscorrelation (Luo and Schuster 1991; Marquering, Dahlen and
Nolet 1999; Dahlen, Hung and Nolet 2000). A second finitefrequency first-arrival traveltime tomography method relies
on frequency-domain waveform modelling, where complexvalued frequencies are used to compute the first-arrival traveltimes from damped monochromatic wavefields (Min and
Shin 2006; Ellefsen 2009). First-arrival traveltime tomography generally relies on the explicit building of the sensitivity
or Fréchet derivative matrix, which can be expensive to compute and store in three-dimensional (3D) applications. Alternatively, matrix-free first-arrival traveltime tomography based
on the adjoint-state method allows very large data-sets to be
handled without the explicit building of the Fréchet derivative
matrix (Taillandier et al. 2009).
Reflection-traveltime tomography should provide velocity
models of higher resolution than first-arrival traveltime tomography, because the Fresnel zones of the reflections are
smaller than those of the first arrivals. However, reflectiontraveltime tomography is an ill-posed inverse problem because
of the velocity-depth ambiguity when insufficient long-offset
coverage is available (Farra and Madariaga 1988). Moreover,
the picking of traveltimes of continuous reflected events is a
tedious and interpretative task, even if this task tends to be
more and more automated today. As the reflection-traveltime
tomography method relies on reflected events only, it does
not guarantee the velocity model whose results will allow firstarrival traveltimes to be matched with an error lower than half
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of the period of the starting frequency of full waveform inversion, in particular in anisotropic media (Prieux et al. 2011):
this is a necessary requirement to prevent cycle skipping in full
waveform inversion of wide-aperture data.
The MVA procedure relies on iterative applications of
prestack depth-migration and velocity analysis. The governing idea of MVA is the transformation of the residual moveout information picked in common image gathers (CIGs) into
velocity updates (Yilmaz and Chambers 1984) through flatness criteria. The velocity updating can be automated without picking through minimization of a differential semblance
functional in the image domain (Symes and Carazzone 1991;
Chauris and Noble 2001; Shen and Symes 2008). Alternatively, focusing analysis in extended common image gathers
can be used for velocity updates (Yang and Sava 2011). The
drawback of these approaches is the computational cost of
the iterative application of prestack depth migration and velocity analysis. As with the reflection-traveltime tomography
method, the MVA procedure does not guarantee the kinematic
accuracy of the velocity models with respect to the first-arrival
traveltimes.
The third category of these methods relies on Laplacedomain and Laplace-Fourier waveform inversion (Shin and
Cha 2008; Shin and Ha 2008; Shin and Cha 2009). Laplacedomain and Laplace-Fourier inversions are applied to seismic
data that are damped in time by multiplication with a decaying exponential function. The aim of the multiplicative
decaying function in the time domain is to broaden the spectrum of the original signal towards low frequencies by convolution in the frequency domain. The Laplace-domain and
Laplace-Fourier inversions are implemented with frequencydomain full-waveform inversion methods, where complexvalued frequencies are used. The imaginary part of the frequency (i.e., the Laplace constant) controls the decay in time
of the exponential function and hence the amount of information used in time. In Laplace-domain inversion, the real part
of the frequency is set to zero, unlike in Laplace-Fourier inversion, where more resolving information is inverted. These
approaches have shown very convincing results in realistic
synthetic examples, where reliable initial models for full waveform inversion have been built from scratch (Shin and Cha
2009). However, the extraction of the Laplace-domain information from real noisy data is challenging because of the rapid
amplitude decay of the Laplace wavefield with offsets. Note
that the use of the decaying exponential functions requires the
recorded data above the first arrival to be muted and therefore requires picking of the first arrival traveltimes as for the
first-arrival traveltime tomography method.
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In the present study, we assess stereotomography (Billette
and Lambaré 1998; Billette et al. 2003; Lambaré et al. 2004a;
Alerini et al. 2007; Lambaré 2008; Nag et al. 2010) as a
tool to build an initial model for full waveform inversion
from long-offset data. Stereotomography is a ray-based slope
tomographic method, where the velocity macro-model is estimated from locally coherent events that are characterized
by their slopes and traveltimes in a pre-stack data cube. One
motivation behind stereotomography is that semi-automatic
picking of local events is easier than that of continuous events
and hence should provide a denser dataset than the conventional reflection-traveltime tomography method. Local coherent events are interpreted as single-scattered events, where
the position of the diffractor points can be part of the model
parametrization. So far, stereotomography has been limited to
the reflected wavefields recorded by short-offset acquisitions.
In the present study, we assess whether stereotomography
can be applied to long-offset data by joint inversion of first
arrivals, long-spread reflections and short-spread reflections.
Combining refraction and reflection ray-paths dramatically
improves the ray-path illumination and makes the updating
of the kinematic information during the initial model building
as consistent as possible with that used during full waveform
inversion. This requires the implication of all of the aperture
or scattering angles in stereotomography.
In the first part of the present study, we briefly review
the basics of stereotomography and frequency-domain full
waveform inversion. Then, we show the benefits provided by
the joint inversion of refraction and reflection traveltimes for
building reliable initial models for full waveform inversion by
stereotomography, with a realistic synthetic example inspired
by the case of the Valhall oil-field. In particular, we compare the results of our workflow for several datasets that are
characterized by different offset ranges. We propose a new
hierarchical approach of stereotomography, which allows for
robust inversion of long-offset data. With this hierarchical approach, we show how long-offset data in stereotomography
allow us to improve the reconstruction of the subsurface at
the reservoir level and below, compared to conventional reflection stereotomography. In the last section, we show a preliminary application of our workflow to real ocean-bottom
cable (OBC) data from the Valhall field. We obtain a FWI
model from the stereotomographic model that shares several
features with previous FWI models obtained from a reflectiontraveltime tomography model provided by the BP company,
although the stereotomographic model developed by isotropic
stereotomography is hampered by the anisotropy of the wideaperture data.
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Figure 1 Data and model parameters in stereotomography (Billette and Lambaré 1998). The recorded data attributes inverted during stereotomography are delineated by the grey rectangle. S, R: source and receiver positions; T sr : two-way traveltime (S =⇒ x =⇒ R). ps , pr : horizontal
components of the source and receiver slowness vectors (i.e., slopes). The black and grey symbols represent measurements and modelled data.
The model parameters are delineated by the yellow ellipse. Cmn : B-spline coefficient for P-wave velocity. The cross represents B-spline knots.
T s , T r : one-way traveltimes, (x =⇒ S) and (x =⇒ R) (T sr = T s + T r ). x: reflecting/diffracting point. θ s , θ r : source and receiver scattering angles.
The red line represents a migrated facet.

METHODS
Stereotomography
Data and model spaces
In the present study, we follow the stereotomographic approach described by Billette and Lambaré (1998), Billette
et al. (2003) and Lambaré et al. (2004a). A brief review of
the method is given below. In stereotomography, each locally
coherent event picked in the pre-stack data volume can be
represented by the associated source and receiver positions
S = (Sx , Sz ), R = (Rx , Rz ), its two-way traveltime T SR , and
two local slopes (pS = ∂T SR /∂S, pR = ∂T SR /∂R) that represent the horizontal component of the slowness vectors at
the source and receiver positions, respectively (Billette and
Lambaré 1998) (Fig. 1). The local event is processed as a
single diffraction from a scatterer located at an unknown
position x in the subsurface. The traveltime T SR represents
the two-way traveltime of the rays that connect the source
to the diffractor point and the diffractor point to the receiver. The model parameters that are reconstructed during
stereotomography consist in the velocity model parametrized
by cardinal cubic B-splines coefficients C and the pairs of
ray segments that connect the diffractor point to the source
and receiver. These ray segments are parametrized by the
diffraction angles (θ S , θ R ) and the one-way traveltimes (T S ,
T R with T SR = T S + T R ). In summary, the data and


C

model spaces involve 3 data and 4 parameter classes with
different units: d = {[Si , Ri ], TS Ri , [ pSi , pRi ]}i=1,N and m =
{([xi ], [TSi , TRi ], [θ Si , θ Ri ])i=1,N, (C j ) j=1,M }, respectively, where
N and M denote the number of picks and velocity nodes,
respectively. During modelling, the source and receiver rays
are traced upwards from the diffractor point towards the surface, using the diffraction angles θ S and θ R . Stereotomographic
optimization aims at finding stereotomographic models, i.e.,
coupled velocity values and ray segment parameters that minimize the misfit between recorded and computed stereotomographic data.

