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ABSTRACT

Site response analysis is essential for seismic hazard and risk assessment and for providing useful data for land-
use planning. However, current regional site amplification models do not always have the resolution required for
sites such as alpine valleys, in which site response is characterized by complex effects. In addition, even in local
studies, site response is usually computed at a limited number of sites because it requires the recording of
earthquakes through the installation of seismological stations. To spatially extend the site response to a denser
grid of points inside the investigated area, we used k-means cluster and correlation analyses and Voronoi
tessellation. The method was applied to the evaluation of the site response of the lower Sarca Valley on the
northern shore of Lake Garda. Earthquakes were recorded at 19 sites to calculate site response in terms of
amplification and duration functions of ground motion. The results show high amplification values (up to 10) at
low frequencies (at about 0.7 Hz) in the center of the valley, where the sediments reach a thickness of about 420
m. Moderate amplification values and duration lengthening of several seconds in the range of 1-10 Hz are found
instead at the edge of the valley on the sedimentary deposits, while a lack of amplification is observed for the
sites located on the bedrock. Both the amplification and duration functions were assigned to the area covered by
the single-station noise measurements to obtain a zonation of the study area, resulting in three zones to which
Fourier amplification factors can be assigned for specific frequency values. The results obtained can be used

directly for hazard and risk scenarios and to improve regional maps with lower resolution at the local level.

1. Introduction

Local seismic effects are evaluated to quantify the influence of site
conditions (i.e., geology, topography, morphology, etc.) on seismic
ground motions observed during earthquakes (see for instance, Kakla-
manos et al. [1] and references therein). In many Alpine valleys,
although major investments have been made in buildings and infra-
structure, construction planning and land-use regulations do not always
adequately consider the nature and extent of seismic site effects, even
though these valleys are mostly located in regions of low or moderate
earthquake hazard (Faccioli et al. [2]). The lower Sarca Valley on the
northern shore of Lake Garda is vulnerable to site response because of
the combined 1-D to 3-D effects acting on the thick deposits which
compose the sedimentary basin (Faccioli et al. [2], Garbin et al. [3] and
Parolai et al. [4]). The valley is densely populated, and evaluation of
local seismic effects (site response) becomes necessary for seismic risk
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mitigation, especially in urban areas (Vessia et al. [5]).

In recent years, the exponential increase in the availability of
waveforms, together with technological developments that allow pro-
cessing large amounts of data, has led to the production of seismic site
response maps at regional scales. For example, Bindi et al. [6] produced
empirical maps of site amplification for Europe by processing a large
number of seismic recordings retrieved at 3200 sites, while Weatherill
et al. [7] provided pan-European site amplification model based on
VS30 (i.e. the average seismic shear-wave velocity of the uppermost 30
m) maps inferred from topography and geology and on site-to-site
ground motion residuals analysis.

Although these kinds of maps provide an important indication of the
level of site amplification at large-regional scale, site effects are often
determined by local geologic conditions that vary on a shorter spatial
scale, as for example in Alpine valleys, in which site response is char-
acterized by complex effects (Faccioli et al. [2,8]).
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Fig. 1. Overview of the study area with the most important geographical and
geological features (based on the Geological Map of Servizio Geologico of
Provincia Autonoma di Trento). The approximately NNE-SSW and NW-SE
trending faults belong to the Giudicarie and the Schio-Vicenza fault systems,
respectively (Castellarin et al.[22]).

Several studies relying on the recordings of temporary networks have
enabled estimating site response in a specific area, but very often the
distances between recording stations are not sufficient to allow full
zonation of the area. However, in the last 20 years, some attempts have
been made to solve this problem, in particular by the application of
cluster analysis. Bragato et al. [9] proposed a technique using a Bayesian
approach to find the connected areas where the similarity between
Horizontal to Vertical H/V spectral ratios of Noise (NHV) is maximized.
Tselentis and Paraskevopoulos [10] used the self-organizing map tech-
nique for cluster analysis based on the similarity of H/V spectral ratios of
weak motions. Strollo et al. [11] and Ullah et al. [14] proposed a method
to improve the spatial resolution of spectral intensity correction factors
and Reference Site Spectral Ratios (RSSR, Borcherdt [12] and Field and
Jacob [13]), respectively, by taking advantage of cluster and correlation
analysis and using NHV calculated from noise recordings as a proxy.
Paolucci et al. [15] used the principal component analysis for identi-
fying sites characterized by similar NHV curves while Capizzi and
Martorana [16] recently applied cluster analysis to NHV data for sub-
surface studies.

