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S U M M A R Y 

We apply Rayleigh-wave focal spot imaging to seismic records collected by ∼800 stations 
in the European Alps and surrounding areas and demonstrate the effectiveness of the 
method for lithospheric imaging in a complex plate boundary environment. We recon- 
struct ZZ-component focal spots from AlpArray and related network data and estimate 
fundamental-mode Rayleigh-wave phase velocities in the 20 to 200 s period range using 

spatial autocorrelation (SPAC) models. Using a short data distance on the order of 1 λ

allows us to study Rayleigh waves at longer periods compared to the limits of ambient- 
noise tomography. We implement SPAC models corrected for the anisotropic background 

illumination to mitigate the observed strong surface-wave energy incidence in the SW- 
NE direction. The comparison between our focal spot imaging results and two regional 
tomography studies demonstrates the resolution power of the method for non-isotropic 
wavefield conditions and a spatially variable array shape. We invert the Rayleigh-wave 
dispersion curves using the Neighbourhood Algorithm to construct a pseudo 3-D shear- 
wave velocity model between 20 and 200 km depth and to image the Moho topography. 
The agreement of the obtained velocity features with reference shear-wave models illus- 
trates the potential of focal spot imaging to resolve relevant structural information and 

helps to establish the local time domain spatial autocorrelation analysis as a complemen- 
tary approach to ambient-noise tomography. 

Key words: Crustal imaging; Seismic interferometry; Seismic noise; Surface waves and 

free oscillations. 
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 INTRODUCTION  

eismic imaging using scattered or diffuse wavefields has devel-
ped into a mature approach for the characterization of Earth
tructure at near-surface and crustal scale. The emergence of 
eismic interferometry together with the availability of afford-
ble seismic sensors (S.J. Arrowsmith et al. 2022 ) has led to
he extension and development of established and new passive
ense-array imaging techniques (D. Draganov et al. 2009 ; F.C.
in et al. 2009 ; G. Ekström et al. 2009 ; F.C. Lin & M.H. Ritzwoller
011 ; E. Galetti & A. Curtis 2012 ; P. Poli et al. 2012 ; N. Nakata
t al. 2015 ; S.A.L. de Ridder & B.L. Biondi 2015 ; G. Hillers et al.
016 ; T. Blondel et al. 2018 ; J. Wang et al. 2019 ; Y. Lu et al. 2020 )
hat can produce high-resolution images of complex subsurface
tructures. 

The passive dense-array surface-wave focal spot imaging
ethod estimates medium properties locally. The focal spot is

he large-amplitude feature at lag time τ = 0 s of the 2-D noise
C© The Author(s) 2026. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution Licens
which permits unrestricted reuse, distribution, and reproduction in any mediu
orrelation wavefield centred on a reference station considered
s the virtual source. It can be understood to result from the re-
ocusing of far-field propagating waves on the source. In passive
eismology the surface wave refocusing is reconstructed from
he cross-correlations of the ambient-noise field, which is equiv-
lent to active ultrasound time-reversal experiments (M. Fink
999 ; A. Derode et al. 2003a , b ). The narrowband zero-lag cross-
orrelation amplitude distribution is the time domain spatial au-
ocorrelation and thus equivalent to the frequency-domain spa-
ial autocorrelation or SPAC (K. Aki 1957 ). We use this equiva-
ence (V.C. Tsai & M.P. Moschetti 2010 ) and parametrize the fo-
al spot with the models developed for the SPAC method (K. Aki
957 ; H. Okada & K. Suto 2003 ) and its extension (M.M. Haney
t al. 2012 ) to estimate fundamental mode Rayleigh-wave phase
elocity cR (G. Hillers et al. 2016 ; B. Giammarinaro et al. 2023 ; C.
sarsitalidou et al. 2024 ). 
Focal spot imaging uses the SPAC formulae and related

heoretical developments (H. Nakahara 2006 ), notably the
oyal Astronomical Society. This is an Open Access
e (https://creativecommons.org/licenses/by/4.0/),
m, provided the original work is properly cited. 1
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J0 (ωr/cR ) parametrization of the vertical Rayleigh-wave compo- 
nent, where J0 denotes the Bessel function of order zero, and 

the parameters in the argument are the angular frequency, the 
distance and the phase velocity. The focal spot dense array ap- 
proach differs from typical SPAC applications in geotechnical 
engineering. In contrast to the triangular or circular SPAC arrays 
(S. Foti et al. 2018 ), modern dense seismic arrays share acqui- 
sition similarities with ultrasound transducers and their dense 
spatial sampling used in passive elastography. Seismic focal spot 
imaging adopts the elastography focal spot approach (S. Cathe- 
line et al. 2013 ; J. Brum et al. 2015 ) and compiles images with- 
out solving a tomographic inverse problem by iteratively esti- 
mating the local phase velocity from the time-domain spatial 
autocorrelation field using frequency-filtered data from short 
distances r (G. Hillers et al. 2016 ; C. Tsarsitalidou et al. 2024 ). 
This differs from the dense-array SPAC applications by G. Ek- 
ström ( 2014 ) and E.D. Kästle et al. ( 2018 ) that invert for c (ω) dis- 
persion curves from propagating signals between station pairs 
followed by a phase velocity tomography at each frequency ω. 
Numerical focal spot experiments showed that the velocity can 

be robustly estimated using data from distances in the range of 
1 λ from the centre station, with strong implications for an im- 
proved lateral resolution (B. Giammarinaro et al. 2024 ). Super 
resolution can potentially be achieved when the focal spot recon- 
struction has a high signal-to-noise ratio (SNR), which is further 
facilitated by a high station density in a subarray (C. Zemzemi 
et al. 2020 ). Moreover, the absence of a minimum interstation 

distance cutoff, typically set at 2 λ (chapter 5, N. Nakata et al. 
2019 ), allows an analysis of wavelengths that are long compared 

to tomography, which extends the depth resolution of seismic 
surface-wave focal spot imaging (B. Giammarinaro et al. 2023 ). 
This was demonstrated in the first large-scale USArray focal spot 
application (C. Tsarsitalidou et al. 2024 ) that extended Rayleigh- 
w ave phase velocity imaging to 310 s period compared to the 
tomography 150 s limit (K. Zhao et al. 2017 ). These strong ad- 
vantages are balanced by a sensitivity of the focal spot shape 
to imperfect surface wavefields including interfering body wave 
components, that can, however, be mitigated using longer data 
ranges r, at the expense of a decreased resolution (R. Takagi 
et al. 2014 ; B. Giammarinaro et al. 2023 ; C. Tsarsitalidou et al. 
2024 ). 

