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S U M M A R Y
In recent years, there has been increasing interest in the study of seismic noise interferometry
as it can provide a complementary approach to active source or earthquake-based methods
for imaging and continuous monitoring the shallow structure of the Earth. This meaningful
information is extracted from wavefields propagating between those receiver positions at which
seismic noise was recorded. Until recently, noise-based imaging relied mostly on Rayleigh
waves. However, considering similar wavelengths, a combined use of Rayleigh and Love wave
tomography can succeed in retrieving velocity heterogeneities at depth due to their different
sensitivity kernels. Here, we present a novel one-step algorithm for simultaneously inverting
Rayleigh and Love wave dispersion data aiming at identifying and describing complex 3-D
velocity structures. The algorithm may help to accurately and efficiently map the shear wave
velocities and the Poisson ratio of the surficial soil layers. In the high-frequency range, the
scattered part of the correlation functions stabilizes sufficiently fast to provide a reliable
estimate of the velocity structure not only for imaging purposes but also allows for changes in
the medium properties to be monitored. Such monitoring can be achieved with a high spatial
resolution in 3-D and with a time resolution as small as a few hours. In this paper, we describe
a recent array experiment in a volcanic environment in Solfatara (Italy) and we show that this
novel approach has identified strong velocity variations at the interface between liquids and
gas-dominated reservoirs, allowing localizing a region which is highly dynamic due to the
interaction between the deep convection and its surroundings.
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1 I N T RO D U C T I O N

It has long been known that it is possible to study Earth’s structure
using the seismic noise wavefield. In his pioneering work, based
on primary findings by Akamatu (1956a,b) on the origin and the
correlation of seismic noise, Aki (1957) noted that the seismic
wavefield from different noise sources shows a spatial coherence.
He suggested that observing such spatial correlation could provide
an accurate way of measuring the wavelength of surface waves at
distinct frequencies, and, therefore, through an inversion of the dis-
persion curve, could give the structure of the subsurface at a given
site. Later on, Claerbout (1968) stressed that this observation could
be extended for distances much larger than the wavelength. He con-
jectured that the spatial correlation of seismic waves, averaged over
time, should yield the actual impulse response of the medium. This
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property was demonstrated theoretically in a 1-D layered medium
(Claerbout 1968). However, it was not generalized to 3-D media at
that time and it was further found to have only feeble experimental
confirmations.

More recently, Weaver & Lobkis (2001) demonstrated that the
time-averaged correlation of diffuse ultrasound or ultrasonic noise
yields the elastic Green’s function of the medium, forming the basis
for applications in seismology (Campillo & Paul 2003; Shapiro &
Campillo 2004). Nowadays, seismic noise tomography has been
widely used on regional and continental scales to infer Rayleigh
(Shapiro et al. 2005; Yao et al. 2006; Yang et al. 2007) and Love
wave (Cho et al. 2007; Lin et al. 2008) group and phase speeds and
to study the shallow structure of the Earth. In most applications,
strong surface wave signals within the microseism frequency band
(0.05–0.2 Hz) are extracted followed by traditional surface wave
tomography methods for inverting for 3-D shear velocity structures
(e.g. Yao et al. 2008; Moschetti et al. 2010).

For studying local structures, the same principle can also be
applied on much smaller scales. In particular, on such scales the
reliable determination of the elastic properties of near-surface
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materials and their influence on seismic wave propagation are of
fundamental interest in ground water, engineering, reservoir moni-
toring and environmental studies. In the past, such noise-based tech-
niques have been applied to a small-scale array in Spain (Chávez-
Garcı́a & Luzón 2005) as well as for imaging volcanic edifices
(Brenguier et al. 2007; Nakata et al. 2016), shallow impedance
contrasts (Picozzi et al. 2009), oil fields (de Ridder & Dellinger
2011; Mordret et al. 2013), landslides (Renalier et al. 2010; Pilz et
al. 2014) and the surface traces of seismic faults (Pilz et al. 2013)
with the latter works not only mapping surface wave velocities but
directly accounting for the 3-D S-wave velocity structure.

So far, there is only limited effort in the near-surface com-
munity on utilizing Love waves compared to Rayleigh waves
because of the higher locally generated noise on the horizontal
components and general belief that the seismic noise sources would
be ineffective at directly generating Love waves due to total internal,
multiple reflections of SH waves (Bullen & Bolt 1985). However,
Métaxian et al. (1997), Tokimatsu (1997), Chouet et al. (1998) and
Saccorotti et al. (2003) found evidences for a dominance of Love
waves in high-frequency seismic noise data and signals of volcanic
tremor. Therefore, the complementary information of Rayleigh and
Love waves can allow a simultaneous inversion of their phase ve-
locities to study the shallow structure of the Earth (Lee & Solomon
1979; Köhler et al. 2007), thereby reducing the degree of non-
uniqueness of an inverted S-wave velocity model (Boxberger et al.
2011).

The distribution of noise sources strongly controls the quality
of the Green’s function. Most of the seismic noise sources are su-
perficial and result from the interaction between the oceans, the
atmosphere or the human activities with the solid Earth. As a con-
sequence, the fundamental mode of surface waves can be extracted
more easily from noise correlations (Kimman & Trampert 2010).
However, if the noise sources are not distributed isotropically, this
may result in preferential reconstruction and reduced convergence
of the Green’s function (e.g. Snieder 2004; Stehly et al. 2006). The
length of the seismic noise record required to converge to a stable
correlation function is controlled by the nature of the noise, the dis-
tance between sensors and by the intrinsic attenuation and scattering
properties of the studied medium. At frequencies higher than a few
Hertz, the coherence buildup in a correlation function is of the order
of a few hours (Sabra et al. 2005; Brenguier et al. 2007; Larose et al.
2008), meaning that such imaging methods can be repeated in this
time frame. In volcanic environments, such monitoring methods can
provide useful insights into the dynamics of magma pressurization
and transport. Pressurized volcanic fluids (magma and water) or
gas induce deformation and thus perturbations of the elastic prop-
erties of volcanic edifices. In turn, such small perturbations can be
detected as changes of seismic wave properties based on seismic
noise (e.g. Ratdomopurbo & Poupinet 1995; Miller & Smith 1999;
Grêt et al. 2005; Wegler et al. 2006). However, despite consider-
able efforts in the past, the precise monitoring of the location of
subsurface changes has proven to be difficult, meaning that there
is a need for novel observational methods to obtain information
about the ongoing subsurface changes and their relation to volcanic
processes.