The inversion algorithm
The regularized joint inversion for velocity and ray segment
parameters is solved by local minimization of the least-squares
misfit function C using the least-squares QR (LSQR) conjugate gradient method (Paige and Saunders 1982). As multiple
classes of data and parameters are involved in the inversion,
the data and model parameters must be correctly normalized to assign comparable weights to the different data and
parameter classes during the inversion. A re-parametrization
of the model space by weighting each parameter by a suitable norm of the corresponding column of the Fréchet derivative matrix is used to weight the contribution of each model
parameter class in the inversion, following the so-called
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convolutional-quelling approach (Meyerholtz et al. 1989).
This re-parametrization is combined with Tikhonov regularization, which is applied to the velocity parameters to guarantee the smooth reconstruction of the velocity field. The
different classes of data are weighted by a prior standard deviation σ i , where the index i denotes the class of the data,
to make the data misfit vector dimensionless. The inversion
scheme used in the present study is reviewed in more details in
Appendix A.

Practical aspects
Stereotomography requires some preliminary steps to set the
initial model parameters for the LSQR inversion. The first
step provides a first estimate of the position of the diffractor
points. During the first iteration of this estimation, reflecting/diffracting points are located at a depth from geometrical
considerations of straight rays in a homogeneous medium. In
a second step, a simplified inverse problem is solved by singular value decomposition, where each pair of ray segments is
individually optimized in a starting velocity model, which can
be as simple as a constant gradient velocity model. Fréchet
derivatives for both diffractor location and velocity updates
are computed by paraxial ray tracing.
Compared to the multiscale approach presented in Billette
et al. (2003), where the spacing between the B-spline knots is
progressively refined, we introduce an additional level of hierarchy into the stereotomography which is inspired by multiscale strategies implemented in full waveform inversion of
wide-aperture data: the stereotomography is subdivided into
successive inversions of several sub-datasets that are characterized by an increasing short-aperture content. This allows us
to proceed from the reconstruction of the long wavelengths to
short wavelengths, as shown by the relationship between the
local wavenumber at the diffractor point x and the aperture
angle θ written as
k=

2f
cos (θ/2) n
c

(1)

where a unit vector n describes the direction of the vector
obtained by summing the source and receiver slowness vectors at the position of the diffractor point, namely ps + pr .
The frequency is denoted by f , and the local wavespeed by
c (Fig. 2). The relationship between the local wavenumber
in the tomographic model and acquisition-related parameters
(frequency and aperture) was derived in the framework of various formulations of diffraction tomography (Wu and Toksöz
1987) such as generalized inverse Radon transform (Miller,
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Figure 2 Relationship between the aperture angle θ , the angular frequency ω and the wavenumber, imaged locally at the diffracting point
x by diffraction tomography (e.g., Thierry, Operto and Lambaré,
1999b).

Oristaglio and Beylkin 1987), ray+Born migration/inversion
(Thierry et al. 1999a) and full waveform inversion (Sirgue
and Pratt 2004). The strategy, which consists in proceeding
over decreasing angles in stereotomography, is close in spirit
to the multiscale approach of full waveform inversion based
on hierarchical damping of seismic data (Brossier, Operto and
Virieux 2009), which is also referred to as Laplace-Fourier inversion (Shin and Cha 2009). As shorter apertures are involved
in the inversion to improve the resolution of the imaging, the
B-spline parametrization of the model is refined accordingly.
This is outlined in multiscale stereotomographic algorithm 1.
It is worth noting that the early-arriving phases associated
with diving waves correspond to the larger aperture angles.
These diving waves generally illuminate only the upper part
of the subsurface, because of incomplete offset coverage provided by conventional surface acquisition geometries. Therefore, only the shallow part of the subsurface is reconstructed
during the early stages of our multiscale stereotomographic
approach, which follows, therefore, a layer-stripping procedure.

Frequency-domain full waveform inversion
In the present study, acoustic full waveform inversion (FWI) is
performed in the frequency domain using a local optimization
approach (Pratt, Shin and Hicks 1998; Pratt 1999).
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Algorithm 1 Multiscale algorithm for stereotomography
1: for Step i = Step 1 to Step n do
2: set B-spline velocity grid with suitable vertical node spacing
3: select range of aperture angle θ (i)
4: while iter < nitermax do
5:
location of the events (i.e., optimization of each pair of ray
segments) in the current velocity model
6:
computation of the Fréchet derivatives
7:
joint inversion of rays segments and velocity model
parameters, using the LSQR scheme
8: end while
9: end for

We use FWI codes based upon frequency-domain finitedifference and discontinuous Galerkin finite-element seismic
modelling for the synthetic and real data applications, respectively (Sourbier et al. 2009a,b; Brossier 2011). We use
discontinuous Galerkin finite-element seismic modelling on
an unstructured triangular mesh for the real data acquisition because it provides more flexibility and accuracy for the
source and receiver implementations and the description of
the shallow part of the medium (Prieux et al. 2011). For the
synthetic case study, a finite-difference method is used because it is faster and less memory demanding (Brossier et al.
2010).
For the inversion, we use a preconditioned conjugategradient algorithm, where the preconditioning of the descent
direction is implemented by smoothing the gradient at each
iteration with a 2D Gaussian filter and dividing the gradient
by the diagonal terms of the approximate Hessian. The gradient of the misfit function is computed with the adjoint-state
method (Plessix 2006; Chavent 2009). In this framework, the
ith model perturbation mi is given by


 
∂A t −1 ∗
A d , (2)
mi = −α(diag Ha + I)−1 Gm Re ut
∂mi
where the impedance matrix A is the frequency-domain
forward-modelling operator, the incident wavefield is denoted
by u, the radiation pattern matrix for the mi parameter by
∂A/∂mi , the Gaussian smoothing regularization operator by
Gm , and the data misfit vector by d. The approximate Hessian Ha is the linear part of the full Hessian, the diagonal of
which corrects for the geometrical spreading of the data residuals and the partial derivative wavefields. The damping term
prevents division by zeroes when the gradient is divided by the
diagonal terms of the Hessian. The step length α is computed
by a parabola fitting of the misfit function along the gradient
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direction. The expression of the model perturbation in equation 2 is given for one source and one frequency. Contribution
of multiple sources and frequencies is taken into account in
equation 2 by summation of the elementary contributions of
each source and frequency.
Our frequency-domain full waveform inversion follows a
multiscale approach, with two levels of data preconditioning.
Both of these levels aim to introduce progressively shorter
wavelengths into the subsurface model. The first level of data
preconditioning corresponds to successive inversions of increasing frequencies, to limit the effects of cycle skipping ambiguity (Sirgue and Pratt 2004). The second level of data preconditioning is implemented with decreasing exponential time
damping of the data, for progressive injection of the shorter
aperture components of the data and later-arriving phases
(Brossier, Operto and Virieux 2009).

