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S U M M A R Y
The horizontal to vertical spectral ratio (HVSR) of seismic noise is often used to investigate
site effects, and it is usually assumed to be a stable feature of the site considered. Here we
show that such an assumption is not always justified, and may lead to incorrect conclusions.
The HVSR analysis was performed on ambient seismic noise recordings lasting from weeks
to months at many sites in Calabria, Italy. Results show a variety of site effects, from the
resonance of a shallow sedimentary layer to the polarized amplification of horizontal ground
motion associated with topographic effects. We describe the results of seven sites whose
HVSR is characterized by dual content: one that is persistent, and another appearing only
occasionally. Two sites very near the coast of the Tyrrhenian sea and five sites in the Calabrian
Arc mountains show the most remarkable results. The shape of the HVSR changes significantly
at these sites when the amplitude of background noise increases in a broad frequency band
during periods of bad weather. The occasional contribution to the HVSR consists of one or
more peaks, depending on the site, that appear only when the amplitude of ambient noise is
higher than usual. The seven sites where we observe the HVSR variability are all located in
complex geological environments, on mountains, ridges or foothills. A variation of the HVSR
correlated with the day–night cycle is also observed at some of these sites.

Key words: Time-series analysis; Body waves; Seismic noise; Site effects; Surface waves
and free oscillations; Wave propagation.

1 I N T RO D U C T I O N

The measurement of site effects has long attracted the attention
of seismologists, engineers and other researchers involved in the
mitigation of seismic risk. One of the simplest and most effec-
tive techniques available for this purpose is the analysis of seis-
mic noise recorded by three-component seismometers, used to
compute the spectral ratio between horizontal and vertical ground
motion (HVSR). Often called the Nakamura method (Nakamura
1989, 2000), this technique is very efficient in estimating the res-
onance frequency in cases with soft layer on bedrock (Lermo &
Chavez-Garcia 1993; Mucciarelli 1998; Mucciarelli & Gallipoli
2001; Bonnefoy-Claudet et al. 2006a; Borges et al. 2016). In such
cases the layer seismic resonance is inferred from the presence of a
well-defined peak in the HVSR curve, and its frequency puts a strong
constraint on the layer thickness (Gueguen et al. 2000; Parolai et al.
2002; Bonnefoy-Claudet et al. 2006a; Gosar & Lenart 2010; Big-
nardi 2017). On the contrary, the same analysis applied to seismic
noise recorded on flat topography with outcropping bedrock gives
a rather flat HVSR. The HVSR method has been largely applied
to seismic noise during the last decades to obtain a fast and cheap
estimation of site effects, often for microzonation purposes (e.g.

Lachet et al. 1996; Bour et al. 1998; Gueguen et al. 2000; Gosar &
Lenart 2010; Gallipoli et al. 2011; Mucciarelli 2011; Strollo et al.
2012; Martorana et al. 2018, and many others). It has also been
applied to earthquake recordings, and results compared with those
of seismic noise recorded at the same site (Mucciarelli et al. 2003;
Chavez-Garcia et al. 2018; Napolitano et al. 2018). The comparison
has evidenced the reliability of results obtained from the seismic
noise as a powerful and economic tool for the investigation of site
effects (e.g. Lermo & Chavez-Garcia 1993; Bour et al. 1998; Muc-
ciarelli & Gallipoli 2001; Cara et al. 2003; Parolai et al. 2010).
On the other hand, many authors have shown that the amplitude of
the HVSR peak can be variable and not necessarily related to the
ground motion amplification observed in the case of earthquakes
(Bonnefoy-Claudet et al. 2008; Cara et al. 2010; Gallipoli et al.
2011; Rong et al. 2017).

