
1. Introduction
The Horizontal-to-Vertical Spectral Ratio (hereinafter H/V) technique is a very popular tool to retrieve information 
about the shallow-subsoil seismic properties by single-station measurements. This method is widely used in geophys-
ical investigations especially applied to ambient vibration data as a tool for a quick detection of the shear-wave reso-
nance frequency. The technique, originally proposed by Nogoshi and Igarashi (1971) and subsequently widely applied 
by Nakamura (1989), consists in estimating the ratio between the Fourier amplitude spectra (FAS) of the horizontal 
(H) to vertical (V) components of ambient noise vibrations or earthquake coda waves recorded at one single station.

The two main advantages of the method, especially if applied to the seismic noise, are the rapidity and the use of 
single-station measurements that make it low cost and easy to apply (Cultrera et al., 2021). The technique is typi-
cally applied in microzonation studies and in the investigation of local site responses (Albarello et al., 2011; Bour 
et al., 1998; Milana et al., 2020). The H/V noise spectral ratio can provide the fundamental resonance frequency 
(f0) of the site (Field & Jacob, 1995; Parolai et al., 2004) and, depending on the soil structure and in simple (1D) 
geological conditions, also the higher harmonics, especially if applied to earthquake data rather than noise. In any 
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Plain Language Summary Permanent seismic stations record the continuous vibrations of the 
ground and occasionally, they detect earthquake signals. Two Italian stations are located in the epicentral areas 
where the main earthquakes occurred in Central Italy in the last 12 years. Their data have been used to verify if 
changes on shallow-soil properties occur after a strong earthquake shaking. The indicator used for the analysis 
is the frequency at which the soil below the stations amplifies the vibration signal. We found that the frequency 
value measured at the two stations suddenly decreased by about 7%–10% during the mainshocks and resumed 
its original value after a few months to years. We also observed small seasonal variation with an increase of the 
value in spring-summer and a decrease in winter times. The observed changes are most probably caused by the 
temporal changes of the seismic-wave velocity of the shallow soil. This observation should be accounted for 
studying the soil properties and for engineering evaluation of the possible effect on buildings.
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case, Haghshenas et al. (2008) and Cultrera et al. (2014) stressed the absence of correlation between the H/V peak 
amplitude and the real site amplification estimated through site-to-reference spectral ratios.

Molnar et al. (2018) showed a recent state-of-the-art review of the H/V method, including a discussion on the 
theoretical basis behind it. The interpretations of the H/V noise ratios are related to different assumptions about 
the wavefield composition of ambient vibrations. In fact, some authors consider the predominance of body waves 
(Herak,  2008; Nakamura,  2019), others of surface Rayleigh waves (Fäh et  al.,  2001), or some proportion of 
Rayleigh and Love waves (Arai & Tokimatsu,  2004; Endrun,  2011). Another approach on the seismic noise 
composition is based on the Diffuse Field Approach (Garcia-Jerez et al., 2011, 2012; Piña-Flores et al., 2016; 
Sánchez-Sesma, 2017), which invokes the Green's functions to link the H/V spectral ratios and the properties 
of the propagation media. More realistically, the wavefield is a mix of several types of waves and the efforts of 
the research are toward a complete H/V modeling, for example, considering the entire noise wavefield (Lontsi 
et al., 2015; Lunedei & Albarello, 2010; Lunedei & Malischewsky, 2015). Due to the large popularity of the 
technique, some practical guidelines have been drawn up, intended for field experiment design, data processing, 
and interpretation of the results (SESAME, 2005 user guidelines; Picozzi et al., 2005; Hunter & Crow, 2012; 
Molnar et al., 2018). These works provide recommendations that should be taken into account in studies based 
on the H/V spectral ratio technique, trying to lead the users toward a valid data acquisition and a correct choice 
of the parameters to be used in the analysis, and with an indication for evaluating the robustness of the results 
and their correct interpretation. In particular, important conditions for obtaining reliable results are the duration 
of the recordings and the time stability of the results. The record duration is crucial in temporary measurements 
and must be determined taking into account the expected resonance frequency of the sites. SESAME. (2005) 
guidelines recommend at least 200 cycles of resonant period for the whole record duration. Moreover, the tran-
sient signals (usually associated with specific anthropic sources such as footsteps, traffic cars, machines with 
moving parts, etc.) should be removed from the processed signal as they could bias the results (SESAME, 2005 
guidelines). In the presence of anthropic noise, it is then necessary to have a longer recording duration to achieve 
reliable estimates.

Concerning the stability of H/V results over time, this issue is affordable only with the availability of very long 
time recordings. This is the case of the permanent stations of modern seismological networks that record the data 
continuously. Therefore, it is possible to compute the H/V function on continuous recordings that can include 
several years of data. Unfortunately, the H/V analysis over time is still not carried out routinely and is performed 
only in a few and peculiar cases. For example, temporal variations of the H/V ratios have been investigated for 
monitoring the permafrost active layer seasonal variability (Köhler & Weidle, 2019; Kula et al., 2018) and for 
monitoring the rock masses stability (Colombero et al., 2018). Lotti et al. (2018) observed H/V temporal varia-
tions using 7-month passive seismic data acquired in the Torgiovannetto quarry (near the town of Assisi, Central 
Italy) in an area threatened by a rockslide. The H/V monitoring revealed changes of subsoil site conditions that 
could affect the stability of the rockslide. This work also suggests that in general the H/V monitoring can give 
useful information on seismic site response studies. La Rocca et al. (2020) analyzed the time stability of H/V 
spectral ratios for sites located in Southern Apennine (Italy) and observed a temporal variability of results for all 
the stations located near or on topographic heights (on mountains, ridges, or foothills).

In the previous studies, the H/V ratio technique was applied to seismic noise, but in other papers, it was also 
applied to strong-motion data in order to verify the occurrence of resonant frequency changes.

This kind of approach was proposed by some studies in Japan after very strong earthquakes (Sawazaki et al., 2006; 
Wu & Peng, 2011, 2012) on some borehole stations of the Japanese strong Motion Network (KiK-Net, https://
www.kyoshin.bosai.go.jp/kyoshin/docs/overview_kyoshin_index_en.html). In this case, they did not use the 
H/V spectral ratios, but they computed the spectral ratios of horizontal components between surface and depth 
stations. Regardless of some differences in the procedures, these studies obtained similar results, for example, a 
clear reduction of the peak frequency (30%–70%) at the investigated sites after the occurrence of the mainshocks, 
followed by a loga rhythmically recovery to the pre-event value. Moreover, Wu and Peng  (2011,  2012) also 
observed a recovery characterized by two stages, the first phase being very rapid (within several hundred seconds 
to several hours), and the second being slow with recovery lasting more than 5 months.

Despite these encouraging scientific papers, a comprehensive study that uses the ambient seismic noise continu-
ously recorded by permanent seismic stations to monitor the variations of the H/V spectral ratios at the occurrence  
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of strong earthquakes is still missing. The aim of this study is to investigate the temporal variability of H/V results 
in Italy, taking advantage of 12-year-long continuous data recorded by two seismic stations of the Italian perma-
nent network (Rete Sismica Nazionale, hereinafter RSN; INGV Seismological Data Centre, 2006, and Margheriti 
et al., 2021) run by Istituto Nazionale di Geofisica e Vulcanologia (INGV). The two seismic stations are deployed 
in the Central Apennines area that between 2008 and 2020 was affected by several strong earthquakes, in particu-
lar the L’Aquila earthquake of 2009 and the Central Italy (Amatrice, Visso, Norcia, 2016) sequences.