SYNTHETIC VALHALL CASE STUDY
In the following section of the present study, we apply our
workflow based upon stereotomography and full waveform
inversion to the synthetic Valhall case study. The synthetic
Valhall model is representative of the Valhall field located
in the North Sea (Fig. 3a). This is a shallow-water model
with the sea-bottom at 70 m in depth, which leads to strong
free-surface multiples in the data. A pile of gas layers in
the sedimentary cover creates a low-velocity zone between
1400–2400 m in depth; a challenging reconstruction for the
first-arrival traveltime tomography method. Also of note,
there is a shallow channel in the sediment cover at a distance
of around 11000 m and a depth of 300 m. An old graben that
delineates a high-velocity interface is taken in compression
at 3000 m in depth (Munns 1985), with oil trapped underneath the cap rock of the anticline. As a result, the reservoir level at 2500–3000 m in depth forms a high-velocity
layer below the gas layers. The deep structure is characterized
by a horizontal reflector at 5000 m in depth that is associated with a positive velocity contrast. Between the reservoir
level at 2500–3000 m in depth and the interface at 5000 m in
depth, the velocities decrease gently with depth, without pronounced reflectors, which makes this part of the model almost
seismically blind and hence difficult to reconstruct by either
first-arrival traveltime tomography or reflection-traveltime
tomography.
The main refracted and reflected arrivals are labelled on a
shot gather computed in the Valhall model with a two-way
wave-equation finite-difference method and for a maximum
offset of 14000 m (Fig. 3c). The first-arrivals correspond to
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Figure 3 Valhall synthetic model. (a) The main structural units are gas layers between 1400–2400 m in depth, the reservoir at 2500 m in depth,
a flat reflector at 5000 m in depth. (b) First-arrival ray tracing computed in the model shown in (a). Rays propagate in the upper structure above
the gas layers and at the reservoir level. (c) Acoustic synthetic seismograms computed in the model shown in (a). The phase nomenclature is:
D1, D2, D3: diving waves in the upper structure above the gas layers. Dr: head wave from the top of the reservoir. Rs: shallow reflection from
the reflector located at around 700 m in depth. Rg: reflection from the top of the gas layers. Rr: reflections from the top and bottom of the
reservoir. D5, R5: head wave and reflection from the interface located at 5000 m in depth.

diving waves refracted from the sedimentary cover above the
gas layers (Fig. 3c, D1, D2, D3) and from the reservoir level
(Fig. 3c, Dr) for offsets lower and greater than 11500 m, respectively (Fig. 3b). The head wave from the deep reflector at
5000 m in depth (Fig. 3c, D5) is not recorded as a first arrival
for the offset range considered in this study (maximum offset 24000 m) because the head waves from the reservoir and
the deep reflector have comparable slopes in the time-offset
domain and because velocities decrease with depth between
these two refractors.
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Experimental set-up
Acquisition geometry and stereotomographic data set
For the stereotomography, we compute an acoustic wideaperture data set by solving the two-way acoustic wave
equation with a staggered-grid finite-difference time-domain
method (Virieux 1984). An absorbing boundary condition is
set on top of the model to avoid free-surface multiples in the
data and hence to facilitate the picking during stereotomography. Therefore, we will assume in the following part of
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the present study that free-surface multiples can be efficiently
eliminated during a pre-processing step. For the computing of
a dataset with good long-offset coverage of the target (Fig. 3),
we extend the Valhall model laterally by 8000 m at the right
and left ends of the model and vertically by 4000 m, leading
to a 32 × 9 km2 computational grid. The source and receiver
spacings are 50 m, leading to 640 sources along the 32-kmlong velocity model. The sources are located 6 m below the
surface and the receivers are on the sea-bottom, hence mimicking sea-bottom acquisition. In the following, we extract
several sub-datasets that are defined by their maximum offsets, to assess the footprint of the acquisition geometry on
stereotomography. Although all of the B-spline knots that
describe the velocity structure and the diffractor positions located in the 32-km-long velocity model are updated during
stereotomography, only the 16-km-long target zone is shown
(Fig. 3).

Stereotomography data preprocessing
The data are computed with a Dirac wavelet band-pass filtered
between 10–45 Hz with a Butterworth filter. Before picking,
we apply an automatic gain control (AGC) to the data, with
an AGC window length of 0.5 s, for easing the picking of the
late-arriving phases from the deep part of the target (Lambaré, Alerini and Podvin 2004b). We apply an external mute

to remove any numerical noise before the first arrival and an
internal mute after the reflection from the deep reflector located at 5000 m in depth to remove late arrivals, which are
not associated with single-scattered phases (Fig. 4).

Data picking and manual quality control
Automatic picking is performed in local slant stack panels,
in both the common receiver and the common shot domains
(Lambaré et al. 2004a,b). Five adjacent traces on both sides
of a given central trace are used to compute the semblance for
a possible range of slopes. A given slope is then picked in the
corresponding local slant stack panel if it satisfies different
criteria of semblance. After this picking stage, a computerassisted quality control is performed to remove picks that
are identified as outliers according to several criteria, such as
slope, two-way traveltime, event coherency, and dip of migrated facets (Lambaré et al. 2004b). Furthermore, the picked
events that cannot be related to a diffraction point in the
medium are also omitted.

Stereotomographic inversion setup
For all of the tests presented in the rest of the present study,
the stereotomographic inversion is subdivided into hierarchical steps, where the vertical spacing between the B-spline

Figure 4 Example of a shot gather with superimposed picked local slopes. The red bars represent the slopes of locally coherent events.
(a) Picking is performed for a maximum offset of 4000 m. (b-d) Picking of events associated with scattering angles greater than 130◦ (first
arrivals) (b), 80◦ (c) and 0◦ (full data set) (d).
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Figure 5 Final stereotomographic model inferred from the 4-km maximum offset data set (stereotomography model 1), plotted with (a) and
without (b) superimposed migrated facets. (c) FWI model obtained using the stereotomographic model shown in (a, b) as a starting model.

knots is progressively decreased from 500 m to 125 m and
the smoothing regularization is progressively relaxed accordingly. The horizontal spacing between the B-spline knots is
kept at 1000 m, as the medium is rather tabular. Starting from
a simple vertical velocity gradient model, a preliminary inversion of a few iterations is first performed to remove outliers
(about 6000 outliers removed over more than 71000 picks
in the first application). The quality control of the picks is
repeated before each step of the multiscale stereotomography. Furthermore, locally coherent events corresponding to
‘frowning’ events in common image gathers computed by
kinematic ray+Born migration/inversion below the gas layers were identified as internal multiples from the gas layers, and therefore removed (Lambaré et al. 2004b; Lambaré and Alérini 2005). This explains the smaller density of
migrated facets in the stereotomographic models in the gas
area: X = [5000, 10500] m and Z = [2500, 5200] m depth
(Fig. 5a).
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Full waveform inversion: acquisition geometry and inversion
setup
For full waveform inversion, we consider a sea-bottom fixedspread acquisition geometry limited to the 16-km-long target.
The source and receiver spacings are 100 m and 50 m, respectively. The number of sources and receivers along the 16-km
long profile are 161 and 321, respectively. Seven monochromatic data-sets that are associated with the frequencies 4, 5, 6,
7.5, 9, 12 and 15 Hz are inverted sequentially. For each monofrequency inversion, four time-damping factors of 0.5, 1, 3
and 6 s are successively applied to the data during the inversion. Twenty iterations are performed per frequency and time
damping. For full waveform inversion, we computed the data
with a free-surface boundary condition on top of the model.
Therefore, free-surface multiples are included in the inversion. The recorded and modelled data are computed with the
same modelling engine that is based upon a finite-difference
frequency-domain discretization of the scalar wave equation
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Figure 6 Comparison between true (black line), stereotomography (a-d) and FWI (e-h) velocity profiles at 8000 m of distance. In (a-d), the dashed
grey and the solid grey curves are taken from the initial (velocity gradient) and final stereotomography model, respectively. Maximum offset in the
data during stereotomography is 4000 m (a), 16000 m (b, c), 24000 m (d). In (b), all the picks are inverted simultaneously by stereotomography,
while a hierarchical procedure with respect to aperture angle was used in (c). (e-h) FWI models inferred from the stereotomographic models
shown in (a-d). In (b), arrows show high velocity contrasts, which were reconstructed by stereotomography. In (g, h), arrows show the depth
below which velocities are overestimated due to insufficient long-offset coverage.