In this study, we used a method based on the approach Strollo et al.
[11] and Ullah et al. [14] to obtain high-resolution zonation of the
seismic site effects of the lower Sarca Valley. We added to cluster and
correlation analyses the Voronoi tessellation to spatially extend the site
response obtained from earthquake recordings at a limited number (19)
of sites to the entire area of the lower Sarca Valley. The method is based
on the use of NHV curves of seismic noise obtained at a large number of
sites (i.e., 110) as a proxy. We have demonstrated the validity of our
approach not only using spectral amplification functions, but also with
the original idea of considering the duration lengthening of the seismic
shaking. The evaluation of this latter parameter, often overlooked in site
response analysis, is essential in contexts such as sedimentary basins or
valleys, exhibiting remarkable lengthening of duration from the edges to
the center (Beauval et al. [17]), since long duration can lead to
non-negligible damage to buildings exposed to ground shaking (Han-
cock and Bommer [18]). A methodology to evaluate the frequency
dependent prolongation of the signal duration of a site was proposed by
Parolai and Bard [19], combining the analysis of spectrogram and the
RSSR) by the Joint Analysis of Sonogram and Standard Spectral Ratio
Methodology (JASSSR).

In the following, we first describe the study area and present the
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methods (i.e., the Generalized Inversion Technique - GIT (Andrews [20])
and the JASSSR [19]) that were used to calculate site response at the 19
sites of the temporary network. We then describe in detail the applica-
tion of cluster and correlation analyses to amplification and duration
curves to assign an empirically estimated site response to the 110 sites of
noise recordings, and the application of Voronoi tessellation to obtain
zonation maps. some

2. Description of the study area

The study area (Fig. 1) is the final part of the Sarca Valley, which is
about 5-6 km long and lies roughly between the narrow stretch before
the village of Arco to the north and Lake Garda to the south. The valley
floor here is about 3-4 km wide and is divided in the south by the ridge
of M. Brione, which extends for about 2.5 km from the coast of Lake
Garda towards the NNE. The Sarca River flows southward into the
narrower eastern part. The valley is surrounded by a rather complex
orography, where steep slopes are interrupted by hanging valleys.

The area is densely populated, in particular, close to Lake Garda and
along the northern side of the main valley, with the three municipalities
of Riva del Garda, Nago-Torbole and Arco and their numerous hamlets.
In the valley center there are several industrial and craft enterprises,
while the rest of the area, including the slopes, is used for cultivation.

From a tectonic and structural point of view (Fig. 1), the study area
belongs to the central sector of the southern Alps, where the seismically
active Giudicarie thrust belt, approximately NNE-SSW trending, in-
terferes with the NW-SE faults of the Schio—Vicenza system (Castellarin
et al. [21,22]). In particular, the western border of the lower Sarca
Valley marks the transition between two different paleogeographic do-
mains: the pelagic domain of the Lombardian basin to the west and the
Trento platform to the east. The development of this escarpment was
determined by an extensive fault with orientation around NNE-SSW,
known as the Ballino-Garda fault, with a length of almost a hundred
kilometers (Castellarin et al. [21]).

In the study area, the geological succession exposed on the reliefs
spans from the upper Trias (Calcare di Zu) to lower Miocene (For-
mazione del Monte Brione) (Castellarin et al. [21] and Luciani [23]).
Plio-Quaternary deposits, organized in several synthems, connect the
slopes to the valley floor, where they reach remarkable thickness even in
the order of several hundreds of meters (Felber et al. [24]). As docu-
mented by a deep drill hole reaching the bedrock at Riva del Garda, the
valley is filled by the Quaternary sedimentary deposits created both by
the lake, the Sarca River and smaller creeks nearby. A reflection seismic
survey NW - SE oriented, approximately perpendicular to the valley axis,
between Riva del Garda and Arco, shows the discontinuity between rock
and sediment fill at a depth of about 420 m at its deepest point with
respect to the ground surface.

The seismicity of the area is mainly related to the interference be-
tween the aforementioned systems (Carulli & Slejko [25] and Vigano
et al. [26]). The documented events set in the studied area are the May
22, 1868 MW=4.4, the June 20, 1942, MW=4.1 and the December 13,
1976 MW=4.9 earthquakes, this latter reaching the VII degree of mac-
roseismic effects at Riva del Garda (Locati et al. [27]). However, in the
surrounding areas, the IX degree was reached for seismic events that also
triggered important landslides; these are the 1046 Middle Adige Valley
and the 1117 Verona events (Guidoboni et al. [28], Martin et al. [29]
and Ruggia et al. [30]). The instrumental seismicity of the last tens of
years shows that epicenters are mainly clustered in the immediate
southeastern part of the study area (Vigano et al. [31]).