In this paper, we will demonstrate that continuous recordings
of high-frequency seismic noise can effectively be used not only
for 3-D S-wave tomography but they further allow constraining the
P-wave velocity structure. This novel inversion approach is applied
to seismic noise recorded by a 2-D seismic array at the Solfatara
crater (Italy), where independent geological and geophysical infor-
mation is available. We will present quality measures from noise

spectral analysis. We will introduce the methodology for combin-
ing Rayleigh and Love waves followed by a numerical verification.
Finally, we will present a temporarily and spatially resolved 3-D
image of the Solfatara crater.

2 DATA P RO C E S S I N G

Several approaches have been proposed in the literature to ex-
tract information about the velocity of seismic wave propagation
in the shallow structure from seismic noise recordings. In gen-
eral, all methods for retrieving surface wave dispersion curves are
based on phase-coherence measurements between pairs (at least
two) of signals. To extract surface wave dispersion curves, Aki
(1957) proposed the spatial autocorrelation (SPAC) method, which
has been generalized to the extended spatial autocorrelation method
by Ohori et al. (2002). Further methods use different transforms and
they obtain similar results, for example, the slant-slack transform
(McMechan & Yedlin 1981), the frequency–wavenumber analy-
sis (maximum likelihood method, Capon et al. 1967; Capon 1969;
Horike 1985) and the multichannel analysis of surface waves (Miller
et al. 1999; Park et al. 1999).

As discussed in Ohori et al. (2002), if the microtremor wavefield
is stochastic and stationary in both space and time, the azimuthally
averaged correlation function for one angular frequency ω0 can be
expressed in the form

ρ(r, ω0) = J0

(
ω0

c (ω0)
r

)
, (1)

where c(ω0) is the phase velocity, r is the interstation distance
and J0 is the zero-order Bessel function. Eq. (1) can be applied
to averaged correlation functions calculated for a set of narrow
frequency bands. In this study, however, we apply an alternative
frequency-domain formulation of the method that is complementary
to the zero-crossing method (Ekström et al. 2009). The method
has been shown to be insensitive to the power spectrum of the
background noise and the non-linear filtering of the original signal.
It further provides similar results for high signal-to-noise ratios
(SNR), but substantially improves for lower SNRs (Ohori et al.
2002; Okada 2003; Menke and Jin 2015).

From the correlation theorem (e.g. Bracewell 1983), the spatial
correlation value for a given station pair in the frequency domain
ρ(ω0) can be written as (Malagnini et al. 1993; Métaxian et al.
1997)

ρ(ω0) =
1
M

∑M
l=1 Re

(
m Sjn (ω0)

)
√

1
M2

∑M
m=1 m Sj j (ω0)

∑M
m=1 m Snn (ω0)

. (2)

Herein, m Sjn describes the cross-spectrum of the mth segment
between the jth and the nth station of the array. The power spectrum

of the segment m at station j and n is given by the terms
S j j
m and

Snn
m , respectively. The symbol Re(. . . ) indicates the real part of the
complex quantity in brackets.

Eq. (2) combines two strategies, namely averaging and normal-
ization, to enhance the estimation of the correlation function. We
use Bartlett´s method (Bartlett 1948) to reduce the variance of the
periodograms and to improve the statistical properties of both func-
tions. Eq. (2) is used to compute ρ(ω0), that is, the azimuthal average
of the correlation function (Henstridge 1979).

Although nowadays they are mainly used for the vertical com-
ponent only, Aki (1965) showed that the SPAC equations derived
for the analysis of the vertical component of ground motion can in
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Figure 1. Top: example of the correlation function (grey line) between two stations at a distance of 49 m with zero crossings indicated (squares). Bottom:
corresponding phase velocity dispersion curve (grey line) according to eq. (4) estimated by least-squares fit to possible velocities estimated from the zero
crossings (black dots).

principle be adapted also for the analysis of the horizontal compo-
nents, with the aim of extracting the phase velocities of Rayleigh
and Love waves. In fact, if Rayleigh waves are polarized parallel
to the propagation direction, equations similar to eq. (1) can be de-
rived for both the radial and tangential components of motion, and
similarly for Love waves when they are perpendicularly polarized
to the direction of propagation.

However, during real surveys, seismic noise in the horizontal
components of ground motion will be characterized by a superpo-
sition of both Rayleigh and Love waves. Thus, the extraction of
phase-velocity information for the single phases is not straightfor-
ward. For this reason, Métaxian et al. (1997) proposed, under the
assumption that the contributions of both Rayleigh and Love waves
are statistically independent, to adopt the equations

ρr(r, ω0) = α

[
J0

(
ω0r

cR (ω0)

)
− J2

(
ω0r

cR (ω0)

)]

+ (1 − α)

[
J0

(
ω0r

cL (ω0)

)
+ J2

(
ω0r

cL (ω0)

)]

ρt (r, ω0) = α

[
J0

(
ω0r

cR (ω0)

)
+ J2

(
ω0r

cR (ω0)

)]

+ (1 − α)

[
J0

(
ω0r

cL (ω0)

)
− J2

(
ω0r

cL (ω0)

)]
(3)

where α(ω) represents the proportion of Rayleigh and Love waves
in the wavefield energy. J2 is the second-order Bessel function. In
particular, for α = 1, the wavefield is fully composed of Rayleigh
waves, while for α = 0, only Love waves exist. Eq. (3) can therefore
be exploited to retrieve Love wave phase velocity estimates and in-
formation on the relative fraction of Rayleigh and Love waves. Once
the Rayleigh wave phase velocities are constrained by the analysis
of the vertical component of motion (using, e.g. a grid search pro-
cedure, see Parolai et al. 2006), a similar iterative procedure can
be implemented for the horizontal components of motion for the
estimation of Love wave phase velocities, with the only addition of
a loop accounting for the variation of the parameter α.