Following the USArray application (C. Tsarsitalidou et al. 
2024 ), we here apply the focal spot imaging to continuous data 
recorded by stations in the European Alps and the Italian Penin- 
sula to estimate the fundamental mode Rayleigh-wave phase ve- 
locity in the 20 to 200 s period range. Seismic images based on 

data of the national permanent networks of the Alpine states 
and the adjacent countries constrained the complicated veloc- 
ity structure in this tectonically complex plate boundary region. 
The deployment of the temporary AlpArray network in 2015 
(AlpArray Seismic Network 2015 ) increased the resolution of 
seismic images significantly. AlpArray data have been facilitat- 
ing a wide range of ambient-noise imaging approaches (A. Paul 
et al. 2024 , and references therein). They underpin improve- 
ments of the first ambient-noise surface wave tomography (L. 
Stehly et al. 2009 ) that now show high-resolution images of the 
European crust and upper-mantle structure and the subduction 

of the European crust under the Adria microplate (A. Nouibat 
et al. 2023 ). Y. Lu et al. ( 2018 ) and A. Nouibat et al. ( 2022 )
constructed group velocity images up to 150 s period using a 
2-D linearized and transdimensional inversion, respectively, of 
Rayleigh-wave traveltime data exploring ray paths from stations 
in continental Europe and the UK. E.D. Kästle et al. ( 2018 ) es- 
timated Rayleigh-wave phase velocities between 4 and 250 s 
by applying the SPAC implementation of G. Ekström ( 2014 ) to 
noise cross-correlations up to 75 s and the two-station method 

to earthquake data for the longer periods. 
Compared to the USArray application (C. Tsarsitalidou et al. 

2024 ), here we use an updated focal spot analysis to better miti- 
gate biasing effects associated with the directional surface-wave 
energy flux. In this AlpArray analysis too the focal spot imag- 
ing results are compatible with tomographic reference mod- 
els, which again supports the effectiveness of the local imag- 
ing approach. The average interstation distance is with 50 km 

comparable to the USArray, however, we find that the stronger 
small-scale lateral velocity variations associated with the plate 
collision together with the irregular array shape influence the 
imaging results in ways that highlight the potential of further 
processing improvements. Here we invert the local focal spot 
dispersion curves for the first time to compile a pseudo-3-D 

shear-wave velocity ( vS ) model. Our focus is to explore the po- 
tential of constraining vS estimates from focal spot dispersion 

curves, which are directly derived from the spatial autocorre- 
lations and thus subject to measurement uncertainties that are 
not regularized or averaged during a tomographic inversion pro- 
cess. We discuss our imaging results but do not aim to produce 
an updated vS model that can supersede established shear-wave 
models. 

In Section 2 we introduce the AlpArray data set, and we de- 
scribe the signal processing and the updated focal spot disper- 
sion analysis. In Section 3 we describe the Rayleigh-wave dis- 
persion curve inversion. In Section 4.1 we discuss the obtained 

phase velocity results in comparison to tomography results (E.D. 
Kästle et al. 2018 ; A. El-Sharkawy et al. 2020 ), before we show the 
vS structure and the Moho topography in Sections 4.2 and 4.3 , re- 
spectively. We emphasize the good agreement with tomography 
at the short periods, and the challenges posed by the imaging 
configuration at long periods. 

2  FOC AL  S P OT  I M AGI N G  

2.1 Data selection, pre-processing and noise correlations 

We use vertical component, continuous records of about 800 
stations deployed across the European Alps, its surroundings 
and the Italian peninsula, between 3◦−19◦ E and 36◦−50◦ N. 
Together with the permanent stations in the area, we include 
stations of the temporary AlpArray (AlpArray Seismic Network 

2015 ) and the two line arrays Cifalps (L. Zhao et al. 2016 ) and 

Cifalps2 (L. Zhao et al. 2018 ) in the Western Alps. We exclude 
stations from the EASI network in the Eastern Alps (AlpArray 
Seismic Network 2014 ) because of the obtained poor quality on 

the velocity estimation. We use the AlpArray land-based sta- 
tions deployed in the Greater Alpine region that were operating 
between two to four years. The average interstation distance is 
50 km. 

Ambient-noise cross-correlations provide an estimate of the 
Green’s function assuming a sufficiently scattered wavefield or 
homogeneously distributed noise sources (M. Campillo & P. 
Roux 2015 ). However, many data applications indicate localized 
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nd persistent excitation patterns that result in spatially vari-
ble ambient-noise wavefield properties. Time and frequency-
omain normalization of the ambient-noise records can help

o mitigate biasing effects in cross-correlations that result from
on-stationarity (G.D. Bensen et al. 2007 ). Focal spot imaging
an use the same signal processing chain that is used in ambient-
oise tomography. We implement the same processing as in the
SArray focal spot application (C. Tsarsitalidou et al. 2024 ). We

pply a low-pass filter, decimate the daily records to 1 Hz, re-
ove the instrument response and apply a bandpass filter in the
 . 2−400 s range. For every 4 hr segment, the amplitude is nor-
alized in the frequency domain using spectral whitening and

lipped in the time domain at three times the standard deviation
f the amplitude distribution in that window. 
We compute 4 hr time-window cross-correlations to obtain the

ertical–vertical (ZZ) component of the Green’s tensor. While
Z-component focal spots can consist of Rayleigh surface-wave
nd body-wave energy, they exhibit significantly higher SNR
ompared to tensor elements involving the radial component,
nd allow overall more robust velocity estimates (C. Tsarsital-
dou et al. 2024 ). The maximum correlation lag time τ = 1000
 facilitates the frequency filtering of the correlation wavefield
p to 200 s period. We normalize the cross-correlations with the
nergy of both traces and apply a linear stack. For the Rayleigh-
 ave phase velocity estimates we apply a narrowband Gaus-

ian filter to each cross-correlation defined as h (ω) = e−α( ω−ωc 
ωc )2 

,
here α = 1000 and ωc is the central angular frequency of the
ourier transform of the cross-correlation (B. Giammarinaro
t al. 2023 ). The filter targets periods between 20 and 200 s in
ncrements of 10 s. Before filtering, we zero-pad the correlations
o increase the period sampling for better resolution of the target
lter periods. 

.2 Isotropic focal spot parametrization 

he steps of data pre-processing and the computation of cross-
orrelations for tomography and focal spot imaging applica-
ions are the same. However, the two approaches differ in the
orrelation-field analysis for the estimation of the phase veloc-
ty and the reconstruction of dispersion curves. Focal spot imag-
ng does not yield group or phase velocity images that involve
he regularization of the observed velocity variations in a 2-D
omographic inversion. We estimate local dispersion curves at
ach station location through the SPAC Bessel-function model
arametrization. This is similar to the ESPAC method (H. Okada
 K. Suto 2003 ), which has been, however, mainly applied to

eotechnical surveys using small-scale arrays composed of a few
ensors (M.W. Asten & K. Hayashi 2018 ). 

