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S U M M A R Y
Following the installation of a temporary seismological network in western Greece north of the
Gulf of Patras, we determined the quality of the sites of each of the 10 stations in the network.
For this, we used the horizontal-to-vertical spectral ratio (HVSR) method and calculated an
average curve over randomly selected days between 0 and 10 Hz. The daily HVSR curve
is determined by the HVSR 12-hr calculation (1 hr every two) without distinction between
seismic ambient noise and earthquake signal. The HVSR curves obtained can be classified in
three categories: flat curves without amplification, curves with a amplification peaks covering
a large frequency range, and curves with one or more narrow peaks. In this third category
C3, one station has one peak, two have two and one has three. On the contrary of what it is
commonly assumed, the amplitudes and the resonance frequencies of these narrow peaks are
not stable over time in C3. We determined the maximum of the amplitude of each peak with
the corresponding central frequency for each day during 2.5 yr. Except for the station with
three peaks, which finally appears stable within the uncertainties, the principal peak exhibits
a seasonal variation, with a maximum in winter and a minimum in summer, the observations
being more dispersed during winter. The second peak, when it exists, varies in the same way
except at one station where it varies oppositely. These variations are clearly correlated with the
loading and unloading cycle of the underlying aquifers as shown by the comparison with water
level and yield measurements from wells located close to the stations. Moreover, they are also
correlated with the vertical surface displacements observed at continuously recording GPS
stations. The dispersion of the observed maximum amplitude in winter is probably related to
the rainfall and the soil moisture modifying the S-wave velocity as revealed by other studies.
From this study, we would like to emphasize that the use the HVSR method to constrain the
S-wave velocity and the thickness of the sediment layer over the bedrock in the basin, has to
be done with caution. Upon further confirmation of its robustness, the HVSR methodology
presented here could be a good and easy-to-use tool for a qualitative survey of the aquifer
backdrop and its seasonal behaviour, and of the soil moisture conditions.

Key words: Hydrology; Transient deformation; Europe; Time-series analysis; Site effects.

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

The horizontal-to-vertical spectral ratio (HVSR) of seismic records
is a common method to characterize the geological properties of
the subsurface of the Earth. The intensive use of the Nakamura’s
method (Nakamura 1989, 2019) as stated by an abundant litera-
ture is due to its low-cost and fast deployment in the field, the
easier and routine processing of the seismological data, as well as
the agreement obtained between the HVSR results and other geo-
physical techniques and geological observations (Benjumea et al.
2011; Fehr et al. 2019). For decades (see Mucciarelli & Gallipoli
2001; Molnar et al. 2018 for reviews), the HVSR method is used

for site effect evaluations (Bonilla et al. 1997; Bonnefoy-Claudet
et al. 2006; Guéguen et al. 2007; Moisidi et al. 2015; Molnar et al.
2018; Napolitano et al. 2018; Yassminh et al. 2019) and micro-
zonation of large areas (Panzera et al. 2019) principally for seis-
mic risk assessment and building damage predictions (Giannaraki
et al. 2019). The other important application concerns the subsoil
mapping in estimating the thickness and elastic properties of the
shallow sediment (Chavez-Garcia & Faccioli 2000; Harutoonian
et al. 2013; Mulargia & Castellaro 2016), and in constraining the
basin structure (Hinzen et al. 2004; Oliveto et al. 2004; Borges
et al. 2016; Mulargia & Castellaro 2016; Bignardi 2017; Tarabusi
& Caputo 2017; Cipta et al. 2018; Molnar et al. 2018; Fehr et al.
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2019; Yassminh et al. 2019). Gas reservoirs and geothermal fields
are also investigated by HVSR techniques characterizing the im-
pact of fluids on the attenuation/dispersion of the seismic waves
(Sarout et al. 2019).

