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This research focuses on predicting and assessing earthquake impact due to future
scenarios regarding the ground motion seismic hazard by accounting mainly for site effect
in the Central Apennines. To this end, we produced synthetic broadband seismograms by
adopting a hybrid simulation technique for the Mw6.0 Amatrice earthquake, Central Italy,
on 24 August 2016, accounting for site conditions by means of amplification curves,
computed with different approaches. Simulations were validated by comparing with data
recorded at 57 strong-motion stations, the majority installed in urban areas. This station
sample was selected among stations recording the Amatrice earthquake within an
epicentral distance of 150 km and potentially prone to experience site amplification
effects because of lying in particular site conditions (sedimentary basins, topographic
irregularities, and fault zones). The evaluation of amplification curves best suited to
describe local effects is of great importance because many towns and villages in
central Italy are built in very different geomorphological conditions, from valleys and
sedimentary basins to topographies. In order to well reproduce observed ground
motions, we accounted for the site amplification effect by testing various generic and
empirical amplification curves such as horizontal-to-vertical spectral ratios (calculated from
Fourier spectra using both earthquake, HVSR, and ambient noise, HVNSR, recordings)
and those derived from the generalized inversion technique (GIT). The site amplifications
emanated from GIT improve the match between observed and simulated data, especially
in the case of stations installed in sedimentary basins, where the empirical amplification
curve effectively reproduces spectral peaks. On the contrary, the worst performances are
for the spectral ratios between components, even compared to the generic site
amplification, although the latter ignores the strong bedrock/soil seismic impedance
contrasts. At sites on topography, we did not observe any systematic behavior, the
use of empirical curves ameliorating the fit only in a small percentage of cases. These
results may provide a valuable framework for developing ground motion models for
earthquake seismic hazard assessment and risk mitigation, especially in urban areas
located in the seismically active central Italy region.
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1 INTRODUCTION

On 24 August 2016, at 03:36 local time, an Mw 6.0 earthquake
with a shallow focal depth (8.0 km) occurred close to the
Accumoli village and Amarice town in Central Apennines.
This event triggered an extended sequence with five Mw ≥ 5
earthquakes, including a strong shock Mw6.5 on 30 October
2016. The first shock caused heavy damage in several villages,
mainly in Accumoli, Amatrice, and Arquata del Tronto, with X to
XI MCS intensity values (Galli et al., 2016a; Galli et al., 2016b;
Quest, 2016; Zanini et al., 2016), and several ancient building
collapsed due to the vicinity of the causative fault and the high
vulnerability. During the 2016 Central Italy seismic sequence in
various municipalities and hamlets, the damage patterns
indicated strong evidence of local site effects (Sextos et al.,
2018), mainly related to stratigraphic and topographic effects.

It is fundamental to know the features of the ground shaking
during an earthquake to support the interventions and actions
both in the emergency and the reconstruction phases. For
example, shake maps (Wald et al., 1999; Michelini et al., 2008;
Licia Faenza et al., 2016), generated in a quasi-real-time,
interpolating observed and predicted data represent the
distribution of ground-motion parameters following an
earthquake. Generating these maps for future events from a
given seismic source’s selected locations, magnitudes, and
rupture mechanisms has important implications for land use
planning and seismic risk mitigation of a given area.

There exist a variety of empirical and numerical methods for
generating shaking maps from empirical ground motion models
to physics-based approaches (Douglas and Aochi, 2008; Goulet
et al., 2015) that implement different strategies to include the
local site effects. In empirical models, the site-local effects are
introduced through site proxies, among which the S-wave
velocity in the first 30 m, Vs30, is the most common. 1D and
3D site effects may directly be introduced in the numerical
physics-based approach, but they need detailed knowledge of
the site-local geological and geomorphology setting, including
geophysical and geotechnical properties. An alternative strategy is
to simulate ground motion at rock and then add the amplification
curves, empirically or numerically estimated, using 1D simplified
models overlaying rigid substrate. The aim of the work is the
inclusion of the site response in shaking scenarios calculations
using broadband ground motion hybrid modeling for the 24
August 2016 earthquake, to make available a tool useful to reduce
seismic hazards and improve risk mitigations in urban areas. The
evaluation of amplification curves best suited to describe local
effects is of great importance because many towns and villages in
Central Italy are built in very different geomorphological
conditions, from valleys and sedimentary basins to topographies.

In sedimentary basins, the presence of superficial soft
sediments and strong shear-wave velocity and impedance
contrasts led to strong amplification of seismic waves, even
produced by earthquakes originating at relevant distances
(hundreds of meters). First observations date back to the 80s
and 90s of the last century all over the world, firstly involving soft
soil deposits: in Mexico city during Michoacàn earthquakes
(1985, M = 8.1 and 7.5, e.g., Sánchez-Sesma et al., 1988); in

Los Angeles basin during Mw 6.7, 1994 Northridge earthquake
(e.g., Graves, 1995); in Osaka basin after M 7.2 1995 Kobe
earthquake (e.g., Iwata et al., 1996). The physical mechanism
at the basis of the phenomenon involves refraction of seismic
waves by a velocity contrast between superficial soft sediments
and an underlying stiff bedrock and subsequent phase
constructive interference causing a resonance effect.
Stratigraphic resonance effects are considered in seismic design
codes of many countries for seismic risk mitigation (e.g.,
Eurocode8 in EU, NTC18 in Italy, NEHRP in the
United States, NZS1170.5), through the use of scaling factors
defined on the basis of the shear-wave velocity profile and the Vs30

parameter. The Italian seismic design prescribes five classes: A
(average Vs30 over 800 m/s); B (Vs30 between 360 and 800 m/s); C
(Vs30 between 180 and 360 m/s); D (Vs30 lower than 180 m/s); E
(particular cases). The former represents rock sites that are
considered to be unaffected by site amplification, apart from
high-frequency effects due to superficial weathering.
Nevertheless, many recent studies have highlighted that even
at frequencies of engineering interest (0.5–20 Hz) at rock sites,
seismic waves can be amplified due to the local properties of the
rock (i.e., the presence of pervasive fractures and/or large open
cracks in different domains — fault zones, landslides, volcanoes,
for example, Pischiutta et al., 2012, 2017; Panzera et al., 2014;
Falsaperla et al., 2010; Ben-Zion and Sammis 2003; Lewis and
Ben-Zion, 2010, Felicetta et al., 2018; Lanzano et al., 2020 (to cite
a few among many). Maximum amplification (with an increase of
over 100%) occurs along a site-dependent azimuth at a high angle
to the fault strike; this is the reason for calling such effect
“directional amplification” (using a term coined by Bonamassa
and Vidale, 1991).