In classic SPAC applications a complete azimuthal data aver-
ge around the reference station provides accurate velocity es-
imates even in the case of strong anisotropic or even plane-
 ave incidence. Again, the focal spot is the time-domain spa-

ial autocorrelation that is equivalent to the zero-lag time cross-
orrelation amplitude distribution, and it forms a Fourier trans-
orm pair with the frequency-domain spatial autocorrelation
avefield (V.C. Tsai & M.P. Moschetti 2010 ). This relation was
sed in the first focal spot imaging applications (G. Hillers et al.
016 ; C. Tsarsitalidou et al. 2024 ), where the zero-lag amplitudes
 (r) of the ZZ-component cross-correlations were parametrized
sing the classic 1-D SPAC result 

 (r, τ = 0) = σ J0 (kr) (1) 
o estimate the fundamental mode Rayleigh-wave phase veloc-
ty cR = ω/k, with k denoting the wavenumber. The amplitude
caling factor σ accounts for the Rayleigh-wave power and pre-
rocessing effects (G. Hillers et al. 2016 ). Importantly, the data
ange r is on the order of the wavelength λ, and the choice of 
can trade-off the SNR-dependent precision of average veloci-

ies and the spatial resolution of medium heterogeneity (B. Gi-
mmarinaro et al. 2024 ). 

.3 Anisotropic AlpArray focal spots and model 
egression 

he uneven coverage of noise sources affects the focal spot
hape, as observed in Fig. 1 (a) for periods of 50, 100 and 200 s.
he focal spots are not circular, and the images indicate a
tronger incidence in the SW-NE direction that is parallel to the
hortened focal spot axis (B. Giammarinaro et al. 2023 ). This in-
idence is compatible with sea wave model predictions of seis-
ic hum generation for the periods above 50 s along the Euro-

ean West coast (F. Ardhuin et al. 2015 ; M. Deen et al. 2018 ).
he implementation of the isotropic SPAC formula (eq. 1 ) pro-
ides accurate velocity estimates when the focal spot is fully
econstructed at all azimuths (K. Aki 1957 ; B. Giammarinaro
t al. 2023 ). It is expected that the phase velocity uncertainties
re larger for non-optimal imaging configurations, for exam-
le, along the edge of the array or when the focal spot has the
ame scale as the array aperture (C. Tsarsitalidou et al. 2022 ). To
imit the effects of potentially biasing configurations associated
ith the spatially variable AlpArray deployment we use a SPAC
arametrization that is adapted to the observed background il-

umination. 
Sub-vertically incident P -wave energy excited by ocean-solid

arth interactions and reverberations associated with large
arthquakes (P. Boué et al. 2014 ) interfere at zero-lag time with
he refocusing Rayleigh waves (C. Tsarsitalidou et al. 2024 ). In
his AlpArray pilot application we do not analyse the surface
nd body wave partitioning in more detail (C. Tsarsitalidou et al.
024 ). We fit the Bessel-function model to focal spot data us-
ng a conservative data or regression distance of rfit = 1 . 5 λ. This
hoice is based on numerical and observational results (B. Gi-
mmarinaro et al. 2023 ; C. Tsarsitalidou et al. 2024 ) that show
hat the biasing effect of P -wave energy decreases significantly
sing regression distances larger than 1 λ. 
The cross-correlation tensor for anisotropic incidence has

een derived for scalar (H. Cox 1973 ; H. Nakahara 2006 ) and vec-
or waves (M.M. Haney et al. 2012 ; R. Takagi et al. 2014 ). Most
PAC and the previous focal spot applications use the isotropic
odel discussed in Section 2.2 . Our AlpArray analysis is the

rst large-scale data application that considers the wavefield
nisotropy in the 2-D regression model. This model is based on
he expression for the spatial autocorrelation coefficient devel-
ped by M.M. Haney et al. ( 2012 ) 

(r, ψ ) = a0 J0 (kr) +
M−1 ∑ 

m =1 

jm Jm 

(kr)
(
am 

cos (mψ ) + bm 

sin (mψ )
)
, 

(2

here the am 

and bm 

are weights, j is the imaginary unit, ψ is
he azimuthal angle between the reference station at the origin
nd a target station, and Jm 

is a Bessel function of the first kind of 
he order of m . The summation is performed over m = 0 —which



4 C. Tsarsitalidou et al.

Figure 1. (a) ZZ-component narrowband filtered focal spots at periods of 50, 100 and 200 s for the station Z3A143A, indicated as cyan-colored cross. (b) 
The model amplitude after fitting the focal spot data from panel (a) using the anisotropic regression described in Section 2.3 . (c) Difference between the 
model in panel (b) and the focal spot data in panel (a). Data from stations indicated in grey are not used in the regression. The grey circle indicates the 
data range used for the velocity estimation. The insets show the amplitude distributions as a function of distance. The line array across the French-Italian 
border is the Cifalps2 line. 
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includes the a0 weight—and M−1 where M denotes the num- 
ber of the correction terms, which depends on the wavenumber 
k and the data range rfit (L. Seydoux et al. 2017 ). In our time- 
domain focal spot parametrization, only the real part of eq. ( 2 ) 
is used. The number of correction terms in the summation is al- 
ways M = 9 , because rfit is a function of the wavelength λ. Here, 
M = kang rfit = 

2 π
λ

1 . 5 λ≈9 . 4 , where kang is the angular wavenum- 
ber. To parametrize the focal spots and estimate the isotropic 
Rayleigh-wave phase velocity from narrowband zero-lag ZZ- 
component cross-correlation amplitude data eq. ( 2 ) becomes 

A (r, ψ, τ = 0) = σ J0 (kr) − J2 (kr)
(
a2 cos (2 ψ ) + b2 sin (2 ψ )

)
(3) 

+ J4 (kr)
(
a4 cos (4 ψ ) + b4 sin (4 ψ )

)
−J6 (kr)

(
a6 cos (6 ψ ) + b6 sin (6 ψ )

)
+ J8 (kr)

(
a8 cos (8 ψ ) + b8 sin (8 ψ )

)
. 

art/ggag017_f1.eps
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or a given period or frequency, the free parameters are the
essel-function argument wavenumber k that is equivalent to

he target phase velocity cR , the amplitude factor σ and the
eights a2 , b2 , . . . , a8 , b8 . 
The phase velocity is estimated by an iterative procedure sim-

lar to the isotropic approach used by C. Tsarsitalidou et al.
 2024 ). We perform a nonlinear regression of the Gaussian fil-
ered focal spot data three times to estimate the free parameters
, σ and the am 

and bm 

weights. The difference is that we use
q. ( 3 ) for the second and third iteration that accounts for the
ffects of the anisotropic background illumination on the non-
ircular focal spot shapes. 
During the first iteration, the focal spot regression is per-

ormed using the isotropic SPAC formula (eq. 1 ) with no distance
estriction and with free parameters k1 and σ1 . At this point, k1 
s estimated to determine the data range rfit for the next two it-
rations. We perform the second iteration by fitting the model
n eq. ( 3 ) to focal spot data from distances up to rfit = 1 . 5 λ, with

= k1 rfit . At this second step, the free parameters are k2 and
2 —the indices denote the second iteration—and the weights
2 , 4 , 6 , 8 and b2 , 4 , 6 , 8 . We scale the focal spot data with σ2 and fit
he data again with the anisotropic model. Scaling with the fac-
or σ ensures properly normalized residual sum of squares RSS
stimates that are computed from the misfit between the focal
pot data and the Bessel-function model. While the shape of 
he residual distribution is not affected by the scaling, the value
ange is. We do not update the wavenumber estimate from the
econd to the third step, that is, k2 = k3 , however, after the third
teration σ3 equals unity. 

