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SUMMARY

We analysed long (months) continuous recordings of ground motion at more than 30 sites in
Calabria (Italy) in order to investigate the relationships among background signal amplitude,
noise composition, day—night cycle and horizontal to vertical spectral ratio (HVSR). We
computed the root mean square (rms), polarization and HVSR of the seismic signal. For many
sites, the HVSR contains at least one well-defined peak of amplitude greater than 2 that is
representative of site effects produced by the shallow geological structure and/or topography.
At six of the investigated sites, we observe an important variation of the HVSR peak amplitude
that is well correlated with the day—night cycle, the peak amplitude being greater during day
hours, when the background signal amplitude is higher. The rectilinearity of particle motion
computed from the polarization analysis is higher during day hours, thus showing a positive
correlation with both signal rms and HVSR peak amplitude. For these sites we analysed also
body waves of local earthquakes and T waves produced by regional earthquakes in order to
compute the HVSR of signals composed predominantly by body waves. Results of body waves
and 7 waves are more similar to the HVSR of day hour seismic noise than the HVSR of night
hour seismic noise, thus suggesting that the stronger seismic noise recorded during day hour

may contain a greater amount of body waves with respect to the night hour noise.
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INTRODUCTION

The seismic noise is often a matter of study because it carries useful
information about the shallow geological structure and seismic site
effects. The nature and composition of the background seismic
signal has been investigated by many authors for various purposes
in the past decades. It is proven that long period and low frequency
noise up to about 1 Hz is composed predominantly by surface
waves of natural origin mostly related with weather conditions at
local and regional distances (Bonnefoy-Claudet ef al. 2006). On the
contrary, the wavefield of high frequency (f > 1 Hz) seismic noise
is much more complex because it contains a lot of signals produced
by artificial sources. A significant amount of body waves in the
high frequency seismic noise has been established by some studies
(Bonnefoy-Claudet ez al. 2006; Zhang et al. 2009; Koper ez al. 2010;
Peruzzetto et al. 2018). The important contribution of artificial
sources is the origin of the daily and weekly cycles widely observed
in the amplitude of high frequency seismic noise. This is particularly
evident in urban environment and surrounding areas (Cara et al.
2003, 2010; Guillier et al. 2007; La Rocca & Galluzzo 2012).

The horizontal to vertical spectral ratio (HVSR) of seismic noise
has become a common tool in the investigation of site effects (Naka-
mura 1989; Lermo & Chavez-Garcia 1994; Mucciarelli 1998; Muc-
ciarelli & Gallipoli 2001; Parolai et al. 2010; Chavez-Garcia et al.

© The Author(s) 2022. Published by Oxford University Press on behalf of The Royal Astronomical Society.

