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Abstract

Elastic full-waveform inversion (FWI) is appealing for an
enhanced integration of wave physics propagation and the
resulting improved characterization of the subsurface due to
the reconstruction of P- and S-wave velocity models. While the
high computational cost of elastic FWI can be controlled using
adequate numerical methods, the increase in the nonlinearity
of elastic FWT calls for dedicated strategies to design initial
P- and S-wave velocity models and access low-frequency data.
We believe that the recent surge in ocean-bottom sensor acquisi-
tion is an opportunity to develop such strategies. The seismic
ambient noise recorded by an array of receivers can be stacked
to reconstruct interstation Green’s functions that can be further
used as low-frequency input data for elastic FWI to generate
low-resolution P- and S-wave velocity models. We illustrate
two applications of this strategy at two different scales: the first
for near-surface imaging in a landslide context, the second for
the reconstruction of a high-resolution S-wave velocity model
at the Alps scale. In both cases, the seismic ambient noise Green’s
functions are efficiently matched, and accurate velocity models
are built.

Introduction

Full-waveform inversion (FWI) is a seismic imaging method
introduced by Lailly (1983) and Tarantola (1984), based on the
quantitative fit of the full seismic data (amplitudes and phases)
through an iterative least-squares process. At each iteration,
synthetic data are computed through the solution of partial dif-
ferential equations describing the propagation of mechanical
waves within the imaged region. Compared with conventional
seismic imaging processing, based on traveltime tomography for
the reconstruction of a smooth velocity model followed by migra-
tion for the reconstruction of a high-resolution reflectivity image,
FWTI results in broadband improved reconstructions of subsurface
models that best predict the seismic observed data using a given
wave propagation engine.

The first application of FWI to 3D field data at the exploration
scale was performed by Sirgue et al. (2010), who present a high-
resolution reconstruction of the P-wave velocity model of the
Valhall Field in the Norwegian sector of the North Sea. Since
then, industry interest in FWI has constantly increased, as wit-
nessed by the number of FWI applications in the past 15 years.

FWI today is a central piece of the seismic imaging workflow,
providing high-resolution reconstruction of subsurface param-
eters (mainly seismic wave velocities). A current trend in the
industry is to improve the accuracy of the physics of wave propa-
gation within FWT algorithms. Most 3D FWI applications,
especially from marine data, currently are performed within the
acoustic approximation. However, recent work illustrates the
limitations of this approach, even using marine data, in the
presence of highly contrasting geologic units such as salt bodies
(Rivera et al., 2019). In this case, the amplitude variation with
offset (AVO) response is not predicted correctly, resulting in
incorrect salt body geometries and poor subsalt imaging. Using
an elastic approximation, it is possible to correct the P-wave
velocity estimation from these artifacts. To a larger extent, elastic
FWI is promising because it makes it possible to build high-
resolution quantitative models of both P- and S-wave velocities
simultaneously. Such a two-model characterization carries much
more information on the subsurface mechanical state, especially
regarding its fluid content, than a single P-wave velocity model.
'This allows downscaling approaches to recover microparameters
such as porosity or saturation, toward reservoir characterization.
'This is an especially interesting perspective for reservoir and gas
storage monitoring, a problem put forward by the current devel-
opment of carbon capture and storage facilities.

Developing 3D elastic FWI methods, however, raises several
challenges. The most obvious might be the increased computational
cost: the computational complexity for evaluating numerical
solutions of elastic wave equations reaches two orders of magnitude
higher than in the acoustic case. Another important aspect is the
need to accurately model interface waves: Rayleigh and Love
waves in land configuration, Scholte waves in marine configuration.
'These waves are dominant in the elastic response of the subsurface,
and conventional finite-difference techniques have been shown
to struggle to model them accurately in the presence of varying
topography or bathymetry. Finally, a significant challenge for
elastic FWI is the increased nonlinearity of the elastic inverse
problem compared with the acoustic case. Beyond designing more
robust schemes, a fundamental question is how to recover suffi-
ciently low frequency data and to design sufficiently accurate
initial models, both for P- and S-wave velocities.