The seismic hazard level of the lower Sarca Valley is moderate, ac-
cording to the seismic hazard model MPS04 (Stucchi et al. [32]). The
peak ground acceleration with 10% probability of exceedance in 50
years spans from 0.100 g to 0.150 g.
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Fig. 2. Map of the location of the seismic noise (red triangles) and earthquake
recordings (inverted yellow triangles). The latter are aligned along the three
transects T1, T2 and T3, which are indicated by yellow lines.

Fig. 3. Map of the epicenters of the earthquakes whose recordings were used in
this study. Circle size indicates event’s magnitude.

3. Dataset and methodologies for the evaluation of site response

Site response was estimated using earthquake recordings at 19 sites
located in the valley (Fig. 2). The applied methodologies include the
GIT, which was used to evaluate the spectral amplification curves and
the JASSSR, used to evaluate the duration lengthening with respect to a
reference site.

Continuous recordings of ground motion were collected over a
period of about 2 years (from 2019 to 2021) to create a database of
earthquake waveforms. The equipment of the mobile stations consisted
of Lennartz LE-3D/1s and Lennartz LE-3D/5 three-component veloci-
metric sensors, a 24-bit Reftek RT130 data logger recording at a
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sampling rate of 100 s.p.s, a GPS antenna and a battery connected to a
photovoltaic system where no power supply was available. One station
(TN06) was equipped with a 20-s Nanometrics Trillium Compact TC20
sensor and a Nanometrics Centaur digitizer.

As shown in Fig. 2, the stations were aligned along three directions
(transects): two transverse (T1 and T3) and one longitudinal (T2) to the
lower Sarca Valley with a spacing of about 1 km between stations. Along
transect T1, the valley is divided by M. Brione into two parts: the
western larger part, where the Riva del Garda historical center stands,
and the eastern narrower part, crossed by the actual course of Sarca,
with the Nago-Torbole center. Transect T2 crossed the valley longitu-
dinally from Riva del Garda to the south to Arco to the north, while
transect T3 crossed the valley close to its narrowing at the northern end
of the study area. About 4700 three-component recordings, related to
163 earthquakes with magnitude ML between 0.8 and 6.3 (Fig. 3) were
selected for the site response assessment.

To evaluate the spectral amplification with respect to a reference
site, we made use of the GIT (Andrews [20]), a well-established,
extremely flexible and robust tool, which can be viewed as an exten-
sion of the more direct approach RSSR (Borcherdt [12]). GIT was
applied to the well-known model, which expresses the shear-wave
spectrum Uj(f) at a site i for an event j as:

Uy (f) = S; ()P (ryf ) Hi(f) @

where Sj(f) is the j-th event source spectrum, Hi(f) is the i-th site
response function, P(r.f) is the source-to-site path function, and ry; is the
source-to-site hypocentral distance. We applied GIT following the
one-step generalized inversion approach (Oth et al. [33]) implemented
in an improved version of the GITANES (GIT ANalysis of Earthquake
Spectra) package (Klin et al. [34,35]). To obtain a unique solution for
the overdetermined linear system, we added additional constraints
relative to the propagation terms and the site terms. The constraints
relative to propagation consist of defining a reference distance where the
path term is O and imposing smoothing variation between contiguous
distance intervals (Castro et al. [36]). The other constraint is the spec-
ification of a reference station, which we assumed to be free of site ef-
fects. Of the considered sites, station TN02, located on the calcarenites of
the Calcare di Torbole Formation (Carta Geologica d’Italia, foglio Riva
del Garda 080 [21] was chosen as the reference station because of its flat
NHYV response. An ad-hoc Multichannel Analysis of the Surface Waves at
this site confirmed that it belongs to a Class A site (according to the
Italian Building Code NTC08) based on the VS30 velocity of 920 m/s
(Garbin et al. [3]).