The HVSR method starts with a Fourier transform of the three
components of seismological records. The HVSR curve is the spec-
tral ratio of the horizontal to the vertical component as defined by
Nakamura (1989) in order to characterize the local site effects. What
controls the shape of the HVSR curves is still in debate (Mucciarelli
& Gallipoli 2001), but it is generally admitted that it is controlled
by the S-wave resonance in the sediments (Nakamura 1989) and/or
by the polarization of the fundamental Rayleigh–Love waves (La-
chet & Bard 1994; Bard 1998) and the local wavefield composition
(Bonnefoy-Claudet et al. 2008; Albarello & Lunedei 2020), ques-
tioning about its applicability to precisely evaluate site amplifica-
tions (Bard 1998; Mucciarelli 1998; Bonnefoy-Claudet et al. 2006;
Haghshenas et al. 2008). International recommendations were en-
acted for seismic site characterization about the experimental acqui-
sition and the data analysis (SESAME Project 2004). Most studies
based on HVSR techniques, process microtremors recordings on
time windows at around 15–60 min. Earthquake signals are also
considered, in order to compare their HVSR curves with those of
the microtremors or seismic noise (Laurendeau et al. 2017; Yass-
minh et al. 2019), or to compare site conditions at various places
with respect to a reference site characterizing, for example, topog-
raphy or sediment-filled valley effects (Chávez-Garcı́a et al. 1996;
Malagnini et al. 1996; Souriau et al. 2011). The common interpre-
tation of the HVSR curves assumes a simple model of the subsoil as
a sedimentary layer with low shear wave velocity Vss overlying the
bedrock with a faster shear wave velocity Vsb. The evidenced peak
and its corresponding central frequency, also called the resonance
frequency (f0), are correlated with Vss, that is the elastic properties,
and the thickness of the superficial layer. If a seismological station
is on bedrock, the HVSR curve is ideally flat with amplitude of 1.
Both peak and resonance frequency, when they exist, are related to
the impedance contrast between the sediment layer and the bedrock.
In some cases, HVSR curves have two or more peaks which can cor-
respond, for frequencies higher than f0, to higher harmonic modes
of the first peak, linked to multiple reflection of S waves in the sedi-
ment layer (Bonnefoy-Claudet et al. 2006), or, mainly for the second
peak, to the existence of another strong impedance contrast in the
sedimentary cover (Cornou et al. 2003; Mucciarelli 2011; Haru-
toonian et al. 2013; Moisidi et al. 2015; Lontsi et al. 2019). Due
to local geometry and 3-D structural complexities, the HVSR re-
sults are often combined with other experimental observations such
as borehole, geological and geophysical data (Moisidi et al. 2015;
Fehr et al. 2019). As generally admitted, the 3-D complexities may
explain why the HVSR method failed in predicting seismic strong
ground motion, or in estimating at least its lower bound (Cornou &
Bard 2003; Bindi et al. 2009). For that, new models are proposed
in order to take into account the multilayered subsoil rather than a
simple 1-D model of a soft layer over a half space (Cornou & Bard
2003).

A remarkable aspect of the HVSR curve, generally observed, is
its stability over time (Mucciarelli & Gallipoli 2001; Moisidi et al.
2015; Molnar et al. 2018). Nevertheless, recently Malagnini et al.
(2019) studying the variations of the attenuation over several years
from either side of the San Andreas Fault in Parkfield, observed
cyclic variations of the amplitude of the HVSR curve at specific
frequencies. They evidenced seasonal, semi-annual and annual pe-
riodicities, and they related it to hydrological loads and polar tides.
Being interested on the variations of the seismic attenuation due to

the 2004 Parkfield earthquake, they interpreted them as a conse-
quence of the variations of the crack density in the crust, that is of
the changes of the normal stresses. Here, we will focus on the sea-
sonal variations of the amplitude of the peaks observed on HVSR
curves to highlight the predominant role of the water content in
the subsurface layer. In 2015, we installed temporary seismological
stations in Western Greece, in Aitoloakarnania (Fig. 1), for sur-
veying the seismic activity of the active faults located between the
Gulf of Corinth and the Ionian Sea (Pérouse et al. 2017). Applying
the HVSR method to our data, we found that at some stations the
amplitude and the fundamental frequency f0 vary, while other sites
are stable over time. First, we describe the seismological network
and the data used in this study, and the implemented methodology
to process the HVSR curves. Secondly, we show that both ampli-
tude and resonance frequency f0 of the peaks for four stations and
during 2 yr, fluctuate periodically. We show that these fluctuations
are correlated with hydrological loads in the sedimentary layers by
comparison with hydrological and GPS data.

2 DATA A N D M E T H O D

From autumn 2015, we installed 16 temporary seismological sta-
tions in western Greece for seismotectonic purposes. This network
covers the Aitoloakarnania region from the north coast of the Gulf
of Patras to the city of Arta to the north, in order to monitor the seis-
mic activity of the Katouna-Stamna fault system and the Trichonis
Lake graben, forming the eastern boundary of the Islands Akarna-
nian Block (Vassilakis et al. 2011; Pérouse et al. 2017; Tranos et al.
2020). We will consider here 10 of the 16 stations (Fig. 1), that are
those having the longest recordings without major interruption until
the end of 2018, and free of component malfunctions or change of
the sensor (hardware or configuration) during the observing period.
All the stations are three-component recording continuously with a
sample rate at 100 Hz. The sensors are short period seismometers
of different types: 2 Hz Sercel L22E (SS04), 5s Lennartz LE-3D
(SS08, SS13, SS20, SS22, SS24) and 1 Hz Geosig VE-53 sensor
(SS09, SS17, SS19, SS21), the data loggers being DataCube (SS04,
SS08, SS20, SS24) and Earthdata (SS09, SS13, SS17, SS19, SS21,
SS22). For safety reasons, the stations were installed in schools (old
or still active) or in public buildings. Some sensors are inside the
building laid on a cemented floor (SS04, SS08, SS13, SS20, SS22,
SS24) that may affect the quality of the HVSR’s curves (SESAME
Project 2004; Castellaro & Mulargia 2009), the others are buried
outside close to the building (SS09, SS17, SS19, SS21).