While overcoming the first two difficulties relies on the design
of dedicated numerical schemes, a solution to the nonlinearity
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difficulty might rely on deployment of permanent or temporary
sensors, a practice that has increased significantly in recent years.
For FWI with marine data, for instance in the Gulf of Mexico,
the deployment of ocean-bottom sensors (OBS) has been shown
to be especially valuable because the decoupling between the
sources and receivers makes it possible to record long-offset/
wide-azimuth data, provided a sufficiently energetic source can
be used. This makes it possible to record diving waves with
increased penetration depth, which can be efficiently exploited
by conventional FWI to provide deep high-resolution velocity
models. (See Merritt et al., 2024, for a recent example of subsalt
imaging in the Gulf of Mexico.)

The deployment of continuously recording seismic stations
makes it possible to record the seismic ambient noise. The cross-
correlation stack of ambient noise recorded by two stations can
converge, under specific assumptions, toward the interstation
impulse response. This result, which has its roots in exploration
seismic (Claerbout, 1968), acoustic physics (Lobkis and Weaver,
2001), and seismology (Aki, 1957), could be crucial for future
elastic FWI applications. The virtual, interferometry data, built
from ambient noise, can be inverted using elastic FWI. As it is
mostly driven by low-frequency surface waves, this yields an
effective way to produce accurate initial P- and S-wave velocity
models. An example of reconstruction of a shallow S-velocity
model from ambient noise tomography is presented for instance
in Mordret et al. (2013), using ocean-bottom cable (OBC) data
deployed at the Valhall Field in the Norwegian North Sea.

This study presents two applications of elastic FWI to inter-
ferometry data at different scales. The first application is at the
near-surface scale, in a land configuration, for the imaging of a
landslide zone in the southeast of France at Harmaliére. The use
of passive data in this case is key to preserving the integrity of a
potentially unstable investigation zone. The second is a regional-
scale application for imaging the western Alps and the Ligurian-
Provence back-arc basin. In this case, a network of permanent
and temporary stations, some of which are deployed in the
Ligurian Sea, are used to build the interferometry data set. The
presence of stations in the water necessitates the use of a fluid-
solid-coupled modeling engine. We reconstruct a high-resolution
S-wave velocity model in the Alps region from which a high-
resolution Moho map is deduced. Both applications rely on
SEM46, a viscoelastic full-waveform modeling and inversion
software developed in the SEISCOPE project, which we briefly

present in the following.

Methods

Viscoelastic FWI with fluid-solid coupling and spectral element
discretization. We consider the following viscoelastic wave propa-
gation equations, relying on standard linear solid (SLS) mecha-
nisms to model the attenuation (Carcione et al., 1988):

L
pdu+DCD™u+DC Y Y = f,
=1
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where u(x, ) is the particle displacement, fis a force source term,
p is the density, Cis the stiffness tensor represented as a six-by-six
matrix following Voigt notations, C*is the relaxed stiffness tensor,
such that

Cy=0,Cp I=1,..,6, J=1,..,6, 2)

where Q) is a quality factor representing the attenuation, D is the
matrix of spatial derivatives,

dx, 0 0 0 oJx Ox
0 dx, 0 odx, 0 o0« 3)

0 0 odx, dx, dx, O

D =

and ¥, are the SLS relaxation mechanisms representing the
attenuation with reference frequency w,, while y, are scalar
parameters tuned to fit specific frequency dependence laws for
the quality factors Q(x). In seismology, these quality factors
are considered constant over the frequency band, which is usually
approximated using /=1, .. ., 3 SLS mechanisms, and by solving
aleast-squares estimation problem to determine the y, coefficients
(Yang et al., 2016).