After presenting the seismic stations and the data selected for this study, we discuss the processing used for the 
H/V analysis on both noise and earthquakes and we describe different tests performed to evaluate the robustness 
of the obtained results. Then, we study the temporal variations of H/V frequency peaks by correlating them with 
the meteorological conditions near the seismic stations and at the occurrence of strong earthquakes. We finally 
discuss the frequency peak variation after strong shaking in terms of property changes of soil.

2. Seismological and Meteorological Data
The analysis was performed on the velocity recordings of two permanent seismic stations (Figure 1 and Table 1) 
of RSN Italian network: AQU (MN network, MedNet Project Partner Institutions, 1990) and NRCA (IV network). 
They were selected because of the availability of 12-year-long continuous recordings, including the strong-mo-
tion signals of the largest seismic sequences that occurred in Italy since 2009.

Both stations are located in Central Apennines, one of the most active seismic regions in Italy characterized by 
normal faulting events. The seismicity distribution in Figure 1 and Table 2 shows that from 2009 to 2017, the 
active faults in Central Italy have caused ruptures for a total extension of more than 100 km along the Apennine 
direction.

AQU station (Figure 1 and Table 1) is installed on the underground floor (15 m from the ground level) of a stone 
fortress castle of the 16th century in downtown L’Aquila (Abruzzo region). L’Aquila sits on a fluvial terrace on 
the left bank of the Aterno River, about 2 km apart from the epicenter of the 6 April 2009, L’Aquila earthquake 
(Mw 6.1). The mainshock ruptured an ∽16 km long normal fault (Cirella et al., 2012) and nucleated at a depth 
of about 9 km; it was preceded and followed by a seismic sequence lasting for several months (Table 2 and 
Figure 1; Chiaraluce et al., 2010). During the earthquake, the town itself and its surroundings suffered severe 
damage (macroseismic intensity of VIII-IX; Galli & Camassi, 2009; Tertulliani et al., 2011) with 309 fatalities 
and collapses of many residential buildings and significant damage of many historical monuments (Brandoniosio 
et al., 2013).

The second station, NRCA (Figure 1 and Table 1), is installed at the ground surface level in a hamlet close to the 
village of Norcia (Umbria region) and about 60 km NW far from AQU. It is also about 5 km far from the epicenter 
of the 30 October 2016, Norcia earthquake (Mw 6.5), which caused significant ground-surface coseismic rupture 
for about 5 km in the proximity of the Monte Vettore fault system, on the border between Marche and Umbria 
regions (Civico et al., 2018). The Mw 6.5 is the largest mainshock of the seismic sequence that hit Central Italy 
in 2016–2017 (Improta et al., 2019) and started on 24 August 2016, with an Mw 6.0 event, followed by major 
earthquakes in a vast area. In January 2017, many of the epicenters of the sequence were located up to 20 km 
North of L’Aquila (Figure 1 and Table 2). Many historical villages were severely struck (Galli et al., 2017; Rossi 
et al., 2019), such as Amatrice and Arquata del Tronto, whose downtowns were completely destroyed (Rossi 
et al., 2019).

The site responses at both AQU and NRCA stations are known fairly well because of the microzonation stud-
ies following the 2009 and 2016–2017 seismic emergencies (Albarello et al., 2011 and Milana et al., 2011 for 
AQU; Priolo et al., 2020 and Amanti et al., 2020 for NRCA). Additional information on local soil properties 
is also provided by national projects dedicated to the characterization of the Italian strong motion stations 
(Cultrera et al., 2018), and by research papers focused on the seismic response of the epicentral area (Bordoni 
et al., 2014; Pagliaroli et al., 2019; among many others). The geophysical and geological information for NRCA 
(Working group INGV, 2018a and 2018b) and AQU can be downloaded from the INGV database for the site 
characterization of the permanent seismic stations (http://crisp.ingv.it) and from both the Italian Acceleromet-
ric Archive (ITACA, http://itaca.mi.ingv.it/, Russo et al., 2022, D’Amico et al., 2020 and Luzi et al., 2008) and 
the Engineering Strong-motion database (ESM, https://esm.mi.ingv.it, Luzi et  al.,  2016). According to these 
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websites, the resonance frequency (f0) at the two target stations was computed through the H/V spectral ratio on 
a few hours of noise and on earthquake recordings (at least 100 events).

The f0 value of AQU reported in ITACA or ESM archives is 0.56 Hz from noise measurements, whereas H/V 
on earthquakes shows a broad peak centered at about 0.49 Hz. We believe that the different value of f0 between 
noise and earthquakes is not statistically significant considering the disparity in the H/V computation. Indeed, 
in the abovementioned databases, the H/V of noise was computed on FAS and window length of 50 s, whereas 
the H/V of earthquake was computed on response spectra with different window lengths using a large group of 
different events (397 earthquakes with a magnitude ranging from 3 to 6.5 and an epicentral distance from 1 to 
335 km). This low-frequency resonance is related to the presence of a seismic interface at about 300 m depth, 
where silt quaternary deposits are overimposed to limestone and sandstone of the Aterno river basin (Bordoni 
et al., 2014). Besides the low-frequency resonance at AQU, the H/V ratios show broad and multiple peaks with 
comparable amplitudes in the frequency band 2–5 Hz (Figure 2) that are connected to the presence of other 
velocity contrasts. Another peak above 10 Hz is probably related to a shallow velocity contrast although quali-
tative geological considerations on the materials (heterometric calcareous breccias) suggest that the shear-wave 
velocity can be relatively high (vs. >400 m) soon below the station. The near-surface part of AQU subsoil model 

Figure 1. Map of central Italy with epicenters of the earthquakes (circles and stars), seismic (red triangles, AQU and 
NRCA), and meteorological stations (gray diamond) used in this study. Earthquake locations span from 01 January 2008 to 
31 January 2020 and include magnitude (ML or Mw) in the range 1.0–6.5 (circle size proportional to magnitude, stars refer 
to M ≥ 5). The color scale of the epicenters represents the origin time of seismic events (about 160,000). The spatial and 
temporal concentrations of events highlight the strongest seismic sequences of the area: L’Aquila earthquake of 2009 (blue) 
and Central Italy 2016–2017 (orange).
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consists of calcareous breccias with an average Vs of about 800 m/s and thickness ranging between 15 and 50 m. 
Although 2D geological models are available for L’Aquila (Macerola et al., 2019), a velocity profile obtained 
through specific geophysical surveys for the site of AQU is missing. Indeed, the average shear-wave velocity in 
the uppermost 30 m (VS30) reported in ESM database (598 m/s) was derived from a terrain-based model assuming 
a 90-m digital elevation model and topographic and geological proxies (topography class T1, i.e., slope less than 
15°, based on the EC8 building code prescriptions; CEN, 2004).

NRCA is characterized by a higher resonance frequency with a single sharp peak in the H/V noise curves at 
7.0 Hz and a mean amplitude level of about 5 (Figure 2). The site has a VS30 of 590 m/s and the bedrock layer 
(vs. >800 m/s) is located at a depth of 18 m. The velocity profile obtained through an MASW linear array shows 
a very thin (about 4–5 m) surface layer with a velocity of about 250 m/s overlaying a faster one with Vs of about 
600 m/s. Considering the limited capability of the MASW technique, we cannot exclude the presence of very 
soft and thin layers in the very first 5 m of the profile that can be responsible for an impedance contrast with 
the calcareous limestone bedrock (vs. of about 1,000 m/s, GEER, 2017; Working group INGV, 2018b) and then 
causing the observed high-frequency resonance. Although the topography class of NRCA is the same of AQU 
(EC8 building code is T1), it approaches the upper limit of the class because it is characterized by a slope of 14°.