The data were processed with the Geopsy software (www.geop
sy.org; Wathelet et al. 2020). We applied a second order band pass
Butterworth filter [0.05–10 Hz] to the three components. For 1 d, we
calculate a mean HVSR curve between 0 and 10 Hz undistinguishing
anthropogenic noise, ambient seismic noise or microtremors, and
earthquake signals. In fact, several studies strongly suggest that the
HVSR curves are very similar considering microtremors or seismic
event records (Nakamura 2019) both for site effect characterization
(Laurendeau et al. 2017; Yassminh et al. 2019) and for basin struc-
ture (Borges et al. 2016). In order to verify that, we calculated HVSR
curves separately for seismic ambient noise and for earthquake sig-
nals at different days as shown in Fig. 2(top panel) for station SS19.
Even if the curves are noisier at low frequencies for the earthquake
signals (dashed lines) probably due to the corner frequency of the
sensor at 1 Hz, the two amplification peaks are recovered for both
types of signal at the same frequencies, but with mean amplitude
slightly lower for the earthquake signals, the difference being at
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HVSR amplification peaks 3

Figure 1. Location map of the study seismological network. Inset at the top right: location map of the study area. Extend of Figs 5(a) and 6 are shown. Agr.:
Agrinio; Amf.: Amfilochia; Amv. G.: Gulf of Amvrakikos; Ast.: Astakos; Mes.: Mesologhi; Trich.: Lake of Trichonis.

maximum 15 per cent. Nevertheless, looking at the details on this
specific case, a few individual HVSR curves for earthquake signals
have amplitudes greater than those for noisy signals. Also, it is im-
portant to note that in the study area, there is no day without local
or regional earthquakes recorded at the stations. Thus, our choice
not to distinguish the different kinds of signals in the records for the
HVSR processing does not affect the fundamental frequencies of
the peaks, but may affect their mean amplitudes by around 10 per
cent. To evaluate the site conditions at each seismological station,
we determine a mean daily HVSR curve. For that, we calculate the
HVSR on a 1-hr time window, 1 hr out of two over the entire day
without overlapping of the data, the mean daily HVSR being the
average of the 12-hr calculated HVSR’s. As shown in Fig. 2(bottom
panel), there is no difference between the 24-hr estimation (dashed
line) and the 12-hr estimation (full line), which is preferred here for
its reduced time processing.

3 R E S U LT S

We calculated the daily HVSR curves following the procedure de-
scribed before at days chosen randomly and at each station. In Fig. 3,
we show the daily HVSR curves from 0.5 to 10 Hz with their 80 per
cent confidence interval by grey curves, obtained for the 10 stations
of the temporary network. The colour of the curve corresponds to
the number of days since 1 October 2015, the last day being 31
December 2018 (day number 1186). The HVSR curves are very
different from one station to another and their standard deviations
are overall stable over time. One first remarkable point concerns
the blue curves, which exhibit a change in shape at all sites. They
correspond to the days following the Mw 6.8 Zakynthos earthquake
of 25 October 2018 (day number 1119), and they will be discussed
later. Nevertheless, it is worthy to note that at SS17 the curves with

H/V amplitude smaller than 1, are due to a malfunction of the sen-
sor (failover or electronic failure), with a strong amplification of the
vertical component, and at SS21, the station has been moved 280 m
for safety reasons in November 2018 implying a different subsur-
face environment. We classify the stations according to their HVSR
curve features into three categories: (i) curves without peak (C1) at
stations SS04, SS09 and SS21; (ii) curves with a peak covering a
wide range of frequencies (C2) at SS17, SS20 and SS24 and (iii)
curves with one or more narrow peaks (C3) at SS08, SS13, SS19
and SS22.

In category C1, station SS21 is currently installed in the moun-
tains, at 1000 m of altitude, on Jurassic bedrock without sedimentary
layers. The HVSR curves at the initial installation site are flat co-
herently with its geological environment. At the second site (blue
curves), the differences in frequencies greater than 2 Hz can be
due to the change of the installation site 280 m apart with a dif-
ferent subsoil with the possible presence of a different weathering
sediment layer overlying the hard rock as typically found in rocky
mountain environment (Sivaram et al. 2012; Di Naccio et al. 2017),
or to the effect of the Zakynthos seismic sequence. Unfortunately,
we don’t have enough data to choose one of these hypotheses. SS04
is installed on Oligocene flysch of the Ionian Zone and the site of
SS09 corresponds geologically to the Tryfos formation composed
by Triassic conglomerates. The HVSR curves at SS04 and SS09
have large convex and concave shapes, respectively. These features
are stable over the study time period, but station SS09 is noisier,
most probably because the sensor is buried in a surficial layer of
gravels of 2–3 m thick.

In category C2, the HVSR curves evidence a peak over a large
frequency range from 2 to 10 Hz with a maximum amplitude at 3 at
5 Hz at SS17, from 1.5 to 4 Hz with a maximum amplitude at 2.7 at
SS20, and from 1 to 4.5 Hz with a maximum amplitude comprised
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Figure 2. Example of HVSR curves at SS19 on 03/17/2018. Top panel:
solid lines correspond to the ambient noise with the average (bold), and the
dashed lines to the seismic signals with the average (bold). Bottom panel:
each grey curve corresponds to 1-hr window processing, the bold continuous
line to the 12-hr average, and the bold dashed line to the 24-hr average. The
vertical lines point peak frequencies at 3.9 and 5.6 Hz, respectively.

between 4 and 5.2 at SS24. These HVSR features are very stable
over the observed time period with more (SS24) or less (SS17)
noise. At station SS17, the site amplification could be related to
the presence of fluvial alluvium above an Eocene limestone. The
geological environment at SS20 and SS21 is composed of red shales
of Jurassic and upper Jurassic of the Pindos Unit. Nevertheless, the
HVSR curves are very different between these two sites probably
due to the different local geological environment. While SS21 is
installed on rock, SS20 is installed in a public building located on
alluvium of a small river. This alluvium a few meters thick may

explain the presence of the peak with a small amplitude in the
HVSR curve. Station SS24 is located on a small hill of Triassic
breccias surrounded by alluvium. The site amplification, stable in
time, can be related to the small topography and lateral geological
complexities.