The spectral element discretization we use to solve these
equations does not make it possible to consider fluid zones directly
in the medium where the S-wave velocity would reach 0. The
most common configuration we are interested in is a fluid layer
on top of a viscoelastic medium. In this case, it is possible to couple
partial differential equations modeling the propagation of acoustic
waves in the fluid layer, with the viscoelastic equations 1 at the
fluid-solid interface (the sea bottom). The acoustic equations can
be modeled using the pressure P following

1.9 P- div(l v P) - 5, )
pVe Pr

where p,(x) is the fluid density, 7;(x) is the pressure velocity in
the fluid, and s(x,7) is related to a pressure source in the fluid layer.
The coupling equations are

(0

tt

--1
u).n = P V P.n, 5)

o.n = —Pn,

where n denotes the unit normal vector at the interface between
the solid and the fluid layer, and o is a three-by-three matrix
corresponding to the Cauchy stress tensor. This stress tensor is
related to the particle displacement vector u by Hooke’s law, which
can be written using Voigt’s notations as

o0=CD"u (6)

In the coupling equations 5, o is remapped as a three-by-three
matrix to keep homogeneity between scalars, vectors, and matrices,
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Figure 1. Two examples of a Cartesian deformed mesh with (a) constant element size and (b) variable element size.

and the quantity g.n is to be understood
as the reduction from a three-by-three
matrix to a three-component vector.
'The first coupling condition implies
the continuity of the normal component
of the acceleration at the interface. The
second equation implies the continuity
of the normal stress at the interface.
To accurately model interface
waves, we need to accurately accom-
modate for the solid-air interface (land
configuration) or the solid-water inter-
face (marine configuration). This is
possible using conventional finite-
difference schemes on Cartesian grids,
but it remains difficult, with such
discretization methods, to control the
balance between accuracy and compu-
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Figure 2. Parallel efficiency assessed for a forward fully elastic modeling engine on different HPC CPU-based machines with
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tational cost in case of highly varying
topography/bathymetry (de la Puente et al., 2014).

We prefer using a continuous finite-element discretization
method, namely the spectral element method. This approach relies
on Lagrange polynomials defined on a hexahedral mesh, and
Gauss-Lobatto-Legendre (GLL) discretization points to evaluate
the integrals. This choice guarantees the continuity of the solution
across the mesh elements without any additional constraints because
the GLL points contain the points at the element boundaries. In
addition, through the weak-form solution, the free surface condition
or the coupling conditions in the fluid-solid case are satisfied.

'The specificity of our implementation relies on the following
points. To simplify the implementation and speed up the overall
efficiency, we rely on a Cartesian-based mesh only vertically
deformed to conform to the free surface/bathymetry interfaces
(Figure 1). This avoids the use of lookup tables when we loop over
the elements. Our implementation relies on fourth- and fifth-order
Lagrange polynomials, which in practice provides a good trade-off
between accuracy and computational efficiency. We authorize the
use of arbitrary order polynomial for the shape functions describing
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the free surface or bathymetry interfaces. For the time discretiza-
tion, a second-order predictor-corrector Newmark scheme is used.

Our implementation results in the SEM46 software, which
has more than 100,000 lines of code. It is written in Fortran 90,
and the high-performance computing (HPC) implementation is
based on a two-level message passing interface parallelization:
the inner level performs a domain decomposition over the
Cartesian-based structured mesh; the outer level manages multiple
sources in parallel to handle computation with a large number of
virtual/active shots in FWI applications. SEM46 has been tested
on various HPC architectures and shows almost perfect linear
scalability (Figure 2). The largest problem considered so far
represents a 2048° fourth-order elements mesh using up to 110,582
CPU cores.

Note that for the two case studies presented in this paper,
FWT1 s performed in the elastic or acoustic-elastic approximation,
without taking into account the attenuation. The motivation is to
save computational time, while we expect the sensitivity to attenu-
ation to be reduced, as in both cases we consider relatively low- and
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narrow-frequency bands, and we use a misfit function focused on
the phase and not the amplitude. Still, SEM46 offers the possibility
to account for attenuation on P and S waves, both in the modeling
step or in the inversion step.

Interferometry of ambient seismic noise. The emergence of the
Green’s function between two stations from the averaging of the
correlation of the signal they record represents a breakthrough in
seismology (Campillo, 2006). Compared with exploration seismic,
earthquake-based seismology is severely constrained by the uncon-
trolled nature of the sources. Earthquakes occur mostly along
faults, resulting in a sparse illumination of the subsurface. Their
occurrence is unpredictable, and their precise location, mechanism,
and temporal signature is unknown. The ability to recover the
interstation Green’s functions from passive data recorded by a
network of stations is thus valuable help.

