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Abstract  We estimate Love wave empirical Green’s functions from cross-correlations of ambient seismic noise to study 
the crust and uppermost mantle structure in Italy. Transverse-component ambient noise data from October 2005 through 
March 2007 recorded at 114 seismic stations from the Istituto Nazionale di Geofisica e Vulcanologia (INGV) national 
broadband network, the Mediterranean Very Broadband Seismographic Network (MedNet) and the Austrian Central Institute 
for Meteorology and Geodynamics (ZAMG) yield more than 2 000 Love wave group velocity measurements using the mul-
tiple-filter analysis technique. In the short period band (5−20 s), the cross-correlations show clearly one-sided asymmetric 
feature due to non-uniform noise distribution and high local activities, and in the long period band (>20 s) this feature be-
comes weak owing to more diffusive noise distribution. Based on these measurements, Love wave group velocity dispersion 
maps in the 8−34 s period band are constructed, then the SH wave velocity structures from the Love wave dispersions are 
inverted. The final results obtained from Love wave data are overall in good agreement with those from Rayleigh waves. 
Both Love and Rayleigh wave inversions all reveal that the Po plain basin is resolved with low velocity at shallow depth, and 
the Tyrrhenian sea is characterized with higher velocity below 8 km due to its thin oceanic crust. 
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1 Introduction  

Surface wave tomography from cross-correlations 
of ambient noise instead of signals associated with bal-
listic source-receiver propagation has become a promis-
ing and powerful tool to study crustal and uppermost 
mantle structure in recent years. With ambient noise 
interferometry technique which is independent of earth-
quakes and human-made explosions, the empirical 
Green’s function of waves traveling along the path be-
tween two receivers can be extracted from the time de-
rivative of long-term cross-correlations (e.g., Derode et 
al., 2003; Weaver and Lobkis, 2004). Indeed, many ap-
plications of ambient noise surface wave tomography on 
both regional (e.g., Sabra et al., 2005b; Shapiro et al., 
2005; Lin et al., 2007; Yao et al., 2008; Li et al., 2009; 
Stehly et al., 2009) and continental scales (Yang et al., 
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2007; Bensen et al., 2008; Liang and Langston, 2008) 
have recently been published, and their dispersion maps 
generally show higher resolution than those typically 
derived from earthquakes. 

Italy is located between the Eurasian and African 
plates, which are presently converging approximately in 
a N-S direction. The N-S convergence between these 
two continental plates, active since at least 65 Ma ago 
(Malinverno and Ryan, 1986; Dewey et al., 1989; Pa-
tacca et al., 1990), has resulted in a fragmentation of the 
lithosphere into several microplates (Westaway, 1990; 
Gvirtzman and Nur, 2001; Margheriti et al., 2003). The 
interaction among these microplates led to a very com-
plicated tectonics, and the present-day tectonic setting of 
Italy is dominated by the formation of the Alps, the 
orogenesis of the Apennines and the opening of the 
Tyrrhenian basin (Patacca and Scandone, 1989). The 
complex tectonic setting of Italy results in strong lateral 
heterogeneities in the lithospheric structure (Panza et al., 
1980; Mantovani et al., 1985; Pontevivo and Panza, 
2002; Li et al., 2007).  
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The recently installed Istituto Nazionale di 
Geofisica e Vulcanologia (INGV) national network, the 
Mediterranean Very Broadband Seismographic Network 
(MedNet) and the Austrian Central Institute for Meteor-
ology and Geodynamics (ZAMG) network (Figure 1) 
provide dense station coverage and high-quality con-
tinuous data to perform ambient noise analysis in Italy. 
Thus in this study, cross-correlations from ambient 
noise data between October 2005 and March 2007 re-
corded at 114 seismic stations from INGV, MedNet and 
ZAMG are used to extract Love wave Green’s functions. 
The resulting dispersion maps generally agree with the 
Rayleigh wave maps and show strong consistency with 
geological and tectonic features, and the SH velocity 
structures show significant differences of the crustal 
structure beneath Italy.  

 

Figure 1 Geographic map of Italy and adjacent areas. Seismic 
stations used in this study are depicted as open triangles, and the 
black straight lines are the section lines of the vertical profiles 
(AA′, BB′ and CC′) shown in Figure 7. 