parametrized by the compressional wavespeed only. Therefore, the density is not considered during this case study. An
inverse crime strategy is used, because we want to focus our
analysis on the footprint of the starting model on full wave-
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form inversion. The velocity model of Fig. 3 was extended
down to 6000 m in depth for full waveform inversion to be
able to compute the reflection and the head wave from the
interface located at 5000 m in depth.
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Figure 7 Comparison between true (black line), stereotomography (a-b) and FWI (c-d) velocity profiles at 14000 m of distance. In (a-b), the
dashed grey and the solid grey curves are taken from the initial (velocity gradient) and final stereotomography model, respectively. Maximum
offset in the data during stereotomography is 4000 m (a) and 24000 m (b). (c-d) FWI models inferred from the stereotomographic models shown
in (a-b). The shallow ellipse highlights the improvement of the reflector on top of the gas layers provided by the long-offset data (d). The deep
ellipse highlights some artefacts in the long-wavelength reconstruction on the deep target when long-offset data are used (d). These artefacts are
not shown in (c), where the deep reflector at 5 km in depth is not reconstructed at all from the short-offset data.

Short-offset inversion
In a first application, the stereotomographic inversion is limited to reflected arrivals with a maximum offset of ±4000 m.
The 640 sources along the 32-km long extended model are
used for stereotomography. The offset coverage is laterally
uniform in the target zone of Fig. 3. The picked events
(traveltimes and slopes) are superimposed on a shot gather
in Fig. 4(a). The final stereotomographic velocity model
(referred to as stereotomography model 1) is shown in
Fig. 5(a,b) with and without superimposed migrated facets
(Billette and Lambaré 1998; Billette et al. 2003). The longwavelength signature of the low-velocity gas layers is reconstructed, which is not the case for the low wave-numbers of
the deep interface at 5000 m in depth due to insufficient offset
coverage (Fig. 6a). The final full waveform inversion (FWI)
model obtained starting from the stereotomographic model is
shown in Fig. 5(c). The upper structure down to the top of the
gas layers at 1500 m in depth is relatively well reconstructed,
including the shallow channel at a 11000 m distance. A closer
inspection of the FWI results in the middle of the model at a
horizontal distance of 8000 m shows, however, an inaccurate
reconstruction of the top of the reservoir at 2300–2700 m
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in depth (Fig. 6e). This suggests that the resolution of the
stereotomography model is not enough to guarantee accurate
FWI reconstruction of the reservoir when a starting frequency
of 4 Hz is used. The positive velocity contrast at 5000 m in
depth is well delineated but the low wavenumbers of this velocity contrast are lacking. This deficit of low wavenumbers
in the deep part of the FWI model results from a lack of low
wavenumbers in the stereotomographic model at these depths
(Fig. 6a) and from an insufficient long-offset coverage in the
dataset processed during the full waveform inversion. For
completeness, a stereotomography log and the corresponding FWI velocity log near the end of the model at a horizontal
distance of 14 km show some slight mispositioning in the
depth of the reflectors down to 3 km in depth (Fig. 7a,c).
Moreover, the signature of the reflector at 5 km in depth
is fully lacking in both logs due to insufficient long-offset
coverage.

Sixteen-kilometre-long offset inversion
We consider now a dataset with a maximum offset of
±16000 m for the 640 sources deployed along the 32-km long
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Figure 8 Stereotomographic model obtained by simultaneous inversion of a 16-km maximum offset data set (stereotomography model 2),
plotted with (a) and without (b) superimposed migrated facets. (c) FWI model inferred from the initial model shown in (a, b).

extended model. In this case too, the offset coverage is laterally uniform in the target zone of Fig. 3. The picking of both
the diving waves and the reflected phases is performed for
stereotomography within the ±16000 m offset range. However, we manually omitted picks in the shot gathers located
in time between the first arrival and the water-layer direct
arrival (Fig. 4(c,d)). These picks are associated with multirefracted arrivals in the shallow sedimentary layers, which
cannot be taken into account by stereotomography, as this
relies on the single scattering approximation. Inversion of
these phases leads to unstable stereotomographic reconstructions. The corresponding picks are removed using mute laws
defined in the time-offset domain. The picks are superimposed
on a shot gather in Fig. 4(b,d) for the first and the reflected
arrivals, respectively. Of note, the maximum offset for the
reflected picks is 8000 m, because beyond this offset, interference between the reflected wavefields and the multi-refracted
phases prevents the picking of the reflected phases.
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Simultaneous inversion
In a first test, all of the picked events (the union of the picks
of Fig. 4b and Fig. 4d) are simultaneously inverted during
the stereotomography. The final stereotomographic model
(referred to as stereotomography model 2) and the corresponding full waveform inversion (FWI) model are shown
in Fig. 8(a-c). The FWI model of Fig. 8(c) is clearly noisier
than the FWI model inferred from stereotomographic model
1 (Fig. 5c). Although the high-velocity contrast on top of the
reservoir is well positioned in depth in the log of the FWI
model (Fig. 6f), the reconstruction of the low-velocities in the
gas layers both in the stereotomography model and the FWI
model is not accurate (Fig. 6b and Fig. 6f). It is worth noting that the stereotomography appears to have been steered
towards the reconstruction of the high-velocity contrasts at
the expense of the low-velocity contrasts (see the arrows in
the log of Fig. 6b at 1700, 2000, 3200 and 5000 m in depth).
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Figure 9 Stereotomographic model obtained by hierarchical inversion of a 16-km maximum offset data set (stereotomography model 3), plotted
with (a) and without (b) superimposed migrated facets. (c) FWI model inferred from the initial model shown in (a-b). Note the improvement in
the stereotomographic and FWI models provided by the hierarchical approach, compared to that of Fig. 8.

These high-velocity contrasts lead to head waves in the data,
which are recorded as early-arriving phases. In addition to
the reflection picks, these refracted picks might have given
more weight to the velocity nodes during stereotomography,
which sample high velocities at the expense of those that sample low velocities. The stereotomographic and FWI inversions
clearly make some attempts to detect the velocity contrast at
5000 m in depth. However, the velocities are overestimated
in the overburden between 3500–5000 m in depth (Fig. 6b
and Fig. 6f). These overestimated velocities are the footprint
of the initial velocity-gradient model (Fig. 6a-d), which was
poorly updated in this zone due to insufficient ray coverage. It is worth noting that these overestimated velocities are
not present in the stereotomography model inferred from the
reflection picks only (Fig. 6a and Fig. 6e): these high-velocity
artefacts result from our attempt to invert first-arrival traveltimes during stereotomography, as we shall see in the following part of the present study.
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Hierarchical inversion
The various inaccuracies in the model reconstruction mentioned in the previous section prompt us to implement a level
of hierarchy based upon aperture selection. Five ranges of
aperture angles are considered successively: θ > 130◦ (earlyarriving phases), 80◦ , 60◦ , 30◦ and 0◦ (whole data set). Picks
associated with some of these classes of aperture angles are
superimposed on a shot gather in Fig. 4(b-d).
The final stereotomographic model (referred to as stereotomography model 3) and the FWI velocity model inferred
from this multiscale approach are shown in Fig. 9. The corresponding vertical profiles at a distance of 8000 m are shown
in Fig. 6(c) and Fig. 6(g). A significant improvement in the
stereotomographic model can be noted compared to the two
previous tests, in particular in the gas layers where the vertical
resolution is significantly improved. The FWI model shows an
accurate reconstruction of the velocity structure down to the
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Figure 10 (a) Shot gather with superimposed picked (red) and computed (blue) slopes. The blue slopes are computed in the stereotomographic
model of Figure 9. The two series of slopes are plotted at the same traveltimes to facilitate the comparison. (b) The slope residuals magnified by
a factor 25 are plotted in blue.

bottom of the reservoir at 3300 m in depth (Fig. 6g). However, the deep part of the model remains poorly reconstructed,
with overestimated velocities between 3400–5000 m in depth
because of insufficient long-offset coverage (Fig. 6g, arrow).
These overestimated velocities lead to an artificial deepening
of the reflector located at 5000 m in depth (Fig. 9c).
Figure 10(a) shows a shot gather with superimposed local slopes picked in the inverted data and computed in final
stereotomographic model 3. For the sake of clarity, these two
series of slopes are plotted at the same traveltimes as those
of the picked data. In Fig. 10(b), the residual slopes between
the picked and modelled slopes are superimposed on the shot
gather after multiplication by a factor of 25. This allows it to
be shown how the slope misfit tends to increase with offset
and time as more wavelengths are propagated.