Finally, even sites on topography can be affected by seismic
amplification. Therefore, design codes account for topographic
irregularities considering scaling factors depending on the
topographic slope surrounding the studied site. This is
particularly important in the framework of seismic hazards
and for cultural heritage maintenance and prevention since
many historical and ancient settlements in Italy were built on
the top of hills, for defense reasons. The topic is complex and has
been under debate for the last 5 decades. Seminal papers
explained the effect in terms of constructive interference of
seismic waves diffracted by the convex shape of topography
(“topo-resonant model”, e.g., Géli et al., 1988). However,
recent studies underlined that when considering a large
number of sites (e.g., Burjánek et al., 2014a; Burjanek et al.,
2014b; Pischiutta et al., 2018; Kaiser et al., 2022), this model is
often not satisfied because a significant role is played by local
velocity distribution and geological setting, as 1) large-scale open
cracks (Moore et al., 2011; Burjanek et al., 2012); 2) microcracks
in fractured rocks associated to fault activity (Martino et al., 2006;
Marzorati et al., 2011; Pischiutta et al., 2012, 2015, 2017); 3) rock
instabilities (e.g., Del Gaudio et al., 2019).

In this study, we investigated how to insert in hybrid
simulations such amplification effects, observed in different
geological and morphological conditions. The modeling was
obtained by merging the low-frequency contribution from the
kinematic rupture model proposed by Tinti et al. (2016), and the
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high-frequency contribution achieved by stochastic simulation
performed through the EXSIM code (e.g., Boore, 2009), both at
bedrock and the site. In stochastic simulations, we exploit the
model parameters validated in previous work (Pischiutta et al.,
2021), including regional-specific source scaling, attenuation
parameters, and the source complexity. They demonstrated
that such a model can adequately explain spectral amplitudes,
temporal characteristics of observed seismograms, and detect
near-source effects related to the distribution of asperities on
the fault plane. However, Pischiutta et al. (2021) also proved that,
despite the general good consistency, in some cases simulations
were not able to reproduce particular features of the observed
acceleration spectrum. They ascribed such discrepancies to the
occurrence of site amplification effects that are not accounted for
by the use of generic amplification curves obtained through the
quarter wavelength technique, due to improper consideration of
the site contribution in ground-motion amplification. Also, Boore
(2013) has revealed their constraints inferred by the method,
which smooths, underestimating the primary resonant peaks
provoked by the strong bedrock/soil seismic impedance
contrasts. Moreover, several investigations have also suggested
the significance of the soil/bedrock impedance contrast, the
thickness of soil, and soil belongings in representing the site
response in terms of amplitude and frequency content (e.g.,
Akinci et al., 2021).

Therefore, in this work, we have adopted different
amplification curves to include the site contribution, such as
the generic site curve; the horizontal-to-vertical spectral ratio
(HVSR); the site functions from spectral inversion techniques
(GIT). Then, we evaluated their performance by comparing
observed and simulated ground motion, calculating the
residual and the bias as a function of frequency.

2 METHODS

Broadband synthetic motion was generated following a hybrid
approach exploited in Akinci et al. (2017), Ojeda et al. (2021), and
Pischiutta et al. (2021). Here, the low-frequency (LF) portion of
the synthetics (below 1 Hz) was obtained from the rupture model
published by Tinti et al. (2016). Conversely, the high-frequency
(HF) portion of synthetics (over 1 Hz) was attained by using a
stochastic finite-fault simulation model, based on dynamic corner
frequency, explained in the following section (Motazedian and
Atkinson 2005; Boore 2009). These two frequency portions were
merged in the frequency domain at each station following Mai
and Beroza (2003). First, the LF component was selected to merge
with the HF part using the consistency of the plateau level of
acceleration in the Fourier space. Two frequency values are
considered, f1 and f2: below f1 the signal is 100% LF, over f2
the signal is 100% HF, and between f1 and f2 the LF and HF
spectra should be identical. Considering that LF simulations are
reliable up to 1 Hz, we adopted 0.3 and 0.8 Hz for f1 and f2,
respectively. However, at stations in deep sedimentary basins
where site effects are expected below 1 Hz, we tailored the choice
of f1 and f2 values, adopting values of 0.2 and 0.6 Hz, respectively
(ex. CLF, GBP, SULA, etc). In this, way we ensure that at these

stations, hybrid synthetics include site amplification effects that
are accounted for only by the HF signals.

The HF and LF signals were synchronized using a long- and
short-time average (LTA/STA) automatic picking algorithm. To
avoid a mismatch in the plateau levels between the HF and LF
spectrum, we rotated the two horizontal low-frequency
components by increments of 1°. The application of this
procedure resulted in hybrid broadband signals related to the
horizontal components of ground motion. More details can be
found in Akinci et al. (2017).

2.1 High-Frequency Stochastic Ground
Motion Simulations
In order to simulate the strong ground motion of the Amatrice
earthquake we applied the stochastic finite-fault method, and
later examined the residual of the ground motions between
observed and simulated ground motion parameters both in the
time and frequency domain. We follow the approach and
parameters already exploited in Pischiutta et al. (2021). The
finite-fault simulation employed the EXSIM code, produced by
Motazedian and Atkinson (2005) and revised by Boore (2009),
which requires as input model parameters a region-specific
source model, path, and site contributions.