In the third category C3, the HVSR curves are characterized by
one (SS22), two (SS08 and SS19) or three (SS13) narrow peaks
(Fig. 3) meeting the criteria of ‘clarity’ (SESAME Project 2004).
The geological environment at SS08 is similar to that of SS09, and
it is constituted by folded flysch from the Gavrovo-Tripolis Zone at
sites SS13 and SS22. SS19 is situated over Cretaceous limestone
from the Pindos Zone of at least 500 m thick. At station SS22, the
peak has a fundamental frequency f0 at around 5.8 Hz. The peak at 2–
3 Hz appears after the Zakynthos seismic sequence. At station SS08,
the central frequencies of the two peaks P1 and P2 are at 5.6 and
7.6 Hz, respectively, and at station SS19 at 3.6 and 5 Hz, respectively.
Regarding the site SS13, we can distinguish three permanent peaks
P1–P3 (Fig. 3) with central frequencies at 2.8, 3.4 and 8.3 Hz,
respectively. The two peaks visible at frequencies smaller than 2 Hz
appear in very rare cases and they are not considered as amplification
peaks. Because the frequency of P3 is three times the frequency of
P1, P3 may correspond to the second mode of oscillation (Haskell
1960) that may indicate that the seismic records are constituted by
both body and surface waves (Bonnefoy-Claudet et al. 2008). We
choose this possibility, even if the P3 peak could be also related to
the presence of a very near-surface layer. As it can be seen in Fig. 3,
the maximum of the peak amplitudes varies through time by a factor
from 1.5 (SS13 and SS22) to 2 (SS08 and SS19). In the same way,
the peak frequencies also vary at maximum by 10 per cent, which
is commonly assumed as a marginal variation (SESAME Project
2004; Lontsi et al. 2019).

In order to more accurately characterize the variations in ampli-
tude and fundamental frequency in time, we calculated the daily
HVSR over the operating time of the seismic stations for the four
sites of the category C3. In Fig. 4, we report the maximum ampli-
tudes of the peaks and the corresponding resonance frequencies,
with the observed rainfall recorded at close by meteorological sta-
tions (http://meteosearch.meteo.gr/), versus time. We filtered the
amplitudes with a median sliding box of 60 d width. Thus, Fig. 4
shows a more or less well-expressed seasonal variation both in the
amplitudes of the peaks and in their central frequencies. Another
common feature on all the stations is that both peak amplitudes and
resonance frequencies are more scattered during winter and spring,
that is the wettest period of the year, than during summer, that is
the driest period. At SS08, the first peak P1 amplitude has a mini-
mum covering 3–4 months in the summer, and a maximum with a
6-month plateau (from October to April). On the contrary, the peak
P2 amplitude has its maximum during summer, and the minimum in
winter, with less dispersion compared to P1. At the same time, but
for both peaks P1 and P2, the fundamental frequencies are minimum
in summer and maximum in winter, with variations of ±7 and ±9
per cent, respectively. At SS19, there is also a well-expressed sea-
sonal variation of the peak amplitudes and frequencies, but here
both peaks P1 and P2 vary in the same way: maximum in winter
and minimum in summer. The H/V amplitude varies from 2 to 3 and
from 1.5 to 2.3 for P1 and P2, respectively, and the central frequency
varies at ±7 per cent and at ±11 per cent for P1 and P2, respectively.
The values smaller than 3 Hz for P1 (dashed ellipse with Z in Fig. 4)
are linked to the 2018 Zakynthos seismic crisis. On the contrary to
what seems in Fig. 3, the variation of the peak amplitudes at station
SS22 is at around 30 per cent. The central frequency at SS22 has
also a seasonal variation with a minimum during summer at around
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Figure 3. Daily HVSR curves with their 80 per cent confidence standard deviation (grey curves). Columns C1, C2 and C3 correspond to categories C1, C2
and C3, respectively described in the text. The colour scale corresponds to the number of days after 2015/10/01. The grey zones correspond to the amplification
peaks whose amplitude varies with time.

5.3 Hz and a maximum during winter at around 5.8–6.0 Hz. On
the contrary, at station SS13 the resonance frequency is very stable
at 2.8 and 3.4 Hz for P1 and P2, respectively, with a few marginal
values. At the same time, the amplitudes of both peaks at SS13
have no clear seasonal variations, and P1 exhibits a maximum in
April 2018, not observed in April 2017, and the HVSR amplitude
does not vary more than 12 per cent for both peaks. Finally, con-
trary to what Fig. 3 shows, the variations of the peak amplitudes
at station SS13 are small and have to be considered as stable in
time.

