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Inroducon

HVSR mehod Nakamura, 1989 is one o he mos ecien and widespread echniques
o ge useul inormaon abou seismic sie eecs. In more han 30 years o applicaon many
auhors repored he eecveness o his mehod in idenying he resonance requency o
he shallow geological srucure in various geological conex, parcularly hose characerized
by horizonal sof layers Mucciarelli, 1998; Bard, 1999; BonneoyClaude et al., 2006a. The
mehod has been applied o seismic noise and o earhquake signals, giving similar resuls in he
mos o cases. During he las 20 years many quesons arose abou he sabiliy o he resuls
obained rom his analysis and heorecal consideraons have been proposed o esmae he
conribuon o dieren seismicwave ypes o heHVSR resul.While he inerpreaon o resuls
is quie obvious in cases o a opography and simple layered srucures upon bedrock wih
high impedance conras, i may become much more dicul or sies where raw opography
and complex geological srucure wih laeral heerogeneiy characerize he area. The eecs
o ransien signals has been invesgaed by many auhors and resuls indicae ha heir
conribuon o HVSR is minor in many cases Mucciarelli et al., 2003; Parolai & GalianaMerino,
2006. Thus many auhors consider very sable he resul o HVSR analysis, bu some evidences
o HVSR variabiliy wih me in parcular geological conexs have been published recenly e.g.
La Rocca et al., 2020. Since his mehod has ound wide applicaon in engineeringrelaed elds
such as microzonaon sudies and srucures monioring, he quesons abou he consisency
o he resuls and he limis o hemehod have gainedmore imporance in recen years, and no
only or purely scienc purposes. In his sudy we analyzed monhs o seismic noise recorded
amany sies in Calabria in order o invesgae he eaures o seismic noise, is daynigh cycle,
and he HVSR variaons wih me. We ound ha in some cases he HVSR curve can remarkably
change is shape, especially in erms o he resonance peak ampliude, and such variaons show
a clear correlaonwih he daynigh cycle ha characerize he ampliude o seismic noise. Local
and regional earhquakes were also analyzed a he same sies, and HVSR resuls were compared
wih hose obained rom he analysis o seismic noise.

Daa analysis and resuls

Daa analyzed in his work come rom he regional seismic nework managed by Universià
della Calabria Ree Sismica Unical, inernaonal code IY, doi:10.7914/SN/IY, hp://doi.org/
doi:10.7914/SN/IY, www.sismocal.org. We sared our analysis compung HVSR on many weeks
o connuous signals or more han 30 seismic saons. Among he saons ha show he
presence o sie eecs we seleced 9 sies CHC2, GIMI, LADO, MANE, MNGA, SCAI, SMIN, UC01,
VBL2, www.sismocal.org characerized by imporan variabiliy o he HVSR peak ampliude. For
he nine seleced sies we perormed urher deailed analysis as described below.

We compued he HVSR o connuous signals in dieren periods o he year. In his
analysis we included he monhs o March and April 2020, a period characerized by a lower
conribuon o anropic disurbances in background noise due o he major lockdown adoped
by he governmen o conras he COVID19 pandemic. In ac, or some seismic saons usually
aeced by a high level anropic noise a requency greaer han 1 Hz, ha period gave he
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opporuniy o sudy signals less aeced by human acvies. Figure 1 shows he HVSR versus
me and requency or hree permanen seismic saons where he daynigh variaon o he
peak ampliude is parcularly eviden. A considerable increaseo hepeak ampliudeoccur during
day hours, while he same peak almos disappear by nigh. This eaure o he HVSR has been
observed or several sies, and i is no aeced by he reduced conribuon o anropic noise
ha characerized he wo monhs oMarch and April 2020. We compued he RMS roomean
square versus me or connuous signals o ollow he daynigh variaons o signal ampliude
in me domain. The RMS was compued on a 300 s sliding window or he hree componens o
ground moon on bandpass lered signals o include only he requency range shown by he
peak o HVSR resul. Then we compued he mean RMS among he hree componens, and he
rao beween he RMS or horizonhal and vercal componens. This las analysis, he H/V rao in
me domain hereafer said H/V o disnguish rom HVSR in requency domain, allows o easily

Fig. 1  HVSR versus me and requency a he hree sies CHC2, MNGA, SCAI, or 12 days o daa. A srong
srong daynigh variaon o he peak ampliude characerizes hese sies.
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ollow he variaons o he HVSR peak ampliude versus me. For a beer characerizaon o
he waveeld properes he polarizaon analysis was perormed on connuous signals lered
in a narrow requency band cenered a he HVSR peak requency. This analysis was perormed
on 300 s sliding windows applying he covariance marix mehod in me domain, obaining he
reclineariy o parcle moon, he polarizaon azimuh and he polarizaon incidence angle.
Figure 2 shows, rom op o boom, RMS, reclineariy, incidence bea, polarizaon azimuh
and H/V or 10 days o seismic signals recorded a he seismic saon SCAI. Among hese ve
parameers, only he polarizaon azimuh is quie sable, aking values in a narrow range around
200 degrees or mos o he me, wihou any appreciable variaons beween day and nigh
hours. The oher our parameers are characerized by variaons in me, wih he highes values
during day hours, and similar resuls have been ound or oher invesgaed sies. These eaures
o he seismic noise are very ineresng and require more in deph observaons. Thereore we
seleced he resuls o HVSR analysis versus requency or a specic hour o he day 11 am and
o he nigh 01 am or ens o days o obain wo average HVSR curves represenave o day
and nigh hours respecvely. The resuls o his selecon are shown in Figure 3, op plos, or he
same hree sies shown in Figure 1.