Another important site effect is that produced by the interaction
of seismic waves with the topography. Ground motion amplifica-
tion of the horizontal components with a polarization in the di-
rection of the maximum slope, or normal to the ridge crest, are
the most commonly observed site effects in mountain zones in the
case of earthquakes (Geli et al. 1988; Pedersen et al. 1994; Bou-
chon & Barker 1996; Spudich et al. 1996; Del Gaudio et al. 2008;
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Buech et al. 2010; Massa et al. 2010; Formisano et al. 2012). The
dependence of ground motion amplification on the frequency of the
seismic signal has also been documented. Wavelengths compara-
ble with the size of the crest, or of the mountain, are recognized
as a reliable criterion to forecast the frequency of the maximum
ground motion amplification (Spudich et al. 1996; Paolucci 2002).
Many authors have analysed earthquakes and seismic noise and
compared the results to investigate the effects of the topography
on the ground motion. The HVSR computed for both earthquakes
and noise often show a high degree of similarity, or at least similar
peaks at the same frequency (Chavez-Garcia et al. 1996; Parolai
et al. 2010; Napolitano et al. 2018). This suggests that the sim-
ple analysis of seismic noise may be very useful for revealing at
least part of the topographic effects (Chavez-Garcia et al. 1996; Del
Gaudio et al. 2008; Panzera et al. 2011). Detailed analyses of the
interaction of seismic waves with complex topography have also
been performed using several methods (Chavez-Garcia et al. 1997;
Burjanek et al. 2014). However, a full agreement between the results
obtained from earthquakes and noise has not been observed, prob-
ably because topography effects are often superimposed on other
site effects, first of all those associated with the local geological
structure (Burjanek et al. 2014). Therefore an exhaustive compre-
hension of topography effects on ground motion has not yet been
achieved.

One of the assumptions of the HVSR method is to treat the
spectral ratio as a stable feature of the site considered. Indeed,
a number of experiments have shown that the frequency of the
resonance peak does not vary significantly among weak station-
ary noise, transient noise, traffic noise, calm or windy days, and
even earthquakes (Mucciarelli 1998; Mucciarelli et al. 2003; Paro-
lai et al. 2004; Parolai & Galiana-Merino 2006; Guillier et al. 2007;
Cara et al. 2010). The same authors have noted that the height
of the HVSR peak is less stable and not always representative of
the local amplification. However, most of these observations were
carried out on sites characterized by quite simple geological struc-
tures which produce a well-defined and stable resonance peak in
the HVSR. On the other hand, few studies (e.g. Benkaci et al.
2018) have reported evidence of HVSR non-stability. In this paper
we show some examples of sites where the HVSR changes sig-
nificantly over time, with one or more occasional peaks appearing
when the amplitude of seismic noise increases due to poor weather
conditions.

2 DATA A NA LY S I S A N D R E S U LT S

The data analysed in this study were recorded at many different
sites in Calabria, Italy by three-component seismic stations (Figs 1
and 2). Some of them are permanent installations of the Università
della Calabria Seismic Network (www.sismocal.org), hereafter RSU
(Rete Sismica Unical), while others are temporary stations installed
for specific research purposes. A preliminary analysis consisted in
the computation of the signal spectrum over a 600 s sliding win-
dow for continuous recordings of more than 30 seismic stations.
Spectra were used to compute the power spectral density (PSD) for
each component, the average PSD among the three components,
and the HVSR versus time and frequency. The graphical represen-
tation of these results is very efficient for investigating the stability
of HVSR in time. Weekly plotting of PSD and HVSR made it
possible to identify seven sites where the HVSR shows significant
variations with time that appear well correlated with the signal am-
plitude. Figs 3–5 show the average PSD and HVSR versus time