For calculating the surface wave velocities between the stations,
the continuous recordings were divided into segments of two hours.
This time frame has been found to be the shortest fraction of time
providing stable correlation functions (Larose et al. 2008). After re-
moving the instrumental response, a time-domain running absolute-
mean normalization was applied to eliminate the effect of large
transient signals (Bensen et al. 2007) when calculating the cross
spectra. For each of the N (N − 1)/2 possible station pairs, where
N is the number of stations, the individual traveltimes between the
stations were calculated based on the weighted velocity values at
the zero crossings of the Bessel function using the known distances
between the sensors.

The key part of the procedure is the use of a grid search algorithm
based on eq. (1) to find the best fit to the correlation values. We first
smooth the correlation values in eq. (1) using a running average
to reduce the possibility of noise causing several extremely closely
spaced zero crossings. For each interstation pair, a velocity range
from 50 to 1000 m s−1 is scanned sequentially in steps of 10 m s−1,
searching for adjacent elements of opposite sign, and using linear
interpolation to estimate the frequency at which the zero crossing
occurs (Fig. 1). Moreover, the double of the minimum velocity
from all zero crossings is used to filter out outliers. Of course, for
different interstation pairs the zero crossings will occur at different
frequencies.

As the phase velocities of surface waves generally lie within a
narrow range of plausible values and, moreover, as they tend to vary
smoothly with frequency, reflecting the way in which the waves
average the shallow structure, a typical phase velocity curve can
be approximated by its values at just a few frequencies, with other
values filled in by interpolation. As for the inversion procedure, the
phase velocity value for a single given frequency has to be known
for all interstation pairs, a custom exponential curve fit according
to Tang et al. (2010) is then applied by

c (ω0) = m tanh−1 (nω0) + q/√
ω0

. (4)

The variables m, n and q are used to constrain the phase velocity
values c(ω0) to physically reasonable ranges for given values of
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ω0 spread over the frequency range of interest. Please note that
the fitting curve function as given by eq. (4) is not unique. Other
functional forms, as long as they mimic the global trend of the
dispersion characteristics, can be used.

3 T H E I N V E R S I O N A L G O R I T H M

One important development in methodology sets this work apart
from previous studies: Usually, 3-D velocity models are obtained by
interpolation between individual 1-D velocity profiles from inverted
group or phase velocity dispersion curves. In our study, we go one
step further by inverting the estimated surface wave traveltimes
between the sensors of the array chosen for each frequency by a
rapid tomographic algorithm. We decided in favour of this approach
to calculate a 3-D velocity model instantaneously, keeping in mind
an application for monitoring changes in the medium properties.

All data processing described hereafter begins with the Rayleigh
and Love wave traveltimes for each station pair from the vertical–
vertical (ZZ) and transverse–transverse (TT) cross-correlations. As
will be shown in the following, the Green’s function has the same
form, meaning that the same phase velocity analysis can be applied
to both Rayleigh and Love waves.

The individual traveltimes between all stations were inverted by a
tomographic approach to calculate 3-D Rayleigh and Love velocity
models. In a general form, the traveltime t between two receivers
along a ray path L along a line element dl for a continuous slowness
s (inverse velocity) is given in an integral form

t =
∫

L
sdl. (5)

Although the ray path is velocity dependent, meaning that travel-
time inversion is a non-linear problem, deviations of the paths from
a straight line will either be of the same order as the dimension of
the blocks or will be less than a quarter of the wavelength (Long
2000). On the one hand, deviations smaller than the block size will
not introduce significant errors and, on the other, deviations smaller
than a quarter wavelength are within the limits of image resolution.
On the global scale, Rawlinson & Spakman (2016) showed that
even when significant anomalies (up to 20 per cent) are present and
even in regions with good angular path coverage, the non-linear
propagation error is much smaller relative to the amplitude of the
reproduced anomalies. Hence, keeping in mind that there is also a
small level of error for the input data for shallow seismic surveys
and the scale-invariance expected from theoretical considerations,
we are sure that a bias of a few percent can be tolerated to keep the
solution linear. Consequently, the entire medium of interest can be
subdivided into a number of smaller cells, meaning that the prob-
lem can be expressed in a simple discrete matrix form to be used in
practical applications

ti = Li si, (6)

in which i represents Rayleigh and Love waves, respectively. L is
an RF × MH matrix with R being the number of rays for F different
frequencies crossing the studied medium that is subdivided into M
cells in each of the H horizontal layers (for details see Pilz et al. 2012,
2013). Obviously, such kind of pre-conditioning (i.e. the number and
the size of the cells) favours the control over size and amplitude of
the structure that is recovered. However, we decided for a uniformly
distributed regularization without accounting for variations in the
information content of the data. For a frequency range higher than a
few Hertz and corresponding low-velocity surficial soil layers, a cell
size of several metres will provide balanced ray coverage in each

cell. The vector t in eq. (6) corresponds to the traveltimes between
each pair of receivers with a frequency-dependent slowness s. The
phase velocity is assumed to be constant within each of the cells
and, therefore, the propagation paths can be considered to be straight
rays within the cells.