With the aim of studying the effect of weather conditions on seismic recordings at the two stations, we also used 
raw meteorological data (temperature and rainfall) recorded from January 2008 to January 2020 at two mete-
orological stations, NORCIA and L’AQUILA, close to the seismological ones (Table 1 and diamond symbols 
in Figure 1): NORCIA is close to NRCA (about 4 km S-SW) and it belongs to the hydrographic service of the 
Umbria Region (https://servizioidrografico.regione.umbria.it), whereas the L’AQUILA meteorological station is 
at about 20 km SW from AQU and it belongs to Territory-Environment Department of the Abruzzo region (Civil 
Protection Activities Planning Service, Hydrographic and Oceanographic Office, https://www.regione.abruzzo.
it/content/servizio-idrografico-mareografico). Both stations measure rain and temperature by means of a rain 
gauge and an air thermometer, and the raw data are provided as a daily average in case of NORCIA and as single 
measurements every 15 minutes for L’AQUILA.

3. Spectral Ratio Analysis on Continuous Data
We analyzed 12 years of continuous seismological data from 2008 to early 2020, recorded at NRCA and AQU 
(Table 1) and stored in the European Integrated Data Archive (EIDA, https://eida.ingv.it last accessed in April 
2022; Strollo et al., 2021). The analysis has been performed on velocimetric data with a sampling frequency of 
20 sps (BH stream as provided by EIDA archive) to optimize the computation speed.

Station 
(Network) Data type Analyzed period Lat (°) Lon. (°)

Elevation 
(m)

AQU (MN) Seismic velocity (STRECKEISEN STS2 - flat response from 120 s to 10 Hz) and 
acceleration (Episensor FBA-ES-T); GAIA acquisition system

19 Febuary 2008–31 
January 2020 a

42.354 13.405 710

NRCA (IV) Seismic velocity (Nanometrics Trillium 40s—flat response from 40 s to 50 Hz) and 
acceleration (Episensor FBA-ES-T); Quanterra Q730 digitizer (changed with a 
Q330 from 01/03/2019)

24 November 2008–31 
January 2020 b

42.834 13.114 927

NRC (IT) Acceleration (BARTEC SYSCOM MS2007+); Reftek 130 digitizer 24 November 2008–31 
January 2020 c

42.793 13.096 616

NORCIA Temperature and rain meteorological data 01 January 2008–31 
January 2020

42.799 13.105 700

L’AQUILA Temperature and rain meteorological data 01 January 2008–31 
January 2020

42.200 13.254 590

 aIn the period 31 December 2017–01 March 2019, the station was not working for technical problems.  bAccelerometric recordings of many mainshocks are missing 
during the considered period.  cData used only for PGV estimates recorded during mainshocks.

Table 1 
Main Characteristics of the Seismic (http://terremoti.ingv.it/en/instruments, Last Accessed in April 2020) and Meteorological (https://servizioidrografico.regione.
umbria.it and https://www.regione.abruzzo.it/content/servizio-idrografico-mareografico; Last Accessed in July 2020) Stations
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In order to evaluate the data quality and to identify any anomalous noise level in the frequency range of inter-
est, we computed the Power Spectral Density (PSD) following the approach proposed by McNamara and 
Buland (2004). The analysis was performed on the whole data set available at the two stations. For each compo-
nent, the PSDs were computed in time windows of 3,600 s overlapped at 50% (using the software PPSD of obspy 
https://github.com/obspy/obspy/wiki/, Megies et al., 2011). The analysis did not reveal any problems in the data, 
the PSDs varying within the Peterson (1993) curves, which are the standard curves for the seismic background 
noise spectral level (Bormann & Wielandt, 2013). A further statistical analysis was performed to compute the 
values of 90th percentiles for the two stations across years. The 90th percentile levels are very similar to each 
other, except for the years in which the seismic sequences occurred near the two stations, increasing the noise 
level (Figure S1 in Supporting Information S1).

# Earthquake date and time Lat. (°)
Lon. 
(°)

Depth 
(km) Mw Location

Recording 
station

Repi 
(km)

Azimuth 
(°)

PGV 
(m/s)

PGA 
(m/s2)

1 06 April 2009_01:32 42.342 13.380 8.3 6.1 L’Aquila earthquake, 2 km SW L'Aquila (AQ) AQU 2 234 0.290 3.06

2 06 April 2009_23:15 42.463 13.385 9.7 5.1 8 km E Pizzoli (AQ) AQU 12 353 0.020 0.38

3 07 April 2009_17:47 42.303 13.486 17.1 5.5 1 km N Fossa (AQ) AQU 9 129 0.050 0.71

4 09 April 2009_00:52 42.489 13.351 11.0 5.4 5 km SE Capitignano (AQ) AQU 16 344 0.020 0.35

5 09 April 2009_19:38 42.504 13.350 9.3 5.0 4 km E Capitignano (AQ) AQU 17 346 0.007 0.19

6 24 August 2016_01:36 42.698 13.233 8.1 6.0 Amatrice earthquake, 1 km W Accumoli (RI) AQU 41 340 0.040 0.25

NRCA – – – –

NRC 15 133 0.300 3.67

7 24 August 2016_02:33 42.792 13.151 8.0 5.3 5 km E Norcia (PG) AQU 53 337 0.015 0.07

NRCA – – – –

NRC 4 91 0.100 1.91

8 26 October 2016_17:10 42.875 13.124 8.1 5.4 3 km SW Castelsantangelo sul Nera (MC) AQU 62 339 0.004 0.08

NRCA – – – –

NRC 9 14 0.260 2.95

9 26 October 2016_19:18 42.905 13.090 9.6 5.9 Visso earthquake, 3 km S Visso (MC) AQU 66 340 0.013 0.09

NRCA – – – –

NRC 13 12 0.160 3.66

10 30 October 2016_06:40 42.830 13.109 10 6.5 Norcia earthquake, 4 km NE Norcia (PG) AQU 58 336 0.060 0.45

NRCA – – – –

NRC 5 15 0.480 4.76

11 18 January 2017_09:25 42.545 13.277 10 5.1 3 km NW Capitignano (AQ) AQU 24 334 0.008 0.15

NRCA – – – –

NRC 31 152 0.020 0.50

12 18 January 2017_10:14 42.531 13.284 9.6 5.5 2 km NW Capitignano (AQ) AQU 22 334 0.012 0.21

NRCA – – – –

NRC 33 152 0.020 0.38

13 18 January 2017_10:25 42.503 13.277 9.4 5.4 3 km SW Capitignano (AQ) AQU – – – –

NRCA – – – –

NRC 35 155 0.013 0.26

14 18 January 2017_13:33 42.473 13.275 9.5 5.0 2 km N Barete (AQ) AQU 17 322 0.004 0.11