Twenty-four-kilometer-long offset inversion
Further improvement to the reconstruction of the deep structure of the Valhall model needs the offset range to be increased
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in the acquisition up to a maximum offset of 24000 m. This
amounts to the feeding of the inversion with additional firstarrival picks. It should be remembered that the amount of
reflection picks does not change from the 16-km to the 24-km
offset acquisition, because only a maximum offset of 8 km
can be used to pick reflections (Fig. 4). The velocity models at different stages of the multiscale stereotomography are
shown in Fig. 11(a-c). Note how the low-velocity zone associated with the gas layers and the high-velocity layer on
top of the reservoir at 2500 m in depth, progressively build
up and become better resolved as we introduce picks associated with decreasing apertures angles. The FWI model inferred from the final stereotomographic model (referred to
as stereotomography model 4) is shown in Fig. 11(d). The
deep-velocity structure between 3200–5000 m in depth was
significantly improved, due to the information provided by
the long-offset first-arrival picks (Fig. 6h, arrow). The velocity
contrast at 5000 m in depth is well reconstructed in the middle
of the profile, although the velocities between 4000–5000 m
in depth remain overestimated (Fig. 6h, arrow). This again
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Figure 11 Stereotomographic models obtained at different stages of the hierarchical inversion for the 24-km maximum offset data set. (a) 80◦
(step 2), (b) 30◦ (step 4), (c) 0◦ (step 6, all the data included) (stereotomography model 4). (d) FWI model based upon the initial model shown
in (c).

causes the mispositioning of the reflector at 5000 m in depth
off the middle of the model in Fig. 11(d), although this mispositioning is significantly reduced compared to that shown
in Fig. 9(c). It is worth noting also that the reconstruction
in the gas layers was slightly improved compared to that inferred from the 16-km-long offset data-set (compare Fig. 6g,
h). The stereotomography and FWI logs at 14 km of distance
are shown in Fig. 7(b) and Fig. 7(d). Comparison with the logs
extracted from stereotomography+FWI model 1 (Fig. 7a and
Fig. 7c) shows an improvement of the positioning in depth of
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the reflectors down to 3 km in depth when long offsets are
involved in the inversion. It is worth noting that the attempt
to reconstruct the deep reflector at 5 km in depth from longoffset rays, which sample the target from one side only, probably leads to some artefacts in the long-wavelength velocity
structure between 3–5 km in depth (Fig. 7d). These artefacts
are not shown in the middle of the model, where long-offset
rays sample the target from the two sides (Fig. 6h).
It can also be asked why the first-arrival picks have
contributed to improve the imaging of the deep-velocity
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Figure 12 (a-c) Velocity model after the first step of the hierarchical stereotomography (θ > 130◦ ) for the 24-km maximum offset data set. (a)
All of the rays for the aperture angles between 175◦ –185◦ are superimposed. (b) Subset of rays shown in (a), corresponding to 11 equally-spaced
shots, with their corresponding migrated facets in black. Note that most of the migrated facets are located at the turning point. (c) First-arrival
rays computed with the eikonal solver of Podvin and Lecomte (1991) for the 11 shots considered in (b). Note the good match between the ray
trajectories shown in (b) and (c). (d) Rays associated with aperture angles between 160◦ –170◦ .

structure down to 5000 m in depth, as the deep-velocity
structure between 3200–5000 m in depth is a low-velocity
zone where turning rays do not propagate. This can be explained by examining the rays computed for aperture angles
between 175◦ –185◦ in the stereotomographic model inferred
at the end of the first stage of the 24-km maximum offset
stereotomographic inversion (i.e., θ > 130◦ ) (Fig. 12). Although most of the diving rays turn in the upper structure
above the gas layers, long-offset rays turn below the reservoir level down to maximum depth of around 4000 m. This is
precisely the depth below which overestimated velocities associated with a deficit of ray coverage are shown in Fig. 6(h).
Long-offset rays turn within two high-velocity gradient zones
near the lateral ends of the model, which are relict from the
initial-velocity gradient model. These rays allow for the sampling of the low-velocity zone located in the central part of the
model by undershooting (Fig. 12a). As short aperture angles
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are injected into the inversion, these positive-velocity gradient
zones near the ends of the model are progressively removed as
the information provided by the reflection picks contributes to
focus the high-velocity contrast at the reservoir level (compare
the lateral ends of the velocity models in Fig. 11a-c). This explains why the footprint of the initial velocity-gradient model
is not visible in the stereotomography model when only the
reflection picks are used during the inversion (Fig. 6a). The
progressive removal of these velocity-gradient zones might explain why the number of first-arrival picks decreases during
the multiscale stereotomography, as shorter aperture angles
are injected into the inversion. Another reason might be the
instabilities of the ray tracing for grazing rays (θ = 180 ◦ ) as
the heterogeneity of the stereotomographic model increases.
Comparison between the results obtained with the 16-kmlong and 24-km-long offset acquisitions agree that continued
increases in the maximum offset range should allow us to
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Figure 13 (a-b) Velocity models obtained at the first stage of the stereotomography (θ > 130◦ ) using a maximum offset of 24 km with (a)
and without (b) superimposed migrated facets. (c) Velocity model obtained by conventional first-arrival traveltime tomography (FATT). (d)
Comparisons between vertical logs at an 8000 m distance from the true velocity model (solid black line), the FATT model (black dash line), the
stereotomographic model shown in (b) (light grey line) and the stereotomographic model obtained at stage 1 for the 16-km maximum offset
data set (dark grey line). (e) Comparison between the vertical logs at 8000 m distance, extracted from the true velocity model (solid black line)
and the FWI models inferred from the FATT model (black dashed line) and the final stereotomographic model (grey line) obtained for the 24-km
maximum offset data-set. (f) FWI model obtained using the FATT model as the initial model.