2018; Napolitano ez al. 2018; Perron et al. 2018; and many others).
After the paper by Nakamura (1989), this method has been applied
by hundreds of researchers in various environments. The aim of
most applications is to characterize the soil response to a seismic
input. The HVSR method has proven very efficient in the estima-
tion of the resonance frequency of a soft layer upon bedrock (Bard
et al. 2004). In such a case the method is also well supported by
theoretical basis. The peak in the HVSR is explained by the reso-
nance of § waves (Nakamura 1989, 2000) and/or by the ellipticity
of Rayleigh waves that change with frequency becoming a hori-
zontal linear motion when the vertical component vanishes at the
resonance frequency of the surface layer (e.g. Fah ez al. 2001; Bard
et al. 2004; Lontsi et al. 2019). On the contrary, when the shallow
geological structure is complex an exhaustive comprehension of
the relationship between soil structure and HVSR is still missing.
The interpretation of HVSR and its relation with site effects may
be further complicated by local topography, which can amplify the
ground motion in some frequency band (Chavez-Garcia et al. 1996,
1997; Paolucci 2002; Massa et al. 2010; Panzera et al. 2011; Bur-
janek et al. 2014) with important effects on the signal polarization
and HVSR (Spudich et al. 1996; Formisano et al. 2012; Napolitano
et al. 2018). One criterion that many authors require for a reliable
application of the method is the stationarity of seismic noise, al-
though some studies suggest that the presence of transients in the
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analysed signal does not compromise the result (Mucciarelli et al.
2003; Parolai & Galiana-Merino 2006). The HVSR of seismic noise
is widely used nowadays in the characterization of site effects, often
in urban areas (Strollo e al. 2012; Martorana et al. 2018). The noise
HVSR curve has been usually assumed to be a stable feature of a
given site (Parolai et al. 2004), but recently some works have shown
results in contrast with such an assumption (Benkaci ef al. 2018; La
Rocca et al. 2020; Rigo et al. 2021). Here, we describe the variation
of HVSR with the day—night cycle of seismic noise observed at
some sites. A day—night cycle that occurs at frequency higher than
about 1 Hz is a typical feature of seismic noise observed almost
everywhere, and particularly in and around urban environment. It is
due to the higher contribution of artificial sources active during day
hours compared with night hours. Some studies reveal also a weekly
cycle tightly related with human activities (Bonnefoy-Claudet et al.
2006; Guillier et al. 2007; Cara et al. 2010; La Rocca & Galluzzo
2012). One debated feature of seismic noise is the relative contri-
bution of body and surface waves in general, and with regard to the
artificial sources in particular. The composition of seismic noise,
that is the relative amount of body and surface waves versus fre-
quency, and how it changes between day and night, is a matter of
study. Defining the composition of a seismic wavefield in a given
area could be possible only if an array of three-component seismic
stations was available and the investigated area was flat and geolog-
ically homogeneous. In that case the analysis of recorded signals
with array methods and the polarization analysis would give a de-
tailed characterization of the wavefield composition, allowing for
a reliable discrimination between body and surface waves in a fre-
quency range that depends on the array extension and configuration
(e.g. Rost & Thomas 2002; Imtiaz et al. 2018). Unfortunately, such
detailed analysis is seldom possible. In most of the cases, the seis-
mic noise to be analysed is recorded by only one three-component
seismic station, and usually for a short time duration.

In this study, we investigate the composition of seismic noise
through the comparison of HVSR analysis carried out on seismic
noise and earthquakes, which is possible because we use data from
a permanent seismic network. In addition to local and regional
earthquakes, we analysed also 7 waves generated by earthquakes
occurred at regional distances. 7' waves propagate as acoustic waves
through the ocean, then they are converted to seismic waves at the
ocean-shore interface. 7 waves in the crust normally have the most
of energy in the 1.5-6 Hz frequency band. The conversion at the
water-crust interface is expected to produce mostly P and SV waves
(De Groot-Hedlin & Orcutt 1999; Talandier & Okal 2016). In case
surface waves are also generated at the sea bottom, they travel much
slower than body waves (considering the high frequency), thus their
contribution is expected to be negligible at the beginning of the T
wave signal (depending on the distance from the coast). For these
reasons 7 waves constitute a good opportunity of handling signals
composed essentially by body waves in a wide frequency band and
lasting for tens of seconds.

ANALYSIS OF SEISMIC NOISE

In this work, we analysed seismic noise recorded at more than 30
sites in Calabria, Italy (Fig. 1). The most of these sites are seismic
stations of the Universita della Calabria Seismic Network (Rete
Sismica Unical, http://doi.org/doi:10.7914/SN/IY, www.sismocal
.org), while others are stations of the Italian Seismic Network (ww
w.ingv.it), and some are temporary stations deployed for specific
research purposes. Many months of continuous seismic recordings
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Figure 1. (a) Seismic stations considered in this work (triangle). Different
colours represent those sites characterized by one or more well-defined
peaks in the HVSR of seismic noise (green), and the sites where a day—night
cycle is evident (dark blue). Orange circles show the epicentres of local
earthquakes used to compute the HVSR of body waves. (b) Epicentres of
regional earthquakes used for the analysis of 7' waves.