The analysis of the ground motion DUration Lengthening (hereafter
DUL) resulted from the observation of large ground motion duration in
the earthquakes recorded at the temporary stations in the center of the
valley compared to those observed at the rock formations on the valley
margins. Fig. 4 shows, as an example, the North-South (NS) components
of the recordings of the 08/08/2019 M=3.6 earthquake, which occurred
at about 20 km away from the temporary stations. Qualitatively, sites
located on rocks (i.e., TN02, TNO6, and TNO7) have very low amplitude
and duration. In contrast, significant amplifications are observed at sites
on valley sediments both west and east of M. Brione, with differences in
amplitudes and duration that, considering the different width of the
valleys and thickness of the sedimentary cover, is likely to be related to
the different frequency content of the waveforms.

Over the past 20 years, a number of authors have addressed the issue
of estimating and quantifying duration lengthening on sites that are
susceptible to site effects. Beauval et al. [17] used a method proposed by
Sawada [37] to quantify frequency-dependent lengthening based on
signal phase and found consistent signal duration at a test site in the
Volvi area. The increase in signal duration is typically associated with
the combined influence of basin-edge effects and soil layering (Semblat
et al. [38]). Klin et al. [39] explained the unexpectedly long duration of
the ground motion observed in the epicentral area of the 2012 Po Plain
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Fig. 4. Seismograms recorded of the Vallarsa (TN) event of 08/08/2019 M = 3.6, at the transect T1 stations (horizontal NS component). The distance to the nearest
station is 19.5 km. The elevation profile along the T1 transect is shown in the bottom panel.

seismic sequence with the excitation of surface waves on a buried
structural ridge. Abraham et al. [40] found pronounced differences be-
tween recordings from the basin and adjacent sites at outcropping
bedrock, related to both lithostratigraphic amplification as well as to the
2-D/3-D geometry of the basin. The methodology applied in this work
relies on the JASSSR (Parolai and Bard [19]), which combines the
analysis of the RSSR technique with a sonogram approach and allows
highlighting the differences in frequency lengthening between a signal
recorded at a given site and the one recorded at a reference site. The
adopted procedure can be summarized as follows:

- time recordings of the same event at the study site and at the refer-
ence site (Fig. 5, panel a and b, respectively) are selected and the
time—frequency distribution is computed by the S-Transform; the
window length corresponds to the time between the arrival of the P-
wave and the return to the same noise level as before the event at the
study site;
after denoising (Parolai [41]), the enhanced spectrogram at the study
site C(f;t) and at the reference site B(f,t) (Fig. 5, panel c and d,
respectively) are obtained by applying a suitable threshold (Parolai
and Bard [19]), considering the pre-event noise level of the
recordings;
differential matrix E(f,t) between the two enhanced spectrograms is
computed (Fig. 5, panel e);
- duration lengthening (Fig. 5, panel f) is obtained by summing the
contribution of E(f,t) that exceeds a certain threshold (i.e., the ab-
solute average of E(ft)).

In addition to the temporary network of 19 seismological stations,
we collected recordings of seismic noise of about 30-45 min in length at
110 sites (Fig. 2). Measurements were made using Lennartz LE-3D/1s
and Lennartz LE-3D/5s sensors and Reftek RT130 digitizers. The anal-
ysis of the seismic noise data was carried out using the “Nakamura”

method (Nogoshi and Igarashi [42]; Nakamura [43]; Bard [44]; Field
and Jacob [45]) and consists in the computation of the spectral ratio
between the horizontal and vertical components of the seismic noise,
and in the selection of the site resonance frequency fy. We estimated the
NHV curve by averaging the H/V spectral ratios computed on a set of
running time windows. Outliers (e.g., near impulsive sources caused by
cars) were manually removed. We used a window length of 60 s with a
10% overlap to ensure that at least 20 time windows were available at
each station. For the generic time window, the signal was processed as
follows: Fast Fourier Transform FFT (including tapering), Konno &
Ohmachi [46] smoothing, merging of two horizontal components by
computing the geometric mean, H/V spectral ratio for each window,
estimation of mean and standard deviation of H/V ratios.

4. Results of the evaluation of site response

Fig. 6 shows the spatial distribution of fj extracted from the NHV for
the 110 sites. The map helps to identify areas with similar resonance
characteristics, in particular a central area northeast of Riva del Garda,
characterized by very low fy below 1 Hz, and another area east of M.
Brione, characterized by fy values between 1 and 5 Hz. In contrast, sites
on the valley margins or on a slope tend to show high resonance fre-
quencies, even up to 10 Hz, or in some cases a flat curve, indicating
thinner or absent sediment cover, as expected coming from the valley
floor to the surrounding slopes.