The first theoretical result came from acoustic and statistical
physics: when the wavefield enters in a diffusion regime, either
generated by multiple scattering or the stimulation from random
sources (or a combination of both), a discrete modal decomposition
of the wavefield shows that the cross-correlation of the signal
recorded by two stations, averaged over different realizations,
converges toward the interstation Green’s function (Lobkis and
Weaver, 2001).

Approximately at the same time, studies on time-reversal
techniques for a single acoustic source in a reverberant cavity
reached the same result. Extension to opened media and to wave-
guides configurations were shown to be possible provided a suitable
distribution of acoustic sources is used (e.g., Derode et al., 2003).

The extension of these results to elastic waves at regional
scale for seismology was not straightforward, at least from a
theoretical point of view. The question asked at that time was
whether it is possible to record an elastic wavefield propagating
in the earth in a diffusive state, characterized by an equipartition
of the energy between P and S modes, before it is attenuated.
Inspired by the work on coda waves initiated by Aki (1957),
Campillo and Paul (2003) showed experimentally that cross-
correlations of coda waves converge toward the Green’s function
between a pair of stations.

'This result had been conjectured in the exploration seismic
community decades before. In an early work, Claerbout (1968)
showed how the autocorrelation of the recording of transmitted
data from a surface receiver in a layered earth converges toward
the impulse response at the receiver location. This impulse response
can then be used to image the reflectivity below the receiver. In
the conclusion of his paper, Claerbout conjectured that the Green’s
function between two receivers could be extracted from the
cross-correlation of the recorded transmitted signal. This field of
research remained active in the exploration community under the
name of acoustic daylight imaging (Rickett and Claerbout, 1999;
Schuster et al., 2004). This technique is actually interferometry
applied to seismic imaging: cross-correlograms of passive data
are inverted to build reflectivity images or to localize sources.

Wapenaar (2003) first demonstrated the conjecture of
Claerbout in 3D acoustic for layered media, and then extended
this result to 3D general elastic media, with surface passive record-

ings (Wapenaar, 2004). What is perhaps the most striking is that

373a4 The Leading Edge  May 2025

the demonstration in Wapenaar (2004) does not make any statisti-
cal assumption: the obtained result follows a purely deterministic
approach. Yet, this equivalence result relies on strong assumptions.
For the cross-correlation of the recorded signals to be equal to the
elastic Green’s function, the pair of stations should record separately
the elastic wavefields generated by volume forces and deformation
rate sources deployed continuously along an arbitrary surface below
the two stations. However, introducing the assumption of mutually
uncorrelated random noise sources at depth, a result similar to
Lobkis and Weaver (2001) was obtained, formalizing the theoreti-
cal extension of this result to the elastic approximation.

Because the distribution and the energy of noise sources cannot
be easily taken into account in practice, the absolute amplitude
reconstruction is not guaranteed. However, the actual waveform
shape is recovered, which makes it possible to invert for the phase
information in the frame of elastic FWI. The motivation is to
increase the resolution of the subsurface images derived from this
passive data compared with conventional tomography techniques.
'The problem is formulated as follows. For two stations at x, and
x5, the observed data can be written as

(%4, x5) = Glocy, 205, 2) % w(2), ()

where G(x,, xp) is the Green’s function from x, recorded in x,,
# denotes the convolution operation, and w(#) is a wavelet acting
as a band-pass filter. The inverse problem we solve is

min Y > (dmz[m] (xA’xB)’”;h(xA’xB))’ (®)

where F denotes a multitaper misfit function, as proposed in Tape
et al. (2010). This misfit function measures the sum of the squares
of the frequency-dependent phase-traveltimes differences.
Moreover, m denotes the subsurface parameters we invert for,
derived from the density p and the stiffness tensor C (i.e., P- and
S-wave velocities), and 4

cal

[m](x,, xp) is computed as
d, [ml (g, xp) = u, [m](xy, 2)  w(?), )

with u, (x,#) solution of the coupled acoustic/viscoelastic equations
1, 4, and 5 for a source term located in x;.