NRCA – – – –

NRC 38 158 0.013 0.30

Table 2 
List of the Largest Earthquakes (Mw ≥ 5.0) of the Two Seismic Sequences (2009 and 2016–2017) in Central Italy, and Epicentral Distance (Repi), Azimuth and Peak 
Ground Velocity and Acceleration (PGV and PGA, Respectively) Experienced at Stations AQU, NRCA, and NRC, When Available
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The continuous seismic data have been automatically processed with the Geopsy tool (www.geopsy.org; Wathelet 
et al., 2020) for the computation of the H/V ratios. After several tests, we have chosen to compute a daily average 
of H/V obtained by using 60-s-long moving windows without the anti-trigger option (see further considerations 
on this issue at the end of this section). The 60-s windows were first de-trended (mean and linear trend removal) 
and tapered at both ends using a cosine function; the FAS were then computed in the frequency band 0.1–10 Hz 
and smoothed using the Konno-Ohmachi logarithmic window with b value of 40 (Konno & Ohmachi, 1998). The 
H/Vs for each window were then computed by dividing the horizontal FAS (squared average of the N-S and E-W 
components of the signal) by the vertical FAS as follows:

𝐻𝐻∕𝑉𝑉 =

√

[

𝐸𝐸2(𝜔𝜔) +𝑁𝑁2(𝜔𝜔)
]

∕2

𝑍𝑍(𝜔𝜔)
 

where E(ω), N(ω), and Z(ω) indicate the FAS of East, North, and vertical components, respectively. Finally, the 
H/V curves are geometrically averaged within each single day.

We tested that the results of our H/V analysis, by using downsampled data at 20 sps (BH stream), are in agree-
ment with the one obtained from the data sampled to 100 sps (HH stream) as shown in Figure S2 in Supporting 
Information S1.

It is important to highlight that the automatic H/V on the continuous data has been performed considering the 
entire daily recordings, potentially including both noise and earthquakes. Although the H/V on noise is often 
similar to the one on earthquakes, sometimes significant differences have been observed (Cultrera et al., 2014; 
Felicetta et al., 2021). Whenever present, they can be related to energetic waves that are created during earth-
quakes or to multidimensional effects, for example, in basin environments or topographic reliefs. In order to 
ensure that these possible differences do not affect the automatic H/V computation, we performed a simple test 
in which we compare the automatic H/V results (i.e., without anti-trigger) with those obtained through a manual 
selection of the portion of data to be analyzed. The test was carried out on 10 days of recordings selected over the 
12 years in order to have both days with low presence of transient signals and days during seismic sequences char-
acterized by many earthquakes. For these recordings, we manually selected only the time windows not affected by 
transient signals associated with seismic events and anthropic sources. The selection of noise windows (40–60s 
long) has been performed also with the help of the anti-trigger algorithm implemented in Geopsy. We then 
compared the manual and automatic computation of the H/V for the two stations NRCA and AQU: the agreement 
for all the considered periods is very good with differences well within the corresponding standard deviations 
(Figure S3 in Supporting Information S1). Therefore, the proposed automatic H/V analysis provides very similar 
results with respect to the manual one, regardless of earthquakes and transients. We believe that this is due to the 
very large number of windows used for the noise analysis, which makes the average not sensitive to the transient 

Figure 2. H/V spectral ratio on noise (geometric mean ± 1 standard deviation) for (a) AQU and (b) NRCA computed for one 
day (12 February 2015 for NRCA and 10 October 2015 for AQU). From CRISP database (http://crisp.ingv.it).
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signals. In the rest of this paper, we will always refer to the automatic analysis when discussing H/V performed 
on seismic noise.

Figure 3 shows the H/V curves as a function of frequency and time, computed for the two stations with the auto-
matic procedure and for a period of 12 years (2008–2020). These time analyses allow to investigate the variation 
of the H/V ratios during many years with special emphasis to the 2009 and 2016–2017 when the L’Aquila and 
Amatrice-Norcia seismic sequence occurred, respectively. The plot of AQU (Figure 3a) confirms the peaks in 
the H/V curves at frequencies of about 0.55 Hz and in the range 3–5 Hz (in this range, we consider the peak at 
4.3 Hz, which is characterized by the highest amplitude). The first peak at 0.55 Hz appears fairly stable over the 
12 years, while the high-peak frequency at 4.3 Hz presents two main temporal variations around its central value. 
The first temporal variation is clearly seasonal showing a gradual increase and decrease in the peak frequency. On 
the contrary, the second variation is impulsive and it occurs immediately after the mainshock of L'Aquila (Mw 
6.1 of 06 April 2009; Table 2), when the peak frequency abruptly decreases assuming a value of about 3.9 Hz.

The H/V ratios at NRCA station show a clear spectral peak at about 7.3 Hz (Figure 3b) but also temporal vari-
ations during the 12 analyzed years. As for AQU station, clear and impulsive drops in the peak frequency are 
observed several times during the 2016–17 central Italy seismic sequence. Differently from AQU, in this type 
of representation, the seasonal variations of NRCA peak frequency are not very clear. Figures 3c and 3d show 
the H/V evolution for AQU and NRCA, respectively, over a more restricted time window. They emphasize what 
happens at the occurrence of strong earthquakes and several months later when the frequency peaks tend to return 
to the pre-event value after about 2–3 months for AQU (Figure 3c) and about 16 months (roughly estimated) for 
NRCA (Figure 3d).

Figure 4 focuses on the peak frequencies (at 4.3 and 7.3 Hz for AQU and NRCA, respectively) following the 
frequency value trend and their amplitude variation during the 12 years. This kind of graphical representation 
highlights the two types of frequency variations (seasonal and at occurrence of the main earthquakes) for both 
stations. Indeed, the peak frequency value increases and decreases periodically following the seasonal variations. 
Moreover, whenever a strong earthquake occurred near the selected station, we observe clear sharp drops in the 
peak frequency values. This is particularly evident when we compare the peak frequency trend with the PGV 
values obtained by integrating the accelerometric data recorded at the stations during the earthquakes of the last 
12 years: the decrease in peak frequency is observed at the occurrence of the largest PGV values. The effect on 
H/V amplitude is less evident with respect to the shift in frequency but our analysis suggests a weak increase in 
the H/V amplitude especially for NRCA after the Amatrice earthquake (24 August 2016, Mw 6.1) (Figures 3d 
and 4b). However, interpreting H/V amplitude variation is not easy as it could be related to the vertical compo-
nent, affected by site response itself and by possibly different nonlinearity effects on the H and V components.

In order to study the seasonal variations of the H/V peak frequency, we investigated the possible correlation with 
weather conditions, in particular with the temperature (T) and the rainfall (P) measured at meteorological stations 
very close to the two seismic stations (Figure 1 and Table 1). We first homogenized and smoothed the meteor-
ological data of NORCIA and L’AQUILA stations (temperature T and rainfall P) by producing daily averages 
and then applying an arithmetic moving average with a 5-day span centered around each day: because we are 
interested in understanding the long-period variability visible on the H/V frequency peak, this data conditioning 
does not significantly affect the original time series but smooths the daily variation, which can have a significant 
temporal and spatial variability. Finally, we compared the temperature and rainfall time series with seismological 
parameters from H/V noise spectral ratios (peak frequency f and its amplitude A) by calculating a measure of the 
correlation between two signals in the time-frequency plane and their phase lag. Let us consider 2 time series, 
one representing T or P meteorological data (x) and the other the H/V frequency peak for its amplitude A (y). 
We first selected the common time period of x and y and substituted the missing values, if any, with the previous 
closest measured value. We then computed the continuous wavelet transforms of x and y (Cx and Cy) by using the 
analytic Morlet wavelet over logarithmic scales with a default value of 12 voices per octave. Finally, we computed 

the magnitude-squared wavelet coherence in the time-frequency plane as 𝐴𝐴
|𝑆𝑆(𝐶𝐶∗