2 Data and group velocity measure-
ments 

In this study, all data are first cut into one-hour 
length and the mean and trend are removed. Then data 
are high-pass filtered at 0.01 Hz and decimated to 1 

sample per second. Afterward N-S and E-W compo-
nents were rotated to radial and transverse components 
for each station-pair, and spectral whitening was applied. 
Transverse-component ambient noise data from October 
2005 through March 2007 recorded by 114 stations from 
the INGV national network, MedNet and ZAMG are 
collected to calculate the cross-correlations between all 
the available station-pairs. The number of cross- correla-
tions in the stack varies between 3 months and 1.5 years 
since some stations are unavailable during the period. 
Theoretically, with a fully diffuse wavefield or homo-
geneous-distributed noise sources as the ambient noise 
technique assumed, the resulting cross-correlations 
should be symmetric that positive and negative lags of 
correlations display the same velocity and dispersion 
features. In practice, asymmetric cross-correlations are 
often observed due to not perfectly isotropic noise dis-
tribution, and some studies have revealed that the char-
acteristics of the seismic noise are strongly frequency- 

dependent and direction-dependent (e.g., Pedersen et al., 
2007; Marzorati and Bindi, 2008). 

In Figure 2, monthly cross-correlations for three 
station-pairs with different azimuths and different fre-
quency bands are given. In the short period band 
(0.05−0.2 Hz), one-sided cross-correlations are observed 
for all the three station-pairs with different azimuths, the 
correlation lags showing large amplitudes represent 
waves mainly propagating from TUE to ARSA, CING 
to AMUR, and CIGN to ESLN, respectively. Previous 
studies have shown that the noise recorded in Europe is 
dominated by surface waves generated along the Atlan-
tic coast of France, the northern British coasts and the 
western coast of Norway (Friedrich et al., 1998; Mar-
zorati and Bindi, 2006; Pedersen et al., 2007). Therefore 
the favorable directions of our correlations generally 
correspond to the domination of ocean-generated noise 
along the northern Atlantic. Meanwhile, we also noticed 
that the correlations for the pair ARSA-TUE show a 
more complex behavior; on positive lag we also ob-
served signals with different velocity from the negative 
lag. The lag difference could be related to high local 
activities generating a wave field which propagates 
along a direction not aligned with the station pair direc-
tion (Marzorati and Bindi, 2008). In the frequency band 
0.02−0.05 Hz, signals with contemporaneous arrivals 
are generally displayed on both positive and negative 
correlation lags which indicate that the noise field is 
close to diffusive in this frequency. We also observed 
that for the pairs CING-AMUR and ESLN-CIGN, in  
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Figure 2 Monthly cross-correlations computed for three station-pairs: ARSA-TUE, CING-AMUR and ESLN-CIGN for 
frequency band 0.05−0.2 Hz (the middle row) and 0.02−0.05 Hz (the bottom row). The stacks over all the available months are 
displayed at the top of each panel. 
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summer signals are mainly shown on negative/positive 
lag, however, in winter the situation is reversed, which 
may related to the noise generated in the Mediterranean 
sea and indicate that the noise recorded in summer in this 
area is dominated by surface waves generated from dif-
ferent locations compared with that recorded in winter.  

Although the cross-correlations display non- sym-
metric and seasonal variations, they generally show co-
herent waveforms from month to month. Therefore, in 
order to simplify data analysis in this study, we separate 

each cross-correlation into positive and negative lags 
and then add the two lags to yield a symmetric 
cross-correlation, and more than 2 000 station-pairs 
have been used. In Figure 3, we plot the distribution of 
dispersion measurements at different periods and the 
path coverage at 15 s and 30 s. Since the path distribu-
tion is not even in the study area due to few available 
stations out of the Italian peninsula, path coverage is 
good within the Italian peninsula and becomes sparse 
toward the periphery.  

 

Figure 3 (a) Plot of dispersion measurements for different periods used in the inversion; (b) Ray path 
coverage at period T =15 s; (c) Ray path coverage at T =30 s. 