The total spectrum of the ground motion in this approach
consists of earthquake sources, paths, sites, and instruments.
These terms can be included in a comprehensive equation in
the frequency domain, as follows:

A(M0, r, f) � E(M0, f) · P(R, f) · G(f) · I(f) (1)
where A(M0, r, f), is the Fourier spectra acceleration,M0, f and
R are the seismic moment, the corner frequency, and the
hypocentral distance from the observation point, respectively.
The term E(M0, f) is the earthquake source spectrum,and the
term P(R,f) is the path that models the geometric spreading and
the anelastic attenuation effects as a function of R and f. The term
G(f) is the site effect and I(f) is the instrumental transfer
function. The exploited parameters required by the method for
the source, the path, and the site terms, are derived from those
several current models published in Central Italy. Their
adequateness was confirmed in Pischiutta et al. (2021), where
the general good consistency found between synthetic and
observed ground motion (both in the time and frequency
domains) demonstrated that this model can adequately explain
spectral amplitudes, temporal characteristics of observed
seismograms, and to detect near-source effects related to the
distribution of asperities on the fault plane. In order to show the
performance of the adopted parameters in reproducing ground-
motion estimates for the Amatrice earthquake, in Supplementary
Figure S1 we plot the simulated hybrid broadband PGAs, PGVs
up to 150 km as a function of RJB for the seismic stations in the
“A” site class (blue reverse triangles), and for 961 virtual stations
(turquoise dots) distributed in a 4-km grid space (see Pischiutta
et al., 2021). Three Italian GMPE models are plotted as well,
together with their ±σ standard deviations: Bindi et al., 2011
(cyan); Malagnini et al., 2011 (green); Sgobba et al., 2020 (violet).
Simulated PGAs and PGVs lie within the standard deviation of
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the three considered GMPEs, suggesting the adequateness of the
adopted regional-specific source scaling and attenuation
parameters in hybrid simulations in satisfactory reproducing
ground-motion estimates.

2.1.1 Source
We adopt the same spectral parameters describing the earthquake
source, employed and validated in Pischiutta et al. (2021). They
are tabulated in Supplementary Table S1. The stress drop
parameter σ, which rules the levels of the acceleration
spectrum at high frequencies, was calculated at about 150 bars
byMalagnini andMunafò, 2018, and Akinci et al. (2021). We also
adopted the kinematic rupture model proposed by Tinti et al.
(2016), divided into 0.5 km × 0.5 km sub faults along the strike
and dip. According to earlier studies, source parameters, such as
geometry (strike 156°, dip 50°), density (2.8 km/m3), and rupture
propagation velocity (3.1 km/s), are employed among ordinarily
referred values (Supplementary Table S1).

2.1.2 Propagation and Attenuation
Seismic wave propagation and seismic attenuation are essential
topics, and they are required for the earthquake ground motion
estimations in seismic hazard analysis. In our study, we decided
to use the most recently described seismic attenuation
parameters presented in Malagnini et al. (2011) model. It
was obtained from several regressions of 170 weak-motion
records belonging to foreshocks and aftershocks of the 2009
L’Aquila seismic sequence and realized through regression
analyses of velocity time-series and Fourier spectra from 0.1
to 10 Hz, recorded at distances between 40 and 350 km. It
provides the average features of three contributions in the
wave propagation: geometrical attenuation, anelastic
attenuation, and ground motion duration.

The chosen spectral parameters for seismic wave propagation
are reported in Supplementary Table S2. The path spectrum,
P(R, f), depends on geometrical spreading, Z(R, f), and quality
factor (Qs).

P(R, f) � Z(R) · exp( − πfRij

QS
) (2)

Concerning the geometrical spreading coefficientZ(R, f), we
adopted a conventional piecewise function as represented by r−1.1

at distances smaller than 10 km as a body-wave-like function;
within 10 and 40 km, it is defined as r−1; within 40 and 100 km, it
is defined as r−0.7; beyond 100 km distance, it is characterized by
r−0.5, that is compatible with the surface waves attenuation
characteristics in a half-space.

A power-law pattern of Qs gives the anelastic attenuation:

QS � Q0f
η (3)

where Q0 is the value of Qs at a frequency of 1 Hz, and η is the
frequency parameter proposed by Aki and Chouet (1975). For the
Central Italy region, the quality factor at frequencies > 0.6 Hz is
given by

Qs(f) � 140f0.25 (4)

Values adopted for frequency < 0.6 Hz are given in
Supplementary Table S2. However, at such low frequency
ranges the hybrid motion is dominated by the LF contribution
due to the merging procedure previously explained.

2.1.3 Site Amplification
In the code EXSIM, site amplification is accounted for through
the combination of the amplification A(f) and attenuation D(f)
contributions as follows:

G(f) � A(f) ·D(f) (5)
D(f) is a diminution operator accounting for deamplification

effects from the near-surface:

D(f) � exp(−πκ0f) (6)
where an exponential decay marks the kappa parameter (κ0),
representing the slope of the high-frequency declines of spectra in
the stochastic finite-fault method (Anderson and Hough, 1984).

2.2 Including the Site Effects
Here, we aimed to involve the site amplifications determined from
different approaches to testing the performance and using such
generic, empirical, and “specific” site amplification curves at stations
selected in conditions potentially prone to experiencing site effects
(ex. basin, topography). We used the following site amplification
curves, determined throughout commonly affirmed techniques:

1. Generic site curves employed in Pischiutta et al. (2021), and
representative of NTC-18 classes A, B, C, and D. According
to Eq. 5, they are composed of the product of the wave
amplification term A(f) and the diminution term D(f), this
latter accounting for high-frequency attenuation.

Many studies in the literature have provided generic
amplification curves for the term A(f), in the framework of
the National Earthquake Hazard Reduction Program, NEHRP
which is the seismic code adopted in the United States (e.g.,
Boore and Joyner, 1997; Boore, 2003; Boore 2016; Campbell and
Boore, 2016). However, considering that the class thresholds for
Italian and United States seismic design codes are different (see
Table 4 in Pischiutta et al., 2021), in this study we choose to
exploit such curves only for NTC-18 classes -B and -C
(corresponding to NEHRP -C and -D, respectively). In
particular, we adopted two A(f) curves proposed in Boore
and Joyner, 1997 without particular frequency peaks and
with associated Vs30 parameter lying in the middle of the
ranges allowed in each class (520 and 255, respectively, for
representative curves chosen for -B and -C classes). They are
reported in Supplementary Table S3 and graphed in
Supplementary Figure S2 (green and red continuous lines).
Considering the differences between Vs30 thresholds in the
Italian NTC-18 and United States seismic codes, for NTC-18
class-A we adopted an A(f) curve generated in Pischiutta et al.
(2021) using the quarter wavelength approach (Boore, 2003;
Boore, 2005) considering a typical velocity profile for Italian soft
rocks (limestones, marls, and flysch), without strong impedance
contrasts. It is reported in Supplementary Table S4 and shown
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in Supplementary Figure S2 (blue continuous line).
Similarly, for the NTC18 class-D (corresponding to
NEHRP class-E), we exploited another A(f) curve
generated by Pischiutta et al. (2021) considering a velocity
profile with Vs30 in the ranges prescribed by NTC18
(<180 m/s) and without significant impedance and velocity
contrasts (see also Supplementary Table S4 and the orange
continuous line in Supplementary Figure S2). We remark
that generic site amplification curves determined throughout
the quarter wavelength procedure are represented by velocity
gradients being insensitive to impedance variances
connecting the layers (Joyner and Fumal, 1984; Boore and
Joyne, 1997; Boore et al., 1994, 2011).