were analysed at these sites computing the signal amplitude as the
root mean square (rms) averaged among the three components.
Fig. 2 shows the signal amplitude in three different frequency bands
for one month of data at 7 broad-band seismic stations. The day—
night cycle is recognized very well at any sites for frequency higher
than 2 Hz, with an important increase of the amplitude during day
hours. This is confirmed by a sharp peak at period of 1.0 day in the
power spectra (Fig. 2, right plots). In the 0.5-3 Hz frequency band,
the day—night cycle is still recognized but the strongest amplitude
variations are not periodic. The peak at 1.0 day is still visible in
the power spectra, but with a much lower amplitude. At frequency
lower than 0.5 Hz the day—night cycle disappears, while the most
important amplitude variations, attributed to weather conditions,
are characterized by irregular frequency content with the highest
amplitude at very long period. We computed also the power spectral
density (PSD, mean among the three components) and HVSR on a
600 s window on continuous signals and results were plotted versus
time and versus frequency to investigate any variations with time.
Fig. 3 shows the results of this analysis at two sites. The results
of the same analysis at five more sites are shown in Supporting
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Figure 2. Signal rms amplitude (left plots) at seven sites for 1 month of continuous seismic recordings computed in three frequency bands: 2—10 Hz (a),
0.5-3 Hz (b) and 0.05-0.5 Hz (c), and their corresponding power spectra (right plots). The seismic stations used for this analysis, listed in the bottom left plot,

were equipped with broad-band seismometers.

Information Figs S1-S3. Although many of the signals analysed
in this work come from broad-band seismic stations, in this paper
we focus our attention on the 1-10 Hz frequency band that is the
most interesting for the study of site effects related with the shallow
geological structure and for seismic risk purposes. For more than 20
of'the analysed sites, the HVSR shows at least one peak of amplitude
greater than 2 in the frequency range 1-10 Hz, representative of site
effects (green and blue symbol in Fig. 1a). In most of the cases, such
peaks are likely produced by the local geological structure and/or
by the topography of the area. At six of the analysed sites, a clear
day—night cycle is also observed in the amplitude of the HVSR
peak. Since a day—night cycle is the most typical feature of high-
frequency seismic noise, we sought for a correlation between the
HVSR peak amplitude and the amplitude of seismic noise. Many of
the studied sites are located near some villages, at distances from
tens to few hundred metres from houses and roads. The noise PSD
variation between day and night is different for each site. During
day hours, the seismic noise has a generally higher background
amplitude, often with many high-frequency transient signals likely
produced by artificial sources nearby. The most common source of
such transients is known to be the passage of vehicles nearby. On
the contrary, during night hours the amplitude of the background
noise is lower in a broad frequency band and the signal looks much
more stationary. Therefore, at many studied sites the seismic noise
is more stationary during night hours compared with day hours. The
HVSR computed for seismic noise recorded at noon and at midnight
(local time) is shown in Fig. 4 for the six sites where the difference
is more evident.

As a further investigation of the seismic noise composition, we
performed a polarization analysis in time domain of continuous seis-
mic recordings. This analysis was applied on 300 s long window
of signals bandpass filtered in a narrow frequency band different
for each site, centred at the HVSR peak frequency. For each time
window we obtain the rectilinearity (RL) of particle motion and
the angles of polarization incidence and azimuth, by applying the
method of the covariance matrix in time domain (Montalbetti &
Kanasevich 1970; Jurkevics 1988; Formisano et al. 2012). An ex-
ample of this analysis applied to 10 days of signals recorded at GIMI
site is shown in Fig. 5. For each time window we computed also the
rms of the three components ground motion (rmsg, rmsy, rmsy):

rms, =

and used the three rms, to compute the average signal rms (mean
among the three components rms) and the H/V ratio through the
relation:

H _ rms + rms3,
\% 2rmsy

From this analysis, we obtain rms and H/V ratio versus time, which
are representative of the signal bandpass filtered around the fre-
quency of the HVSR peak. Since the H/V ratio is representative of a
frequency band, its values are usually smaller than the HVSR peak
of the same signals.
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Figure 3. PSD and HVSR versus time and frequency for two sites. Site MNGA is characterized by a strong day—night cycle in both amplitude (a) and HVSR
(b). On the contrary, at site LARA a clear day—night cycle is evident in the signal amplitude (c) but no significant variations in time of the HVSR (d).