In general, uncertainties in measured traveltimes between two
sensors can degrade the solution and can produce spurious velocity
anomalies. We adopted an iterative procedure for solving eq. (6)
using damped last squares or singular value decomposition, fol-
lowing Long & Kocaoglu (2001). Starting from a homogeneous
3-D velocity model, an iterative procedure using singular value de-
composition for minimizing the misfit between the observed and
theoretical traveltimes is adopted. We further constrain the solu-
tion by making use of a damping coefficient ε. As pointed out by
Marquardt (1963), the damping factor significantly controls the
speed of convergence and further acts as a constraint on the model
space (Tarantola 1987). Since shallow blocks are sampled much
stronger by higher frequencies and since the deeper ones are sam-
pled only by lower frequencies, we introduce a further constraint on
the solution by adding a MHF × MHF weighting matrix. According
to Yanovskaya & Ditmar (1990), for a 3-D problem, the weights turn
out to be representable as a product of two functions, one depend-
ing on the horizontal properties, that is, the number, path length
in consideration of the relief and orientation of the ray paths and
the other one depending on the depth, that is, the frequency. For the
horizontal coordinates, the singular values (a1, a2) of the ray density

matrix were used to calculate its ellipticity
√

(a2
1 − a2

2 )/a2
1 , based on

a proposal of Kissling (1988). If many different rays with different
azimuths cross the cell, the ellipticity is close to 1 and a good reso-
lution is achieved. Therefore, the horizontal weights were computed
by multiplying the ellipticity for the number of rays crossing each
cell. On the other hand, the vertical weights account for the dif-
ferent penetration depths of the different frequencies for Rayleigh
and Love waves separately. The vertical weights are based on the
analytical solution of displacement components in a half-space for
the fundamental mode of Rayleigh waves (Aki & Richards 1980)
and Love waves (Borcherdt 2008) taking into account the different
penetration depths of the individual frequencies (Fig. 2). For Love
waves, we obtain

u(|z|) = cos (Re [Bn] z · ez) e
i ω0

cLove(ω0) z·ez
, (7)

where z · ez = |z| cos(α) is the scalar product of z, measured per-
pendicular to the surface of the cell, and the unit vector ez, where
α is the slope of surface topography for each of the cell columns.
For the entire surface of the block, we define |z| := 0, that is, we set
the elevation to zero. Please note that the scheme can account for
different values for α for different parts of the block. In eq. (7), the
principal value Bn is defined by Bn := √

kh Love − kS (Borcherdt
2008). kh Love = ω0 / ch Love(ω0) is the Love wave number in the hth
layer with ch Love (ω0) being the Love wave phase velocity and ω0

being the angular frequency. Likewise, kS = ω0/vS with vS being
the S-wave velocity.

The corresponding vertical weights w for the different frequen-
cies are calculated as the normalized average values of u for each
cell,

w =
∫ r2

r1
u (z) dz∫ ∞

0 u (z) dz
(8)

with r1 and r2 being the bounds at which u is crossing the cell
limits, respectively (see Fig. 2). If no rays are crossing the cell,
the weight is equal to zero. Since eqs (7) and (8) strongly depend
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Figure 2. Normalized depth sensitivity kernels for Rayleigh (left) and Love (right) waves at a selection of frequencies (f1 > f2 > f3).

on the underlying phase velocities, the weights for all cells, and
accordingly the velocity vectors, are updated after each iteration
step.

Since Love waves are independent of the P-wave velocity, they
alone can be used to obtain models of the S-wave velocity. Therefore,
the final 3-D S-wave velocity model is retrieved recursively from the
updated Love wave phase velocity by means of non-trivial plane-
wave solution (Borcherdt 2008)

Fn−1 = −Fn−1

Mn Bn
, (9)

where Fn−1 = fn−1 fn−2 fn−3 . . . f1 and

fm =
(

cos [−i Bmdm] sin[−i Bm dm ]
−i Mm Bm

i Mm Bm sin [−i Bmdm] cos [−i Bmdm]

)
(10)

with Mm = ρm vS m and dm = i Bm .
For Rayleigh waves, the vertical displacements can be calculated

through

u(|z|) = lelkRaylz·ez − sepkRaylz·ez (11)

with kRayl = ω0/1cRayl (ω0) being the Rayleigh wave number. For
the starting model, we fix the parameters in eq. (11) to l = 0.8475,
p = 0.3933 and s = 1.4679 (Bullen 1963; Lay & Wallace 1995).
Correspondingly, we are able to calculate a 3-D model of the Poisson
ratio ν for each cell through

ν = Q − 0.5

Q − 1
(12)

with

Q =
16 − 24

(
cRayl

vs

)2
+8

(
cRayl

vs

)4
−

(
cRayl

vs

)6

16 − 16
(

cRayl

vs

)2
. (13)

The 3-D model of vS is obtained from eq. (9) and cRayl from the
inversion of the ZZ cross-correlations using a singular value decom-
position technique (e.g. Golub & Reinsch 1970; Arai & Tokimatsu
2004; see Pilz et al. 2012 for details.).

The P-wave velocity for each cell is given by

vP =
√

2 − 2ν

1 − 2ν
vS. (14)

For each iteration, the parameters in eq. (11) for every cell are
updated by means of

l =
√(

cRayl

vP

)2

−1,

p =
√(

cRayl

vS

)2

− 1 , (15)

s =
2 −

(
cRayl

vS

)2

2

√(
cRayl

vS

)2
− 1

.

Fig. 3 represents an overview of the individual steps carried out
for the construction of the P- and S-wave velocity models.

Additionally, to reduce the risk of divergence and to stabilize the
iteration process, an adaptive bi-weight estimate is applied (Tukey
1974; Arai & Tokimatsu 2004). Such type of maximum likelihood
estimate constrains the solution to vary rather smoothly in the hor-
izontal domain, that is, the slowness of each cell is related also to
the slowness of all the surrounding cells. The functional form of
the vertical weighting scheme (eqs 7 and 11) induces that the slow-
ness also varies smoothly vertically. The weights for all cells, and
accordingly the velocity vectors, are updated for each iteration step
until a reasonable compromise between the reduction of the rms
error between the observations and the predictions and the norm of
the solution is reached.