Harmaliére landslide case study

The Harmaliere (HAR) landslide, in the French western Alps,
is a slow-moving landslide affecting a 2 km? area (Figure 3a). It
is characterized by a landslide-prone fine-grained Quaternary
unit with a thickness ranging between 0 and 250 m. This unit
consists of alternating glacio-lacustrine laminated silt and clay
and nonlaminated lacustrine sediments mixed with moraines
(Figure 3b). HAR shows sudden reactivations (March 1981 and
June 2016 recently, Lacroix et al., 2018), suggesting the role of
local subsurface heterogeneities. In addition, the central part of
HAR varies between a plastic slide at the top and a fluid flow at
the toe (Figure 3b).

Within the RESOLVE project (Gimbert et al., 2021), in
May-June 2021, a dense 3D array of broadband geophone nodes

has been deployed to record continuously natural seismicity for a
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one-month period in the HAR site, as well as 3D active-source
data set (Figure 3).

We use the ambient noise recordings to extract interstation
Green’s function by cross-correlating independent pair of stations.
Data are preprocessed using the following workflow. A low-pass
filter to limit the frequency content below 3.5 Hz is applied. The
time series are normalized by the value of the envelope, thus equal-
izing the contributions of weak and strong signal and attenuating
the impact of short high-amplitude transients (e.g., microearthquake,
slide-quakes). Each 24-hour time window is divided into 15-minute-
long subtime windows, on which normalized cross-correlation
(cross-coherence) is calculated in a range of time lags between
(-7.,7.) s. Cross-coherence is performed in the frequency domain,
where a power-spectrum normalization is added with respect to
conventional cross-correlation, thus effectively implementing for
each data chunk a spectral whitening. Finally, the 14 s long (-7,7)
cross-coherence functions are phase-weighted stacked, and a virtual-
source gather is obtained for each station (Figure 4).

Elastic FWI is applied on the resulting interstation Green’s
functions. The starting 7 model is built using ambient noise tomog-
raphy from the same Green’s functions. The starting 7}, model is
built by tomography from active data acquired with hammer sources
at the deployment time. The topography to model wave propagation
here is crucial. It is extracted and resampled from a 1 m resolution
LiDAR airborne survey (Provenzano et al., 2024).

'The final g model shows significant broadband updates with
respect to the starting ambient noise tomography model, both in
shallow and deep subsurface, with higher values at depths between
40 and 70 m, as well as a sharper low-velocity anomaly in the
southmost part of the model (Figure 5). In this 1.3-3.0 Hz band,
elastic FWI converges after nine iterations, reducing the misfit
value to about 45% of the initial one. This corresponds to an
increased waveform alignment for most traces at the measurement
windows, although the relatively high misfit plateau reflects the
nonreproducibility of the full cross-correlation waveforms at some
locations (Figure 6).

Previous geologic studies highlighted a modification of the
landslide’s deformation mechanism from a slide (plastic-like) at
the top (x < 400 m) to a flow (fluid-like) at the toe (x > 400 m),
with open questions regarding the mechanisms controlling the
transition zone between these two regimes (Fiolleau et al., 2021).
'The S-wave velocity model reconstructed here brings a first answer.
At about x = 425 m, an increase in the S-wave velocity model
from 200 m depth to a few tens of meters below the surface is
visible, drawing a bulge-like structure. It is already present in the
ambient noise tomography model and reinforced in the FWI
model. This could correspond to consolidated, relatively rigid clay.
Farther away from this point, toward the south, the S-wave velocity
significantly decreases, which could correspond to the less con-
solidated, flowing part of the landslide. The reason for the transi-
tion between the two regimes could be this vertical heterogeneity.
'The material sliding from the headscarp moves southward and
accumulates in this central zone, probably because it is blocked
by the rigid bulge. Once the increase in shear stress caused by
increasing accumulation reaches a critical threshold (Carriére
et al., 2018), the material flows southward.
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Figure 3. (a) Localization of the HAR landslide and overview of the acquisition deployment.
The red dots represent the geophone array positions. (b) Geologic cross section along the
central, active part of the HAR landslide, representing the current state of knowledge of
the survey area.