In this study, dispersion was determined using 
multiple-filter analysis technique, and the tomographic 
work followed the conventional two-step scheme. In the 
first step, the Occam’s inversion method (Constable et 
al., 1987; Huang et al., 2003) was used to invert for 
group velocities. Then in the second step the shear wave 
velocity structures beneath each grid node were indi-
vidually inverted at all periods from group velocities. 
Since those techniques used in this paper are the same as 
those used in our previous work (Li et al., 2009, 2010), 
they will not be elaborated here. Before group velocity 
inversion, checkerboard tests were first made to estimate 
the achievable resolution. In the input model the veloc-
ity is alternatively 2.94 and 2.66 km/s in 0.6°×0.6° 
blocks as shown in Figure 4a. Then synthetic data of 
group velocities were computed according to the actual 
paths at period 15 s, and the resulting velocity image is 
given in Figure 4b. The resolving power is good beneath 
the Italian peninsula due to dense path coverage, but it 
becomes poor toward the surrounding area. Figure 4c 
displays the result of a similar test with the path cover-

age at 30 s. In that case, the theoretical velocity model 
has a 1.0°×1.0°  checkerboard pattern and is not shown 
here. The overall reconstructed velocity map is correct 
for the Italian peninsula. Therefore, as a rough estima-
tion, we put the resolution as 0.6° for shorter periods 
and 1.0° for longer periods. 

Figure 5 shows the depth-sensitivity kernels for 
Love wave group velocity. It is well-known that surface 
waves at short periods usually tend to sample materials 
closer to the surface, whereas long periods are sensitive 
to faster velocities found deeper in the Earth. It can be 
seen from Figure 5 that Love waves at 8 and 15 s are 
more sensitive to the crustal structure shallower than 15 
km; for structure deeper than 20 km, Love waves at 24 
and 30 s show higher sensitivity.  

Figure 6 displays the group velocity distributions 
of Love waves at periods 8, 15, 24 and 30 s with blue 
color for high and red for low velocities. In the 8 s group 
velocity map (Figure 6a) the Po plain stands out as hav-
ing a conspicuous low velocity. At 15 s period (Figure 
6b), although the lowermost velocity persists beneath  
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Figure 4 Checkerboard tests. (a) Theoretical model with 0.6°×0.6° blocks and alternatively input velocity 2.66 and 2.94 
km/s; (b) Inversion result for period T =15 s path coverage; (c) Inversion result for T =30 s path coverage. Theoretical model 
(1.0°×1.0°) is not shown here. 

 

Figure 5 Depth sensitivity kernels to shear velocity for 
Love wave group velocity at periods 8, 15, 24 and 30 s. 

the Po plain, the northern and central Apennines and 
Sicily are also resolved with low velocities. Meanwhile, 
it is evident that high velocities are centered in the Tyr-
rhenian sea. At 24 s period (Figure 6c), the velocity dis-
tribution is similar to those at 15 s except for Sicily no 
longer showing low velocities. In the 30 s map (Figure 
6d), the distribution of low velocities beneath the Po 

plain widens to the central and eastern Alps, and high 
velocities occur beneath the Tyrrhenian sea and Sicily.  

3 Shear wave velocity structure 
Surface waves at different periods sample the Earth 

structure over different depth ranges, therefore, from the 
group velocity distribution we can get a rough estima-
tion of the lateral variation of the shear wave velocity. In 
this study, we first extracted the pure path dispersion 
curves for each grid node based on Love wave group 
velocities obtained in the previous section, and then car-
ried out inversions for shear wave (SH) velocity struc-
ture by using a program developed by Herrmann and 
Ammon (2004). The initial models consist of 50 layers 
with 1-km thickness of each layer. The same initial 
model is used for all nodes in our inversion, then the 
inversion was repeated 15 times with 15 different initial 
models to reduce initial model’s effect on our results, 
and the final SH velocity structure was determined by 
averaging all solutions. 

Figure 7 shows shear wave velocity along three 
vertical profiles from the surface to 40 km depth. In the 
profile AA′, it is evident that at depth between 8 km and 
30 km shear wave velocities in the northern Tyrrhenian 
sea show higher speed than beneath the northern Apen-
nines and the northern Adriatic sea, which are consistent 
with previous studies that a very thin oceanic crust and 
lithosphere are reported beneath the Tyrrhenian sea  



492 Earthq Sci (2010)23: 487−495 

 

Figure 6 Estimated Love wave group velocity maps at periods of 8 (a), 15 (b), 24 (c) and 30 s (d). 
Period is indicated in the lower left corner of each map. 