4 T H E S O L FATA R A C R AT E R :
C H A R A C T E R I S T I C S A N D DATA
A C Q U I S I T I O N

The analysed natural example for obtaining temporarily resolved
images by means of real-world data is a shallow volcanic crater in
the Phlegrean Fields volcanic complex at Pozzuoli, near Naples,
Italy, where a significant level of volcanic-hydrothermal activity is
presently concentrated (Fig. 4). The Phlegrean Fields is a nested and
resurgent caldera with recent volcanic activity, the last of which was
the 1538 Monte Nuovo eruption. Recently, the area has seen three
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Rayleigh and Love waves 3-D imaging 157

Figure 3. A schematic description of the calculation of the P- and S-wave velocity models.

unrest episodes, in 1970–1972, in 1982–1984 and in 2010–2012,
which were characterized by large ground deformation, changes in
geochemical signals at the surface and some limited seismicity (e.g.
Madonia et al. 2008). As part of the Phlegrean Fields, the Solfatara
crater is a 0.4 × 0.5 km subrectangular structure whose geometry
is mainly due to the control exerted by N40–50W and N50E
trending normal fault systems (Petrosino et al. 2012), along which
geothermal fluids can ascend. These systems crosscut the study
area and have been active several times in the past. The geophysical
structure below the Solfatara area has been investigated on various
spatial scales using different geophysical methods like gravity,
electric resistivity and thermal imaging (Petrosino et al. 2006,
2012; Bruno et al. 2007; Letort et al. 2012; Byrdina et al. 2014;
Vilardo et al. 2015). Recently, Serra et al. (2016) investigated the
shallow structure of a small part of the Solfatara crater using active
seismic methods but their penetration depth was limited to 15 m.

Electromagnetic and electrical data could distinguish two main
zones, an outcropping resistive layer composed of non-saturated
clays overlying a conductive layer corresponding to a hydrothermal
aquifer. At a deeper level, the existence of a gas and/or fluid reser-
voir has been confirmed through recent seismic attenuation imaging
(De Siena et al. 2010) which could recognize a vertically extend-
ing and high-attenuating structure. Although diffuse soil degassing
occurs throughout the entire area of the Solfatara crater (Chiodini
et al. 2011), fumarolic activity is mainly concentrated in its eastern
part (so-called Bocca Grande, see Fig. 4) at the intersection of the
N50W and N50E trending fractures that border the northeastern
and southeastern part of the crater. The central part of the Solfa-
tara crater is occupied by the Fangaia mud pool, at which the water
table emerges and a continuous rising of hydrothermal fluids gener-
ates intense bubbling. Soil temperature distribution (Chiodini et al.
2011) also shows direct control exerted by the structures on the heat
flux, as demonstrated by the alignment of the highest temperature
measures along the direction of the main fracture systems, in the
northeastern and southeastern parts of the crater, as well as in the
Fangaia area (Granieri et al. 2010). On the contrary, the northwest-

ern part of the crater is relatively inactive with respect to heat flux
and fumarolic activity.

Here, we study temporal and spatial variations in the velocity
structures below Solfatara. The area comprises very different kinds
of soils, from soft areas around the mud pools in the centre, to the
dry and solid clays in the southern parts. Between 2014 May 19 and
22 and November 9 and 12, 50 seismic sensors were deployed irreg-
ularly on the surface of the crater, covering an area of 350 m × 320 m
(see Fig. 4). Each 24-bit digitizer was synchronized using GPS ref-
erence time and recorded seismic noise continuously on more than
three consecutive days at 400 samples per second. The relative po-
sition of the arrays nodes was determined with a theodolith to an
accuracy of several centimetres. Every sensing unit was connected
to an external, PE-6/B 3-component, 4.5 Hz geophone providing an
excellent SNR on all three components for frequencies higher than
1 Hz (Strollo et al. 2008).

The continuous data sets were divided into fractions of two hours,
resulting in 37 blocks for the May and in 39 blocks for the November
campaigns. Subsequently, each block was divided into 240 windows
of 30 s. After applying a second-order Butterworth high-pass filter
using a corner frequency of 0.9 Hz, the corresponding dispersion
curves and traveltimes between all stations have been calculated.

When calculating the path length between the individual stations
we did not take into account the topographic relief as the maximum
difference in altitude is of the order of a few metres only over a
horizontal distance of some hundred metres. The entire inversion
algorithm is repeated continuously for each data block which allows
a temporarily resolved imaging of the subsurface as well as contin-
uous data quality measurements from the noise spectral analysis.

5 S E I S M I C DATA Q UA L I T Y C H E C K

For an overview of the data stability, we calculated power spectral
density (PSD) probability density functions (McNamara & Buland
2004). For each fraction of two hours, we processed time-series
900 s long, from which we removed the mean. Each time-series
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Figure 4. Top: structural sketch of the Solfatara volcano and surroundings. The lines indicate the borders of the two main calderas. Bottom: close-up view of
the crater. The dots represent the installation sites of the seismic stations in 2014 May (black) and November (red). The dashed lines indicate the position of
the Fangaia mud pool. BG (Bocca Grande) is the hottest fumarole of the Solfatara crater.

was divided into segments of 300 s, overlapping by 75 per cent, to
reduce the variance in the PSD calculation (Cooley & Tukey 1965).
The total power, representing the PSD estimate, was obtained from
the square of the amplitude spectrum multiplied by the standard
normalization factor 2�t = S, in which �t is the sample interval
and S is the number of samples (McNamara & Buland 2004).

For both recording periods at Solfatara, we observe very similar
noise patterns with a predominant anthropogenic nature, as one
can easily deduce from the time pattern of the PSDs (Fig. 5, Bianco
et al. 2010). Between 4 Hz and approximately 10 Hz, the probability
density functions are rather similar. For frequencies higher than
10 Hz, the large separation between the 5th and the 95th percentiles
represents relatively large diurnal variations due to cultural activity
but we cannot exclude any further hydrothermal influence (Bruno
et al. 2007).

In order to quantify the strength of the signals, Fig. 6 shows
an example of the resulting Green’s function between two stations
deployed in 2014 May at a distance of 177 m for a central fre-

quency of 5 Hz. For the ZZ and TT components, signals at positive
and negative correlation lapse times are observed, corresponding to
waves with almost similar energy propagating in opposite direction
between the stations.