Western Alps and Ligurian Sea case study

The results we present here are extracted from Nouibat et al.
(2023). In the complex tectonic setting of the Alps and north-
western Mediterranean, a precise seismic mapping of the 3D
structure of Moho is crucial to understand the deep dynamic
processes involved in the orogenesis of the western Alps and the
opening of the Ligurian-Provence back-arc basin. With the
deployment of the AlpArray temporary seismic network, Western
Europe has become one of the most densely instrumented areas
in the world. We have computed vertical component cross-
correlations between 600 broadband stations from all available
temporary and permanent networks in the Alpine region (Figure 7,
2°E-16.2°E; 41.3°N-49.1°N) during the 2015-2019 period. The
station array includes the entire AlpArray Seismic Network

(AASN) and the Cifalps-2 experiment. The offshore component
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of the data set consists of high-quality correlations between the
AASN OBSs (Nouibat et al., 2022b).

We keep only reliable cross-correlations by applying the
following criteria: (1) signal-to-noise ratio greater than 5,
(2) difference in group velocity measured on the positive and
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negative parts less than 0.2 km/s, and (3) interstation distance
larger than one wavelength for the maximum period considered
in each period band. The final data set includes approximately
22 x 10° to 55 x 10* high-quality cross-correlations depending
on the period band. For FWI, all stations in Figure 7 serve as

receivers, out of which 185 stations are
used as virtual sources (white circles).

The initial model consists of the
pseudo-3D onshore-offshore 7 model
obtained from Bayesian ambient noise
tomography by Nouibat et al. (2022a,
2022b), and a ¥}, model converted from
this 7§ by the Brocher formula: 7}, =
0.9409 + 2.0947V; — 0.8206V3 +
0.26837* — 0.0251V5". We reconstruct
simultaneously 75 and ¥}, to account for
the sensitivity of the Rayleigh wave to
Vs, which becomes nonnegligible at
short periods. We employ a randomized
subsampling strategy of the ensemble
of virtual sources over iterations to
reduce the computational cost.

Figure 8 shows the depth slices of
the initial and final ¥/ models at 6 km
(Figures 8al and 8a2) and 26 km
(Figures 8b1 and 8b2) and correspond-
ing relative variations (Figures 8a3 and
8b3). We observe strong relative varia-
tions. At 6 km depth, the final model
exhibits lower velocities (< 2.5 km/s)
with strong negative velocity variations
(s —8%) in the Ligurian-Provence
Basin. These low velocities probably
reflect the slow propagation of
Rayleigh-Scholte waves, induced by
the sedimentary cover. Another pattern
appears in Corsica where the western
Variscan Corsica (see Figure 7) exhibits
higher velocities (= 3.5 km/s) than the
northeastern Alpine Corsica. Such
variations are probably due to Rayleigh-
Scholte mode conversions across the
Corsican Margin, which are taken into
account by the 3D fluid-solid coupling.
On the onshore domain, relative varia-
tions roughly coincide with geologic
structures, with a velocity decrease in
the western and eastern parts of the
subduction wedge and an increase in
the forelands.

Based on these results, a new 3D
Moho map of the western Alps region
(Figure 9¢) is derived, estimated from
the depth of the iso-velocity surface
Vi =4.2km/s. In the southwestern Alps,
while Lu et al’s (2020) model exhibits

Special Section: Elastic full-waveform inversion
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Figure 6. Trace-by-trace waveform data fit. Black: observed data. Blue: computed data in the starting model. Red: computed data in the final model. Traces are sorted in ascending absolute
offset, but offset interval is irregular reflecting the three-dimensional acquisition.

approximately 40—45 km depths, the
Moboho in our model deepens to depth
greater than 60 km, which is more con-
sistent with the continental subduction
from receiver functions (RF) observations
(Zhao et al., 2015). We also obtain a
shallower Moho (20-25 km) associated
with the Ivrea Body (white dashed line
on Figure 9¢). The strong along-strike
variations in our Moho depth from north
to south are in line with RF observations
between the northwestern and southern
Alps (Paul et al., 2022), indicating a
noncylindricity of the deep structure of
the western Alps.