Figs 1 (b) and (c) show the model and the residuals between
he focal spot model and data (Fig. 1 a) after the third iteration
f the regression, respectively, for the periods 50, 100 and 200 s.
he insets in Figs 1 (a), (b) and (c) show the azimuthally inde-
endent 1-D focal spot, the model and residuals as a function
f distance. Overall, the obtained 2-D models in Fig. 1 (b) have a
imilar elliptical shape as the observed focal spots with a short-
ned axis in the SW-NE direction. The corresponding 1-D model
istributions illustrate how the anisotropic incidence influences
he radial amplitude variations at a given distance. Compared to
hese models the data in the insets in Fig. 1 (a) exhibit a signif-
cant variability at very short distances that indicate an overall
oor SNR that decreases with period. The difference between the
odel and the focal spot data is plotted in Fig. 1 (c). The greener

olours around the origin at 50 and 100 s indicate larger observed
ompared to modelled amplitudes. In the 1-D representation we
an observe an overall asymptotic behaviour to neutral residuals
t larger distances, a trend that decreases with increasing period.
his is compatible with a consistent sinc-function component
ssociated with coherent body-wave energy (H. Cox 1973 ) that
s not parametrized by the Rayleigh-wave focal spot model. To-
ards longer periods this asymptotic component decreases and

he scattering indicative of a poor SNR dominates the pattern.
he envelope of the residuals exhibits the shape of two opposite
scillating functions. That is, focal spot samples are lower and
igher compared to the model at the same distance, and this

rend is stronger between the zero crossings. This implies that
he first-order effects are associated with the target surface-wave
ehaviour that controls the azimuthally dependent zero cross-

ngs. 
The iterative regression estimates the period-dependent phase

elocity and the associated RSS quality control parameter. From
he RSS we can further estimate the standard error (R.C. Aster
t al. 2013 ), 

k =
√ 

RSS 
dof 

· Ck , (4) 

here Ck is the diagonal element of the parameter covariance
atrix for the wavenumber k and dof indicates the degrees of 

reedom, that is, the number of data points minus the num-
er of free parameters, which is 10 for an order number 8. The
ayleigh-wave phase velocity error εcR is then computed using

tandard error propagation concepts. 

.4 Focal spot phase velocity images 

e apply a range of narrowband Gaussian filters (Section 2.1 )
o estimate Rayleigh-wave dispersion for the 20 to 200 s period
ange. We compile spatial distributions of the period-dependent
hase velocity, RSS and the error by assigning each estimate to
he location of the associated station. The Voronoi tessellation of 
he obtained images (Section 4.1 ) mirrors the station locations
nd preserves the information of the array properties, highlight-
ng the dense-array imaging character of the focal spot method.
n each period-dependent phase velocity image we perform a
uality control to remove outliers that we find are more frequent
ompared to the USArray results (C. Tsarsitalidou et al. 2024 ).
or this we use the interquartile range IQR of the correspond-

ng RSS and the phase velocity distributions. For each period,
e keep dispersion measurements that fall within the Q 1−1 . 5

QR and Q 3+ 1 . 5 IQR range in each image, where Q 1 and Q 3 de-
ote the first and third quartiles of the estimated velocity distri-
utions, respectively. We also remove dispersion measurements
ssociated with RSS values higher than the Q 3+ 1 . 5 IQR of the
SS distribution. These thresholds were empirically chosen to
ield more cohesive images. This period-dependent quality con-
rol can lead to local dispersion curves composed of a varying
umber of samples. We exclude stations from the EASI network
AlpArray Seismic Network 2014 ) because of the observed con-
istent low-quality results. On the other hand, the results along
he Cifalps and Cifalps2 (L. Zhao et al. 2016 , 2018 ) line arrays
re compatible with the nearby observations, that is, the linear
rray shape does not show in the velocity distributions, but the
ecreased signal-to-noise ratio associated with different deploy-
ent times can be indicated in the associated standard error
aps. This implies that the dense instrumentation along a spe-

ific direction relative to the background illumination does not
egatively affect the obtained regression results. 
To further eliminate remaining outliers, that is, small-scale

rtefacts that are not compatible with the results in the neigh-
ouring locations, we apply a median filter. For each period, the
hase velocity value at each station is replaced by the median of 
he phase velocities from that station and its two nearest neigh-
ours. This low-pass filtering works well for our irregular, non-
niform grid with its variable interstation distances. We find that
elocity estimates tend to be more robust in regions with high
tation density, leading to higher resolution that may be com-
romised by an alternative fixed-distance filtering. We discuss
he obtained results and compare them with published phase
elocity maps in Section 4.1 . Considering that spatial filtering
as not applied in the USArray focal spot application that used
 shorter rfit = 1 . 2 λ for the image production stage, our AlpArray
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analysis implies a more challenging imaging environment that 
can be attributed to the combination of greater structural com- 
plexity, topography variations and the irregular array geometry. 

3  INVERSION  OF  RAYLEIGH-WAVE  

DISPERSION  C U RVE S  

We invert each Rayleigh-wave dispersion curve between 20 and 

200 s period for 1-D shear-wave velocity vS profiles to compile a 
pseudo 3-D vS model. Each inversion is a stochastic direct search 

performed by the Neighbourhood Algorithm NA (M. Sambridge 
1999 ). Using the NA, the model space is explored randomly and 

non-uniformly towards areas of low misfit, as new sample mod- 
els are created based on the performance of tested models. The 
model space is created from a priori parameter ranges of the 
layer vS values and the interface depths between layers of con- 
stant velocity. Solutions for vP and density ρ are not explored in 

the inversion but are constrained by empirical laws in relation 

to vS . 
Our objective is to investigate if local vS profiles can be con- 

strained by inverting focal spot dispersion curves, and to assess 
to what degree the resulting 3-D images can be related to the 
known structure of the target region. The examples in Figs 2 (a) 
and S1 show that the blue indicated dispersion curves derived 

from the focal spot data tend to be less smooth compared to re- 
sults typically obtained from ambient-noise tomography. How- 
ever, we show below that the NA yields robust vS models that 
are compatible with reference results from tomography appli- 
cations that employ different inversion algorithms (A. Nouibat 
et al. 2022 ; E.D. Kästle et al. 2025 ). Table 1 summarizes the 
model space parameters used for the inversion. The choice of 
the parameters is based on initial inversion tests limited to the 
area between 7◦−12◦ E and 44◦−48◦ N. While a pre-defined 

parametrization may cause potentially resolvable layers near the 
parameter bounds to be missed, it can also stabilize the inver- 
sion and accelerate convergence. We explore four layers between 

10 and 270 km depth. Rayleigh waves with periods of 20 s and 

longer have a weak sensitivity at shallow depths. For the top- 
most 10 km we fix the vS value using the model by A. Nouibat 
et al. ( 2023 ) with no exploration. 