A clear difference in traveltime is observed between the wave-
forms on the TT and radial–radial (RR) correlations denoting Love
and Rayleigh waves (dashed red lines in Fig. 6). Please note that,
as described in Section 2, the exact traveltimes for each interstation
pair to be used in the inversion procedure are calculated based on
an interpolation between the weighted velocity values at the zero
crossings of the Bessel function using the known distances between
the sensors. Signal arrival times on the ZZ and the RR correlations
are similar (clearly visible on the acausal part of the correlations),
and result from Rayleigh waves. The TT correlation exhibits the
slower Love wave arrival. Although both the ZZ and RR correla-
tions contain the same Rayleigh wave signal, the ZZ correlations
generally have higher SNR. In the following, for Rayleigh waves
only the ZZ correlations will be used.
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Rayleigh and Love waves 3-D imaging 159

Figure 5. Top: PSDs in the frequency band 0.5–20 Hz for recording period in 2014 May (left) and November (right). Bottom: probability density function for
2014 May (left) and November (right). The Peterson model (Peterson 1993) is shown in black and the 5th and 95th percentiles of the distribution are shown as
dashed black lines.

As can be seen in Fig. 6, the symmetry in the causal and acausal
parts is not always fulfilled. As will be discussed later, this is most
likely due to the distribution of noise sources and probably also
due to local heterogeneities. As verified by frequency–wavenumber
(f–k) analysis using the maximum likelihood method (Capon 1969)
and by Petrosino et al. (2012), the distribution of noise sources—
although not being uniform—guarantees a sufficient level of energy
illuminating the wave propagation path between all sensors (e.g.
Snieder 2004). Fig. 7 indicates that the distribution of the noise
sources close to the lower and the upper end of the frequency band
used is indeed different in the 2-D wavenumber plots. While at 4 Hz,
the noise sources are distributed almost perfectly isotropically, at
13 Hz the sources are more scattered across the wavenumber plane,
with the largest energy contribution coming from the eastern and
southwestern directions. Although a non-uniform distribution of
seismic noise sources might bias the reconstruction of the attenua-
tion of the studied media, it will have only a very minor influence
on the phase when taken over sufficiently long times (Shapiro &
Campillo 2004), provided at least a minimum level of energy com-
ing from the remaining azimuthal sectors.

6 3 - D I M A G I N G O F T H E S O L FATA R A
V O L C A N O

Using ZZ and TT correlations and a fraction of two hours of the
entire data set recorded on 2014 May 19, the inversion results after
500 iterations are shown in Fig. 8. The occurrence of strong lateral
velocity variations is visible at first glance. The topmost layer is
characterized by S-wave velocities ranging from 120 m s−1 for the
northeastern part of the crater up to 200 m s−1 for the southwestern
part. Such velocities values do largely agree with the findings of
Serra et al. (2016). On the contrary, the lateral variations of the
P-wave velocity are less pronounced. Immediately below the shal-
low deposits, an increase of the S-wave velocity starts in the southern

and central part at depths between 10 and 20 m (Fig. 8), probably
at the lower boundary of the unconsolidated shallow deposits. The
lower velocity area remains confined in the northern and southeast-
ern part of the crater. At a depth of around 35 m, the S-wave velocity
in the southern area increases up to 850 m s−1. At these depths, the
volume seems to be divided in a higher velocity part (correspond-
ing to the fumaroles area) and a lower one (corresponding to the
northern edge), with a transition central zone. Below 40–45 m, the
S-wave velocity increases up to 1100 m s−1 in the southwestern
area. Whereas the northeastern area is characterized by rather ho-
mogeneous S-wave velocities, there are clear spots of high P-wave
velocities. The downmost slice (below 50 m) indicates that the high
S-wave velocities extend towards the northeast similar to the P-wave
velocities which reaches values up to 1900 m s−1 and which, on the
contrary, surround a low-velocity body in the centre of the crater.
The absolute depth of the velocity contrasts and the correspond-
ing calculated S-wave velocities are robust and compatible with the
findings of previous studies (Petrosino et al. 2006, 2012).

7 S Y N T H E T I C T E S T S

The pioneering works of geophysical inverse problems (e.g. Backus
& Gilbert 1967, 1968, 1970) clearly recognized the importance of
assessing solution robustness and the need to quantify inherent
uncertainty. To ensure the reliability of the proposed technique,
synthetic time-series of seismic noise were computed using the
spectral element code GeoELSE, developed by the Center for Ad-
vanced Studies, Research and Development, in Sardinia, and the
Department of Structural Engineering of the Politecnico di Milano
(Faccioli et al. 1997).

For our test, the underlying physical model is largely repre-
sentative of the natural example of the Solfatara crater (Fig. 9,
top). For the P-wave velocity model (left column in Fig. 8), we
also included some small-scale velocity variations. Since only
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Figure 6. The bandpass filtered Green’s function at central frequency of
5 Hz observed between two sensors at a distance of 177 m. Z, R and T
denote vertical, radial and transverse, respectively. The dashed red lines
represent the traveltimes between the sensors based on the interpolation
between the velocity values at the zero crossings of the Bessel function (see
the text for further details).

cultural noise higher than a few Hertz is considered, such synthetic
wavefields can be modelled as a distribution of impulsive point
forces located at the surface or subsurface of the studied medium,
having random force orientation and amplitude (Lachet & Bard
1994). Such a random force was applied at each time step of 0.01 s at
200 different locations, arbitrarily distributed over an area covering

Figure 7. f–k power density function showing the distribution of noise
sources using the maximum likelihood method for 4 Hz (left) and 13 Hz
(right).

the entire block’s surface and a frame of 100 m width surrounding
the block.