4 C O R R E L AT I O N W I T H
G RO U N DWAT E R C YC L E

The observations previously described clearly evidence a seasonal
variation of the amplitudes and the central frequencies of the peaks,
for four seismological stations among the 10 of the network. The
amplitudes and the frequencies for the first peak are maximum in
winter and minimum in summer, corresponding also to the wet
and dry periods of the year, respectively, as shown by the rainfall
measurements (Fig. 4). At site SS19, the amplitudes and frequencies
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Figure 4. Plot of HVSR peak amplitudes and of corresponding resonance frequencies f0 (colour scales) variations versus time. Rainfalls are from the closest
meteorological stations (http://meteosearch.meteo.gr/). The red curves are done with a median sliding box of 60 d width. The grey areas correspond to the wet
periods in western Greece from approximately half of October to end of March. The black dashed ellipse with the letter Z in the P1 peaks at SS19 outlines the
Zakynthos earthquake effect (see text for details). Station name and frequency peak are done at the top left corner of each panel.

of the second peak P2 follow the same variation as P1, but at
SS08 the amplitude of P2 is minimum in winter and maximum in
summer, while the central frequency is varying similarly to other
sites. Such seasonal variation phased with the precipitations and
repeating each year, leads to correlate it with the seasonal variation
of the groundwater content, and specifically with the charge and
discharge of the aquifers. Even if that is still debated, the HVSR
curves are controlled by or, at least, are sensitive to the S waves and
surface waves (Nakamura 1989; Lachet & Bard 1994; Bard 1998).
As it is well known, S waves and surface waves, as P waves to a
lesser extent, are sensitive to the presence of water, which modifies
their velocity, even if its presence is restricted to the subsurface (Nur
& Simmons 1969; Husen & Kissling 2001; Rigo et al. 2008).

In order to test this hypothesis, we attempt to compare the tempo-
ral variations of the HVSR curves with groundwater observations.
The site SS08 is located close to a borehole (PN in Fig. 5a), where
the level of the aquifer is measured each day except during the 10-d
Christmas period. Also, at 15 km to the east, there is a continuous
recording GPS station named AMFI installed in 2015 (Fig. 5a).
The loading and unloading of aquifers may induce local and small

vertical displacements of which amplitudes depend on the elasticity
of the subsurface layer and on the depth of the aquifer, and which
can be monitored by continuous GPS measurements as shown by
Larochelle et al. (2018) and Burnol et al. (2019). Even if AMFI is
not located above the same water body than that of SS08 according
to HSGME (Hellenic Survey of Geology and Mineral Exploration,
http://www.igme.gr), the seasonal cycle of load and unload should
be approximately the same. In Fig. 5(b), we plot the filtered vari-
ations of HVSR amplitudes of P1 (continuous red line) and P2
(dashed red line), the water level at PN (blue dots) also filtered with
a median sliding box of 60-d width (blue curve) and the vertical
GPS coordinates (triangles) and its filtered curve (same filter, black
curve). As observed, the vertical GPS coordinates vary from 1 d to
another by 10–15 mm, but filtering the series allows reducing these
uncertainties to 3–5 mm. There is a correlation between the three
observations. Indeed, in winter, the maximum amplitude of the P1
peak [which also corresponds to the maximum value of its central
frequency (Fig. 4)], corresponds to a high level of the aquifer, and
at a minimum of the altitude of the GPS station due to the elastic re-
sponse of the ground to the weight of the aquifer water (Larochelle
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(a)

(b)

(c)

Figure 5. (a) Location map of the SS08 station, the water well PN and the continuous recording GPS station AMFI. (b) Time variations filtered with a median
sliding box of 60 d width of the HVSR peak amplitudes (red) for P1 (continuous) and P2 (dashed), of the GPS vertical positions at AMFI (black triangles
and curve), and of the water level below the surface at PN (blue circles and curve). (c) Fits between H/V amplitude, water level (circles), and GPS vertical
displacements (triangles) for the peaks P1 and P2 at station SS08. Cyan lines represent the linear fit of H/V amplitude and water level, black lines represent the
linear fit of H/V amplitude and GPS vertical positions. The colour scale indicates the Julian day.
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Figure 6. Location map of SS22 and SS19 stations, of the closest water
wells, and of the continuous recording GPS station MESA.

et al. 2018). Conversely, in summer, the amplitude of P1, its
resonance frequency, and the level of the aquifer are minimum
while the altitude of the GPS point is at a maximum. We can also
note that the amplitudes of the second peak P2 are correlated with
the vertical AMFI coordinates, the central frequency varying oppo-
sitely, indicating that the second peak is also linked to the presence
of the water table and its loading cycle but in a different way than
the first peak. These correlations are also visible in Fig. 5(c) where
the peak amplitudes are reported versus the water levels and the
GPS vertical positions, the colour scale distinguishing winter and
summer periods. Although the fits are not good, they bring out the
tendency, that is for P1 a positive fit between the amplitudes and the
water levels, and a negative fit between the amplitudes and the GPS
positions as described before. And for P2, the fit is negative between
the amplitudes and the water levels and positive between the am-
plitudes and the GPS positions. As expected, the winter values are
at the maximum amplitudes for P1 and at the minimum amplitudes
for P2. The low fits are due to the intermediate values during spring
and autumn periods.