(Duschenes et al., 1986; Geiss, 1987; de Voogd et al., 
1992; Pepe et al., 2000; Agostinetti and Amato, 2009), 
and normal continental crust beneath the Apennines and 
the Adriatic sea. The profile BB′ crosses Sicily to the 
southern Apennines, and the lateral variation of veloci-
ties along the profile is still obvious. The Sicily island is 
featured with lower velocities at depth shallower than 5 
km, however, at depth around 20−30 km, Sicily island 
show relatively high velocities. Along the profile CC′ 
through the Po plain to the southern Apennines, at shal-

low depth the lowest velocities are observed beneath the 
Po plain. At depth between 10 km and 20 km, velocities 
beneath the Po plain and central-southern Apennines 
display higher speed than the northern Apennines.  

4 Discussion and conclusions 
Ambient noise Rayleigh wave tomography for the 

same region with the same analysis and inversion me-
thods has been reported in our previous study (Li et al.,  
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Figure 7 Vertical profiles of shear wave velocity along the lines AA′, BB′ and CC′ in Figure 1. Topography (H denotes 
elevation) is plotted above each profile (black area). 

2010). Our Love wave group velocity distribution is 
generally in agreement with that from Rayleigh wave 
data, and shows strong lateral velocity variation in the 
study area. At the short period (<20 s), surface wave 
velocities are dominantly sensitive to the upper crustal 
structure. Since sediments have much slower velocities 
than crystalline rocks, sedimentary basins usually appear 
as low-velocity anomalies at short-period. Low Rayleigh 
wave and Love wave group velocities at short periods 
mainly occurred beneath the Po plain, which likely in-
dicates the thick alluvial basin of the Po river (Wald-
hauser et al., 1998; Kummerow et al., 2004; Di Stefano 
et al., 2009). High group velocities persist in the Tyr-
rhenian sea area from both Rayleigh wave and Love 
wave maps at period longer than 8 s, which suggests a 
relatively thin crust in this area where a very thin oce-
anic crust has been reported by seismic sounding data 
(Duschenes et al., 1986; Geiss, 1987; de Voogd et al., 
1992; Pepe et al., 2000). At long periods (>20 s), surface 
waves become primarily sensitive to crustal thickness 
and the lower crustal and uppermost mantle structure. 
As seen in Figure 6, our Love wave group velocity maps 
exhibit an approximately inverse correlation with crustal 
thickness shown in Figure 8, with high velocities in re-
gions with thin crust and low velocities in regions with 
thick crust. Meanwhile, our results show that although 
the Tyrrhenian sea and Adriatic sea are parts of the 
Mediterranean sea, the Tyrrhenian sea has a very thin 
oceanic crust while the Adriatic sea owns a normal con-
tinental crust.  

Although our Love wave results are generally in 
agreement with results based on Rayleigh wave data, 
some differences still exist. For example, beneath the 
Apennines the SV velocity structure derived from Ray- 

 

 

Figure 8 Maps of crustal thickness which is taken from 
CRUST2.0 (Bassin et al., 2000). 

leigh shows a low-velocity patch between the depth 10 
km and 30 km, which is not seen in the SH velocity 
structure based on Love wave data. The sources of the 
differences require further studies.  

In summary, this study has performed surface wave 
tomography of Italy by using seismic ambient noise data 
from 114 seismic stations to construct Love wave group 
velocity maps in the period range between 8 s and 34 s. 
Cross-correlations are computed in one-hour segments 
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with a duration ranging between 3 months and 1.5 years. 
The lateral resolution in the Italian peninsula and Tyr-
rhenian sea is estimated to be about 0.6°−1.0°. The large 
velocity variation suggests strong heterogeneities and 
structure complexities in Italy. Our Love wave group 
velocity maps show that the overall velocity distribution 
pattern correlates well with surface geology and tectonic 
features, and are generally consistent with previous sur-
face wave studies and ambient noise study based on 
Rayleigh wave: sedimentary basins are characterized 
with low velocity at shallow depth, and the Tyrrhenian 
sea is characterized with higher velocity below 8 km due 
to its thin oceanic crust. 
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