and frequency for six sites where the variations are particularly
significant. For each site, we selected two time windows in which
the HVSRs show the strongest differences. The standard HVSR
analysis was performed on this data selection using the software
GEOPSY (www.geopsy.org), computing the spectra on a 120 s
sliding window, applying an anti-triggering algorithm if necessary
to remove transient disturbances, and then computing the average
and standard deviation. The HVSR curves obtained from this anal-
ysis are reliable in a broad frequency range, at least from 0.1 to
30 Hz, but since we are interested in site effects in a seismic hazard
perspective, we only considered the significant peaks at frequencies
below 20 Hz. Since a typical feature of topographic effects is the
polarization of the HVSR peak in the slope direction or perpen-
dicular to the ridge crest (Spudich et al. 1996; Paolucci 2002), we
also computed the HVSR as a function of azimuth using GEOPSY.
Fig. 6 shows the main result of our analysis, that is, the persistent
and occasional HVSR at the seven sites studied. Detailed plots for
each site, showing the rms versus time, the persistent and occa-
sional HVSR, and the HVSR versus frequency and azimuth, are
shown in the Supporting Information (Supporting Information Figs
S1–S7). The most relevant variations observed in the HVSRs oc-
cur during periods of higher amplitude background noise, which
is strongly related to the weather conditions. Wind and sea waves
can increase the amplitude of seismic noise by an order of magni-
tude or even more in some frequency bands. The seismic noise also
shows a well-known day–night cycle associated with human activ-
ity, which is usually the main contribution at frequencies greater
than 1–2 Hz (Cara et al. 2003; Bonnefoy-Claudet et al. 2006b;
Koper et al. 2010). Hereafter we will refer to low-amplitude seis-
mic noise during good weather periods as ‘weak noise’, and higher
amplitude seismic noise recorded during periods of bad weather as
‘strong noise’. At the sites shown in Fig. 1 the HVSR exhibits one
or more peaks of high amplitude that are present only during strong
noise periods. Table 1 provides a summary of the main HVSR fea-
tures at such sites, which are shown in Fig. 6, while RMS, HVSR
versus frequency and versus azimuth are shown in the Supporting
Information.

Fig. 3 shows the results of our analysis for the two sites T017
and TP02. T017 is a temporary station installed in the village of
Tortora Marina, a few hundred metres from the coast (Figs 1 and 2a).
Figs 3(a) and (b) respectively show the PSD and HVSR at T017 for
8 d in the 0–6 Hz frequency range. The vertical bars in the two PSD
plots (a and c) mark the time periods used to compute the HVSR
shown in Fig. 6a and Supporting Information Fig. S1. The HVSR
computed for days of weak noise is stable with a peak of amplitude
5 at 1.4 Hz (Fig. 6a and Supporting Information Fig. S1b). On the
contrary, when the signal amplitude increases, an occasional peak at
0.95 Hz shows up and increases its amplitude to reach the amplitude
of the persistent peak (Fig. 6a and Supporting Information Fig. S1d).
The peak around 1.4 Hz is likely associated with the resonance of
a soft dipping layer. This is inferred from the higher frequency of
peaks observed in HVSR at nearby sites closer to the mountain, not
described here. The area around T017 is characterized by Holocene
alluvial gravelly-sandy and sandy deposits. These deposits overlie
the dolomitic bedrock, but the thickness of the sequence is not well
defined. Fig. 6(a) also shows the results obtained for site T002,
which is located less than 1 km SE of T017, in the same geological
environment between the sea and the mountain, characterized by a
gentle slope toward the sea (Figs 1 and 2a). The HVSR computed
on weak noise shows a well-defined peak at frequency 2.1 Hz,
characterized by amplitude between 4 and 5 and a wide asymmetric
base that extends from 1 to 3.5 Hz, and not well-defined azimuth
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Figure 1. Topographic map showing the position of seismic stations used in this paper. MMN, ROI, CMPN and SMIN are permanent stations of the Università
della Calabria Seismic Network, while T002, T017 and TP02 shown in the inset are temporary stations.

Figure 2. Topographic and geological maps of the area surrounding the seven sites analysed in this paper.

(Fig. 6a, and Supporting Information Figs S2b and c). In the case of
strong noise, the peak at 2.1 Hz increases its amplitude up to 8, and
a second peak rises at 1.3 Hz with an azimuth of 45◦ (Supporting
Information Figs S2d and e). The case of T002 is qualitatively very

similar to T017, but both persistent and occasional peaks occur at
higher frequency.