𝑥𝑥
⋅𝐶𝐶𝑦𝑦)|

2

[𝑆𝑆(|𝐶𝐶𝑥𝑥|
2)⋅𝑆𝑆(|𝐶𝐶𝑦𝑦|

2)]
 , where S is a smoothing 

operator in time and scale (see the wcoherence Matlab function for further details: https://it.mathworks.com/help/
wavelet/ref/wcoherence.html).
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Figure 3. Temporal variation of the H/V ratios computed on continuous data at the two stations for the whole period of 12 years (a), (b) and for a time window around 
the main shocks (c), (d) (a)–(c) AQU and (b)–(d) NRCA. The vertical black dashed lines show the origin times of main earthquakes that occurred near the stations.
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The results of the coherence analysis between seismic H/V peak frequency and temperature are shown in Figure 
S4 in Supporting Information S1. In the following, we summarize the main results:

1.  The variation with time of the peak frequency (f) is correlated with the one-year-period seasonal variation of 
temperature (T) but not with rainfall (P). In fact, the time series of f and T have a coherence larger than 0.7 
around one-year period with a phase lag of frequency peak respect to temperature ranging from at least 10% 
of one-year cycle (40 days) for NRCA and 5% of one-year cycle (20 days) for AQU. Because the temperature 
variation is an indirect measure (proxy) of seasonal changes, we infer that the periodicity is clearly related to 
seasonality.

2.  Although the weather stations are not colocated with the seismological ones, the time series smoothed with a 
5-day window is able to catch the seasonal (one-year period) correlation with the frequency-peak variability 
in time. We cannot exclude correlation at smaller periods (days, weeks) that are probably more sensitive to the 
distance between weather and seismic stations.

3.  The variability of the amplitude at the peak frequency (A) does not depend on temperature and rainfall vari-
ations. We observe only occasional correlation between the time series of A and temperature, or rainfall, at 
both stations.

Figure 4. Temporal variation of the peak frequency ±1 standard deviation inferred from H/V on noise at the two stations: 
(a) AQU and (b) NRCA. Dots color is proportional to the H/V amplitude and black vertical lines indicate the time of the 
mainshocks occurrence (L’Aquila 06 April 2009, Mw 6.1; Amatrice 24 August 2016, Mw 6.0; Castelsantangelo sul Nera 26 
October 2016, Mw 5.4; Visso 26 October 2016, Mw 5.9, and Norcia 30 October 2016, Mw 6.5). Upper plots for each station 
show the ground shaking in terms of PGV obtained by the integration of the accelerograms of the strong motion station. Note 
that there were no PGV values available (there was no accelerometric recording available for some of the main earthquakes) 
at NRCA (red vertical bars) for the largest shocks, for which we then used the PGV values of the closest accelerometric 
station NRC (green vertical bars). In the PGV plots, the color of points at the end of vertical bars represents the Mw 
magnitude associated with earthquakes.
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4.  There were no sudden changes (decreases) of temperature when mainshocks occurred (6 April 2009 for AQU; 
24 August, 26 October, and 30 October 2016, for NRCA). Moreover, in the case of NRCA, the coherence 
decreases after the two mainshocks, whereas for AQU, the loss of correlation is less evident: the mainshock 
occurrence is at the edge of the cone of influence for the wavelet coherence (areas outside or overlapping the 
cone of influence are less reliable) and the frequency peak recovery is faster than for the NRCA case. These 
observations lead to the conclusion that the variations of the peak frequency after the earthquake occurrence 
do not depend on changes in temperature.

4. Spectral Ratio Analysis on Earthquakes
Because of the large availability of earthquakes during the analyzed period (Figure 1), the H/V ratios were also 
computed using only the earthquake signals. By using the bulletin of earthquake locations drawn up by the 
INGV surveillance service (http://terremoti.ingv.it/, last accessed in April 2022; ISIDe Working Group, 2007), 
we selected the events occurred at distances lower than 50 km from AQU and NRCA and with a local magnitude 
between 1.0 and 3.5. These criteria were adopted to have a good distribution and a large number of earthquakes 
over time, allowing us to estimate temporal variations of H/V ratios with a resolution comparable with the contin-
uous data.

A total number of 15,211 earthquakes were processed for AQU (from 01 June 2008 to 17 January 2010) and 
82,889 earthquakes for NRCA (from 24 August 2016 to 31 January 2020). Steps of processing were: (a) down-
loading the velocimetric waveforms (100 Hz sampling frequency) from EIDA (https://eida.ingv.it; last accessed 
in April 2022), (b) identification of the S-wave arrival at each station, (c) cutting a 6s long window starting from 
the theoretical S-waves arrival time, (d) selecting the records having the signal-to-noise ratio (SN) larger than 20, 
and (e) computing the H/V ratio by dividing the horizontal FAS by the vertical FAS. Similarly to the noise anal-
ysis, the horizontal FAS were joined using the squared average. Regarding the identification of S-wave arrival 
time, we estimated the theoretical travel time by means of the ray theory (cake software for travel-times and ray 
paths in 1D layered media, https://pyrocko.org/; Heimann et al., 2017), defining an S-wave velocity (Vs) monod-
imensional (1D) model for the investigated area that includes the epicenters of earthquakes and the analyzed 
station. This model is an average of the three-dimensional (3D) one computed from the tomographic inversion of 
regional seismic events (Di Stefano & Ciaccio, 2014, 2020). The automatic estimates of the S-wave arrival times 
are in good agreement with the real ones (Figure S5 in Supporting Information S1) and accurate enough for our 
aim, that is to individuate a 6-s-long time window containing the S waves.

The SN ratio is computed by dividing the peak velocity extracted in the 6-s-long window starting from the theo-
retical S arrival time with the root-mean-square (rms) average of a 6-s-long window before the P-wave arrival. 
We checked that this strategy for evaluating the SN ratio is more conservative than using the classical approach 
in the frequency domain, which is by dividing the Fourier spectra of signal and noise time windows. Moreover, 
adopting an SN threshold of 20 for accepting or disregarding the waveforms, we are sure to keep only the wave-
forms with a signal largely above the noise level.

Similar to the analysis on continuous data, the H/V ratio was computed using Geopsy in a batch mode for the 
6-s-long windows after the S-wave arrival time (0.5–15 Hz frequency band and Konno-Ohmachi smoothing with 
b = 40). Then, the H/V results were averaged on 5-day intervals according to the origin time of the events. The 
results for the two stations are shown in the supplemental material (Figure S6 in Supporting Information S1). 
Starting from the main events and for a duration that depends on the triggered sequence (about 1.5 months in the 
case of L'Aquila and 1.5 years for the Central Italy sequence), in each 5-day interval, hundreds to thousands of 
events with different magnitude, distance, and azimuth respect to the station were averaged. With this criterion, 
we believe that the computation of the peak frequencies is very robust at least for the time windows in which 
many earthquakes occur.