To calculate the diminution term D(f) representing high-
frequency attenuation, we used the following values for the
kappa parameter (κ0):

κ0 �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

0.02 s for class − A
0.03 s for class − B
0.04 s for class − C
0.045 s for class −D

(7)

The G(f) curves obtained following Eq. 5 are reported in
Supplementary Figure S2 through dotted lines.
2. Generalized inversion technique (GIT, Andrews 1986;

Castro et al., 1990). This approach is a reference site

FIGURE 1 |Map showing stations considered in this study up to a distance of 150 km to the epicenter of the Mw6.0 Amatrice earthquake (black star), and lying in
particular site conditions, such as sedimentary basins (circle), topographic irregularities (square), fault zones (triangles). They belong to RAN (“IT”) and RSN (“IV”) networks
(Table 1). We also add the fault surface projection of the causative fault proposed in Tinti et al. (2016). Symbol color is related to site classification according to NTC18
based on the Vs30 parameter (blue = class A, green = class B, red = classes C, and pink = D).
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method such as the standard spectral ratio method (SSR)
but, in contrast with the SSR, the GIT curves are the
result of a nonparametric inversion scheme applied to a
dataset composed of multiple events and stations. In this

study, we used the GIT amplification functions obtained
from a dataset of 283 stations and 455 events that
occurred in Central Italy (Morasca et al., 2022). The
GIT analysis was performed on a frequency range of

TABLE 1 | Station sample considered in this study.

Net code Station code Station name Latitude [°] Longitude [°] Position EC8 code

IT ANT ANTRODOCO 42,4182 13,0786 Fault zones A
IT AQG L AQUILA V. ATERNO COLLE GRILLI 42,373474 13,337026 Sedimentary basin B
IT AQK L AQUILA V. ATERNO AQUIL PARK ING. 42,344967 13,400949 Sedimentary basin B
IT AQV L AQUILA V. ATERNO CENTRO VALLE 42,377222 13,343888 Others B
IT ASP ASCOLI PICENO 42,848 13,6479 Sedimentary basin B
IT ASS ASSISI 43,074982 12,604141 Others A
IT ATN ATINA 41,620319 13,801154 Fault zones A
IT AVZ AVEZZANO 42,0274 13,4259 Others C
IT BSS BUSSI 42,191732 13,845266 Fault zones A
IT BTT2 BORGO OTTOMILA - 2 (CELANO) 41,998333 13,543056 Sedimentary basin D
IT BVG BEVAGNA 42,932367 12,611065 Sedimentary basin C
IT CCT CITTA DI CASTELLO (TRESTINA) 43,3683 12,2346 Sedimentary basin C
IT CLF COLFIORITO 43,036714 12,920428 Sedimentary basin D
IT CSA CASTELNUOVO ASSISI 43,008015 12,590602 Sedimentary basin C
IT CTL CATTOLICA 43,955116 12,735809 Sedimentary basin C
IT CTS CITTA DI CASTELLO REGNANO 43,491987 12,223396 Sedimentary basin C
IT FBR FABRIANO 43,343601 12,9119 Sedimentary basin C
IV FEMA Monte Fema 42,9621 13,04976 Topography A
IT FOC FOLIGNO 43,0263 12,896506 Sedimentary basin C
IT FOS FOLIGNO SEGGIO 43,01459 12,83513 Topography B
IV GAG1 Gagliole 43,238063 13,067434 Topography A
IT GBB GUBBIO 43,356972 12,597252 Others B
IT GBC Gubbio 43,355301 12,5726 Sedimentary basin C
IT GBP GUBBIO PIANA 43,31381 12,58949 Sedimentary basin C
IT GRN GUARCINO 41,8134 13,3169 Topography A
IT LDP LAMA DEI PELIGNI 42,0392 14,1826 Topography C
IT LSS LEONESSA NUOVA 42,558243 12,968894 Others A
IV MDAR Monte Daria 43,1927 13,1427 Topography B
IV MGAB Montegabbione 42,91263 12,11214 Topography A
IT MMP1 MOMPEO 1 42,249229 12,748319 Topography A
IV MMUR Monte Murano 43,44183 12,9973 Topography B
IV MNTP Montappone 43,137378 13,469252 Topography B
IT MTR MONTEREALE 42,524 13,2448 Topography B
IV MURB MONTE URBINO 43,263 12,5246 Topography A
IT MVB MARSCIANO MONTE VIBIANO 42,9619 12,257 Others A
IT NRN NARNI 42,51556 12,51944 Topography A
IT PGG POGGIO PICENZE 42,322872 13,539446 Sedimentary basin B
IV PIEI PIEIA 43,53567 12,535 Topography A
IT PNN PENNABILLI 43,818159 12,262846 Topography C
IV PP3 PP3 43,37783 13,6095 Sedimentary basin C
IT PSC PESCASSEROLI 41,812042 13,789196 Fault zones A
IV RM33 PELLESCRITTA 42,50898 13,21452 Topography A
IT SBC SUBIACO 41,9132 13,1055 Others A
IT SCF SCAFA 42,265117 13,998489 Others B
IT SNG SENIGALLIA 43,68558 13,226162 Others C
IT SNS1 SANSEPOLCRO 2 43,573502 12,1312 Sedimentary basin C
IT SPM SPOLETO MONTELUCO 42,72324 12,751268 Fault zones A
IT SRL SIROLO 43,517905 13,619388 Others C
IT SUL SULMONA 42,089 13,934 Others A
IT SULA SULMONA AUTOPARCO 42,0734 13,9166 Sedimentary basin C
IT SULC SULMONA CONSORZIO 42,068 13,909 Sedimentary basin C
IT TLN TOLENTINO 43,215904 13,25838 Topography A
IT TRE TREVI 42,876499 12,7358 Sedimentary basin C
IV TRE1 Treia 43,311198 13,312848 Topography B
IT TRL TERMINILLO 42,461314 12,932308 Others B
IT TRN1 TERNI 2 42,558201 12,6461 Sedimentary basin D
IT TVL Tivoli 41,893015 12,773221 Sedimentary basin B