Figs 3(c) and (d) show the results of data recorded at site TP02
(Figs 1 and 2b) by a temporary station installed in the basement of a
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Figure 3. Logarithm of PSD (mean among the three components of ground motion, reference is 1 micron2 s−2) and HVSR versus time and frequency at
stations T017 (plots a and b) and TP02 (plots c and d) for 8 d of data. The blue and black boxes in the PSD plot show the 8-hr time window used to compute
the HVSR plotted in Fig. 6.

church in the historical centre of the village Tortora, at the southern
end of a small ridge oriented north–south. The geology is charac-
terized by a few metres of Pliocene sands and conglomerates that
overlie the well-bedded dolomitic bedrock (Triassic in age) through
an unconformity surface. At TP02 the weak noise HVSR is flat in
a broad frequency band (Fig. 6b, and Supporting Information Figs
S3b and c), without any peaks which satisfy the significance criteria
established by the Sesame project (Sesame 2004). This result was
expected because the area is characterized by outcropping bedrock.
Only a peak at about 15 Hz is very stable, but its average amplitude
is just below 2, while some peaks between 2 and 5 Hz perturb the
flat average value occasionally. On the contrary, in the case of strong
noise the HVSR is very different, with two peaks at 1.6 and 2.6 Hz,
amplitude greater than 4, and a well-defined azimuth of about 80◦

(Figs 3d and 6b, and Supporting Information Figs S3d and e). The
frequencies of these peaks and their E–W polarization suggest that
their origin could be a topographic amplification of the horizontal
ground motion in the direction normal to the N-S oriented crest
(Fig. 2).

Fig. 4 shows the results of data recorded at sites MMN and
SMIN. MMN is a permanent station of the RSU installed in a vault
of the cemetery of the village Mormanno (Figs 1 and 2c). The
area around this site is characterized by complex topography with
a ravine nearby to the north and the irregular outcropping of well-
bedded dolomitic rocks, often intensely fractured. A formation of
calc-schist rock is present very close northwards. The weak noise
HVSR is characterized by an irregular increase of amplitude with
frequency, with a pair of stable peaks between 5 Hz and 7 Hz, and
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Figure 4. Logarithm of PSD and HVSR versus time and frequency at stations MMN (plots a and b) and SMIN (plots c and d) for 6 d of data.

another broad peak between 11 and 20 Hz (Figs 4b and 6c and
Supporting Information Fig. S4b). In the case of strong noise the
HVSR contains two well-defined significant peaks at 7.6 and 11 Hz
(Figs 4b and 6c and Supporting Information Fig. S4d). These peaks
reach an H/V value greater than 8 and 6, respectively, and both are
polarized in the N–S direction (Supporting Information Fig. S4e).
The direction of maximum slope at the MMN site is N–S (Fig. 2c),
thus the polarization of the two occasional peaks could be related
to topographic effects.

SMIN is a permanent station of the RSU installed inside an
abandoned house on a hill slope (Figs 1 and 2d). A formation of
filladic schist (Palaeozoic) rich in chlorite, sericite and quartz out-
crop widely around SMIN. Southeastwards, the tectonic contact
between this formation and the Triassic dolomites also occurs. The
weak noise HVSR is quite stable, characterized by a broad peak
of amplitude up to 3 at frequency 2.5 Hz (Figs 4d and 6d and
Supporting Information Fig. S5b). In the case of strong noise the

HVSR remains the same up to 6 Hz, while it changes a great deal
at higher frequency, where two peaks at 8 and 14 Hz increase their
amplitude up to 3 and 2.5, respectively (Figs 4d and 6d and Support-
ing Information Fig. S5d). The polarization of the occasional peaks
at 8 and 14 Hz is the same (140◦), but it is completely different
compared with the persistent peak at 2.5 Hz (about 80◦). At the site
SMIN an amplitude modulation of the persistent weak noise HVSR
correlated with the day–night cycle is evident.

Fig. 5 shows the results of the analysis of seismic data recorded
at sites ROI and CMPN. ROI is a permanent station of the RSU
installed on an N–S oriented ridge (Figs 1 and 2e). The area
around ROI is dominated by a complex of intrusive Palaeozoic
acidic rocks (diorite, quartz monzonite, granodiorite and granite)
often deeply weathered and tectonized. The weak noise HVSR is
characterized by irregular shape with a broad double peak of am-
plitude 3 between 6 and 10 Hz (Figs 5b and 6e and Supporting
Information Fig. S6b). In the strong noise HVSR the double peak
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Figure 5. Logarithm of PSD and HVSR versus time and frequency at stations ROI (plots a and b) and CMPN (plots c and d) for 8 d of data.

between 6 and 10 Hz increases its amplitude up to 7, and another
well-defined peak at frequency 3.3 Hz appears with amplitude up
to 5. It is interesting to note the completely different polariza-
tion of the peaks that characterize the strong noise: 160◦ for the
broad peak between 6 and 10 Hz versus 60◦ for the occasional
peak at 3.3 Hz. An amplitude modulation of the persistent weak
noise HVSR correlated with the day–night cycle is evident at the
site ROI.