At the first step of each inversion, 300 000 models are ran- 
domly explored. Every model is used to compute a theoretical 
dispersion curve (R.B. Herrmann 2013 ), and the comparison to 
the observation yields a misfit value. We estimate the misfit as 
m = 

∑ 

m i d f , where m i is the difference between the synthetic 
and observed dispersion measurement i normalized by the stan- 
dard error of the velocity estimation, and d f is the difference 
between adjacent frequency samples assuming continuous mis- 
fit measurements along the frequency axis. We keep the 1000 
best models and test 100 more models in their neighbourhood 

by computing again synthetic dispersion curves and estimating 
their misfit. This step is iterated ten times. For the inversion of 
each dispersion curve we explore 1300 000 models. From these 
models we compile a posterior vS (z) distribution, which allows 
us to quantify the probability of occurrence of a particular vS 
value and interface across the considered depth range. The prob- 
ability distributions are obtained by discretizing the vS (z) distri- 
butions using bins of 1 km and 50 m s−1 and add the misfit de- 
pendent weight e−0 . 5 m of each model to this distribution. 

Fig. 2 shows an example of the inversion for the station 
CH.BOURR located in the Swiss Jura mountains. The observed 
dispersion curve (Fig. 2 a) has been obtained using the spatial 
median filter applied at each period. Error bars at each period 

indicate the uncertainty. The synthetic dispersion curve associ- 
ated with the weighted average of the 500 best models is shown 

in orange. The obtained dispersion curves exhibit sample-by- 
sample variations that are not modelled by the synthetic disper- 
sion curves [e.g. Fig. S1 (b), (c) and (e) at 130 s]. These fluctua- 
tions result from the narrow Gaussian filter and the spatial dis- 
cretization that signifies the focal spot approach. That is, each 

local estimate is independently obtained, without a spatial reg- 
ularization employed in 2-D tomography inversions. The fluctu- 
ations are likely controlled by variable wavefield and SNR char- 
acteristics, and should thus not be modelled using complicated 

and geophysically difficult to reconcile vS (z) distributions. 
Fig. 2 (b) illustrates the most probable model (blue solid line) 

estimated from the best 500 models, their weighted average (or- 
ange solid line) as well as the probability of observing a shear- 
w ave velocity value at each depth (shading). The probability 
of observing an interface at each depth interval is shown in 

Fig. 2 (c), and the corresponding shear-wave sensitivity kernels 
for periods between 20 and 200 s are summarized in Fig. 2 (d). 
Fig. S1 collects more examples from stations located in the Alps 
and surrounding areas. 

For the first 10 km the vS is fixed and the interface probabil- 
ity equals unity at all locations because we use the A. Nouibat 
et al. ( 2023 ) model with no exploration. Below 10 km we choose 
to work with the average of the 500 best-fitting models. While 
a synthetic dispersion curve computed from this ensemble pro- 
vides a good estimate of the observed data, the variability among 
these models—evident in both the vS and interface probability 
distributions—highlights the inherent non-uniqueness of the 
Rayleigh-wave dispersion inversion. In particular, the vS prob- 
ability distribution indicated by the shading in Fig. 2 (b) and re- 
lated panels in Fig. S1 shows an average ±0 . 3 km s−1 variability 
around the average, and the distributions tends to be broader 
at depths where interfaces are inferred. The interface probabil- 
ity often shows a gradient with depth, especially in the deeper 
parts of the model, which leads to velocity transitions in the fi- 
nal model compared to sharp discontinuities. This behaviour is 
controlled by the characteristics of the sensitivity kernels, which 

indicate a better resolution closer to the surface and a compara- 
tively poor resolution of deeper interfaces. 

4  R E S U LT S  

4.1 Phase velocity images 

Fig. 3 (a) shows phase velocity images for the periods between 

20 and 150 s, together with the corresponding RSS and standard 

error distributions in Figs 3 (b) and (c), respectively, that are ob- 
tained with the tools described in Section 2 . The median-filtered 

phase velocity images are shown using the Voronoi tessellation 

in Fig. 3 (d) and on a smoothly interpolated grid in Fig. 4 (a) using 
the discretization of E.D. Kästle et al. ( 2018 ). This facilitates the 
comparison with the results of E.D. Kästle et al. ( 2018 ) (Fig. 4 b) 
and A. El-Sharkawy et al. ( 2020 ) (Fig. 4 c) that are obtained us- 
ing ambient-noise and earthquake, and earthquake data, respec- 
tively. 

The 20 s image resolves lateral variations of the phase velocity 
in the lower crust and at Moho depth. On average, the velocity at 
each location is estimated using data within a radius of 100 km 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag017#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag017#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag017#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag017#supplementary-data
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Figure 2. Phase velocity dispersion and shear-wave velocity inversion at station CH.BOURR in North-Western Switzerland. (a) The observed dispersion 
curve is sampled between periods of 20 and 200 s with intervals of 10 s. The error bars are the uncertainty estimates computed from eq. ( 4 ). The orange 
line indicates the synthetic dispersion curve average of the 500 best fit models. (b) The most probable shear-wave velocity model (blue) and the average 
of the 500 best fit models (orange) together with the associated probability distributions. (c) Shear-wave velocity interface probability obtained from the 
500 best-fitting models. (d) Sensitivity kernels associated with the 500 best-fitting models average. 
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ndicated by the black scale in Fig. 3 (a). The coherent low veloc-
ties below the Apennines and the Alps indicate well resolved
arge-scale crustal thickness variations (Fig. 3 a). The method re-
olves known geological features on a smaller scale equally well.
he intermediate-velocity area in the Western Alps can be asso-
iated with the Ivrea geophysical body, which is interpreted as a
lice of the Adriatic mantle found at crustal depths (e.g. A. Nico-
as et al. 1990 ). This and the associated interpolated 20 s phase
elocity image (Fig. 4 a) compares well with the results of E.D.
ästle et al. ( 2018 ) (Fig. 4 b). The observed small-scale discrepan-

ies are likely controlled by different data pre-processing choices
nd different method sensitivities. At 50 s period (Fig. S2 ) many
maged large-scale features including the low velocities to the

est of the Alps and the high velocities in the Eastern Alps are
onsistent with the results of E.D. Kästle et al. ( 2018 ) and A.
l-Sharkawy et al. ( 2020 ) (Figs S3 and S4). Differences to the
omographic references such as the observed high velocities
long the Italian Peninsula including the Apennines are likely
nfluenced by the array shape and the incomplete azimuthal cov-
rage together with the average 300 km data range. 
In the 100 s phase velocity image (Fig. 3 a) the N-S trend-

ng bands of alternating high and low velocities do not corre-
ate with known tectonic structure. We hypothesize that this
nomaly is connected to biasing wavefield effects that require
urther analysis for mitigation. We emphasize, however, that this
nconsistency does not appear to significantly affect the inver-
ion for the shear-wave structure discussed in the next section.
s a result, the 100 s images (Figs 3 a and 4 a) exhibit consid-

rable differences to the results of E.D. Kästle et al. ( 2018 ) and
. El-Sharkawy et al. ( 2020 ) (Figs 4 b and c). At longer periods,

he 150 s images show again more consistent velocity variations
Fig. 4 ) compared to the two tomographic images. This refers to

art/ggag017_f2.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggag017#supplementary-data
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Table 1. The sketch to the left illustrates the model space parameters and their exploration ranges detailed to the right. This configuration is used for 
the vertical shear-wave velocity profile inversion discussed in Section 3 . 
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the low velocities to the West of the Alps in the Southeast corner 
of France and the large high-velocity area that covers Northern 