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8866066

Pischiutta et al. Site Amplification in Hybrid Broadband Simulations

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


0.5–25 Hz and considered a hypocentral distance range
of 10–120 km. The solution of the linear system
composed of three terms (source, attenuation, and
site contributions) required two prior constraints to
remove unresolved degrees of freedom. A first
assumption is that for all frequencies the attenuation
term is set to unity at the reference distance of 10 km
(the smallest in the dataset). The second one is a
reference site condition. Considering six reference
sites (LSS, MNF, NRN, SNO, SDM, and SLO) located
on the rock and carefully selected on the base of
Lanzano et al., 2021 analysis, their average
amplification is fixed to 1, removing the linear
dependence between source and site terms. We also
exploit the GIT amplification function obtained only
from the Amatrice earthquake (when available). In
Supplementary Figure S3 we provide such GIT
curves at the eleven stations that are thoroughly
investigated in this paper. At some of them (CLF,
FOC, TRE, FEMA, BSS, SULA, GBB) the two GIT

curves show differences both in terms of amplified
frequency band and amplitude level. This prompted
us to test both of them in stochastic simulations, in a
way to better reproduce observed motions.

3. Horizontal-to-vertical (HV) spectral ratio computed on
the Fourier Amplitude Spectra (FAS) of strong-motion
recordings (HVSR) and ambient noise (HVNSR). Although
these methods are usually adopted to estimate the resonance
frequencies of the site, we test if they can be also adopted to
evaluate the site amplification in specific geomorphological
conditions (Molnar et al., 2018; Kawase teal., 2019; Zhu et al.,
2020). The HV method may estimate the site amplification
function if the vertical amplification is negligible (Lachet and
Bard, 1994; Field and Jacob, 1995). The HV curves are
available in the Italian Accelerometric Archive v 3.2
(ITACA, Russo, et al., 2022). If the HVNSR curve is
missing, we select the HV computed on the coda waves
since many studies demonstrated that the curves obtained
from noise and coda waves are comparable. Instead, if the
HVSR curve is not available in ITACAwe use the HV curves

FIGURE 2 | Exemplification simulation results at station BSS (Bussi), belonging to the IT network. The left-top panel shows amplification curves applied as the term
G(f) in the EXSIM code used for stochastic simulations (Eq. 5). The red curve is the generic one that we used for all class B sites defined in NTC-18 based on the Vs30 value
(see also Supplementary Figure S3). The other tested site-empirical specific curves are: the cyan curve is the HVSR calculated using earthquake weak motion (S
waves); the green and turquoise curves are the GIT-derived amplification function by using 455 earthquakes and only the Amatrice earthquake, respectively
(Morasca et al., 2022); the blue curve is the HVNSR calculated using ambient noise or earthquake coda waves. Synthetic hybrid broadband horizontal component
velocity time histories (left panel) and Fourier velocity amplitude spectra (top-right panel) are compared with the recorded ground motions (black lines). For the latter, we
calculated the geometric mean, and mean of the two horizontal components of ground motion, respectively, for time histories and Fourier spectra.
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from an independent study (Priolo et al., 2019) estimated
using records of small events (magnitude < 4.5).

Adopted site amplification curves were not concurrently
available at all stations. The kappa coefficient κ0 was not
applied for the simulations for the GIT, HVRS, and HVNSR
experimental curves, since implicitly cconsiders the total
attenuation effects.

2.3 Dataset and Recording Stations
Among stations recording the Amatrice 24 August 2016
earthquake at 150 km from the epicenter, we selected a

subset of 57, installed in different site conditions potentially
prone to experience site amplification effects (Figure 1)
(Table 1), as

1. Twenty-two (22) stations in sedimentary basins (circles in
Figure 1) mostly related to site classes C and D, with only a
minor percentage (five stations) in class B. An inspection of
the HVSRs and HVNSRs published on the ITACA database
resulted in relevant amplification (exceeding a factor of three).

2. Eighteen (18) stations are located on topographic irregularities
(squares in Figure 1). Most parts of them lie in site class A (10)
and B (6).

FIGURE 3 | Simulation results and records of Amatrice earthquake at Gubbio [panel (A)] and Sulmona sedimentary basins [panel (B)]. For each site, we add: a
rough geological map of the area (provided in the ITACA database); the applied generic and empirical site curves at each station (consistently with Figure 2); Synthetic
velocity Fourier spectra were obtained using the different site curves and recorded velocity Fourier spectra (geometric mean of the two horizontal components).
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3. Six (6) stations on class A rock sites and close to fault zones (as
identified by a visual inspection of geological maps and
information archived in the ITACA database).

4. Eleven (11) and other stations belong to A, B, and C sites (no
faults/topography/sedimentary basins) as a further constraint.

Such a station sample is a portion of the one used in Pischiutta
et al. (2021) work, where 133 stations at 150 km from the
epicenter were selected to validate stochastic simulations
through comparison with recorded data in this work.