Fig. 7 compares the spectral ratios estimated by GIT for the hori-
zontal and vertical components (black and blue curves) with respect to
the reference site TNO2 with those obtained by the NHV method (red
curve) and by the DUL analysis (gray dashed curve). In general, there is
excellent match between the curves for frequencies equal to or lower fp.
Maximum amplification values (close to 10) are reached for the sites
located in the center of the wider western valley (i.e., sites TNO3, TN04,
TN12 TN13 and TN14) and in the southern part of the current Sarca
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Fig. 5. Seismograms (horizontal EW component) recorded of the Vallarsa (TN)
event of 08/08/2019 M = 3.6, at the TNO5 site (a) and at the reference site
TNO2 (b). Spectrograms at the TNO5 (c) and TNO2 (d) site and differential
matrix (e). Lengthening of the duration of the ground motion at site TNO5
compared to reference site TNO2 (f).

River Valley (i.e., TNO5 and TNO8).

Comparison of the DUL curves (gray dashed lines) with the corre-
sponding NHV and GIT curves shows that at fy or, more generally, at
frequencies characterized by a certain level of amplification (i.e., above
2), there is a duration that in some places reaches tens of seconds of
lengthening compared to that of the reference site. Maximum values
(close to 20 s) are again reached in the middle of the broad western
valley (sites TN04, TN12).

5. Zonation of site response

The procedure proposed by Strollo et al. [11] and Ullah et al. [14]
was used to improve the spatial resolution of the GIT and DUL curves
obtained at the 19 sites of the temporary network over the sites of the
single stations noise measurements used for the NHV calculation. In this
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Fig. 6. Map of the resonance frequencies f, obtained from the NHV analysis.
The color and size of the triangles indicate f, and corresponding amplitude of
NHV curve at the sites. The values of f, were interpolated using the “Natural
Neighbor Interpolation” method. White diamonds indicate flat or nearly
flat curve.

analysis, a frequency range of 0.5-6 Hz was considered, i.e., the range in
which almost all fj fall. Above 6 Hz, the presence of secondary peaks,
due to differences in the most superficial structure, could in some cases
lead to a worse assignment of the curves to the clusters. In addition, by
applying a Voronoi tessellation, we were able to create a zonation map
of the area. The method is carried out in three steps, which are described
in detail in the following sections.

5.1. Validation of the NHV proxy by cluster analysis

The first step is to compare the results of a clustering procedure
applied separately to the GIT, the DUL and the NHV curves, at only the
locations of the seismological stations. Good overlap of the clusters ar-
gues for using the NHV curves as an indicator (proxy) for the other two
parameters, i.e., GIT/DUL curves. To do this, we used the k-means
clustering algorithm, which divides the elements (in this case, either
GIT, DUL, or NHV curves) into non-overlapping clusters, minimizing the
dispersion within each cluster and maximizing the dispersion between
clusters. Each cluster is assigned a centroid corresponding to the average
of the curves belonging to the cluster, and the dissimilarity between a
curve (i.e., the NHV/GIT/DUL curve) and the centroid of each cluster is
evaluated using the square of the Euclidean distance:

N M )
Do s — el @)

1 n=1 m=1

DC=

K
k=

where M is the number of objects (in our case, the number of frequencies
in the NHV/GIT/DUL curves), N is the number of elements (or curves) of
the k-th cluster, K is the number of clusters, ci is the centroid of cluster k,
and Xpm kis the value of object m in cluster k of curve n (the NHV/GIT/
DUL curve).

To evaluate the optimal number of clusters K, we used both the CH
index of Calinski and Harabasz [47] and the Silhouette index (Rous-
seeuw [48]).
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The CH index is defined as:

CH = 3)

=~

k-1 P—K

K

N .. 2 N
LN lle—el /z 5 I il
where c is the global centroid, x;, is the n-th of N curve in the k-th cluster
and P is the total number of curves. The best number of clusters is the
one that maximizes CH.

The Silhouette index (hereafter SIL) is instead defined as:

b(n) —a(n)

SIL{n) = max (a(n),b(n))

4

where a(n) is the mean distance (dissimilarity) of curve n to all other
objects in the same cluster and b(n) is the smallest mean distance of
curve n to all other curves in any other cluster. The value of SIL varies
from —1 to +1, where +1 means that the curve is well-represented in the
cluster, while —1 represents poor classification.