The comparison of the peak frequencies computed on continuous data (red cross) and those computed using only 
the earthquakes (colored circles) is shown in Figure 5. For both stations, the agreement is good whether the H/V 
average on earthquakes comprises at least 100 events. This large number of events always occurs after the most 
energetic earthquakes, but there can be long “quiet” periods where few events of magnitude between 1 and 3.5 
have been detected. The values of the peak frequencies obtained by averaging less than 100 events show a more 
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Figure 5. Temporal variation of peak frequencies from H/V on noise (red cross) and earthquakes (colored circles) at the 
two stations: (a) AQU and (b) NRCA. For each station, both the trend of the computed peak frequency (bottom panel) and 
the recorded PGV (higher than 0.05 m/s) are reported (top panel). In the panels showing the frequency variations, the red 
curves represent the uncertainty interval (±1 standard deviation) associated with the daily peak frequency calculated on the 
continuous recordings (red crosses). The circles show the 5-day average of the peak frequency obtained from the analysis of 
earthquakes. The color of the circles is linked to the number of earthquakes used for each 5-day interval. Finally, the black 
vertical lines indicate the time of the mainshock occurrences (L’Aquila 06 April 2009, Mw 6.1 for AQU station; Amatrice 
24 August 2016, Mw 6.0, Visso 26 October 2016, Mw 5.9, and Norcia 30 October 2016, Mw 6.5 for NRCA station). In the 
panels showing the PGVs, the height of the vertical bars is proportional to the PGV values and the color of dots represent the 
magnitude of the corresponding earthquakes.
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scattered trend over time and are generally lower (of about 0.2–0.3 Hz) than the corresponding peak frequencies 
obtained on the continuous data.

However, both noise and earthquakes show clear and impulsive drops in the peak frequency soon after the largest 
shocks (Figure 5). For AQU station, the peak frequency drops from 4.35 Hz to about 3.9 Hz at the occurrence 
of the 06 April 2009 L’Aquila earthquake (Figure 5a) and it recovers to the pre-event value in about 40 days. 
For NRCA, after the Mw 6.0 Amatrice event occurred on 24 August 2016 (Table 2), the peak frequency drops 
suddenly from 7.4 to 6.9 Hz (Figure 5b). The peak remains stable on this latter value until 26 October 2016 when 
two energetic earthquakes occurred (Castel Sant’Angelo sul Nera and Visso with Mw of 5.4 and 5.9, respectively, 
Chiaraluce et al., 2017; Improta et al., 2019). After them, the peak frequency decreases again, suddenly reach-
ing the value of 6.2 Hz and then growing gently in the following year and a half until returning to the pre-event 
frequency value.

In Figure  5, the recorded PGV values are also plotted and used as a reference time mark of the occurrence 
of the strong events (Table 2). Unfortunately, for technical problems, there were no seismic records (Moretti 
et al., 2017) available at NRCA for some of the largest shocks. We then used the PGV values computed using the 
accelerograms of the trigger station NRC, belonging to the Italian Strong Motion Network run by the Italian Civil 
Protection Department (RAN; http://ran.protezionecivile.it), and located about 5 km southwest of the NRCA 
station (Table1). By comparing the variability of the peak frequencies with the PGV values at AQU and NRCA, 
it can be inferred that the peak frequency for both sites shows a sharp decrease whenever a strong motion occurs. 
In terms of PGV, peak frequency variations are observed when PGV is larger than about 0.2 m/s (Table 2 and 
Figure 5). This is the case of the 6 April 2019, L’Aquila earthquake at AQU (Figure 4a) and the 2016 mainshocks 
(Amatrice and Castelsantangelo-Visso earthquakes) at NRCA (Figure 5b).

Comparing the available PGV values (Figure S7 in Supporting Information S1), NRC recorded lower PGV than 
NRCA during several strong events of the Central Italy sequence. It is therefore plausible that when the frequency 
shift occurred at NRCA, the PGV value at this station was probably greater than 0.2 m/s.

It is important to underline that not all earthquakes producing shaking greater than 0.2 m/s generated a drop 
in peak frequency. This is evident by a detailed analysis of the peak frequency variations and measured PGVs 
at NRCA and NRC stations (Figure 5) during the 2016 Central Italy sequence. The most energetic event that 
occurred in the Central Italy seismic sequence, the Norcia earthquake of 30 October 2016 (Mw 6.5; Table 2), 
seems not to significantly affect the peak frequency even though it has generated significant ground shaking with 
PGV equal to 0.48 m/s. This could be explained observing that several important earthquakes had occurred in the 
same area just few days before (24 August 2016 Amatrice, Mw 6.0; 26 October 2016 Castelsantangelo sul Nera, 
Mw 5.4, and 26 October 2016 Visso, Mw 5.9) causing ground shaking with PGV higher than 0.2 m/s and peak 
frequency drop. In particular, the Castelsantangelo sul Nera and the Visso events occurred just 4 days before the 
Norcia earthquake.

5. Discussion
Spectral ratios at AQU and NRCA stations, carried out on 12 years of continuous data, highlight clear temporal 
variations of the H/V peak frequencies. They can be of two different types: seasonal and impulsive after strong 
shakings. The first variation is cyclical with a period of one year within ± 2%–3% around the yearly average and 
is likely linked to seasonal changes: we observe an increase in frequency during the spring/summer seasons and 
a decrease in autumn/winter. By matching the obtained frequencies perturbation with the available weather data 
near the stations, we observed a good correlation (coherence factor >0.7) with the averaged air temperature (a 
parameter that we used as a proxy to characterize the seasonality of the sites). This result is in good agreement 
with Colombero et al. (2018) that finds a direct linear correlation between H/V peak frequency and air tempera-
ture from noise measurements acquired at a potentially unstable cliff of Madonna del Sasso (NW Italian Alps). 
Moreover, the phase lag of frequency peak with respect to the temperature at the maximum coherence (i.e., 
around one-year-period) is almost stable over the investigated years and has a delay of at least 40 days for NRCA 
and 20 days for AQU. The delay difference between the 2 stations indicates that it is more likely related to the 
changes in the soil itself (e.g., changing water level, etc.) rather than on large-scale effects, such as the moving 
of the microseismic noise source over the year whose effects are expected to manifest almost simultaneously at 
the two stations.
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The second type of variation is characterized by a sudden decrease in the peak frequencies when moderate-to-
strong earthquakes occur near the stations. For both stations, these variations have a sharp frequency decrease in 
the H/V peak after each mainshock, followed by a gradual recovery to the pre-event value in a time that varies 
from more than a month to a few years (Figure 4). In particular, AQU experienced a reduction of the mean 
frequency peak from 4.35 to 3.9 Hz for the 2009 L’Aquila earthquake, which corresponds to a 10% drop. Whereas 
NRCA peak decreased from 7.4 to 6.9 Hz for the 2016, 24th August, Amatrice earthquake (7% drop) and from 
6.9 to 6.2 Hz (10% drop) for the 26th October Visso earthquake (Figure 4).