3 RESULTS

A comparison between observed and simulated ground motion was
led to get insight into simulation reliability and the performance of the
different adopted site amplification curves. Figure 2, reports
exemplificative simulation results at station BSS (Bussi) of the IT
network, related to site class A and located close to a tectonized zone.
The left-top panel shows amplification curves used for stochastic

simulations (Eq. 5). The red curve is the generic one that we
used for all class B sites defined in NTC-18 based on the Vs30

value (see also Supplementary Figure S2). According to Eqs 5,
and 6, it is obtained by the product of A(f) and D(f). For
A(f), we adopted as representative of NTC-18 class-B an
amplification curve proposed in Joyner and Boore (1997) and
related to Vs30 of 520 m/s. D(f) was calculated using Eq. 6
considering κ0 a value of 0.03 s. The other tested site-empirical
specific curves were applied as G(f), considering that
attenuation contribution should be implicitly included:

1) The cyan curve is the HVSR calculated using S-waves of
seismic recordings

2) The green and turquoise curves are the GIT-derived
amplification for the station by using, respectively, 455
events (Morasca et al., 2022), the empirical function
resulting from average overall events for robustness
reasons, and only the Amatrice 24 August 2015 earthquake

3) The blue curve is the HVNSR calculated using ambient noise
or earthquake coda waves

FIGURE 4 | Velocity time series at Gubbio [panel (A)] and Sulmona [panel (B)] sites. In black, we plot recorded seismograms (arithmetic mean of the two horizontal
components). Colored lines depict synthetic hybrid seismograms obtained from the HF and LF contributions (see Section 2.3), obtained through the EXSIM code
seismic source inversion by Tinti et al. (2016). They were obtained by using empirical site curves in the EXSIM code: GIT (green), HVSR (cyan), and HVNSR (blue).
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To validate the effectiveness of our simulations to reproduce
observations and test the different site curves, we compared the
synthetic velocity time histories (right panel) to recorded horizontal
groundmotion (arithmetic mean). Velocity Fourier amplitude spectra
(left-bottompanel) were also comparedwith recorded ones (geometric
and mean of the two horizontal components of ground motion).

The HVNSR curve and the GIT curve obtained from the
Amatrice earthquake consistently show a peculiar characteristic
concerning other amplification curves presenting two prominent
peaks between 1 and 2 Hz at station BSS. These peaks are easily
observed in the simulated time histories, as shown in the left-
bottom panel of Figure 2.

As a second step, to quantitatively assess simulations’
overall performance we calculated residuals RFj(f)
between observed Fj and simulated Fj spectra considering
the different generic and empirical curves, related to station
j as

RFj(f) � ⎛⎜⎜⎜⎜⎜⎝Fj

Fj

⎞⎟⎟⎟⎟⎟⎠ (8)

Similarly, we calculated the residual Rj between observed Yj

and simulated Yj ground-motion parameters (PGA and PGV) at
each station j as

Rj � Yj

Yj
(9)

We finally computed the bias averaging over the total station
sample N:

BIAS RF(f) � 1
N

∑N
j�1
ln(Rj(f))

BIAS R � 1
N

∑N
j�1
ln(Rj)

(10)

.

A perfect match between the empirical model and the
broadband simulation would have null BIAS values, whereas
positive/negative residual shows an underprediction/
overprediction of the simulations concerning observed ground
motion.

FIGURE 5 | Bias calculated following Eq. 10, to get an insight into the performance of the generic and empirical site amplification curves exploited in the EXSIM code all
over the station sample in sedimentary basins. The top panels show bias versus frequency for both acceleration (A) and velocity (B) spectra. Black curves represent the bias
obtained by applying the generic site curve, while color curves are related to the use of GIT (green), HVSR (cyan), and HVNSR (violet) site curves. The standard deviation is
plotted as well. The bottom panels show the bias calculated for peak ground acceleration [PGA, panel (B)] and peak ground velocity [PGV, panel (C)].
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3.1 Stations in Sedimentary Basins
In order to thoroughly investigate how many stratigraphic effects
are accounted for/unaccounted for in the earthquake-induced
ground motions, we selected twenty-two stations in sedimentary
basins.

Figure 3 details results at two sedimentary basins where
Gubbio (panel A) and Sulmona (panel B) towns are settled.
Gubbio is a historical town in the Umbria region, central Italy,
with more than 30,000 inhabitants and a rich artistic and cultural
heritage dating to the Middle-Age. The historical part was built at
the lower slope of Ingino hill, but the modern portion expanded
towards the alluvial plain. In this area, three stations of the Italian
seismic network IT are installed: GBP in the middle of the alluvial
basin (site class C); GBC on the basin border, inside Gubbio
settlement (site class C); GBB outside the alluvial basin (site class
B). Bindi et al. (2009) observed that time series of local
earthquakes recorded in the Gubbio plain are characterized by
locally generated surface waves, which increase in duration and
amplitude with respect to the nearby reference station on a rock
(GBB), the spectral energy is distributed over the range 0.4–2 Hz.
In particular, they found that the peak ground velocity is
amplified by a factor of 5, and the duration is increased by a
factor of about 2 where the sedimentary cover is thickest (ca
600 m).

In the top panel A of Figure 3, we report a basic geological
map of the area. We also add the site curves for each station,
consistently with Figure 2. While the generic curve (red) which
does not account for the specific basin structure, does not show
any significant peaks, the GIT curves (green and turquoise) show
a relevant amplitude peak at about 5 Hz and between 2 and 10 Hz
at stations GBB and GBP, respectively. The use of GIT curves led
to better reproduction of the general spectral trend and velocity

recorded signals (Figure 4A). At station GBP, in the middle of the
basin, the HVSR and HVNSR curves show a peak at about 0.35
Hz, up to a factor of 4 and 7, respectively. In Figure 4, we include
synthetic velocity time series for Gubbio (panel A) and Sulmona
(panel B) cases. Especially by using the HVNSR and GIT curves,
we obtained synthetic time histories with amplitudes and spectral
content more consistent with recorded signals. At station GBCwe
applied only the empirical HVSR curve together with the generic
one. Bindi et al. (2009) highlighted that in the Gubbio basin the
HVSR are strongly affected by amplification on the vertical
component, and this is particularly evident close to the basin
border. In this study, we found that at station GBC the use of the
HVSR curve did not lead to obtaining synthetic signals consistent
with observed data.

The sedimentary basin hosting the Sulmona town in the
Abruzzi region hosts more than 20,000 inhabitants
(Figure 3B). Sulmona was founded in Roman times and holds
a rich artistic and cultural heritage dating from the Middle-Age.
Sulmona rises in the center of the Peligna Valley, which in
prehistoric times was occupied by a vast lake. It is located
between the Vella torrent and the Gizio rivers, to the west of
the Maiella and Morrone mountains, which overlook the city.