Figure 10 shows snapshots of the
simulated vertical displacement recorded
at the surface, in the 5-10 s period band
for an onshore source station located in
southern France. We compare elastic
(Figures 10a1-10c1) and acoustic-elastic
modeling (Figures 10a2-10c2) in the
initial model to emphasize the impor-
tance of taking into account the fluid
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Figure 7. Geologic and tectonic setting of the study area, with locations of seismic stations used in this work (white circles:
virtual sources; green circles: receivers). LPB: Ligurian-Provence Basin, LPM: Ligurian-Provence Margin, CM: Corsican Margin.

Figure extracted from Nouibat et al. (2023).
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Figure 8. Depth slices in (al, b1) the initial and (a2, b2) final shear-wave velocity models and the relative variations to the initial model (a3, b3), at 6 km (al-a3) and 26 km (b1-b3) depths.
Figures extracted from Nouibat et al. (2023).
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layer. Figure 11 shows synthetic waveform fits to
data at an OBS located in the central Ligurian-
Provence Basin at a depth of approximately 2700 m
(location in Figure 11a). Figures 11b1, 11b2, 11c1,
11c¢2, 11d1, and 11d2 show simulations in the initial
model and Figures 11b3, 11¢3, and 11d3 show simu-
lations in the final model. In the elastic modeling
case, the source—OBS pair is assumed to be located
on the free surface, which is why we observe the
propagation of a Rayleigh wave in the oceanic part
(Figures 10a1-10c1). In the acoustic-elastic case, we
observe a mode conversion from Rayleigh to
Rayleigh-Scholte wave at the Gulf of Lion Margin
(Figures 10a2-10c2). The resulting wave packet is
characterized by stronger amplitude and slower
propagation velocity and includes strong wavefront
distortions. However, we notice in both cases a dis-
sipation within the Ligurian-Provence Basin and

Figure 9. Depth maps of Moho and Moho proxy in the Alps and
Northwestern Mediterranean. (a) Spada et al.’s (2013) map composed

of three blocks: European Moho (M1), Adriatic Moho (M2) and Ligurian—
Sardinia—Corsica-Tyrrhenian Moho (M3). (b) Lu et al. (2020)'s depth map
of the V5= 4.2 km/s iso-velocity surface from their WET model. (c) Depth
map of the I = 4.2 km/s iso-velocity surface from our WET model. For a
better illustration, the color scale is saturated at 60 km depth. Acronyms:
Eu: European Moho; Ad: Adriatic Moho; Li: Ligurian Moho; WA: western
Alps; CA: central Alps; EA: eastern Alps. Arrows in purple: Moho step
heneath the external crystalline massifs. Dashed white line: shallow Moho
associated with the lvrea Body. The gray areas hide regions where Moho
maps are unconstrained. Figures extracted from Nouibat et al. (2023).
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Figure 10. Comparison of snapshots of the vertical displacement wavefield in the 5-10 s period band, simulated using (al-c1) the elastic wave equation, (a2—c2) the acoustic-elastic
coupled wave equation, for the source station indicated by the red triangle. The wavefields are extracted on a 3D surface corresponding to the topography in the onshore part and to the
hathymetry of the seafloor in the marine part. Black dashed frames show scattered Rayleigh-wave packets. The thin black lines are geologic and tectonic houndaries from Figure 7. Figures

extracted from Nouibat et al. (2023).
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Figure 11. Comparisons between simulated vertical-component seismograms (red) and observed noise correlation waveforms (black), filtered in the 5-10, 10-20, and 20-40 s period
hands, for the source-receiver pair in (a) (red: station source, white: receiver). Elastic and acoustic-elastic simulations in the initial model (m,,,) are shown in b1, c1, d1 and b2, ¢2, d2
respectively. Seismograms in b3, c3 are computed from acoustic-elastic modeling in the final model (m ) while d3 is computed from elastic modeling. The gray areas indicate the surface-
wave window and AT corresponds to the cross-correlation-based time shift between observed and synthetic windowed waveforms. Figures extracted from Nouibat et al. (2023).

almost the same wavefield in the continental part. For instance,
both simulations evidence a scattering of the wave packet to the
north of the Ligurian Sea (dashed black frame in Figures 2cl
and 2c2).