CMPN is a permanent station of the RSU installed in the crypt
of a medieval church in the historical centre of the village Cam-
pana (Figs 1 and 2f). The old part of the village around this church
is built upon a ridge oriented WNW–ESE (Fig. 2f), and all the
houses in a radius of 150 m are abandoned, therefore no artificial
sources of noise are usually present very near the instrument. Cam-
pana is built above a Miocenic sedimentary sequence, a formation
of well-consolidated sandstones overlying well-bedded conglomer-
ate rocks. The weak noise HVSR has only one significant peak of

amplitude 3 at 1.6 Hz (Figs 5d and 6f, and Supporting Informa-
tion Fig. S7b). On the contrary, the strong noise HVSR shows a
high narrow peak at 9 Hz, and another peak of lower amplitude
at 5.5 Hz (Figs 5d and 6f, and Supporting Information Fig. S7d).
The persistent peak at 1.6 Hz is very stable in shape, frequency and
amplitude, with an azimuth polarization of about 40◦. This is the
direction perpendicular to the ridge crest, therefore this occasional
peak is very likely produced by a topography effect. The high oc-
casional peak at 9 Hz has the same well-defined polarization, while
the peak at 5.5 Hz seems less polarized (Supporting Information
Fig. S7e).

Fig. 6 shows a summary of the results described above and de-
picted in Figs 3–5, and in the Supporting lnformation (Supporting
Information Figs S1–S7). For each site, the weak noise (persistent,
red line) and strong noise (occasional, blue line) HVSRs are shown.
The shadowed area represents one standard deviation above and be-
low the mean value. It is noteworthy that the amplitude of the strong
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Figure 6. Mean values of persistent (red line) and occasional (blue line) HVSR at the seven sites studied in this paper. These results are obtained from the
analysis of 8 hr of signals, as shown by blue and black boxes in Figs 3–5. Shadowed area represents one standard deviation above and below the mean. HVSRs
shown here were computed by GEOPSY over 120 s sliding window, taking the square average of horizontal component spectra over the vertical component
spectrum.

Table 1. Persistent and occasional HVSR peaks.

Site Persistent peak Occasional peak

Freq (Hz) Amp Azimuth Freq (Hz) Amp Azimuth

T017 1.4 5 120◦ ± 20◦ 0.95 6.5 40◦ ± 20◦
T002 2.15 4 – 1.3 4 45◦ ± 15◦
TP02 15 1.8 60◦ ± 20◦ 1.7 4.8 80◦ ± 20◦

2.6 4.8 80◦ ± 20◦
MMN 6.5 4 0◦ ± 20◦ 7.6 >8 170◦ ± 20◦

8.5 3.7 0◦ ± 20◦ 11 6 170◦ ± 20◦
17 4 0◦ ± 20◦

SMIN 2.5 3 90◦ ± 20◦ 8 2.8 140◦ ± 20◦
14 2.2 140◦ ± 20◦

ROI 7 3.3 160◦ ± 30◦ 3.3 5 60◦ ± 20◦
8.5 3 160◦ ± 30◦

CMPN 1.6 3 40◦ ± 20◦ 5.5 4 90◦ ± 20◦
9 5 40◦ ± 20◦

noise HVSR curve is always greater than or equal to the weak noise
curve.