The HVSR analysis was applied also o local earhquakes, seleced or each saon based
on epicenral disance <100 km, hypocenral deph <40km, magniude >3, signalo
noise rao and backazimuh in order o have a disribuon o sources as much uniorm as
possible. This analysis was perormed on windows o ew ens o seconds lengh, including
he earhquake signal rom he direc P wave o he middle coda waves. Thus we are sure ha
body wave conribuon o he resul is much greaer han background seismic noise and han
surace waves. Resuls o his analysis are shown in Figure 3, boom plos, or hree o he
sudied sies.

Fig. 2  Resuls o ampliude and polarizaon analysis or 10 days o seismic signal recorded a SCAI sie.
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The hree sies described in his paper, CHC2 la=38.6817, lon=16.4106,MNGA la=38.5174,
lon=16.3222 and SCAI la=38.5343, lon=16.5177, are dieren among hem wih regards o
he local geology, opographic eaures, and he resonance requency o he HVSR peak. HVSR
curve o CHC2 sie is characerized by a welldened peak a 4.0 Hz wih average ampliude o
6 during he day ha decreases o abou 3 during nigh hours Figs. 1a and 3a. All earhquakes
analyzed a his sie show a clear resonance peak a he same requency bu sharper and higher
always >7 han ha observed or noise recordings Fig. 3d. Similar resuls have been obained
aMNGA sie. This sie is characerized by a welldened resonance peak a a requency o 4.8 Hz
reaching an ampliude greaer han 5 during diurnal hours, bu almos unidenable during he
nigh Figs. 1b and 3b. This is one o hemos ineresng resuls o our sudy. HVSR compued on
local earhquakes shows a well dened peak a he same requency and wih a similar ampliude
compared wih ha compued on diurnal recordings o seismic noise Fig. 3e. Finally, resuls
or SCAI sie slighly dier rom he previous wo. In ac, here HVSR curves are characerized by
values greaer han 1 in a large requency bandwih a broad peak a abou 2.1±0.3 Hz reaching an
ampliude o 3 during day hours and 2 during he nigh Figs. 1c, 2e and 3c. Alhough he cyclic
variaon in he specral rao is no so remarkable as seen or MNGA and CHC2, we consider
his resul worh o aenon because very sable in all me periods analyzed many monhs o
connuous signals. The resuls o ampliude and polarizaon analysis or 10 days o signals a
his sie are shown in Figure 2. The higher values o reclineariy plo b are observed during
day hours, in correspondence o higher RMS plo a and higher H/V plo e. These eaures o
he groundmoon sugges a greaer amoun o body waves in he background noise during daily
hours. Abou he analysis o earhquakes a his sie, we see HVSR curves wih main peak and
average values very similar o hose obained rom he analysis o diurnal seismic noise Fig. 3.

Discussion and Conclusions

For he seleced sies we observe clear variaons in HVSR curves well correlaed wih he day
nigh cycle. This is parcularly eviden orMNGA and SCAI sies, where he ampliude o hemain
HVSR peak is ofen smaller han 2 during nigh hours Fig. 3b and 3c. This means ha a hese
sies he esmaon o sie eecs based on heHVSR analysis applied o a shor recording o nigh
hours seismic noise could lead o a misleading resul and wrong conclusion. Our resuls sugges
ha hose variaons depend on he conribuon o body waves on waveeld composion. This
hypohesis is suppored by he higher reclineariy o he seismic noise observed during day

Fig. 3  Day and nigh HVSR op plos and earhquake HVSRs or hree sies.
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hours compared wih nigh hours. Higher reclineariy o he parcle moon corresponds o a
greaer amoun o body waves, and perhaps Love waves, han Rayleigh waves. The HVSR o local
earhquakes urher suppor our assumpon since in hese signals he amoun o body waves is
ar greaer han surace waves, and HVSR resuls are very similar o he resuls obained or day
hour seismic noise. In many cases we ound surprising resuls CHC2, MNGA as described above
ha need a deep invesgaon. For many years HVSR has been considered a sable eaure o a
given sie. On he oher hand, remarkable variaons in HVSR shape or jus in he peak ampliude
have been observed and aribued o various acors, as opographic roughness and geological
complexies Burjanek et al., 2014; Napoliano et al., 2018; La Rocca et al., 2020 or even
changes in groundwaer level Rigo et al., 2021. A large number o sie eecs sudies are based
on he assumpon ha he HVSR mehod is “as and cheap” since hal an hour o seismic noise
recording is sucien o ge sable and reliable resuls. Our resuls demonsrae ha in some
cases he resuls o HVSR analysis compued on a shor recording o ground moon can no be
represenave o he sie eaures, and can lead o misleading inerpreaon o sie eecs.
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