The discrepancies in amplitude and traveltime in the oceanic
part are significant. The arrival time of the Rayleigh-wave envelope
obtained from elastic modeling in the 5-10 s band is approximately
35 s earlier than that of the Rayleigh-Scholte wave obtained from
acoustic-elastic modeling (Figures 11b1 and 11b2). Furthermore,
the arrival time of the observed surface wave is much closer to
the arrival time of the simulated signal with fluid-solid coupling
(Figure 11b2). This fit is further improved after inversion as shown
in Figure 11b3. Differences between the two modeling results
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are also visible in the 1020 s period band with a lower but still
significant misfit due to the free surface boundary condition

(Figures 11c1-11c3).

Conclusion and perspectives

Elastic FWTI is appealing, as it is able to better account for
the wave propagation within the subsurface and to provide
simultaneous reconstruction of P- and S-wave velocities. This
in turn refines our characterization of the subsurface. Recent
applications in the Gulf of Mexico have shown already the
interest in applying elastic FWI to improve the AVO response
and better delineate salt bodies in the P-wave velocity reconstruc-

tion (Rivera et al., 2019).
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However, elastic FWI remains challenging because of its high
computing cost, the need for appropriate numerical tools, and the
increased nonlinearity of the FWI problem itself. Regarding this
point, we believe that taking benefit of the more and more frequent
deployment of OBS, to retrieve interstation Green’s functions by
interferometry strategies and invert them through FWI is an
interesting opportunity.

In this study, we have shown two examples of such strategy,
at different scales — one for the characterization of a landslide
in a near-surface imaging configuration, the other for imaging
the western Alps and Ligurian Sea. In both cases, the recon-
structed velocity models provide useful information to characterize
the subsurface.

The computational cost associated with elastic FWT in high-
frequency bands still appears as a limiting factor. To overcome
this limitation, the capability of running on different hardware,
including GPU (Cao et al., 2022), is fundamental. Within the
SEISCOPE project, we are currently designing an FWI orchestra-
tor that distributes the computational request on potentially
heterogeneous hardware in an asynchronous way, to more effi-
ciently exploit HPC infrastructures, in the perspective of exascale
computing (Schuster et al., 2024).

'The strong nonlinearity of elastic FWT also calls for the design
of robust inversion strategies. In this frame, a better exploitation
of the multicomponent data accessible through OBS is also an
interesting lead to follow. In recent work, we have shown how a
time-dependent polarization attribute can be extracted from
multicomponent data and used to design a polarization-based
misfit function that is more robust and less sensitive to prior
knowledge of the source time-signature (Sambolian et al., 2022).

Finally, elastic FWI is not only a computer-intensive and
highly nonlinear problem, it is also a multiparameter inverse
problem, for which dedicated inversion strategies are needed to
mitigate parameter coupling (Operto et al., 2013). Truncated
Newton strategies could be deployed using recent techniques
(Yong et al., 2022). We also believe that regularization strategies
based on homogenization should be considered (Capdeville and
Métivier, 2018). The latter theory shows that subwavelength
subsurface heterogeneities are “sensed” by the wavefield as a local
anisotropy, which in turn suggests that an FWI reconstructed
model is at best a homogenized version of the true model. This
provides a way to reduce the effective null space by projecting the
FWTI updates on the space of equivalent homogenized media.
This is a work that we will pursue in the future. HIE:

Data and materials availability
Data associated with this research are available and can be
obtained by contacting the corresponding author.

Corresponding author: ludovic.metivier@univ-grenoble-alpes.fr
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