The CH index, obtained as a function of the cluster’s number sepa-
rately for the three sets of curves is shown in the upper panels of Fig. 8.
As can be seen, CH always shows the same optimal number of clusters,
which is always equal to three regardless of the parameter considered
(GIT/DUL/NHV). In the same figure, the middle and the bottom panels
show the SIL and the distance DC of each curve from the centroid of the
cluster to which it belongs.

Figs. 9 and 10 show the results of the cluster analysis. It can be seen
that the three identified clusters group the results of nearly the same
stations as follows:

— white cluster (i.e., CLU2 in Fig. 10, panels a-c), which includes sites
on rocks or valley edges characterized by flat response or low
amplification values and very low (1-2 s) duration lengthening
(Fig. 9);

— black cluster (i.e. CLU3 in Fig. 10, panels a-c), which includes sites in
the central part of the western wider valley and is characterized by
high amplification values and duration lengthening of the order of
10-15 s at low frequencies. Note that the maximum amplification
values are reached at frequency values below 1 Hz, while the curves
are wider when duration lengthening is considered, reaching the
maximum between 1 and 2 Hz. This discrepancy could be due to
frequency differences associated with 1-D and 2-D/3-D lateral
propagation effects, as already observed by Bindi et al. [49] in the
Gubbio basin;

— gray cluster (i.e., CLU1 in Fig. 10, panels a-c), which includes the
sites in the eastern valley and on the northern edge and is charac-
terized by maximum values at higher frequencies (between 1 and 10
Hz).

Comparing GIT and NHV (panels a and c in Fig. 10, respectively), the
clustering for most sites is identical; the exception is 4 sites, all located
on the western edge of the valley, namely sites TN07, TN19, TN09 and
TN11. The first two sites (TNO7 and TN19) belong to the white group by
the analysis of GIT curves (Fig. 10, panel a) and to the gray group when
the NHVs are considered (Fig. 10, panel c), while TNO9 belongs to the
black GIT cluster and gray NHV one. Looking at the values of SIL and DC
separately (the two lower panels in Fig. 8), we can see that the GIT
curves for the three sites also have very low SIL values and high DC
values (indicating a poor representation in the current cluster). For this
reason, we decided to combine the three sites in the gray cluster.
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Fig. 9. From top to bottom: GIT, DUL and NHV curves (gray lines) divided into the three clusters and the relative centroid (bold line). CLU1, CLU2 and CLU3 refers to

the gray, white and black clusters, respectively. The bottom panel shows the final cluster of NHV curves whose corresponding sites are shown in the right panel of
Fig. 10. The individual curves associated with the 19 sites and the centroids deviation are respectively represented by thin gray and thick black lines.
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d

Fig. 10. From left to right: maps showing the spatial distribution of the 19 sites and their respective clusters obtained for GIT (a), DUL (b), NHV (c) curves at the 19
seismological stations. Panel d displays the final configuration (see text). Gray, white and black circles indicate cluster CLU1, CLU2 and CLU3 respectively.

Regarding TN11, the spectral amplification curve could be assigned to
both gray GIT (Fig. 10, panel a) and white NHV (Fig. 10, panel c) clusters
based on the SIL and DC values. Both NHV and GIT curves are charac-
terized by very low amplitude throughout the frequency range consid-
ered. Based on geographic/geological considerations (the site is located
at the edge of the valley, on deposits), we also assigned this site to the
gray cluster, so that the final configuration is shown in Fig. 10, in panel
d.

Finally, we compared the DUL (Fig. 10, panel b) with the just
modified (NHV) cluster (Fig. 10, panel d). Only site TNO5 differs since it
islocated in the black DUL and in the gray NHV clusters. The TNO5 curve
is however characterized by a maximum DC both in the DUL and NHV
clusters (Fig. 8), suggesting it is a site straddling the two. Since the DUL
curve is characterized by a pronounced peak at about 2.2 Hz (Fig. 7), we
decided to place this site in the gray cluster.

The results of the cluster analysis demonstrated that GIT, DUL and
NHV curves, although they might look quite different, showed a very
similar spatial distribution. The same result was also obtained by Strollo
et al. [11] and Ullah et al. [14], which showed that sites having similar
RSSR also show similar noise NHV. In this work, we obtained the same
result also with GIT and DUL curves.