ANALYSIS OF EARTHQUAKE BODY
WAVES AND T WAVES

For the sites where a day—night cycle is evident in the HVSR peak
amplitude (CHC2, GIMI, MNGA, SCAI, SMIN, VBL2), we calcu-
lated the HVSR also for signals in which the contribution of body
waves is expected to be largely predominant. The aim of this anal-
ysis is an indirect investigation of the difference in the wavefield
composition between stationary low level seismic noise recorded
by night, and less regular higher amplitude seismic noise recorded
during day hours. For this purpose we computed the HVSR for tens
of local crustal earthquakes at each studied site. The event selection
was different for each site, based on the following requirements:
(1) epicentre within 100 km from the recording site; (2) SNR > 5
for a duration of at least 2 min; (3) magnitude greater than 2.8.
These criteria ensure that in the analysed signal the seismic noise is

negligible and body waves are predominant in the frequency band
from 1 to 10 Hz, thus all peaks found in the HVSR of selected sites
are included in this analysis. The earthquakes selected for this anal-
ysis have magnitude in the range 2.9-4.3, and their epicentres are
shown in Fig. 1. The results of HVSR analysis of local earthquakes
are shown in Fig. 4 for the six sites characterized by the strongest
difference between day and night.

As a further investigation tool, we analysed 7" waves produced
by 22 regional earthquakes occurred in the Ionian sea and near the
west coast of Greece, with magnitude in the range 4.3-6.8 (Fig. 1).
Many earthquakes that occur along the west coast of Greece are
very efficient in the generation of 7 waves that propagate westward,
and are recorded very well by seismic stations in Calabria. The
epicentral distance of the analysed earthquakes ranges from 320 km
to more than 500 km (Fig. 1). At such distances T waves arrive
enough time after the S direct wave to have a high signal to coda
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T-wave analysis are fully representative in the 1.5-8 Hz frequency band, while outside

plot, as the number of analysed earthquakes and 7' waves. The results of

of these limits (shadowed areas) the 7" wave to noise ratio may be too small to make reliable the result.
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Figure 5. Synthesis of the results of HVSR analysis at the most interesting six sites. Day hour noise (red) and night hour noise (blue) are the same as shown
in Fig. 4, while local earthquakes body waves (black) and 7 waves (violet) are the mean among the results shown in Fig. 4 for each site.

waves ratio in the frequency band of our interest (Fig. 7). In many
cases they have amplitude even greater than the direct body waves
and early P- and S-coda waves for frequency higher than 1.5 Hz,
and they have duration from many tens of seconds to more than a
minute. An important feature of T waves is that they are produced
as body waves at the land-ocean interface for a time duration much
greater than the earthquake source duration. For our purposes, T’
waves are a good opportunity to analyse seismic signals composed
predominantly by body waves. 7 waves recorded in Calabria have
the most of energy in the 1.5-6 Hz frequency range, but in some
cases they have a high SNR up to 10 Hz at the seismic stations very
near the coast like SCAI (Fig. 1). The HVSR of T waves are shown
in Figs 4 and 5 for the six studied sites.

RESULTS

Here, we describe the results of six sites where we observe a sig-
nificant periodic variation of the HVSR peak amplitude between
day and night hours. The correlation between HVSR peak ampli-
tude and signal amplitude is positive, that means the amplitude of
HVSR peak is higher during day hours, when the noise amplitude
is higher also. Fig. 4 shows the day and night HVSR computed at
these stations taking the average value over 11 days considering
noise recorded from 11:00 am to 12:00 am, local time, and noise
recorded from 1:00 am to 2:00 am, local time. The same figure
shows also the HVSR computed for local earthquakes (second row
plots) and for 7" waves (third row plots) at the same six sites. For
a better comparison among the results of different signals, Fig. 5
shows for each site the average value of the four HVSR types shown
in Fig. 4. The frequency of the HVSR peaks is different for each
sites (in the range from 2 to 7 Hz), but it is stable in time, taking

the same value, or at most values in a narrow frequency range,
any time during the day. On the contrary the peak amplitude shows
variations between day and night up to a factor 3. At each site the
HVSRs of body wave signals are characterized by a common trend
(Fig. 4), with the highest peak at frequency equal or very similar
to the frequency of the noise HVSR peak. 7 waves show results
very similar among them at each site, again with the highest peak
at frequency equal or very near to that found from noise and from
earthquakes. The HVSRs of earthquakes shown in Fig. 4 are not
equal among them because beside site effects they depend also on
source effects (through the radiation pattern) and path effects, which
are different for each earthquake. On the contrary the results of 7
waves are much more uniform among them at each site because the
analysed signals are more self-similar than local earthquake signals.
In fact in the 7'wave signals the contributions of source and path are
expected to be negligible due to their generation and propagation
mechanisms, and the epicentres are located all to the east in a small
backazimuth range. Fig. 5 shows for each analysed site the mean
values of HVSR computed for day hour noise, night hour noise,
local earthquake body waves, and 7 waves, in order to allow for a
better comparison of these results among them.