Regarding the sites SS19 and SS22, we have plotted in Fig. 6 the
locations of the closest wells, with water level and/or water yield
measurements archived by HSGME, and the continuous recording
GPS station MESA. Unfortunately, the measurements at the wells
are made only 5–15 d a year. Moreover, there are very few measure-
ments during the operating period of our network. For that reason,
we will consider several wells around the seismological site, and
we will stack the observations, that is the observations are reported
on 1 yr in order to retrieve an annual and/or seasonal behaviour of
the observed parameters. To compare them with each other, all the
observations (wells, amplitude of the peaks and vertical GPS co-
ordinates) are normalized to their corresponding maximum values.
In that way, we seek to bring out a mean annual behaviour. In the
stacked diagrams (Figs 7a and 8a), we reported the peak amplitude
in red, the vertical GPS position in black and the wells measure-
ments with blue symbols. Because of the scarce well measurements,
the values can be very different from 1 yr to another. Then, we draw
in these diagrams by grey areas the envelopes including all the val-
ues, the mean variations being done by the dotted black line. For
station SS19, the yield measurements of three wells (P185, P186
and P187) related to the same water table, and the vertical MESA
coordinates are compared to the amplitude variations of P1 (contin-
uous line) and P2 (dashed line) in Fig. 7(a). The wells were sampled
from 2005 to 2008, but not at the same frequency. Even if the grey

area including the well measurements is large—especially during
winter between days 50 and 150 (March to May)—its general trend
is coherent with a yield rate decreasing in summer between days
200 and 260, that is between half July and half September, and in-
creasing in autumn after day 280 (beginning of October), which can
correspond to the loading of the aquifer. This pattern is in agree-
ment with the variation of the amplitude of P1, but the variation
of the amplitude of P2 is less significant especially after the day
100. Even if the vertical GPS coordinates have no significant vari-
ation on the stacked diagram (Fig. 7a), it is clear looking over the
observation period (Fig. 7b) that they are anti correlated with the
P1 amplitudes, denoting a relationship with the loading cycle of a
water table. At SS22 (Fig. 8), the borehole measurements cover the
period from 2004 to 2018 but without data for the periods 2008–
2012 and 2016–2017. They correspond to the water level at four
wells located to the south of the seismological site (Fig. 6). On the
stacked diagram (Fig. 8a), a possible correlation is visible between
the variation of the water level and the amplitude of the peak be-
tween the day 150 and the end of the year, but the anticorrelation
with GPS is not significant. However, two remarks must be made:
the peak amplitude shows large values at the start of each year
(February–March) with a greater dispersion (Fig 4). Consequently,
the maximum of the peak amplitude is amplified between day 0
and day 150. On the other hand, wells show water levels varying
slightly all along the year as boreholes F121A (quasi null variation
between days 0 and 200 with an aberrant value at day 330), and
R122A. These two wells are more recent and were opened in 2013.
The comparison with the vertical GPS coordinates at MESA also
highlights an anticorrelation with the amplitude of the peak espe-
cially in 2017 but not obvious in 2018 (Fig. 8b). Even if, according
to the HSGME data, MESA and SS19 are above the same ground-
water body, both sites SS19 and SS22 seem to be compatible with
the aquifer loading and unloading cycles, but need more precise
investigations.

As mentioned before, it appears that there is an effect of the
October 2018, M6.8 Zakynthos earthquake on amplitude and res-
onance frequency values of the peak and on the general form of
the HVSR curves (Figs 3 and 4). This effect concerns the HVSR
amplitudes, the appearance and disappearance of secondary peaks
and the values of the central frequency of the permanent peaks. For
example, the blue curves in Fig. 3 corresponding to the time after
the Zakynthos earthquake occurrence evidence that (i) site SS09
has lower HVSR amplitudes; (ii) P1 and P2 peaks disappears at site
SS19, as that is also visible on Fig. 4; (iii) The HVSR amplitudes
are higher at station SS21 especially at frequencies greater than
2 Hz and (iv) at station SS24, several peaks appear between 1 and
2 Hz, and the width of the large peak is reduced by at least 1 Hz. We
observe that these peculiar daily HVSR curves return to their pre-
vious shape as observed before the Zakynthos earthquake (Fig. 3)
after two to more than six weeks depending on the stations. We plot
in Fig. 9 the aftershock sequence following the Zakynthos M6.8
main shock with the mean magnitude per day, from the National
Observatory of Athens (NOA) catalogue up to the end of 2018, and
the days when the HVSR curves returned to their previous form
for each station, the epicentral distances to the main shock, rang-
ing from 130 to 180 km, being also indicated. The station SS22
is indicated with a dashed line because its return time is after the
31 December 2018. As we can see, the return time to the previous
form of the HVSR curves, that is the end of the apparent effect
of the Zakynthos event, does not depend on the number of after-
shocks, nor on the average magnitude, and nor on the epicentral
distance.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/226/1/1/6158390 by Biblio Planets user on 01 April 2021