keep on improving the reconstruction of the deepest part of
the target.
To show the reliability of the ray tracing performed by
stereotomography at grazing angles, we compare the ray trajectories computed by stereotomography for aperture angles
between 175◦ –185◦ and those computed with the eikonal
solver of Podvin and Lecomte (1991) (Fig. 12b-c). The two
sets of rays show relatively good agreement. It is worth noting that the stereotomographic inversion has positioned the
diffractor points at the turning point for most of the rays
in Fig. 12(b), although there is an un-determination of the
position of the diffractor point along the ray when the aperture angle is 180◦ . This probably results from the footprint
of the initial stereotomographic model, which positions the
initial diffractor point midway between the source and the
receiver in the initial laterally-homogeneous velocity-gradient
model and hence at the turning-point position. The velocity
model obtained during the first step of the multiscale stereotomography (θ > 130◦ ) for the 24-km maximum-offset data-set
(Fig. 13a-b) is compared with the velocity model inferred from
conventional first-arrival traveltime tomography (FATT) for
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a fixed-spread acquisition with a maximum offset of 32000 m
(Fig. 13c). The spatial resolution of these two velocity models
is quite close, hence validating the relevance of stereotomography for first-arrival traveltime inversion. The FWI model
obtained using the FATT model as the initial model is shown
in Fig. 13(e, f). Comparisons between the FWI models inferred
from the first-arrival traveltime tomography model and the final stereotomography model 4 highlight the benefit of joint refraction/reflection traveltime tomography to build initial models for full waveform inversion (FWI) (Fig. 6h, Fig. 11d and
Fig. 13e,f).
To further assess the stereotomography models and the
corresponding FWI models, we compare time-domain synthetic seismograms computed in stereotomography and FWI
models 1 and 4 (Fig. 14). The FWI model inferred from
stereotomographic model 1 allows us to match the arrivals refracted and reflected from above the gas layers relatively well.
However, the FWI model inferred from stereotomographic
model 4 leads to a much better agreement of the arrivals refracted and reflected from below the gas layers (Fig. 14c and
Fig. 14f).
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Figure 14 Synthetic seismograms in the Valhall model. (a-b) Synthetic seismograms computed in the stereotomography models inferred from the
4-km maximum offset data set (a) and from the 24-km maximum offset dataset (d). (b-e) Synthetic seismograms computed in the FWI models
obtained starting from the stereotomography model obtained from the 4-km (b) and 24-km (e) maximum offset data sets. The first-arrival
traveltimes (green curve) computed in a smoothed version of the true Valhall model are superimposed along with the first-arrival traveltimes
computed in the velocity models within which the synthetic seismograms were computed (yellow curve). (c) Residuals between seismograms
computed in the true model (Fig. 3c) and seismograms shown in (b). (f) Same as (c) for seismograms shown in (e).

REAL VALHALL CASE STUDY
We now apply our workflow to an ocean-bottom-cable (OBC)
data set recorded in the Valhall oil-field (North Sea). In the
present study, we consider only cable 21 of the 3D OBC data
set (Fig. 15). This line contains 320 shots recorded by 220
four-component receivers for a maximum offset of 13200 m.
Applications of 2D acoustic anisotropic/isotropic full waveform inversion (FWI) to this OBC data set are described in
Prieux et al. (2011), to where the reader is referred for more
details. A brief overview is given here since the anisotropic
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FWI model developed in Prieux et al. (2011) will be used as
a reference to appraise the anisotropic FWI model inferred
from the stereotomographic model developed in the present
study. Here, we will follow the same FWI experimental setup to that in Prieux et al. (2011), with only the initial model
used for the full waveform inversion changes. For completeness, an application of 3D acoustic isotropic full waveform
inversion to the full OBC data-set was also presented by Sirgue et al. (2010), with high-resolution pictures of a complex
network of channels in the near-surface, a gas cloud (Fig. 15)
and several gas-filled fractures at depth. A starting vertical
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Figure 15 The Valhall target. Horizontal slice at a depth of 1000 m
across the gas cloud extracted from the 3D FWI model of Sirgue et al.
(2010). The green line matches the position of cable 21, which is out
of the gas cloud. The black circle gives the position of the sonic log
shown in this study.

transversely isotropic (VTI) model for acoustic anisotropic
full waveform inversion (referred to as the RTT model in
the following) was provided by the BP company and was
developed by anisotropic VTI reflection-traveltime tomography (Fig. 16a,b, Fig. 17a and Fig. 17e,f). The anisotropic
velocity models (either the normal move-out (NMO), the vertical or the horizontal wave speeds referred to as V NMO , V P0 ,
V h , respectively) show a low-velocity zone associated with gas
layers between 1500–2500 m in depth, above the reservoir

level, which marks a high-velocity contrast, in a comparable
way to that of the synthetic Valhall model introduced in the
previous sections (Fig. 16a). Anisotropy is significant in the
Valhall data set and it reaches a maximum of 16 % as shown
by the model of the η anisotropic parameter (Alkhalifah and
Tsvankin 1995) (Fig. 16b). The kinematic footprint of the
anisotropy is illustrated by isotropic ray tracing performed
in the normal move-out velocity model and the horizontalvelocity models, respectively (Fig. 16c-f): the normal-moveout
velocity model allows us to match accurately the observed
traveltimes of the reflections from the top and the bottom of
the gas layers. In contrast, the computed first-arrival traveltimes show a significant delay at long offsets relative to the
observed ones. Only the horizontal-velocity model allows us
to match accurately first-arrival traveltimes, which are associated with waves travelling sub-horizontally in the subsurface. This implies that an isotropic first-arrival traveltime tomography is expected to reconstruct the horizontal velocities
in the upper part of the subsurface. During anisotropic full
waveform inversion performed in Prieux et al. (2011), the
subsurface model is parametrized by the vertical velocity and
the Thomsen parameters δ and (Thomsen 1986). Only the
vertical velocity was updated (Fig. 17b), while the δ and
background models were kept fixed during full waveform inversion (Fig. 17e-f). The resulting FWI vertical-velocity model
(referred to as RTT+FWI model in the following) shows the

Figure 16 Footprint of anisotropy in Valhall. (a) NMO velocity model developed by anisotropic reflection-traveltime tomography (courtesy of
BP). (b) Model of η, which shows the strength of the anisotropy (courtesy of BP). (c) Ray tracing in the NMO velocity model for the first arrival
(white rays) and the reflections from the top of the gas (red) and the reservoir (blue). Top of the gas and the reservoir are delineated by red
and blue solid lines, respectively. Bottom panel: receiver gather with superimposed traveltimes computed in the RTT model for these 3 phases.
(d) as for (c) for the horizontal velocity model. Note the delay of the first-arrival traveltimes computed in the NMO velocity model.
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Figure 17 Initial and full waveform inversion models. (a) Initial V P0 model developed by reflection-traveltime tomography (courtesy of BP). (b)
Final V P0 FWI model inferred from the initial V P0 model shown in (a). (c) Stereotomography model after conversion in vertical velocity. (d)
Same as (b) for the initial V P0 model shown in (c). The ellipse highlights dipping artefacts (see text for details). (e-f) Background models of (e)
and δ (f).

Figure 18 Reverse time migrated images computed in the RTT (a), stereotomographic (b), RTT+FWI (c) and stereotomographic + FWI (d)
models. The black arrow points to a shallow reflector at 0.6 km in depth and a deep reflector mentioned in the text. The white arrow points to
a reflector below the reservoir level, which was improved in the reverse-time migration image computed in the stereotomography model.

following structures (Fig. 17b): a shallow reflector at 600 m
in depth, some gas layers between 1500 m and 2500 m in
depth, and a deep reflector below the reservoir level, which is
more clearly imaged in the anisotropic reverse-time migration
images (Figs 18 and 19).

Stereotomographic inversion
Multiscale isotropic stereotomography is applied to the real
Valhall case study. Since the stereotomography code that is
used in this study is isotropic, we expect some footprint of
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anisotropy in the velocity model building as we shall see in
the following. For our application, we consider two data-sets
(Fig. 20). The first was preprocessed by the PGS company
for multiple attenuation and it contains mainly reflections,
with a maximum offset of 5200 m (Fig. 20b). The second
data-set contains the full wavefield with a maximum offset
of 13200 m and it was used for full waveform inversion by
Prieux et al. (2011) (Fig. 20a). For stereotomography, we
pick the reflection traveltimes and slopes on the first data-set
and the early-arriving phases associated with diving waves on
the second data-set. We sequentially invert scattering angles
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Figure 19 Common-image gathers in the depth-offset domain corresponding to the reverse-time-migration (RTM) images of Fig. 18. The ellipses
highlight some reflectors in the shallow part, in the gas and below the reservoir, which are flatter in the stereotomography+RTM image.