Italy, Western Austria and Southwestern Germany. Other areas 
of consistent spatial velocity variations include the low velocities 
in Eastern Austria and South-Eastern Germany in contrast to the 
high velocities in the Czech Republic. The focal spot velocity im- 
ages resolve the low velocities below the Apennines in central 
Italy that is also evident in the images obtained by E.D. Kästle 
et al. ( 2018 ) and A. El-Sharkawy et al. ( 2020 ) (Figs 4 b and c). The
similar spatial velocity variation resolved at 150 s across the Ital- 
ian Peninsula compared to the tomographic references indicates 
that the anisotropic model yields good results for focal spots that 
are spatially not fully reconstructed. At 150 s period a velocity 
contrast of 0.3 km s−1 across a 230 km distance in Southern Ger- 
many is imaged using a data distance range of rfit = 975 km. A 

mean wavelength of λmean = 650 km corresponds to the resolu- 
tion of a velocity variation on a scale of 0 . 35 λmean . This indicates 
subwavelength imaging (B. Giammarinaro et al. 2024 ) supported 

by the high station density compared to the wavelength. 
The 200 s image (Figs S2 and S3 ) recovers again the low ve- 

locities to the West of the Alps which are also imaged by A. 
El-Sharkawy et al. ( 2020 ). This feature shows a larger differ- 
ence in the focal spot phase velocity estimates, and this trend 

of larger focal spot based amplitude variations is also observed 

in the 150 s images. This difference in contrast reflects the dif- 
ferent imaging algorithms. In seismic tomography, a regulariza- 
tion is commonly adopted to stabilize the solution of the inverse 
problem that controls the lateral resolution. In focal spot imag- 
ing, the data range affects the velocity contrast, but in the range 
between 1 λ and 2 λ the impact on the obtained images is com- 
paratively weak (C. Tsarsitalidou et al. 2024 ). At these long peri- 
ods, an overestimation of the velocity associated with focal spot 
imaging is probably due to the bias of the P -wave energy from the 
global reverberations manifesting on the ZZ-component cross- 
correlations (C. Tsarsitalidou et al. 2024 ). 

The RSS and standard error images (Figs 3 b and c) inform 

about the spatially variable quality of the obtained solutions. The 
distributions at 20 s indicate a good resolution in the Alpine re- 
gion and in central Italy. In contrast, the northern section of the 
Apennines exhibits comparatively high values. These variations 

result from the interaction of the incident wavefield with the 
local structure and can thus contain complementary structural 
information. The images at longer periods are characterized by a 
general N-S trend controlled by the station configuration. Note 
the larger errors along the Cifalps profile in the Western Alps 
associated with the limited acquisition time. We emphasize that 
the access to local uncertainty estimates indicated in the disper- 
sion curves (Figs 2 a and S1 ) are an advantageous feature of the 
focal spot approach compared to tomography. 

We analyse the correlation of the velocity estimates from the 
three imaging results using scatter diagrams and estimate the 
Pearson correlation coefficient PCC for all periods (Fig. 5 ). The 
PCC is related to the covariance between the elements of two 
data sets scaled by their standard deviations, and it provides here 
a measure of the linear correlation between two velocity data 
sets. The results support our findings based on the comparison 

of the phase velocity images in Fig. 4 . The PCC between our fo- 
cal spot imaging and the two tomography results is positive up 

to 60 s. Almost neutral PCC values at 100 s indicate uncorrelated 

images associated with the banded velocity variations (Fig. 3 a), 
but the correlation is again positive at 150 and 200 s. The com- 
parison of the two tomography results shows positive correla- 
tion for all periods (Fig. 5 c). We point out that E.D. Kästle et al. 
( 2018 ) and A. El-Sharkawy et al. ( 2020 ) apply the same method 

to similar data sets for their solutions above 75 s. Interestingly, 
the PCC trend shows the same behaviour as for the focal spot 
data with the same PCC minimum at 100 s. The good correla- 
tion between the focal spot and the tomography results at short 
periods is also illustrated by the scatter plots. At longer periods, 
the horizontally elongated clusters in Figs 5 (a) and (b) reflect 
the larger contrast in the focal spot images. The average location 

below the parity line reflects the overestimation from the focal 
spot analysis. 

4.2 The 3-D shear-wave velocity model 

We invert the dispersion curves estimated at every station loca- 
tion to compile a 3-D vS model. Fig. 6 shows the resulting vS im- 
ages at different depths between 15 and 80 km. As said, these are 
averages of the 500 best-fitting models. At each depth, we apply 
the spatial median filter discussed for the phase velocity images 
(Section 2.4 ). 

art/ggag017_ufig1.eps
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Figure 3. (a) Focal spot Rayleigh-wave phase velocity images for the periods 20, 100 and 150 s estimated with the anisotropic regression described 
in Section 2.3 . The black scale bar in the lower left shows the average data range used for each image. (b) RSS estimates obtained from the misfit 
between the focal spot data and the anisotropic Bessel-function model. (c) Standard error computed from eq. ( 4 ). The visible line array across the 
French-Italian border is the Cifalps line. (d) Smoothed versions of the phase velocity images in panel (a) after application of a spatial median filter. IGB: 
Ivrea Geophysical Body. 
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The 15 km depth section features low velocities beneath
he Alps and the Apennines in the vS range around 3.4 and
.2 km s−1 , respectively, which indicates the lower velocities of 
he Adriatic crust compared to the European crust. We find
hat our vS model at this depth is compatible with indepen-
ently obtained results (A. Nouibat et al. 2022 ), even in areas
f poor azimuthal station coverage such as Southern Italy and
icily. 
The vS features in the 30 km depth section image can be as-
ociated with the Moho topography. The roots of the Alps and
pennines can be observed at this depth with vS values lower

han their surrounding areas. The roots correspond to vS values
f ∼3.5 km s−1 associated with the lower crust, in contrast to the
4 km s−1 upper-mantle velocities around it, which is compati-

le with tomographic imaging results (I. Molinari et al. 2015 ; Y.
u et al. 2018 ; A. Nouibat et al. 2022 ). 