3 D I S C U S S I O N

We have described seven sites where the HVSR is characterized
by dual contents, one persistent contribution that is typical of weak
noise, and another contribution that appears when the amplitude
of seismic noise increases. These sites are geologically different
from each other and are not located on flat land. All of them have
HVSRs with at least one significant persistent peak, which may be
representative of a soft layer resonance or of topographic effects.
The two sites near the coast, T002 and T017, are located on almost
flat land, but it is a narrow belt between the sea and the mountain
(Figs 1 and 2a). At these two sites the weak noise HVSR shows
a well-defined peak corresponding to the resonance of a soft layer
that is dipping toward the sea. The other five sites (TP02, MMN,

ROI, CMPN, SMIN) are all located on hill slopes or on a ridge
crest, in places where the soft soil on bedrock is negligible or very
thin. At these sites it is difficult to interpret the HVSR obtained
from weak noise because we expect contributions from both the
geology and topography (Burjanek et al. 2014), and they are not
easily discernible from each other. The occasional peaks that rise
when the signal amplitude is higher have a completely different
frequency among the analysed sites, from 0.9 Hz at T017 to 14 Hz
at SMIN (Table 1). This wide range in frequency corresponds to
a wide range in wavelength. For example, assuming Vs = 1 km
s−1 in the weathered, highly fractured bedrock near the surface,
the corresponding wavelength ranges from 70 m to 1 km. There-
fore the size of structures likely involved in the generation of the
occasional HVSR peaks spans from less than 100 m to an entire
mountain.

The sites at Tortora Marina, T002 and T017, located in between
the sea and the mountain, show a well-defined, persistent high peak
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that testify the resonance of a sedimentary layer along the coast. A
survey of seismic noise measurements carried out in the area of Tor-
tora Marina, not described in this paper, shows that the frequency of
the HVSR peak increases with increasing distance from the shore-
line. This result indicates a decreasing depth of the bedrock going
toward the mountain, where it is outcropping and HVSRs are quite
flat. From this observation we infer that the thickness of the soft
surface layer along the coast increases westward. The occasional
peak that appears at lower frequency in the case of strong noise
does not fit with the rather simple model of one soft dipping layer
on the bedrock. A possible explanation of this result is the effect
of a shear head wave produced by the sea waves as they approach
the coast. The HVSR peak associated with shear head waves has
been theoretically described by Bonnefoy-Claudet et al. (2006a).
Unfortunately, our single-station data are not sufficient to confirm
or reject this hypothesis.

Three sites are located on a ridge crest (TP02, ROI, CMPN),
where a significantly competent bedrock is outcropping or covered
by only a few metres of soft soil. The weak noise HVSRs of these
sites are characterized by peaks of small amplitude that likely cor-
respond to topographic effects. The remaining two analysed sites
are located on hill slopes in a mountain environment (MMN and
SMIN). For all the five sites in the mountains the occasional contri-
bution to the HVSR yields peaks at frequencies greater than T002
and T017, from 1.7 up to 14 Hz. The persistent HVSR peaks at the
seven studied sites all show a polarization in the horizontal plane
(see Table 1 and Supporting Information Fig. S8 for a summary).
Those attributed to the topography have polarizations parallel to the
slope direction (MMN, SMIN) or normal to the ridge crest (TP02,
ROI, CMPN), while those corresponding to layer resonance are po-
larized in the same direction to the presumed layer dipping (T002,
T017).

It is not easy to establish why strong noise changes the HVSR at
these sites. All analysed data were acquired by seismic stations in-
stalled inside a building (house basement, cellar, vault, and similar
locations) with the seismometer covered by a shelter and thermally
insulated in the case of a broad band sensor, therefore the direct
action of wind, rain, and any other perturbing phenomena upon the
instruments can be excluded. We have taken the possibility that oc-
casional peaks may be produced by the resonance of some buildings
or other artificial structures nearby the recording sites into account,
but could not find anything likely responsible for the occasional
peaks. We also checked for wind generators but could not find any
in a radius of many km from each studied site. Our hypothesis is that
strong noise has a different wavefield composition compared with
weak noise, thus the interaction with the local structure and with the
topography produces different effects than those observed during
weak noise periods. It is impossible to establish the composition of
the background seismic wavefield from single-station data and we
do not have appropriate array data for a full characterization of the
seismic wavefield. The contribution of surface and body waves in the
background signal is variable, being dependent on the noise sources,
their features and distance from the recording site. The boundary at
about 1 Hz that separate microseismic natural signal from artificial
source noise is also quite variable and site dependent (Bonnefoy-
Claudet et al. 2006b; Guillier et al. 2007). On the other hand,
an increasing contribution of body waves in the background seis-
mic noise as the frequency increases has been documented (Koper
et al. 2010). The hypothesis that strong noise has greater body
wave content than weak noise well supports the occasional low-
frequency peak that shows up in the HVSR at the two sites near
the coast, T002 and T017, as inferred by some theoretical analyses
(Bonnefoy-Claudet et al. 2006a). The interaction of body waves