HVSR amplification peaks 9

(a)

(b)

Figure 7. Temporal variations at station SS19. (a) Stacked time: red lines: HVSR amplification peak amplitudes for P1 (continuous) and P2 (dashed); thick
black curve: GPS vertical coordinates observed at MESA, all filtered with a median sliding box of 30 d width. Normalized discharges at wells P185 (stars),
P187 (triangles), and P186 (squares); grey area: discharge envelope (see text for details). (b) Red curves are the HVSR amplification peak amplitudes for P1
(continuous) and P2 (dashed) and in black is the GPS vertical coordinates at MESA (triangles), the applied filter for the curves is a median sliding box of 60 d
width.

5 D I S C U S S I O N A N D C O N C LU S I O N

Following the installation of a temporary seismological network
in the north of the gulf of Patras, western Greece, we calculated
the HVSR curves at each station in order to control the quality
of the chosen sites. We determined a daily average curve from 12
hourly curves calculated every 2 hr without distinguishing between
ambient noise and seismic signal. Concerning the two sites (SS08
and SS09), which are active primary schools and SS20 which is
an educational environmental centre, it is worthy to note that the
working time in Greece is from 8 a.m. to 2 p.m., out of week-ends
and vacancies. Moreover, during the major part of the time, students
are in their classrooms generating no noise. Then, because of our
procedure sampling 3 H/V curves during the working time over
the 12 sampled, we consider that the activity in the schools do not
significantly influence the mean H/V daily curves at that sites.

There is also a possible effect of the building in which the seis-
mic sensor is installed. According to various factors (the type of
masonry, the form of the building, the number of floors, etc.), a
building has is proper frequency. We estimated this frequency us-
ing the simple common formula linking f0 to the number of floors,
f0 = 10/(number of floors) reported in Table 1. As indicated, all the
buildings have no floor except the one at site SS20 with 2 floors
giving a proper frequency at 5 Hz. In all cases, the proper frequen-
cies of the buildings do not interfere with the central frequencies of
the observed peaks.

The obtained HVSR curves are of three types: without site ef-
fect, with a broad peak, and with one or more narrow peaks. As
it is commonly accepted, all of these curves are stable over time,
except for the four stations SS08, SS13, SS19 and SS22 of the third
group. We then showed, for these four cases, that the amplitude
of the first peak—and of the second one when it exists—and the
resonance frequency, vary seasonally. It is remarkable that both pa-
rameters are high and stable in winter and low and stable in summer.
This variation is in phase with the loading and unloading cycle of
the underlying aquifers. This aquifer cycle induces the elastic re-
sponse of the soil to the weight of the water and a vertical surface
displacement of tens of millimetres is detected by neighbouring
continuously recording GPS stations, as already observed in other
places in the world (Rigo et al. 2013; Clements & Denolle 2018;
Larochelle et al. 2018).

As known, site effects are linked to local geology and topography.
In order to have good quality records and reduced site effects, we
tried as much as possible to install the seismic stations on bedrock.
We can consider that the site effects at SS04 and SS21, which are
located on Oligocene flysch of the Ionian zone and Jurassic radiolar-
ites of the Pindos zone, respectively, are those of stations on bedrock
(Fig. 3). Only station SS17 has been installed on alluvium that most
probably explains the large peak between 2 and 10 Hz. Surprisingly,
its amplitude is stable in time and it seems that this is the case, each
time the peak is wide, as it is also visible for the stations SS20 and
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(a)

(b)

Figure 8. Temporal variations at station SS22. (a) Stacked time: red line: HVSR amplification peak amplitudes, thick black curve: GPS vertical coordinates
observed at MESA, all filtered with a median sliding box of 30 d width. Normalized water level observations at wells F121A (stars), R122 (triangles), R122A
(squares) and R134 (circles); grey area: water level envelope (see text for details). (b) Red line is the HVSR amplification peak amplitudes and in black is the
GPS vertical coordinates at MESA (triangles), the applied filter for the curves is a median sliding box of 60 d width.

SS24 (Fig. 3), which are installed on Jurassic radiolarites of the Pin-
dos zone and on Triassic breccias of the Ionian zone, respectively.
Stations SS08 and SS24 are on the same Triassic cohesive breccias,
but SS08 exhibits a narrower peak whose amplitude varies over
time, while SS24 presents a wide peak. The difference of temporal
behaviour between these two sites could be due to a more complex
3-D environment for SS24 (small hill surrounded by quaternary red
clays and sand) and needs further investigation. SS19 is installed on
Cretaceous limestone outcrop of the Pindos Zone, described as cav-
ernous. Nevertheless, the HVSR curves exhibit two narrow peaks
at around 3 and 5 Hz (Fig. 3), varying in time (Figs 4 and 7), and
therefore absolutely not stable as expected. Both sites SS13 and
SS22 are on folded flysch of the Gavrovo–Tripolis zone. There are
fountains with continuous water flows close to them. Thus, it is
evident for these two sites that water is abundant in the subsoil and
can control the seismic wave velocities just below the seismological
stations.