The most impressive results come from sites MNGA and CHC2
(Figs 3-5). At MNGA a very well defined peak at frequency of
4.8 Hz that reaches amplitude almost 5 dominates the HVSR curve
during day hours. The same peak practically disappears during night
hours. The seismic station is installed at the margin of a very small
village, and the surrounding area is characterized by a gentle slope
so that topographic effects are expected to be negligible at the peak
frequency. The HVSRs of earthquakes are less smooth than that
of day hour seismic noise, but they all have the highest peak a
frequency very near 4.8 Hz, with amplitude that in some cases is
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Figure 7. Example of regional earthquakes (20181026235137 and 20181226073754) recorded at site MNGA, characterized by strong 7 waves after the late
coda. Seismograms have been bandpass filtered between 1.5 and 6 Hz.

greater than 8. The mean among 14 events is characterized by a peak
of amplitude 7 (Fig. 5). The HVSRs of T waves are very uniform
among them, with a peak very similar in shape and amplitude to
the peak of day hour seismic noise but with frequency a little lower
(Figs 4 and 5). At CHC2 the HVSR of seismic noise has always a

well defined peak at 4.0 Hz (Figs 4 and 5), but its amplitude changes
from about 3 during night hours to 6 or more during day hours. All
HVSRs of earthquakes have a high peak at the same frequency,
and HVSRs of T waves are the most amazing result of this work:
very uniform among them with an impressive peak of amplitude
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between 6 and more than § at frequency of 4.0 Hz (Figs 4 and 5).
The seismic station is installed in a small village on a gentle hillslope
and topography effect may give a contribution to the HVSR peak.
The site GIMI also shows a consistent difference between day (peak
amplitude about 3 at about 7 Hz) and night hours (no peaks at all).
Also at this site the HVSR of earthquakes and 7" waves are much
more similar to the day hours HVSR than that of night hours. An
interesting feature at this site is the small peak at about 2.1 Hz seen
in the earthquakes and T waves results, that has no correspondence
in the HVSR of seismic noise. Something similar is seen also at
SCAI, where a small peak at about 7 Hz in the earthquakes and
T wave HVSR has no correspondence in the noise results. We do
not have an explanation of this result which is likely an effect of
the propagation of body waves throughout a complex geological
structure. Among the sites that show an evident day—night cycle in
the HVSR amplitude we report here SCAI, SMIN and VBL2. At
these sites the peak amplitude variation is evident but not so large as
seen at the three sites previously described. At VBL2 and SMIN we
found only a few regional earthquakes with 7 waves appropriate for
our analysis, due to the larger distance from the east coast of these
two sites. Looking at Fig. 5 we see that the HVSR of earthquake
body waves is the highest at three sites (MNGA, SCAI, GIMI),
it is higher than the day hour noise HVSR at four sites (MNGA,
CHC2, SCAI GIMI) and it is always higher than the night hour
noise result. Similar considerations hold for T waves HVSR at four
sites (MNGA, CHC2, SCAI, GIMI), while at VBL2 and SMIN the
difference among the results is not as strong as at the other sites.
Results of the joint rms and polarization analysis, performed on a
frequency band centred at the HVSR peak frequency, show very well
the day—night cycle in amplitude, H/V and rectilinearity. The RL
variation is particularly evident at sites MNGA, CHC2 and GIMI,
with a strong positive correlation with the rms and H/V variation, as
shown in Fig. 6. During day hours, rms, H/V and RL all take values
higher than night hours. The rectilinearity of particle motion is an
important parameter to investigate the wavefield composition. An
increase of RL during day hours may indicate a lower contribution
of Rayleigh waves in the analysed signal compared with night hours,
or may correspond to the vanishing of the Rayleigh wave vertical
motion which is expected to occur at the resonance frequency.