Figure 20 Real data case study - (a) example of a receiver gather used to pick early-arrival traveltimes. (b) Example of shot gather used to pick
reflections. Slopes of locally-coherent events are superimposed on each gathers. Data are shown after mute and automatic gain control.
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Figure 21 Real data case study - stereotomographic models, plotted without (a-d) and with (e-h) migrated facets, at intermediate stages of the
hierarchical stereotomography. (a, e) θ > 130◦ , (b, f) θ > 70◦ , (c, g) θ > 40◦ , (d, h) θ > 0◦ .

greater than 130◦ , 70◦ , 40◦ and 0◦ and progressively decrease
the vertical spacing between the B-splines knots from 500 m
to 125 m.
Stereotomographic models at successive multiscale steps are
shown in Fig. 21 without and with migrated facets. A vertical
log from these models at a distance of 9500 m is shown in
Fig. 22. The stereotomography model obtained after the step
1 (θ > 130◦ ) is equivalent to a velocity model that would have
been obtained by first-arrival traveltime tomography. The migrated facets are located at a maximum depth of 2000 m,
which leads to first-arrival ray coverage close to that shown in
Fig. 16(c,d). As expected, horizontal velocities rather than the
normal moveout or vertical velocities are reconstructed down
to 1500 m in depth from the wide-aperture picks (Fig. 22a).
This shows that stereotomography succeeds in inverting earlyarrival traveltimes, a key result of this study. The poor reconstruction of the low-velocity zone associated with the gas
layers and the high-velocity contrast at the reservoir level highlights insufficiently long offset coverage to sample these targets
with first-arrival rays.
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As stereotomography proceeds towards short apertures, the
deep part of the medium is updated, as shown by the position in depth of the migrated facets in Fig. 21(e-h). The
stereotomographic inversion becomes unstable at the fourth
step (Fig. 21d and Fig. 22d) and we will consider the stereotomographic model at stage 3 as the final stereotomographic
model (Fig. 21c). This instability might be partly due to
anisotropy, which makes the wide-aperture and the shortaperture picks inconsistent when isotropic imaging is performed. The final stereotomographic model succeeds in the
reconstruction of the large-scale structure of the gas layers, as well as the increase in the velocities at the reservoir
level.

Full waveform inversion
Anisotropic full waveform inversion is applied following the
same experimental set-up as in Prieux et al. (2011). Full waveform inversion is performed with a discontinuous Galerkin
modelling engine and five groups of frequencies between
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Figure 22 Real data case study - Comparison between sonic and isotropic stereotomographic logs at different stages of the multiscale stereotomography. The black thick line represents a bandpass filtered sonic profile provided by BP. In (a-d), the thick grey lines are extracted from the
stereotomographic models shown in Fig. 21(a-d). The long dashed black curve represents the starting model used by the stereotomography. The
stereotomographic logs are compared with profiles extracted from the vertical velocity (dark grey dash), the NMO velocity (dash gray) and
the horizontal velocity (light grey dash) models built by anisotropic reflection-traveltime tomography (Figs. 16(a-b) and Fig. 17a). Note how
the isotropic stereotomography log in (a) matches the large-scale variation of the horizontal velocity in the first 1.5 km in depth, where diving
waves propagate.

3.5–6.7 Hz are successively inverted, without time damping.
Free-surface multiples are involved in the inversion. The density model is inferred from the initial velocity model, using the Gardner law and it is kept fixed during the inversion. A homogeneous background attenuation model below
the sea-bottom is used for seismic modelling, with the quality factor QP equal to 150. Before applying anisotropic full
waveform inversion for vertical velocity, we need to transform the isotropic stereotomography velocity model into a
vertical velocity model. As above-mentioned, the stereotomography model mostly represents horizontal velocities in
the upper part of the subsurface because the early steps of
the multiscale stereotomography were driven by the early
arrivals. We assume that the full stereotomography model
represents horizontal velocity and apply the transformation:
√
stereo
= V stereo / 1 + 2 using the
model of Fig. 17(e),
VP0
stereo
denote the isotropic stereotomogwhere V stereo and VP0
raphy model (Fig. 21c) and the vertical-velocity stereotomographic model (Fig. 17c), respectively. Indeed, this is an
approximation because the deep part of the isotropic stereotomographic model is supposed to represent NMO velocities
rather than horizontal velocities, this part of the subsurface
being sampled by short-spread reflections only.
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The final FWI model obtained (referred to as stereotomography + FWI model in the following) is shown in Fig. 17(d).
The shallow reflector at 0.6 km in depth was successfully reconstructed, as well as a sharp low-velocity interface, which
delineates the top of the gas layers at 1.5 km in depth. The
top of the reservoir at 2.5 km in depth is also consistent
in the FWI models inferred from the reflection-traveltime
tomography model and the stereotomography model. The
deep reflector at 3.5 km in depth is also imaged successfully.
The FWI model shows the build-up of the gas layers between
1500–2500 m in depth, although these layers are polluted by
dipping artefacts (Fig. 17d, ellipse). These artefacts, also visible to a lesser extent in the RTT+FWI model (Fig. 17b), are
probably a footprint of the anisotropy.
Comparison between a band-pass filtered sonic log of vertical velocity and the corresponding log of the stereotomography+FWI model shows a good agreement down to 2 km
in depth, which has been improved relative to the one obtained with the RTT+FWI model (Fig. 23). Velocities in
the gas layers between 2–2.5 km in depth are underestimated in the RTT+FWI and stereotomography+FWI models, this velocity underestimation being more significant in
this latter model. This might result again from the crude
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Figure 23 Real data case study - Comparison between sonic, traveltime (and slope) tomography and FWI logs. In (a-b), the sonic, the traveltime
(and slope) tomographic and the FWI logs are plotted with black, dashed grey and solid grey lines, respectively. The tomographic logs are
extracted from the RTT (a) and stereotomography (b) V P0 models. The ellipse in (b) highlights the high-velocity contrast that was built by full
waveform inversion on top of the reservoir, starting from the stereotomography model.

isotropic-to-VTI conversion of the stereotomography model.
A noticeable feature is the velocity discontinuity built by full
waveform inversion at the reservoir level at 2.5 km in depth,
which is consistent with the high-velocity contrast of the sonic
log at this depth (Fig. 23b, ellipse). Although this velocity
contrast is underestimated in the FWI log, it was absent in
the stereotomography model. As full waveform inversion succeeds in reconstructing this velocity contrast, we conclude
that the large-scale stereotomography model is sufficientlykinematically accurate to image the top of the reservoir by
full waveform inversion. This is further supported by the
reverse-time migration image computed in the stereotomography model, which has imaged the top of the reservoir at its
correct position and by the focusing of the deep reflector at
3.5 km in depth (Fig. 18b).
The anisotropic reverse-time migration images computed
in the VTI stereotomography and in the reflection-traveltime
tomography (RTT) models show reflectors at similar depths
(Fig. 18a,b and 19a,b). It is worth noting that the reverse-time
migration image computed in the stereotomography model
provides a more continuous image of the reflector below the
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top of the reservoir at around 2.75 km in depth (Fig. 18a,b,
white arrow). This is supported by the common image gathers computed in the stereotomography model which are locally flatter than the ones computed in the RTT model between 1.5–3 km in depth (Fig. 19a,b, solid white ellipses).
A close inspection of the common image gathers in the shallow part of the target (around 0.5 km in depth) also shows
that stereotomography common image gathers are flatter than
the reflection-traveltime tomography ones, these latter being
generally smiling (Fig. 19a,b, dashed white ellipses). This improvement probably results from the use of early-arrival traveltimes in stereotomography, which may help to compensate
for a deficit of reflection picks from shallow reflectors. Full
waveform inversion generally fails to improve the reverse-time
migration images (Fig. 18c,d). This supports that, for this case
study where the subsurface does not contain structures of complex geometry as salt bodies, a smooth model is more suitable
for reverse time migration, because it honours the scale separation between the background model and the reflectivity image
underlying the conventional seismic reflection imaging workflow. The footprint of the artificial dipping structures built
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Figure 24 (a,d) Recorded receiver gather. (b,c)-(e-f) Corresponding anisotropic synthetic receiver gather computed in the RTT (b), stereotomography (c), RTT+FWI (e) and stereotomography+FWI (f) models. The dash lines represent picked first-arrival traveltimes and reflection
traveltimes from the top and bottom of the gas layers computed in the anisotropic reflection-traveltime tomography model.