5.2. Correlation analysis of NHV curves and zonation of the GIT/DUL
curves

Once verified that the sites having similar GIT or DUL curves also
have similar NHV curves, we can use this similarity in order to assign the
spectral amplification/duration lengthening curves to the sites of the
single-station seismic noise measurements. The latter were associated
with the 19 sites of the seismological stations characterized by the
closest NHV curve based on the value given by:

CC=pyg (5)

where p is the Pearson cross-correlation coefficient (Davis [50]):

n

Z (Xu =% ) (xie—2¢)

i=1

Pk="T1 e ©)
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where j is an index going from 1 to the number of single-station seismic
noise measurements sites, k is an index going from 1 to the number of
seismological stations, i is an index for frequency, x is the NHV ampli-
tude at frequency i, and X is the mean of x. The values of the Pearson
coefficient are bounded between —1 and 1 and do not consider the
differences in amplitude, but only the similarity in shape. For this
reason, the goodness-of-fit coefficient g is also introduced (inspired from
Kristekova et al. [51]):

)

The goodness-of-fit coefficient ranges from zero to one for increasing
levels of agreement between the curves.

In Fig. 11, each panel shows the comparison between the NHV curve
at the seismic noise measurement sites (black curve) and the NHV curve
of the temporary seismological station (red curve) with the highest value
of CC. Of the original number of NHV measurements (i.e., 110), 19 at
seismological stations and an additional 8 sites where the NHV curves
had high uncertainty indicated by large values of the standard de-
viations, were excluded from the correlation analysis, resulting in a total
number of 83. Based on this association, each of the 83 sites was
assigned to one of the three previously identified clusters, that is iden-
tified by its centroid.

5.3. Application of the Voronoi tessellation

As aresult of the correlation analysis, the GIT amplification functions
and the DUL curves were extended to 83 sites in addition to the 19
seismological stations. Nevertheless, in the framework of land-use
planning it is important to circumscribe the areas characterized by the
values of a certain parameter, such as the spectral amplification.

To this end, we applied a Voronoi tessellation (Okabe et al. [52]) to
the study area. Given a set of points, each location in the Euclidean plane
is assigned to the closest member of the point set; the set of locations
associated with each member forms a region and the obtained set of
regions, collectively exhaustive and mutually exclusive except for the
boundaries, forms a Voronoi tessellation. Fig. 12 (panel a) shows the
application of the Voronoi tessellation on the result of the correlation
analysis given the set of NHV measurement sites. Note that the consid-
ered area has been enclosed by the contour of the lower Sarca Valley, in
order to exclude the outer and more isolated sites, for which there is no
spatial contiguity between the points. Moreover, most sites outside the
valley belong to other morphological contexts (hills, slope valleys), and
their site response may differ significantly from that along the valley, e.
g., influenced by topographic effects.

As can be seen, the sites belonging to the white cluster (flat response
or low amplifications and duration ) are located on M. Brione. The black
cluster (characterized by curves with spectral amplification and dura-
tion lengthening in a lower frequency band) shows a spatial distribution
both along the axis of the main western valley and along the lakeshore,
from Riva del Garda to Nago-Torbole. The gray cluster, characterized by
peaks at higher frequencies, extends to the sides of the black cluster and
along the entire current valley of the Sarca River to the north. Some
isolated points, located on the edges of the valley and east of M. Brione,
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Fig. 11. Results of correlation analysis. For each of the NHV curves obtained at the 83 noise-recording sites (in black), the best-correlated (i.e. with maximum CC)
NHV curve obtained at the 19 sites of seismometric network (in red), is given. The values of CC are reported at the bottom of each panel.

were studied individually and assigned to the same cluster as the sur-
rounding points, based on geometrical (distance from the cluster to
which they belong) and geological considerations.

The final result is shown in the zonation map in Fig. 12 (panel b). The
curves of amplification and duration lengthening for the three identified
zones (corresponding to the centroid of their membership cluster) are
shown in Fig. 13.

6. Conclusions and applications of the results
The lower Sarca Valley, for which experimental observations indi-

cate that surface ground motion is characterized by site effects (Faccioli
et al. [8]; Garbin et al. [3] and Parolai et al. [4]), represents an

emblematic case study where it is essential to evaluate the site response
with a high resolution in order to correctly assess its seismic hazard and
risk level. Regional maps, in fact, are not suitable due to too low
resolution.