From the continuous data sets recorded by the same parametriza-
tion of the receivers, 60 noise windows of 30 s were extracted.
As required by theory (Rawlinson & Spakman 2016), the same
parametrization used for the real data inversion is used in the syn-
thetic data inversion. Starting from a homogeneous 3-D velocity
model, the entire inversion procedure is repeated five times for the
same model realization using an identical parametrization to assess
the uniqueness of the inverted velocity models.

As an example, Fig. 9 shows the inversion results for both the
average P- and S-wave velocities for one run after 200 iterations.
The comparison between the target structure and the calculated ve-
locities shows that the structure is satisfactorily reproduced. The
various layers characterized by different velocities are well sepa-
rated and they can clearly be identified with sufficient resolution
in depth. However, since a set of smoothing parameters has been
introduced in the solution, no sharp velocity contrasts between the
two blocks are found but there is only a more gradual transition.
Moreover, as the resolution of our imaging technique is expected
to decrease with depth, the tomographic signature of the velocity
contrasts will become weaker with increasing depth.

Comparing the final results of various inversions based on the
same parametrization, the variation in the results was found to be
smaller than 5 per cent, meaning that the standard deviation is very
small and the absolute velocity values are fairly well reproduced.
Only a few isolated spots and the boundary area, for which the ray
coverage was very sparse, have been found to show deviations up
to 15 per cent. This means that once the correlation functions have
been converged to stable values, robust and temporarily resolved ve-
locity estimates can be obtained. Following Rawlinson & Spakman
(2016), even in case of low SNRs, although small-scale elements
might hardly be resolved, the main features and the temporarily
more robust elements can still be recovered well by applying proper
regularization parameters (i.e. smoothing and damping) in the in-
version scheme.

8 N O I S E - B A S E D 4 - D M O N I T O R I N G O F
V E L O C I T Y C H A N G E S

The last few years have seen clear signs of unrest at Solfatara, which
have included ground deformation, earthquakes and variations in
hydrothermal activity (Acocella et al. 2015; Chiodini et al. 2015).
With the purpose of improving the temporal resolution for identi-
fying and localizing changes in the shallow layers of the crater, we
apply the inversion algorithm repeatedly to fractions of the entire
data set. As in any monitoring technique, the time resolution, fixed
by the time between two independent measurements, should be as
small as possible. Fractions of two hours have been found to provide
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Rayleigh and Love waves 3-D imaging 161

Figure 8. Horizontal cross-sections of the Solfatara volcano in terms of P-wave velocity (left) and S-wave velocity (right) and after inverting two hours of
seismic noise on 2014 May 19. The positions of the Fangaia mud pool (F) and the Bocca Grande fumarole (BG) are indicated in the upper right plot.

stable velocity estimates, meaning that velocity variations within a
few days can be monitored. Fig. 10 shows the relative velocity
variations along the two installations between 2014 May 19 and
22 and between November 9 and 12 as well as the large ve-

locity variations between the two campaigns in 2014 May and
November.

Although no unrest has been observed in the mentioned periods,
velocity variations emerge even within a few days. This is particu-
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Figure 9. Top: P-wave velocity (left) and S-wave velocity (right) target models for validation test. Bottom: inversion results for P-wave velocity (left) and
S-wave velocity (right). The images were obtained after 200 iterations.

larly obvious during the campaign in 2014 May. In 2014 Novem-
ber, only minor velocity variations are observed. As expected, the
relative velocity variations within a few days are smaller compared
to longer periods. However, the plots reveal that the shallow layers
do not show any remarkable velocity variations whereas significant
changes are present for deeper structures. In particular, between
2014 May and November, a marked decrease in velocity can be
observed for the southwestern part of the crater whereas the veloc-
ity increases towards northeastward at depths lower than 30 m. For
this area at the eastern edge of the Fangaia mud pool changes in
velocity can also be observed between May 19 and 22. The depth
range, for which the variations in velocity are depicted, coincides
with the interface of gas-dominated reservoirs overlain by shallow
conductive bodies interpreted as aquifers filled by condensate (e.g.
Petrillo et al. 2013; Byrdina et al. 2014).

9 D I S C U S S I O N

A better understanding of the structural framework of any caldera
and its control on fluid and gas ascent are key requirements for
a better definition of the role of any hydrothermal system during
unrest (Acocella et al. 2015). To this regard, we need to define
general patterns of the monitoring indicators and their possible
relationships during unrest, with particular attention at identifying
any general behaviour. The presented inversion algorithm based on
seismic noise allows both the P- and S-wave velocities, which play
a key role especially for lithology and fluid prediction methods, to
be monitored with a high spatial and temporal resolution.

The relationships between the velocity structure and the inher-
ent velocity changes are complex but some principal features can
be recognized. The very shallow layers are characterized by only
minor lateral velocity variations and the obtained S-wave velocities
take standardized values of loose and unconsolidated pyroclastic
deposits (Nunziata et al. 1999). For the northwestern sector of the
studied area, close to the vegetation cover and associated back-
ground values of ground temperature and gas flux, the topmost

layers are characterized by rather low-velocity values. In this part
of the crater non-saturated sands and tuffs can be found which are
relatively undisturbed by the hydrothermal activity.

However, stratigraphy becomes more complex for deeper layers.
For the eastern and northeastern sectors of the crater, an increase in
velocity can be observed for depths larger than 30 m. The depth of
the velocity contrast and the observed velocity values substantiate
the hypothesis of the presence of a small volcanic edifice, likely a
tuff-cone, formed during the phreatomagmatic activity in a smaller
crater in the eastern sector (Petrosino et al. 2012). In turn, large
lateral and vertical lithological and structural discontinuities in this
part of the crater are mainly due to the superposition of the products
related to this multievent activity.