Figure 25 Direct comparison between recorded (black) and computed (grey) seismograms shown in Fig. 24. The yellow curves denote the
first-arrival traveltimes computed in the model within which the synthetic seismograms were computed. The green, red and blue lines have the
same meaning as the dash white lines in Fig. 24.

by FWI (Fig. 17d) is clearly visible in the reverse-time migration images computed in the FWI models (Fig. 18d) and takes
the form of suspicious undulations of the reflectors in the gas
layers. Of note, these artefacts are also visible in the reversetime migration image computed in the RTT+FWI model and
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might result from inaccurate accounting of anisotropy during
FWI (Prieux et al. 2011).
Synthetic seismograms computed in the anisotropic
reflection-traveltime tomography and stereotomography
models are shown in Figs. 24 and 25. The match between
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recorded and modelled seismograms was clearly improved after FWI, for both the reflection-traveltime tomography and
the stereotomography models. However, the stereotomography+FWI model allows us to achieve a better match of the
diving waves relative to the RTT+FWI model, while both FWI
models lead to a nearly equivalent match of the reflections.
This is additional evidence of the ability of stereotomography
to perform joint inversion of refraction and reflection traveltimes, a key property to build an accurate velocity model for
FWI from wide-aperture data sets.

CONCLUSION
We presented here a non-conventional application of stereotomography to long-offset data, where refraction and reflection
traveltimes are jointly inverted during a multiscale inversion,
which proceeds from the wide apertures to the shorter ones.
The stereotomography is assessed as a semi-automatic tool
to build an initial model for full waveform inversion. In this
context, the joint inversion of refraction and reflection traveltimes allows us to use kinematic information during the initial
model building, which is as close as possible to that used during FWI. This implies the picking of as many single-scattered
events as possible in the full wavefield. We first show that joint
refraction and reflection stereotomography leads to a velocity
model with a much higher resolution than first-arrival traveltime tomography. Second, compared to reflection traveltime
tomography, we show that use of refraction traveltimes can
be helpful to compensate for a deficit of reflection ray-path
illumination by undershooting, in particular in areas where
the velocity gently decreases with depth, or below a natural screen such as gas layers. To handle the additional nonlinearity introduced by the long-offset refracted picks, we propose a hierarchical formulation of stereotomography, which
injects progressively shorter aperture angles into the inversion.
We present an application of joint refraction and reflection
stereotomography and FWI to a wide-aperture data set from
the Valhall field. Clearly, the significant anisotropy of the Valhall data-set has impacted on the results of the joint refraction
and reflection stereotomography, which was applied in the
isotropic approximation. However, an approximate correction of the anisotropic effects in the stereotomography model
allows us to perform reliable anisotropic full waveform inversion and reverse time migration using the stereotomography
model as an initial or background model. The good match
between recorded and modelled seismograms for both diving
waves and reflected waves is an additional evidence of the relevance of the stereotomography model as an initial model for
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full waveform inversion. Taking into account for anisotropy
will be a key to augment the value of joint refraction and
reflection stereotomography, when applied to wide-aperture
and wide-azimuth data and this will be the aim of our future
work.
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APPENDIX A: REGULARIZATION OF
MULTI-DATA/MULTI-PARAMETER
INVERSIONS
In this Appendix, we review the inversion algorithm that was
developed by Billette and Lambaré (1998), Billette et al. (2003)
and Lambaré et al. (2004a) to handle multiple classes of data
and parameters. We consider a new set of normalized model
parameters p for inversion, which are related to the physical
parameters m by a diagonal weighting matrix Wm
m = Wmp.

(A1)

The aim of the normalization operator Wm , the expression of
which is given at the end of this section, is to better balance the
weight of each parameter class in the inversion. Equation (A1)
leads to:
J p = Jm Wm,

(A2)

where Jp and Jm denote the Fréchet derivative or sensitivity
matrices for the p and m parametrizations, respectively. The
expression of the Fréchet derivatives, which are computed by
means of paraxial ray tracing, are provided in Billette and
Lambaré (1998, their Appendix 1).
We minimize the least-squares misfit function with respect
to p subject to smoothing regularization on the velocity perturbations
C(p) =

1 m
[(d − dr )T Wd (dm − dr )
2

(A3)

+ λ(p − p prior )T RT LT LR(p − p prior )],
where the diagonal matrix Wd = diag{1/σ S2 , 1/σ R2 , 1/σT2S R ,
1/σ p2S , 1/σ p2R } contains the standard deviations of each class
of data, L is a Laplacian operator applied to the normalized
velocity perturbations, R is a restriction operator to the velocity perturbations, dr and dm are the recorded and modelled
stereotomographic datasets and pprior is the prior model. In
this study, we use σ Sx = σ Sz = σ Rx = σ Rz = 5 m, σTS R = 5 ms,
σ pS = σ pR = 0.01 s/m. The model perturbations p satisfy the
system of normal equations

 T
T
(k)
T T
(k)
(k)
= J(k)
− p prior ).
J(k)
p Wd J p + R L LR p
p Wd d + L(p
(A4)
In this study, we use pprior = p(k) , for all k, which allows the
second term of the right-hand side of Eq. A4 to be dropped
out:

 T
T
(k)
T T
(k)
= J(k)
(A5)
J(k)
p Wd J p + R L LR p
p Wd d,
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Substituting equations (A1) and (A2) in equation (A5) gives
the expression of the physical model perturbations

−1
T (k)T
T T
T (k)T
Jm Wd J(k)
Wm
Jm Wd d.
m(k) = Wm Wm
m Wm + R L LR
(A6)
It can be seen that the model reparametrization, equation (A1),
is equivalent to the normalizing of each column of the Fréchet
derivative matrix by the corresponding diagonal element of
Wm .
For the diagonal coefficients wll of Wm , we use:
⎫
 ⎧ 7×N 

⎨  ∂d 1 2
⎬
i

H+κ
(A7)
wll = 1
⎩
⎭
∂ml σi
i=1

7×N ∂di 1 2
where H = Maxl {
i=1 ( ∂ml σi ) } and κ is a damping factor that prevents division by zero (Wang 1993). Of note, the
number of rows of the Fréchet derivative matrix is 7 × N,
which corresponds to four coordinates for the shot and receiver positions, one two-way traveltime and two slopes per
event. The diagonal matrix Wm provides a reliable weighting
of each column of J, such that each parameter class has a
similar contribution in the Fréchet derivatives matrix. Moreover, it attempts to reduce the effects of the non uniform ray
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coverage of the velocity parameters, by increasing the weights
of the poorly-illuminated parameters at the expense of the
well-illuminated ones.
Each coefficient of column l of the Fréchet derivative matrix is divided by the least-squares norm of column i of J
normalized by the maximum of the coefficients, such that the
coefficients vary between 0–1.
The damping coefficient λ which balances the relative contribution of the least-squares norm of the misfit vector and
the Laplacian regularization, is defined as:


T (k)T
Tr Wm
Jm Wd J(k)
m Wm
(A8)
λ = p2d
Tr (RT LT LR)
where we use p2d = 10 % and Tr denotes the trace of a matrix
(Wang 1993).
In practice, we build the augmented tomographic system
for p:

 

d/σ 2
JmWm/σ 2
=
p
(A9)
0
λRL
and this system is solved with the LSQR conjugate gradient method. The physical model perturbations m are subsequently inferred from p using equation (A1).
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