When a second peak exists as at stations SS08 and SS19, and if it
does not correspond to higher mode of the first one, it is interpreted
as an additional impedance contrast in the surficial sedimentary
layer (Harutoonian et al. 2013). As we observed for the first peak

(P1), the second one (P2) has also the amplitude and the central
frequency varying with time and following the same seasonal cycle
with P1. In the case of SS19, P1 and P2 vary coherently in amplitude
and in frequency, P2 at SS08 has its amplitude anti correlated with
the one of P1, that is the amplitude of P2 is high in summer and low in
winter, which may indicate an increase of the S-wave velocity at the
deeper impedance contrast, but the frequencies vary similarly. Water
saturation in subsurface shifts the peak frequency of the Rayleigh
waves also in presence of body waves. Then, that is coherent with
the seasonal variation of the peak frequency we observe. The depth
of the impedance contrast is inversely proportional to the resonance
frequency f0. The estimates of the depths with the obtained P1 peak
frequencies are from 20 to 150 m, compatible with the known depths
of water level.

We also observed that the amplitude of the peaks at all stations
and the central frequency at station SS22 are more dispersed in
winter than in summer, and in summer after a rainy event. Winter
corresponds to the wettest period of the year with frequent precipita-
tions. We suggest that this data dispersion is linked to the sensitivity
of Vs to rainfall and soil moisture with possible variations from
5 to 20 per cent (Paoletti 2012; Wang et al. 2017; Clements &
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Figure 9. Aftershock sequence of Zakynthos seismic crisis from the NOA catalogue (http://bbnet.gein.noa.gr/HL/databases/database). Black circles: number
of events per day; grey circles: mean magnitude ML per day; Vertical lines mark the day when the abnormal HVSR form stops at the indicated station and
epicentral distances are also depicted vertically (except for SS22 (dashed), which stops after the 31/12/2018).

Table 1. Installation description, number (Nr) of amplification peaks and their corresponding central frequency
f0, and the building configuration (Number (Nr) of floors) and frequency for each station of the network.

Station Installation type Nr of peaks f0 (Hz) Nr of floors and building
frequency

SS04 Inside—Old school 0 - 0–≥ 10 Hz
SS08 Inside—Gymnasium of a

school
2 5.6/7.6 0–≥ 10 Hz

SS09 Outside—School 0 -
SS13 Inside—abandoned medical

centre
3 2.8/3.4/8.3 1–10 Hz

SS17 Outside—Old school 1 5
SS19 Outside—Old school 2 3.6/5
SS20 Inside—Educational building 1 1.5 to 4 2–5 Hz
SS21 Outside—Old municipal

building
0 -

SS22 Inside—Inactive municipal
building

1 5.8 0–≥ 10 Hz

SS24 Inside—Medical centre
(activity during a few hours

per month)

1 1 to 4.5 0–≥ 10 Hz

Denolle 2018; Miao et al. 2018; Civilini et al. 2020; Roumelioti
et al. 2020), even up to 40 per cent as observed in laboratory exper-
iments (Irfan & Uchimura 2013). At station SS08, but not at station
SS19, this suggests that the second peak is less sensitive to rain-
fall and soil moisture, and therefore a more stable indicator of the
aquifer condition. At station SS22, the water table is very near the
surface, the central frequency is also affected by the rainy periods.

Regarding the change of the form of the HVSR curves following
the occurrence of the Zakynthos earthquake, a possible explanation
could be disturbances in groundwater levels or water content in
the subsoil. Toutain et al. (2006), for example, have shown that
microseismicity up to an epicentral distance of at least 10 km acts
on the chemical composition of Pyrenean aquifers by modifying the

amount of meteoric water. Moreover, Sanz de Ojeda et al. (2019)
showed that most probably the 1750 Lisbonne earthquake induced
hydrological phenomena disturbing the spring discharges all over
the Iberian Peninsula. This specific case could be indicative that the
mechanism causing the variation observed here is driven by changes
in effective stresses due to pore pressure variations (Brodsky et al.
2003; Crane et al. 2013; Miao et al. 2018) maybe dynamically
caused by the passage of the waves of the Zakynthos main shock.

The correlation between the variations of the loading and un-
loading cycle of the aquifers and the amplitudes of the peak of the
HVSR curves could help to calibrate one with respect to the other.
We showed that with a simple seismic signal processing without
distinguishing the origin of the signal, it is possible to follow the
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state of the water content in the subsurface. However, this calibra-
tion is not possible here for two reasons: (i) the groundwater survey
data are not all available with sufficient precision; and above all
(ii) it is likely that the curves that we observed are not sensitive to
only a single water table, but also to others around the station, given
that the H/V method is rather sensitive to surface waves which are
coming from various azimuths (Cheng et al. 2020). This is visible
with SS08 where the variations of the P1 amplitude are not exactly
phased with the water level (Fig. 5b), SS08 being on the boundary
of two different water tables according to HSGME. Thus, to vali-
date such a technique for surveying the water table evolution, it is
necessary to conduct a medium-term seismological experiment on a
site where the geology of the first hundred meters, the precipitations
and the aquifer parameters are very well known.
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