art/ggag017_f3.eps
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Figure 4. Phase velocity images from (a) the focal spot method, (b) E.D. Kästle et al. ( 2018 ) and (c) A. El-Sharkawy et al. ( 2020 ). The images in panel 
(a) are the interpolated version of the images in Fig. 3 (d). The images of the three studies share the same colourbar shown in the bottom panels. 
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At 60 km depth we observe a spatial distribution of vS varia- 
tions that is similar to the pattern reported by A. Nouibat et al. 
( 2022 ). However, the absolute vS values in our model tend to be 
slightly higher. At this depth, the Apennines display higher vS 
values than the Alps, which can be associated with the Adriatic 
mantle and which suggests a thinner crust beneath the Apen- 
nines. The region of the Southern Rhône Valley exhibits the low- 
est vS value estimates ( < 4.4 km s−1 ) in the imaged area. We find 

again that our model tends to overestimate the absolute vS values 
in comparison to A. Nouibat et al. ( 2022 ), which is linked to the 
overestimation of the phase velocity discussed in Section 4.1 . 

At 80 km depth the vS image is overall compatible with the 
model of E.D. Kästle et al. ( 2018 ) (their fig. 12), as our image also 
features the high velocities below the Apennines and the Alps. 
The two results can differ, however, at smaller scales, which 

again reflects the sensitivities to the different processing chains 
and imaging techniques. 

We compare deeper sections of the model at 100, 145 and 

205 km to the results of E.D. Kästle et al. ( 2025 ) ( Fig. S5 ). At 
100 km depth we observe similar spatial vS distributions includ- 
ing the high vS values along the North Apenninic slab in con- 
trast to the low velocities in North-Eastern Italy, and the Adriatic 
Front characterized by a low-to-high velocity contrast. A consis- 
tent feature in all three depth sections obtained with both mod- 
els is the area of low vS velocities ranging across Eastern France, 
Southern Germany and Northern Austria. These consistencies 
at large depths support the effectiveness of the vS inversion based 

on Rayleigh-wave focal spot dispersion estimates. 

art/ggag017_f4.eps
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Figure 5. Scatter plots for comparison of the phase velocity estimates. (a) Data from the focal spot method and from E.D. Kästle et al. ( 2018 ) for periods 
20 to 200 s. (b) Data from the focal spot method and from A. El-Sharkawy et al. ( 2020 ) for periods 30 to 200 s. (c) Data from E.D. Kästle et al. ( 2018 ) and 
from A. El-Sharkawy et al. ( 2020 ) for periods 30 to 200 s. The period-dependent Pearson correlation coefficient PCC is shown in the insets. 

Figure 6. Depth sections of the shear-wave velocity vS model at 15, 30, 60 and 80 km. The used vS model is the average of the 500 best-fitting models. 
We apply a median filter at each station location that replaces each vS value with the median of the local vS estimate and its two nearest neighbours. 
RV: Rhône Valley. 
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Figure 7. An image of the Moho depth estimate obtained from the 
steepest gradient of the vS model that is the average over the 500 best- 
fitting models. At each station location the indicated Moho depth is the 
median value of the local Moho depth estimate and its two nearest neigh- 
bours. The colour range follows A. Nouibat et al. ( 2023 ) for comparison. 
The boundaries of the tectonic provinces in the Alps are from S. Schmid 
et al. ( 2004 ) and M.R. Handy et al. ( 2019 ). 
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4.3 An image of the Moho depth 

We conclude this section by compiling an image of the focal spot 
based Moho depth variation (Fig. 7 ). We adopt the definition of 
the transitional Moho used by Y. Lu et al. ( 2018 ) and identify the 
Moho as the depth of a strong vS gradient between 20 and 60 km 

depth, which is the known Moho depth range of the Alps, the 
Apennines and surrounding areas. We apply this definition be- 
cause our vS model, averaged over the best 500 solutions, exhibits 
gradual transitions with depth, and not discrete interfaces. 

While high-resolution imaging of the Moho structure is im- 
portant for understanding the complex tectonic processes be- 
neath the Alps, we consider here an exploratory approach and 

focus on first-order observations to evaluate the extent to which 

focal spot dispersion data can resolve major structural features. 
We find that the broader characteristics of the Moho image in 

Fig. 7 are compatible with previously discussed Moho topogra- 
phies (e.g. fig. 9 in A. Nouibat et al. 2023 ) North of 43◦ N. Start- 
ing from the North, the European Moho is found at the red in- 
dicated depths between 18 and 24 km. Below the central parts 
of the Alps the crustal thickness varies between 40 and 50 km 

indicated in blue. In between the more yellow and green shades 
indicate the ∼34 km deep Moho below the Molasse basin to the 
North of the Alps, which is again consistent with the model of 
A. Nouibat et al. ( 2023 ). Interestingly, our approach resolves the 
location of the Ivrea Geophysical Body (IGB) in North-Western 

Italy towards the border with France. Its 30 km surface is deeper 
compared to the results by A. Nouibat et al. ( 2023 ), however, it 
can be robustly identified in contrast to the surrounding Moho 
depth of the Western Alps at approximately 50 km. This IGB sig- 
nal extends over only two to three pixels in the focal spot image. 
Together with the accurately resolved location, this imaging re- 
sult demonstrates that phase velocity data estimated with the fo- 
cal spot technique yield meaningful shear-wave velocity profiles. 
The inversion for two instead of one vS interfaces between 10 
and 100 km yields a shear-wave structure that resolves the top 

of the IGB at a Moho depth of 22 km (Fig. S6 ). However, in 

other regions such as the Alpine foreland this approach yields 
depth estimates that are not compatible with other Moho im- 
ages (I. Molinari et al. 2015 ; Y. Lu et al. 2020 ; A. Nouibat et al. 
2023 ). An optimized vS model space parametrization can poten- 
tially improve the structural resolution in this area. Our Moho 
image is a proxy controlled by the decreasing depth sensitivity 
of the long period surface waves, and by algorithmic choices as- 
sociated with the vS inversion and the Moho definition. Results 
from inversions using Moho reflections can thus differ, however, 
the general compatibility of the obtained image in comparison 

with tomographic results including the resolution of the com- 
plex IGB area suggest the effectiveness of structural focal spot 
imaging. 