The central Solfatara area around the Fangaia mud pool, corre-
sponding to lowest surface temperatures (Letort et al. 2012; Byrdina
et al. 2014), is characterized by a significant velocity increase for
depths larger than 25 m. In parallel, an increase of the vP/vS ratio can
be found. This central zone can be interpreted as a mechanically soft
and liquid-saturated part of the hydrothermal system, as compared
to the drier and hotter zones in the eastern and northwestern sector
of the study area. Although we did not consider the topographic
relief in the inversion, it should be noted that this central zone has
an elevation slightly lower than the surrounding area, and it usually
drains the run-off waters from the southern part of the crater. High
vP/vS ratios might indicate the existence of lithified bodies with a
high density of saturated cracks (O’Connell & Budiansky 1974)
and/or partial melt. Correspondingly, the lateral velocity variations
at depths of more than 25 m (Fig. 8) delineate a distinct liquid-
dominated conductive plume below the Fangaia mud pool. Such a
highly conductive layer might be interpreted as an aquifer saturated
with hot water condensing from a gas reservoir below (Byrdina
et al. 2014). The aquifer is anomalously shallow for the water table
height and the water temperature. However, such shallow water level
might indicate that a pressurized gas plume sustains the aquifer here
(Chiodini et al. 2015). In turn, the large-scale assumed cylindrical
vertical velocity structure (Battaglia et al. 2008) might represent an
easy way to transfer upflowing hydrothermal gases that cause the
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Rayleigh and Love waves 3-D imaging 163

Figure 10. Relative S-wave velocity variations between 2014 May 19 and 22 with respect to 2014 May 19, 10:00 UTC (top-left), between 2014 November 9
and 12 with respect to 2014 November 9, 12:00 UTC (bottom-left) and between 2014 May and November with respect to 2014 May 22 (right).

evident surface anomalies in the gas flux, temperature and water-
table level.

High-pressure values are also likely to influence the state of stress
around the crater which, in turn, will influence the alignment of mi-
crocracks and pore space and therefore cause seismic anisotropy. In
this case, a systematic azimuth-dependent (and nearly position inde-
pendent) velocity shift might not be related to local heterogeneities.
However, the traveltime residuals after inversion as a function of
azimuth (not shown) do not indicate any systematic bias with az-
imuth. This is in line with the interpretation of Petrosino et al.
(2012) concluding that the polarization of seismic noise could be
interpreted in terms of trapped surface waves affected by a high de-
gree of heterogeneity characterizing the local lithology. The effect
might hardly be caused by near-surface anisotropy. In the context of
radial isotropy, a joint inversion of Love and Rayleigh waveforms
is generally carried out for simultaneously calculating isotropic and
radially anisotropic perturbations. As the presented algorithm does
not aim at resolving radial anisotropy, we leave this issue for future
studies.

On the other hand, smaller vP/vS ratios are found for the central
part of the Solfatara crater at the eastern edge of the Fangaia mud
pool towards the Fumarole sector. The comparison between the
spatial variability of resistivity and gas flux emphasized a highly
resistive body indicating that resistivity changes at this depth are
related to high temperature gas saturation (Byrdina et al. 2014).
Further evidence of a gas fluid reservoir comes from recent seis-
mic attenuation imaging, recognizing a vertically extending, high
attenuation structure (De Siena et al. 2010).

In turn, such a highly dynamic gas-dominated reservoir, which
undergoes significant changes very quickly (Fig. 10), is probably
driven by a long-term process of heating of the system. The heat-
ing, probably due to hot magmatic fluids entering the hydrothermal
system (Chiodini et al. 2012) causes an evident increase in the hy-
drothermal activity very close to the surface. Based on physical
simulations, Todesco (2009) could show that the increment in the
flux of hot fluids would cause water vapour condensation within and
at the border of the gas plume, and, in turn, heating of the rock by
the latent heat release during condensation. Although the changes

at depth are in line with a high CO2 flux at the top (Byrdina et al.
2014), numerical simulations of gas transfer in hydrothermal sys-
tem assess the physical feasibility of the delays between of changes
at depth and the enlargement and the compositional variation of the
fumaroles degassing processes at the surface (Chiodini et al. 2010,
2015), meaning that the structural variations at depth do not neces-
sarily imply immediate changes at the surface. However, when taken
over longer periods (i.e. between 2014 May and November, Fig. 10,
right), the observed changes in the geochemical parameters occur
simultaneously with the large and long-lasting changes in seismic
velocity due to a sustained modification of the system.

1 0 C O N C LU S I O N S

Based on recordings of seismic noise at the Solfatara crater, we have
shown that with a limited number of stations and recording times
of several days, detailed images of the local P- and S-wave velocity
structures as well as precise 3-D information on short-term changes
therein can be obtained. The reliability of the proposed technique
was validated using synthetic data sets showing that the results
are well constrained. A combined use of Rayleigh and Love wave
tomography can excel traditional methods in retrieving velocity het-
erogeneities at depth due to their different sensitivity kernels which
allows the identification of large horizontal and vertical velocity
variations and the spatially resolved mapping of P- and S-wave ve-
locity contrasts. Such a precise knowledge of the velocity structure
is particularly important at this volcano, where long-period seismic
events associated to the activity of the hydrothermal system occur
in the very shallow layers.

In a sort of continuous feedback process, hydrothermal and fur-
ther geochemical and geophysical investigations of this area have
been used to provide a correct interpretation of the spatial and
temporal velocity changes. The lateral velocity variations delineate
two plume structures: a liquid-dominated conductive plume for the
southeastern part of the crater below the Fangaia mud pool and a gas-
dominated plume in the central and western part of the Solfatara
crater. Complementing traditional geoelectrical and geomagnetic
field methods, we could show that seismic imaging can add an extra
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dimension and a deeper perspective of the internal structure down
to a depth of some tens of metres. Since the presented method only
uses the phase and not the amplitude information associated with
the direct or scattered waves, the scattered part of the correlation
functions is stable enough to provide robust velocity estimates with
a high temporal resolution. This allows not only static images of the
velocity structure but also allow changes in the medium properties
to be monitored and precisely localized with temporal resolution
of two hours. Moreover, the development and the use of wireless
sensor networks should ease the efforts necessary for the acquisi-
tion of seismic noise data, which will open the way to real-time
4-D imaging and monitoring of active volcanoes and possibly also
seismic faults.
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