In this study, we consider four stations of the Italian seismic
network IT: SULA, in the middle of the alluvial basin (site class C);
SULC and SULP, on the basin borders (site class C and B,
respectively); SUL, outside the alluvial basin (site class A). In
Figure 3, we also show the geological map of the area, as well
as the adopted site curves at each station. While the generic (red)
andHVSR (cyan) site curves do not show any significant peaks, the
GIT curves at stations SULA, SULC, and SULP show a peak at
about 1 Hz, with amplitudes varying from 5 close to the basin
borders (SULP and SULP) to over 8 in the middle of the basin

FIGURE 6 | Simulation results and records of the Amatrice earthquake at stations GAG1 [panel (A)] andMURB [panel (B)], located on topographic irregularities. For
each one, we show a digital elevation model to evince topography shape; the applied generic and empirical site curves at each station (consistently with Figure 2);
Synthetic velocity Fourier spectra were obtained using the different site curves and recorded velocity Fourier spectra (geometric mean of the two horizontal components).
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(SULA). The HVNSR curves show another peak at about 0.45 Hz
at SULA and SULC, with amplitudes decreasing from 8 to 6. It is
also evident on the HVSR curve even if with lower amplitude levels
(ranging from 3 to 4). By applying the GIT site curves we obtained
synthetic velocity spectra reproducing the observed spectral trend
on data at stations SULA, SULP, and SULC. At this latter station, a
better performance was achieved by adopting the HVSR and
HVNSR. Finally, at station SUL there are no differences in
synthetic spectra obtained by adopting the different site curves
(velocity time histories are given in the Supplementary Figure S4.

We finally highlight that at stations in the middle of the two
investigated sedimentary basins (GBP and SULA), recorded

seismograms show the presence of low-frequency phases,
mainly in the coda, due to 3D amplification caused by the
impedance contrast between soft sediments and underlying
rock formations and by wave reverberation across the
sedimentary body in the basin (e.g., Cornou and Bard, 2003).
Such empirical 3D effects cannot be thoroughly simulated by
employing the stochastic finite-fault technique implemented in
this study. However, these effects are not observed at stations
installed near the sedimentary basin borders (GBC, SULC,
SULP). Finally, stations outside sedimentary basins (GBB and
SUL) do not significantly improve by using different
amplification curves in fitting the observed time histories. In

FIGURE 7 | Bias calculated following Eq. 10, to get an insight into the performance of the generic and empirical site amplification curves exploited in the EXSIM
code all over the station sample on topography. The top panels show bias versus frequency for both acceleration (A) and velocity (C) spectra. Black curves represent the
bias obtained by applying the generic site curve, while color curves are related to the use of GIT (green), HVSR (cyan), and HVNSR (violet) site curves. The standard
deviation is plotted as well. The bottom panels show the bias calculated for peak ground acceleration [PGA, panel (B)] and peak ground velocity [PGV, panel (D)].
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fact, since they are installed outside the sedimentary basin, they
are not affected by any significant site amplification effects.

In Supplementary Figure S5, we also provide results from
two other study cases in sedimentary basins: Colfiorito and
Foligno. They are both located in the Umbria region (central
Italy) and experienced an MCS damage intensity of VII during
the 1997 seismic sequence (e.g., Camassi et al., 2008), where over
six shocks with magnitude larger than 5.0 were produced. In the
Colfiorito basin, two stations of the Italian seismic network “IT”
are installed: FOC (close to the basin border) and CLF (in the
middle of the basin). The former station is inside the small
village of Colfiorito, hosting about 5,000 inhabitants and some
interesting monuments (i.e., a Church dating back to the fifth
century). In Supplementary Figure S5A, we report several
geological information included in the ITACA database: a
geological map and section passing through station FOC and
a velocity profile above station CLF. The latter highlights a
strong velocity contrast at about 50 m depth, probably
responsible for the about 1.0 Hz peak observed on both the
GIT and HVNSR curves. However, at this station, empirical
site-specific curves in stochastic simulations did not generally
result in better reproducing observed data. Conversely, at
station FOC the use of the GIT curves (in particular the ones
derived by using only the Amatrice earthquake) led to obtaining
synthetic spectra similar to the observed trend on recorded
spectra at frequencies over 5 Hz.

Foligno municipality has more than 50,000 inhabitants and is
located close to Colfiorito (20 km far), in the center of the
Umbrian Valley that is crossed by the Topino river. Foligno
possesses an important cultural heritage, with many civil and
religious edifices dated since the Middle-Ages. The two stations
installed in this area (BVG and TRE) show a relevant amplitude
peak between 1 and 3 Hz, most prominent on the GIT curves
(Supplementary Figure S5B). The use of the latter (in particular
the ones derived by using only the Amatrice earthquake at station
TRE) led to achieving the best consistency between synthetic and
recorded spectra.

In order to get an insight into the performance of the generic
and empirical site amplification curves exploited in the EXSIM
code all over the station sample in sedimentary basins, we
calculated the bias of the model as the logarithm (base n) of the
ratio of the observed to the simulated following Eq. 10: it is an
indication of the difference in the frequency domain between
simulated and observed ground motion. In the top panels in
Figure 5, we plot the bias versus frequency for both
acceleration (panel A) and velocity (panel C) spectra. Colored
curves represent the bias obtained between observed and simulated
spectra by applying the generic site (red), GIT (green), HVSR
(cyan), and HVNSR (violet) site curves. The standard deviation is
plotted as well. An overall bias reduction is achieved using the GIT
site curve, whose performance is better than the generic one at low
(0.5–1.5 Hz) and high frequencies (>10 Hz). This is quite evident

FIGURE 8 | Simulation results and records of Amatrice earthquake at stations LSS [panel (A)] and SPM [panel (B)], installed on rock and related to site class A. For each
one, we show: the geological map and profile furnished in the ITACA database; the applied generic and empirical site curves at each station (consistently with Figure 2);
Synthetic velocity Fourier spectra were obtained using the different site curves, and recorded velocity Fourier spectra (geometric mean of the two horizontal components).
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in the bias related to velocity spectra (Figure 5B) and to the peak
ground velocity (PGV, Figure 5D), where it is lower than 0.5.
Moreover, at high frequencies (>10 Hz) there is a tendency in all
empirical curves for the bias reduction, that can be ascribed to
the implicit inclusion of the attenuation effect in empirical
curves. Conversely, in generic curves attenuation was not
derived but only hypothesized through the application of the
κ0 parameter, arbitrarily assigned on the basis of the site class
(Section 2).