5  DISCUSSION  AND  CONCLUSIONS  

The focal spot is the zero lag time amplitude distribution of 
ambient-noise cross-correlations and thus the time domain spa- 
tial autocorrelation field (V.C. Tsai & M.P. Moschetti 2010 ). We 
parametrize focal spots with models developed in SPAC theory 
(K. Aki 1957 ; M.M. Haney et al. 2012 ) to estimate fundamental- 
mode Rayleigh-wave phase velocity. After the widespread uti- 
lization of the frequency-domain SPAC technique and its deriva- 
tives for near-surface applications using small, tuned arrays and 

the extension of the SPAC approach to invert for spatial veloc- 
ity variations (G. Ekström et al. 2009 ; G. Ekström 2014 ), the 
focal spot technique provides an elegant, complementary ap- 
proach to seismic surface wave imaging. In contrast to tomo- 
graphic inversion frameworks, focal spot images are compiled 

with no explicit regularization because the images are based on 

local velocity estimates using data from distances on the order 
of 1 λ. This approach yields local frequency-dependent uncer- 
tainty estimates that reflect data quality and the interaction of 
the ambient-noise wavefield with the local structure (G. Hillers 
et al. 2016 ; C. Tsarsitalidou et al. 2024 ), which can be used in 

the inversion of the observed dispersion. Limiting the analy- 
sis to short distances enhances the vertical and lateral resolu- 
tion of dense array surface wave imaging. Vertically, because 
long period waves with correspondingly larger depth sensitiv- 
ity to deeper Earth structure can be studied (C. Tsarsitalidou 

et al. 2024 ); and laterally, because the data quality and hence the 
distance range controls the lateral resolution (B. Giammarinaro 
et al. 2024 ). 

In this work, we estimate Rayleigh-wave phase velocities 
across the European Alps and surrounding regions using ZZ- 
component regression models in the 20 to 200 s period range. 
Our work extends previous spatial autocorrelation imaging ap- 
proaches (G. Ekström 2014 ; G. Hillers et al. 2016 ; C. Tsarsitali- 
dou et al. 2024 ) by implementing a model that parametrizes the 
anisotropic background illumination (M.M. Haney et al. 2012 ). 
The model accounts for the strong anisotropic incidence of the 
wavefield along the SW-NE direction (Fig. 1 ). The spatial sam- 
pling is heterogeneous in the otherwise well-covered Alpine re- 
gion compared to the incomplete azimuthal coverage in the Ital- 
ian Peninsula. 

We obtain images of the Rayleigh-wave phase velocity to- 
gether with distributions of the residual sum of squares and 

the standard-error for the 20 to 200 s period range (Fig. 3 ), that 

art/ggag017_f7.eps
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re used together to assess the results. At shorter periods the
olution quality reflects the geological structure. At longer pe-
iods the observations suggest that the distance and azimuth-
ependent sampling of the autocorrelation fields relative to the
irection of incidence influences the obtained solutions. The ve-

ocity uncertainties tend to be larger in areas with limited az-
muthal coverage, that is, in the Italian peninsula and Sicily, and
igh RSS values in central Italy are oriented perpendicular to

he incidence direction. Despite the limited synchronicity of the
est–east oriented line arrays Cifalps (L. Zhao et al. 2016 ) and
ifalps2 (L. Zhao et al. 2018 ) with the surrounding stations, the

ine array shapes do not dominate the phase velocity images,
ut the resulting lower SNR controls the higher standard errors
long the Cifalps line. These lines are parallel to the wavefield in-
idence, in contrast to the north–south trending EASI network
AlpArray Seismic Network 2014 ) that we sorted out because of 
he obtained low-quality results. In addition to these systematic
ffects that are controlled by the configuration, the phase ve-
ocities, RSS and standard error distributions exhibit small-scale
rtefacts or fluctuations that are not compatible with the results
n the neighbouring locations. These can be attributed to data
uality related local effects associated with installation or cou-
ling, or local noise sources or scatterers (G. Hillers et al. 2016 )
hat all degrade the compatibility of the amplitude distributions
ith the employed 2-D parametrization. 
In this work, we mitigate the influence of these fluctuations by

pplying a median filter to the original imaging results. The scale
f these fluctuations is smaller than the few-pixels wide features
n the 100 s phase velocity images, but these images are charac-
erized by an overall limited consistency between the three dif-
erent imaging studies (Figs 3 and 4 ). This suggests an overall
oor resolution that is governed by the original wavefield proper-
ies in this period range, in contrast to the again more consistent
esults at 150 s (Figs 3 and 4 ). As for ambient noise tomography,
 consistent, synchronous data acquisition supports coherent
maging results. Generally, the results from our employed dis-
ance and direction-dependent 2-D SPAC model are expected to
e more robust for anisotropic incidence compared to the stan-
ard 1-D model when the station configuration does not support
ull azimuthal focal spot sampling. Our analysis shows that the
ffects of heterogeneous noise distributions and irregular sta-
ion density in relation to the sampled focal spot segments can
nfluence the velocity and quality control estimates. However,
he sensitivities, trade-offs and limits on the lateral resolution
ssociated with these factors cannot be separated based on the
vailable observations and require a systematic exploration to in-
orm effective processing improvements. Alternative enhance-

ent strategies can focus on the data quality based selection of 
ocal spot samples for the regression, and correlating data from
ime periods or seasons during which more coherent surface
ave energy is excited in a way to use less data more efficiently

e.g. C. Esteve et al. 2025 ). 
We invert the local focal spot dispersion curves using the
eighbourhood Algorithm (M. Sambridge 1999 ) to obtain a
seudo 3-D shear-wave velocity vS model. The investigation fo-
us of this study (V.C. Tsai 2023 ) is the assessment of the compat-
bility of the vS estimates obtained from the inversion of the fo-
al spot dispersion curves with tomographic images. Overall, the
omparison with regional ambient-noise and earthquake tomog-
aphy studies at short and long periods demonstrates that focal
pot imaging is sensitive to the elastic Earth structure in this
omplex tectonic plate boundary region. The resolved features
rom our vS model constrained between 10 and 200 km depth
re compatible with the results in reference tomographic stud-
es (I. Molinari et al. 2015 ; Y. Lu et al. 2018 ; A. Nouibat et al. 2022 ;
.D. Kästle et al. 2025 ). We mention the imaging of the two ma-

or mountain belts, the Alps and Apennines, that are resolved as
ow-velocity regions at short periods and shallow depths and as
igh-velocity regions at longer periods and greater depths, and

he resolution of the complex area around the Ivrea Geophysical
ody. Variations in the absolute velocities and depth estimates of 

nterfaces obtained with the individual approaches can help to
valuate the trade-offs and sensitivities associated with the dif-
erent data types and analysis techniques. 

Similar to the original autocorrelation approach the results
mply that a velocity profile can be constrained under an array to
epths that are not accessible to propagating surface waves anal-
sed by tomography, which highlights the valuable contribution
f focal spot lithospheric imaging. Dense array focal spot imag-
ng is an effective complementary technique to ambient noise
omography for the construction of relevant vS models. 
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Zhao et al. 2018 ), and YP (L. Zhao et al. 2016 ). The correlation 

functions database is available on the EasyData.earth repository 
(L. Stehly 2025 ). The software used to process the continuous 
data can be accessed from P. Boué & L. Stehly ( 2022 ). The Python 

code for estimating the phase velocity distributions can be ob- 
tained from B. Giammarinaro & G. Hillers ( 2022 ). The sensitiv- 
ity kernels were computed using the solution of K. Luu ( 2021 ). 
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