Variations in resonance frequencies following particularly energetic earthquakes in the world (Duzce 12 Decem-
ber 1999 Mw 7.2; Western Tottori 06 October 2000, Mw 6.7; Tokachi-Oki 25 September 2003, Mw 8.3; Tohoku 
03 November 2011, Mw 9.0) have been already observed by several authors by using spectral ratios. The ratios are 
computed in different ways: from earthquake horizontal spectra for the surface and borehole stations (Sawazaki 
et al., 2006; Wu & Peng, 2011, 2012), from spectral ratios of strong motion recorded by pairs of non-collocated 
stations (Wu et al., 2009), and from autocorrelation in moving time window of earthquake waveforms (Bonilla 
et al., 2019, 2021). Sawazaki et al. (2006), after the Mw 6.7 Western Tottori and Mw 8.3 Tokachi-Oki earth-
quakes, observed a reduction of the peak frequency of 30%–70% followed by a frequency recovery variable from 
a few tens of minutes up to a few years. Wu and Peng (2012) found a clear drop of the resonant frequency of up 
to 70% during the Mw 9.0 Tohoku main shock, followed by a rapid post-seismic recovery in the first few hundred 
seconds to several hours and then a much longer-term slow recovery of at least 5 months. Wu et al. (2009) found 
that during the 1999 Duzce earthquake, the peak frequency in the fault zone dropped ∼20%–40% and recovered 
with a time scale of ∼1 day (they were not able to determine whether long-term recovery exists or not after 
1 day). Bonilla et al. (2021) observed resonance frequency changes of about 10% at the occurrence of Mw 9.0 
Tohoku earthquake with a full recovery in 20–90 days depending on the frequency: slower in the range 3–10 Hz 
and faster for higher frequencies. This evidence prompts the authors to suggest a depth dependency of the pertur-
bation after a large event with the shallower layers, which recovers faster than the deeper layers. In the present 
work, we observe a different behavior with longer recovery time for NRCA (frequency peak of 7.3 Hz) than for 
AQU (frequency peak of 4.3 Hz). According to Wu and Peng (2012), the recovery time to the initial state before 
a strong earthquake depends on site conditions, input ground motion, and other minor factors. For AQU and 
NRCA, the recoveries may strongly depend on the very different evolution of the two seismic sequences as well as 
the different seismic and rheological behavior at the two sites. Moreover, the different amount of frequency shift 
can play a role in the recovery. NRCA has experienced a larger number of strong motions, two of which produced 
a cumulative peak frequency variation equal to 16% (from 7.4 Hz before the first mainshock to 6.2 Hz after the 
second one), whereas AQU was hit only by the mainshock Mw 6.1 that produced a unique peak frequency drop 
with a reduction equal to 10%.

Sawazaki et al. (2006, 2009) and Hobiger et al. (2016) observed a logarithmic recovery trend lasting a few years 
and several years (with only partial recovery over the observation time), respectively. Differently from the above-
mentioned papers, in the present study, the analysis was carried out on the H/V spectral ratios from single stations 
computed on the continuous velocimetric data and on small magnitude (ML 1–3.5) events. The H/V method, 
based on the availability of many years of recordings, allowed us to follow the slow recovery phase with a good 
temporal continuity. The use of continuous data and/or small-magnitude events offers the advantage of assessing 
peak frequency variations regardless of the abundance of strong earthquakes in the recorded seismic sequence 
and it can be applied also at the occurrence of moderate-magnitude earthquakes.

Under the diffuse field assumption (Sanchez-Sesma et al., 2011), H/V is interpreted as related to the imaginary 
part of the Green's Function when both source and receiver are located at the same place. Interferometric meth-
ods are used to extract the Green's Functions through the computation of autocorrelation functions at a single 
station or cross-correlation functions at station pairs using the seismic noise. Interferometric methods are effec-
tive for monitoring changes of the seismic-wave velocity because the continuous Green's functions can track time 
changes in physical parameters of the crust. Considering the link between Green's functions and the H/V ratios, 
it is reasonable to expect that seismic velocity changes of the propagation medium can affect, in some way, the 
H/V functions.

Nonlinearity of the soils is generally invoked to interpret the temporal changes of seismic velocities after the 
occurrence of strong earthquakes. In these cases, the main observed effect is the shift of the resonance frequency 
(Bonilla et al., 2019; Pei et al., 2019). Velocity variations are connected to:
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1.  Opening (and closing) of cracks induced by changes of the stress field that causes decrease (and increase) of 
the seismic velocities of propagation media

2.  Structural changes within the rupture zone associated with the subsurface stress field (due to coseismic 
damaging and subsequent postseismic healing, earthquake nucleation, and other preseismic phenomena)

3.  Changes in the fluid content at different depths and liquefaction behavior at shallow layers.

The first two points are generally related to crustal wavelengths and are invoked in seismic noise studies for 
phenomena occurring at low frequencies (below 0.5–1 Hz). The third point is more suitable for explaining the 
velocity variation in shallower sedimentary soils in connection with matrix damages and pore pressures effects. 
Considering the frequencies involved in this work (greater than 1 Hz), this interpretation could better explain the 
observed variations in peak frequencies.

Although in this paper we focus on the H/V technique, the Vs changes are commonly studied with interferomet-
ric techniques based on seismic noise cross correlations (Brenguier et al., 2008; Cheng et al., 2010; Wegler and 
Sens-Schonfelder, 2007). The same techniques are also used in experiments performed in underground mines to 
examine the influence of dynamic and static stress perturbations on seismic velocities (Olivier et al., 2015). These 
studies show a quick drop of Vs after the occurrence of a strong earthquake, followed by a slow relaxation that 
restores the velocities back to preseismic levels. The instantaneous weakening and the gradual healing are a very 
similar behavior if compared to what we observe for the H/V peak frequencies at AQU and NRCA.

The frequencies of H/V peaks are, in the first approximation, directly proportional to the Vs properties of reso-
nant layers, then it is reasonable to hypothesize that the observed variations are associated with velocity changes 
of the near-surface model below the station. Under this hypothesis, it is possible to roughly estimate the Vs 
changes from the 1D relation Vs = f/4h that links the peak frequency (f), the velocity (Vs), and the thickness 
of the layer (h). This latter parameter is supposed to be constant. As a first approximation, the percentage of 
Vs  variation in the surface layers corresponds to the peak frequency reduction observed at the stations (Bonilla 
& Ben-Zion, 2021), for example, 10% for AQU (f = 4.3 Hz) and 7%–10% for NRCA (f = 7.3 Hz), respectively. 
Note that for AQU station, the lowest resonant frequency (at 0.55 Hz) does not show significant changes when 
the earthquake occurs, probably because the effect of the shallow layer is too small to be appreciated on such a 
low peak frequency. Considering the frequencies involved in the drop effect observed for AQU and NRCA, the 
cross correlations computed on distant station pairs are generally unable to provide a measure of the velocity 
changes, which could instead be extracted from interferometric analyses by nearby stations or by the autocorre-
lation using noise acquired at single stations. Indeed, studies based on the autocorrelation functions computed 
from single-station noise data, find velocity changes of the order of a few percent in the frequency band of 2–5 Hz 
(Minato et al., 2012) and 1–3 Hz (Yukutake et al., 2016). Moreover, some of these studies suggest that the shal-
lower layer experienced larger velocity reductions than the deeper subsurface (Hobiger et al., 2012, 2014; Minato 
et al., 2012). These interferometric studies are based on the assumption that results are mainly related to surface 
waves. The similarity between our results and the interferometric ones leads us to hypothesize that the surface 
waves have a dominant role in the determination of the observed velocity variations.

Velocity changes of a similar extent to our study were observed in Japan after the 2011 Tohoku-Oki earth-
quake by deconvolving waveforms recorded by Japanese stations at the surface and in a borehole (Nakata & 
Snieder, 2011): the authors detected a reduction of shear-wave velocity in the upper 100 m up to about 10% and 
retrieved a mean Vs reduction of about 5% for an area in northeastern Japan about 1,200 km wide.