with local topography could also explain the occasional peaks
observed at the other sites described here. In fact we find a
good correlation between the polarization of occasional HVSR
peaks and the direction of maximum slope or the direction nor-
mal to the ridge crest (Supporting Information Fig. S8). The im-
portant contribution of body waves to topographic effects has
been recognized in many studies (Geli et al. 1988; Sanchez-
Sesma & Campillo 1993; Chavez-Garcia et al. 1996, 1997). As-
suming that at frequencies greater than 1 Hz, strong noise con-
tains a greater amount of body waves compared with weak noise,
the hypothesis that occasional peaks seen in the strong noise
HVSR are produced by the interaction of body waves with to-
pography and geological structure is very likely. This hypothesis
is also consistent with the amplitude modulation of the HVSR
peak correlated with the day–night cycle at some of the studied
sites.

The last point to be discussed is the possible influence of fault
zones near the investigated site. It is known that fault zones modify
the propagation of seismic waves, producing amplification and po-
larization of the ground motion (e.g. Rigano et al. 2008; Pischiutta
et al. 2012). This could be the origin of some occasional peaks seen
in the strong noise HVSR. However, at present our knowledge of the
size and position of fault zones in the areas around the seven sites
studied in this paper is not sufficient to attempt any investigations
in this direction.

Looking at the results shown in Figs 3–5, a variation of the HVSR
amplitude following the day–night cycle is recognized at many sta-
tions during the weak noise periods. Although the HVSR shape is
quite stable, the height of the main peak increases during the day,
when the background noise has higher amplitude, and decreases
during the night hours. The reason is likely the same that gives rise
to the occasional peaks in the case of strong noise, but at present
we do not have an exhaustive explanation. In fact, the variations of
the background wavefield contents between day and night hours is
a complex topic that can only be investigated with dense arrays. At
frequencies greater than 1 Hz, some authors have observed increas-
ing contents of body waves during day hours attributed to human
activity (e.g. Koper et al. 2010), while in some other cases the body
waves seem predominant during night hours (e.g. Peruzzetto et al.
2018).

4 C O N C LU S I O N S

The study described in this paper demonstrates that in some cases
the HVSR result is not stable in time and its interpretation is far
from obvious. While in the past decades many papers have shown
the stability of HVSR at sites characterized by a rather simple geo-
logical structure, our results indicate that this is not necessarily true
at sites characterized by rough topography and/or complex geolog-
ical structure. In such cases the results of HVSR analyses may be
different depending on the amplitude, and likely other features, of
the incoming waves. The HVSR amplitude of strong noise is always
greater than or equal to the HVSR of weak noise at each studied site
(Fig. 6). This means that in the case of strong noise, the horizontal
ground motion is amplified more than the vertical motion at the
frequencies of occasional peaks. The well-defined polarization of
most occasional peaks suggests a key role played by the topogra-
phy. Our results pose an important limitation to the interpretation
of HVSR in places where a combination of different site effects
may occur. However, more observations are necessary to reach a
satisfying comprehension of the occasional HVSR peaks. First of
all, good knowledge of the geological structure at the investigated
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site and in the surrounding area is necessary, including a 3-D veloc-
ity model. Recordings of the seismic wavefield by three-component
seismic arrays could give important insights on the properties of the
seismic waves whose interaction with the local geological structure
gives rise to occasional HVSR peaks. Another important point is
the investigation of possible fault zones nearby the site that show
variable HVSR peaks.