In this study, the site response of the lower Sarca Valley was firstly
evaluated at a limited number of sites corresponding to the location of
earthquake recordings. Then the two quantities representing site
response, i.e., spectral amplification curves and lengthening of ground
motion duration, were spatially extended to the entire valley, where
recordings of earthquakes were not available, by the application of the
k-means algorithm for clustering analysis and a correlation analysis,
using the NHV recorded both at the seismological stations and those
evaluated throughout the valley by single-station noise measurements.
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Fig. 12. Results of the clustering correlation analysis: spatial extent of the clusters obtained at the 19 sites (white circles) over the entire study area - the area covered
by the noise measurement points (small circles). Panels (a) and (b) show the direct result of the analysis and the final zoning, respectively (see text).
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Fig. 13. GIT and DUL curves (upper and lower panels, respectively) associated with the three clusters. The individual curves for the 19 sites and the centroids of each
cluster are shown by thin gray and thick black lines, respectively.

Moreover, by the application of a Voronoi tessellation, we were finally motion lengthening of several seconds at low frequencies (about 0.7
able to subdivide the area into three zones with different site response Hz and 1 Hz, respectively);
characteristics: - the area at the edges of the main valley and the area that includes the

current valley of the Sarca River to the north, characterized by

- the area of M. Brione, characterized by a flat response; lengthening of several seconds correlated with spectral amplification
- the area around the axis of the main valley where the sediments at frequencies higher than 1 Hz (between 2 and 5 Hz, reaching 10 Hz
reach a thickness of about 420 m and the lakeshore area, charac- along the strait north of Arco).

terized by high amplification values (almost up to 10) and ground
Given the GIT amplification and duration lengthening curves

11
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Fig. 14. Maps of amplification values calculated for the three clusters at f=0.6 Hz (left), 1.04 Hz (center) and 6.25 Hz (right).
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f=1.04 Hz

Q
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Fig. 15. Maps of duration lengthening values calculated for the three clusters at f=0.6 Hz (left), 1.04 Hz (center) and 6.25 Hz (right).

corresponding to the centroid associated with each zone (bold black
curves in Fig. 13), maps of amplification factors and duration length-
ening values can be produced. For example, Figs. 14 and 15 show the
amplification factors and duration lengthening for each zone at three
selected frequencies representing low, medium, and high frequencies, i.
e., f=0.6 Hz, f=1.04 Hz, and f=6.25 Hz, the same as those used by Bindi
et al. [6] in the maps of site amplification values at regional scale.

Note that the estimated values are obtained after smoothing the
spectra with Konno and Ohmachi [46], i.e. the local amplitude values
are the result of a weighted average over a fixed (in logarithmic scale)
frequency band. The white zone shows no amplification (values around
1 for the three frequency values), the gray zone displays amplification
values between 1.6 and 3.1 for increasing frequencies, while the
innermost zone of the main valley (black cluster) is characterized by
very high values, reaching the maximum of 7.0 at f=0.6 Hz for the
amplification and of 14 s at f=1.04 for duration lengthening. As stated
before, this difference can be due to the contribution of 2-D/3-D effects
in the valley site response (Bindi et al. [49]).

It is worth mentioning that the site response obtained in our study
area varies on a shorter spatial scale (tens/hundreds of meters) than the
one proposed by the current regional site amplification models at large
regional spatial scale (kilometers to tens of kilometers), therefore it
actually represents a valid tool to integrate the information given by the
latter. Nevertheless, we hope that this can be useful for readers

12

interested in a first order comparison of the results between regional and
local studies (although being aware of the obvious differences that can
be expected).

In summary, the approach we proposed has proven successful in
determining the spatial variation of seismic response in a complex
context such as an alpine valley. While microzonation studies generally
refer to an urban context at the level of a single municipality (Moscatelli
et al. [53]), this study, which considers three municipalities of the
Provincia Autonoma di Trento, has the advantage of providing an
harmonized characterization of the site response over a larger area and
avoids the problems of reconciling results along common boundaries
between different municipalities. Therefore, while still being consistent
with the usual requirements of the Italian approach, it also offers the
opportunity of avoiding inconsistencies between different municipal-
ities. By defining a hierarchy between areas of an urban center in terms
of seismic motion amplification (i.e.: prioritizing actions to improve
seismic safety in populated areas; avoiding double resonance phenom-
ena in new designs; locating strategic buildings in the safest areas ...),
this study also provides important and effective data for those involved
in land-use planning. However, we note that this study is only a pre-
paratory (but fundamental) step for the third-level microzonation study,
which is a multidisciplinary study that requires more detailed geological
and geophysical investigations (Moscatelli et al. [53]). It should also be
kept in mind that the proposed method requires the availability of a
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sufficient number of earthquake recordings and therefore cannot be
considered a fast method, especially in areas of low to moderate
seismicity.
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