In our study, the peak frequency drops occurred when strong shaking has affected the measurement sites. Unfor-
tunately, we have only a few observations regarding the influence of the shaking intensity in the peak frequency 
(and velocity) variation to be able to extrapolate a general rule about this type of correlation. Furthermore, 
we observed that a strong shaking higher than a threshold of 0.2 m/s is not always sufficient to trigger a peak 
frequency drop. The best example is the strongest event of the Centro Italia sequence (30 October 2016 Norcia 
earthquake) well above the threshold but not producing the frequency drop at NRCA. This effect could be related 
to the cumulative effect of frequency drop after the occurrence of two other significant earthquakes that preceded 
the most energetic seismic event by 2 months and a few days, respectively. These observations are in agreement 
with the remarks made by Hobiger et al.  (2016), which by performing a systematic study of seismic velocity 
changes associated with a megathrust and five strong crustal earthquakes in Japan, reach the conclusion that the 
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PGV values certainly play an important role in the explanation of the coseismic velocity changes, but they cannot 
fully explain the coseismic velocity changes.

6. Conclusion
Significant temporal variations of H/V spectral ratios have been detected by a massive analysis of 12 years of 
continuous data acquired by two permanent seismic stations operating in the Central Apennines (Italy). Our study 
highlighted two main time peak-frequency variations observed at both stations. The peak frequency is affected by 
temporal variations related to the alternation of seasonal cycles and a quick decrease at the occurrence of strong 
earthquakes located near the sites. The ways in which the peak-frequency changes over time and the close analogy 
between the H/V spectral ratios with the Green's Functions allow us to interpret the result in terms of reductions 
of the velocity Vs of the shallow layers. In the reasonable assumption that the strong earthquakes do not alter 
the thickness of the layers, the resonant frequency perturbation can be entirely translated into Vs decrease in the 
layers. Vs reductions obtained in this work are therefore of the same order of peak frequency variations, which 
are about 7%–10%. These estimates must be interpreted as the average change of shear-wave velocity above the 
impedance contrast generating the H/V frequency peak. We expect that the velocity variation is higher in the 
shallower and softer sublayers, but we do not have the necessary resolution in the seismic/rheological model to 
investigate the contribution of a single sublayer in the observed frequency shift. Due to this lack of information 
on both sites, we are not able to exactly identify where the velocity changes take place and why the frequency 
recovery time observed at the two sites is different. Moreover, it is worth noting that the Vs30 is relatively high at 
both AQU and NRCA sites, but being an average velocity, it can hide the presence of very thin soft layers that can 
be in principle responsible for the observed effects.

Taking into account the role of the frequency ranges used in estimating velocity variations, our observations are 
in good agreement with variations obtained from interferometric studies. Indeed, velocity reductions of the same 
order of magnitude to those obtained in this work are observed by autocorrelation analysis (Minato et al., 2012; 
Yukutake et al., 2016) and by interferometric analysis performed to study velocity variations in the upper few 
hundred meters after the Tohoku-Oki earthquake (Nakata & Snieder, 2011). Unlike the interferometric analysis 
based on seismic noise, where the variations are usually averaged over few tens of days up to some months, the 
H/V spectral ratio analyses carried out on long portions of the signal (months and years) provide the evolution 
of peak frequencies, and related shear-wave velocities, on much narrower time scales. The temporal resolution is 
connected to the length of the time windows used to average the H/V estimates that in this work is equal to 1 day 
and 5 days for results obtained using noise and earthquake data, respectively.

The study described in this paper demonstrates that the H/V analysis performed on continuously recorded noise 
and/or on small magnitude events is a tool able to provide important information on temporal velocity variations 
involving the shallow layers. In the case of strong earthquakes, such information is typically obtained through 
a spectral ratio of horizontal components and/or interferometric analyses on individual strong-motion records. 
Compared to these methods, the computation of the H/V spectral ratio over time as carried out in this work 
allows us to estimate the variations of the peak frequency and seismic velocities with a lower temporal resolution, 
not sufficient to retrieve the resonant frequency variations associated with mainshocks (coseismic variations). 
However, the H/V analysis over time provides the frequency variation with temporal continuity regardless of the 
occurrence of strong earthquakes in the recorded seismic sequence, allowing the reconstruction of the frequency 
recovery phase also in cases which is temporally very long. In addition, the proposed analysis method can be 
applied also at the occurrence of moderate-magnitude earthquakes, since it requires just continuous seismic 
recordings. In the future, it will be necessary to investigate the possibility of reducing the time windows used to 
average the H/V estimates. This could provide results with an improved temporal resolution, providing the oppor-
tunity for detection of the rapid peak frequency recovery stage (Wu & Peng, 2012).

The present study shows the importance of applying the spectral ratio analysis on years-long time series. The 
availability of continuous data from permanent seismic networks allows the implementation of our analysis to 
other stations close to seismic areas both in Central Italian Apennines and in other sites with different soil char-
acteristics. In this way, it will be possible to bring out the temporal spectral relationships due to seasonal and 
to moderate/strong earthquake-induced variations of the ground geophysical properties of the shallow layers 
together with a detailed analysis on whether higher frequencies heal faster or slower than lower frequencies.
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The velocity variations extracted from the temporal variations of H/V can be attributed to very shallow layers (from 
a few tens up to a few hundred meters). This information is very important for engineering and microzonation 
applications. For example, very often, the evaluations of the fundamental frequencies for microzonation studies are 
carried out in epicentral areas immediately after the occurrence of strong earthquakes. Based on the results produced 
in this work, these studies could underestimate the main peak frequencies that characterize the measurement sites.

Moreover, it will be important to study the possible role of variations in groundwater levels in the peak 
frequency changes observed by the long-term H/V analysis. Several authors (Berbellini et al., 2021; Clements & 
Denolle, 2018; Poli et al., 2020) have shown that it is possible to follow groundwater level changes by performing 
the interferometric analysis for the determination of seismic velocity versus time. The analysis based on the H/V 
spectral ratio could provide interesting information on the groundwater processes (as multiyear depletions and 
rapid recharges of aquifers), especially when the depth to the water table is very shallow. For an established site 
of interest, the comparison between the results produced by H/V with those deduced from interferometric tech-
niques and from crustal deformation data measured with the Global Positioning System (GPS) may highlight the 
potential of the methodology proposed in this work in the monitoring of groundwater storage.

Data Availability Statement
The two stations (AQU and NRCA) belong to Italian permanent network (hereinafter RSN; INGV Seismological Data 
Centre, 2006; Margheriti et al., 2021) operated by the Istituto Nazionale di Geofisica e Vulcanologia (INGV). Their data 
were downloaded from the European Integrated Data Archive (EIDA, https://eida.ingv.it last accessed in April 2022; 
Strollo et al., 2021). Geophysical and geological information for NRCA and AQU can be downloaded from the INGV 
database for the site characterization of the permanent seismic stations (http://crisp.ingv.it; https://doi.org/10.13127/
crisp). Rain and temperature data of L’AQUILA meteorological station are provided under request to the Territory–
Environment Department of the Abruzzo region (Civil Protection Activities Planning Service, Hydrographic and 
Oceanographic Office), through a form on their website (https://www.regione.abruzzo.it/content/servizio-idrografi-
co-mareografico); data up to 2011 only are freely available on https://www.regione.abruzzo.it/content/annali-idrolo-
gici. Data of NORCIA meteorological station are provided by the Hydrographic Service of Umbria region (https://
servizioidrografico.regione.umbria.it) and can be downloaded from a dedicated website (https://annali.regione.umbria.
it/; https://servizioidrografico.regione.umbria.it/pdf_stazioni/0000201100_Norcia.pdf). The data at both meteorologi-
cal stations are raw and the providers are relieved of all responsibility for the use of the data provided.
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