The results described in this paper suggest paying much more
attention to the interpretation of HVSR in all cases where the to-
pography around the investigated site is not negligible and the local
geological structure is not simple. In such cases, analysing only an
hour of signal recordings may give misleading results.
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Figure S1. Results of the seismic noise analysis at T017. Plot (a)
shows the rms computed for 8 d of signals bandpass filtered in two
different frequency bands: 0.7–2 Hz (red line) and 0.7–1.2 Hz (blue
line). Rms were computed on a 600 s sliding window for the three
components, then the mean value was computed. Plots (b) and (c)
show the plain and directional H/V spectral ratio of weak signal
computed in the 8 hr time window shown by background colour
in plot (a). Plots (d) and (e) show the plain and directional HVSR
of strong signal. The dashed box in plots (c) and (e) marks the
polarization azimuth of HVSR peak.

Figure S2. Results of the analyses at the site T002. Plot (a) shows
the rms computed for 10 d of signals bandpass filtered in two dif-
ferent frequency bands: 1.4–3 Hz (red line) and 0.8–1.5 Hz (blue
line). Plots (b) and (c) show the plain and directional H/V spectral
ratio of weak signal computed in the 8 hr time window shown by
background colour in plot (a). Plots (d) and (e) show the plain and
directional HVSR of strong signal. The dashed box in plot (e) marks
the polarization azimuth of occasional HVSR peak.
Figure S3. Results of the analysis of seismic noise at site TP02.
Plot (a) shows the rms computed for 6 d of signals bandpass filtered
in the frequency band 1.3–4 Hz. Plots (b) and (c) show the plain
and directional H/V spectral ratio of weak signal computed in the
8 hr time window shown by background color in plot (a). Plots (d)
and (e) show the plain and directional HVSR of strong signal. The
dashed box in plots (c) and (e) marks the polarization azimuth of
HVSR peak.
Figure S4. Results of the analysis of seismic noise at site MMN.
Plot (a) shows the rms computed for 7 d of signals bandpass filtered
in two different frequency bands: 0.2–2 Hz (red line) and 6–14 Hz
(blue line). Plots (b) and (c) show the plain and directional H/V
spectral ratio of weak signal computed in the 8 hr time window
shown by background color in plot (a). Plots (d) and (e) show the
plain and directional HVSR of strong signal. The dashed box in
plots (c) and (e) marks the polarization azimuth of HVSR peak.
Figure S5. Results of the analysis of seismic noise at site SMIN.
Plot (a) shows the rms computed for 6 d of signals bandpass filtered
in two different frequency bands: 0.2–2 Hz (red line) and 7–17 Hz
(blue line). Plots (b) and (c) show the plain and directional H/V
spectral ratio of weak signal computed in the 8 hr time window
shown by background colour in plot (a). Plots (d) and (e) show the
plain and directional HVSR of strong signal. The dashed box in
plots (c) and (e) marks the polarization azimuth of HVSR peak.
Figure S6. Results of the analysis of seismic noise at site ROI. Plot
(a) shows the rms computed for 8 d of signals bandpass filtered
in three different frequency bands: 0.2–2 Hz (red line), 2.2–4.5 Hz
(magenta line) and 6–10 Hz (blue line). Plots (b) and (c) show the
plain and directional H/V spectral ratio of weak signal computed in
the 8 hr time window shown by background color in plot (a). Plots
(d) and (e) show the plain and directional HVSR of strong signal.
The dashed box in plots (c) and (e) marks the polarization azimuth
of HVSR peak.
Figure S7. Results of the analysis of seismic noise at site CMPN.
Plot (a) shows the rms computed for 10 d of signals bandpass filtered
in three different frequency bands: 0.2–2 Hz (red line), 4–8 Hz (blue
line) and 8–10 Hz (magenta line). Plots (b) and (c) show the plain
and directional H/V spectral ratio of weak signal computed in the
8 hr time window shown by background color in plot (a). Plots (d)
and (e) show the plain and directional HVSR of strong signal. The
dashed boxes in plots (c) and (e) mark the polarization azimuth of
HVSR peaks.
Figure S8. Polarization of the occasional HVSR peaks versus the
direction normal to ridge crest (a) and versus the direction of max-
imum slope (b).
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