DISCUSSION AND CONCLUSIONS

The variation in time of the peak amplitude of seismic noise HVSR
has been reported in some studies (e.g. Guillier ef al. 2007; Cara
et al. 2010; Rigo et al. 2021). The analysis of a variety of seismic
signals carried out in this work allows to add some important infor-
mation about the features of seismic noise and its HVSR results. The
six sites where we observe a clear day—night cycle in the HVSR
peak height are different among them with regard to the shallow
geology and topography. Two of them are sites in urban environ-
ment (CHC2 and VBL2) with not negligible topographic features.
Three sites are in the suburbs of very small villages (GIMI, MNGA,
SCAI) while the last site (SMIN) is in mountain environment, some
hundreds meters from a very small village. Topography effects are
expected to be important for sites SMIN and VBL2, while they
must be less important for sites MNGA, CHC2, GIMI and SCAI.
Unfortunately a detailed knowledge of the shallow velocity model
is not available for the investigated sites, however considering the
outcropping geology, ground resonance is expected to be less im-
portant at sites SCAI and VBL2 among the six sites.

The comparison of HVSR computed for day and night seismic
noise, for local earthquakes and for 7'waves at the six sites described
in this work, shows some remarkable feature. At sites where the
HVSR peak is stable and persistent but with variable amplitude
(CHC2, SCAI, SMIN, Figs 4 and 5), the results are characterized by
the same or very similar peak frequency for the four signal types. At
the two sites where the peak of night noise is not significant (MNGA
and GIMI, Figs 4 and 5), the frequency of the peak obtained from the
analysis of day noise and body waves is the same. In any cases the
HVSR of earthquake body waves and 7" waves have peak amplitude
comparable or greater than the day hour noise, and always greater
than the night hour noise. This result suggests that day hour noise
has a greater amount of body waves compared with night hour
noise. This hypothesis is also partly supported by the results of
polarization analysis which shows variations of RL correlated with
the increase of signal amplitude during day hours. At sites where
local effects are negligible a higher RL would correspond to a lower
amount of Rayleigh waves in the analysed signal. On the other hand,
at sites where a seismic resonance occur the polarization analysis
is not sufficient to measure the amount of Rayleigh waves because
at the resonance frequency Rayleigh wave particle motion becomes
linearly polarized in the radial direction. From single station data it is
not possible to establish the composition of noise signals, therefore
we cannot establish if the higher value of RL during day hours
corresponds to a greater amount of body waves, or of Love waves, or
both. On the other hand Love waves are expected not to be important
in the 1-10 Hz frequency range for local small earthquakes, and they
must be negligible, if any, in the 7'wave signals. Taking into account
all these observations, we argue that the amount of body waves in
the analysed frequency range 1-10 Hz in the day hour noise is likely
higher than it is during night hour noise. Since the day—night cycle
in the HVSR peak amplitude is observed only at some sites, we
also conclude that the increase of HVSR peak amplitude during
day hours must be a consequence of the interaction of body waves
with the local geological structure and topography. The implication
of our findings is that much care is needed in the interpretation
of HVSR analysis carried out on a short noise recording in all
cases where the shallow geology is more complex than a simple
horizontally layered structure and topography effects may have a
role in the local response. In such cases the results may be quite
dependent on the day hour.

For completeness, we have to report that a few of the sites studied
in this work are characterized by quite complex variations of noise
amplitude and HVSR features, which do not follow a day—night
cycle. Some of those sites were studied and described by La Rocca
et al. (2020), showing a strong relationship between HVSR features
and signal amplitude but without a correlation with the day—night
cycle. The strange behaviour of some sites regarding their HVSR
variations is still beyond our full comprehension.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1. PSD and HVSR versus time and frequency for sites
GIMI and CHC2, both characterized by a strong day—night cycle in
both amplitude (a and c¢) and HVSR (b and d).
Figure S2. PSD and HVSR versus time and frequency for sites
VBL2 and SMIN, both characterized by a clear day—night cycle in
both amplitude (a and c¢) and HVSR (b and d).

Figure S3. PSD and HVSR versus time and frequency for site SCAI,
characterized by a clear day—night cycle in both amplitude (a) and
HVSR (b).
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Figure S1. PSD and HVSR versus time and frequency for sites GIMI and CHC2, both characterized by a

strong day-night cycle in both amplitude (a, ¢c) and HVSR (b, d).
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