3.2 Stations on Topography
To investigate the topographic effects on the earthquake-induced
ground motions, we have considered 18 stations located on
topographic irregularities (middle slope or top), mainly
belonging to class A (Vs30 > 800 m/s) and class B (360 < Vs30

> 800 m/s), as prescribed by the Italian NTC18 seismic
design code.

Figure 6 shows two examples, both stations belonging to
seismic network IV. The former (panel A) is station GAG1 (B
site class), installed in Gagliole (Marche region), a village built in
the Middle-Age on the top of a 1,000 m high hill. The historic
center retains the original urban structure with the ancient
medieval castle, the walls dating back to the 14th century,
some ancient churches, and a monastic complex dated back to
the 12th century. The GIT site amplification curves show overall
higher amplitudes than both the HVSR and generic ones, with a
peak at about 3.5 Hz. Its use led to achieving synthetic spectra
more consistent with observed ones.

The second example (Figure 6B) is station MURB, installed
on the top of Monte Urbino, an 800 m-high uninhabited hill in
the Umbria region. While the generic site curve (related to B
class) attains amplitude levels lower than 2 (see also
Supplementary Figure S2, green-dotted curve), the three-
empirical site curves (GIT, HVSR, and HVNSR) show a
similar trend, with an amplitude up to eight peaks between
3 and 4 Hz. We, therefore, got synthetic spectra more
consistent with observed ones between 2 and 5 Hz. Finally,
through the use of the HVNSR curve, synthetic signals better
reproduce the observed spectral trend even at high frequencies
(>10 Hz).

In the Supplementary Material, we show four other study
cases. While station FEMA is located on an uninhabited
prominent ridge (over 1,500 m high), stations MMP1, PIEI,
and TLN are close to small towns and have less prominent
topography. All stations site curves show peaks at site-specific
frequencies (about 10 Hz at FEMA; 1.5–3 Hz at MMP1; about 3
and 10 Hz at PIEI; about 2 Hz at TLN). This led to generally
obtaining synthetic spectra more similar to observations in these
frequency bands. Moreover, as for stations in sedimentary basins,
at high frequencies (>10 Hz) the use of empirical site curves led to
achieving a spectral trend more consistent with observed data.
This is particularly evident at station FEMA, where the use of the
GIT curve derived from the Amatrice earthquake (turquoise) led
to a better fit of the velocity Fourier spectra at 2 Hz, where a
prominent peak is observed. Finally, at station MMP1, empirical
curves led to overestimating observation, so the generic site
curves became more appropriate.

In Figure 7, similar to Figure 5, we plot the bias following Eq.
10 to get an indication of the difference in the frequency domain
between simulated and observed ground motion. At high
frequencies (>10 Hz) empirical site curves (HVSR and GIT)
are more performant in producing a better fit with data. In
fact, while they led to bias values lower than 0.5, the use of
the generic curve is associated with bias values increasing from
0.5 to 1 from 10 to 25 Hz. Conversely, at low frequencies, no
improvements are observed in the use of empirical site curves.
Finally, observed PGA and PGV values are slightly but
systematically underestimated and overestimated by the
simulations.

3.3 Stations on the Rock Site
To study the site amplification effect of the rocks we utilized five
stations installed on rock and related to site class A. However the
HVSR and HVNSR amplification curves, published on the
ITACA database, unexpectedly highlight the presence of peaks
over a factor of three at intermediate frequencies (between 1 and
10 Hz), where we consider no amplification.

In Figure 8A, we show station LSS as an example of a reference
rock site (i.e., no site amplification) installed on Mesozoic
limestone lithotypes. All site curves (both generic and
empirical) show amplitudes lower than a factor of 1.5, the
difference between them being small without sharp peak/s at
certain frequencies. Therefore, no differences are observed on
synthetic velocity Fourier spectra when using the different site
curves. Conversely, SPM is an exemplificative station for site
amplification on rock sites (Figure 8B). It is installed on
Mesozoic limestone, in an intensely tectonized zone, and at
the middle slope of a hill. Empirical site curves show an
amplitude exceeding three peaks at about 5 Hz. However,
visually speaking, we may say that the GIT curves lead to
better reproduction of observed Fourier spectra, particularly at
frequencies higher than 5 Hz.

In Supplementary Figure S7, we furnish two other examples.
The former (panel A) is represented by station ANT, installed in
the town of Antrodoco (Latium region) on dolomite lithotypes
and in an intensely tectonized area. Using empirical site curves
HVSR and HVNSR (showing the amplitude of three peaks at
about 2 Hz) led to overestimating observed velocity Fourier
spectra, while by using the GIT curve simulated Fourier
spectra they are consistent with observed data, especially at
high frequencies. Moreover, the use of the GIT curve derived
only using the Amatrice earthquake led to better reproduction of
observed ground-motion levels. The same findings are shown at
station PSC (Figure 8B) installed in Pescasseroli village (Abruzzi
region) on calcarenites.

4 CONCLUSION

We produced synthetic broadband seismograms using a hybrid
simulation technique for theMw6.0 Amatrice earthquake, Central
Italy, on 24 August 2016, following the previous work of
Pischiutta et al. (2021). In the present study, we focused on
the site amplification parameters and tried to understand their
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impact on ground motions with the aim to improve the hazard
assessment for seismic risk reductions, particularly in urban areas
in the central Apennines. To do so, the 57 stations selected,
mainly located in urban areas, are potentially prone to experience
site amplification effects because of lying in particular site
conditions (sedimentary basins, topographic irregularities, and
fault zones).

In this work, we tested the use of different empirical
amplification curves, such as horizontal-to-vertical spectral
ratios (calculated using both earthquakes, HVSR, and ambient
noise recordings, HVNSR), and site curves derived from the
generalized inversion technique (GIT) to improve our
simulations. The latter were derived by using 455 earthquakes
that occurred in Central Italy (Morasca et al., 2022). We also
tested the use of the GIT curve derived only by the Amatrice
earthquake. Their performance was linked to the generic curves
by comparing the goodness of fit with recorded data. In general,
we observed the following:

• In sedimentary basins, the presence of superficial soft
sediments and strong shear-wave velocity and impedance
contrasts leads to strong amplification due to refraction of
seismic waves by an underlying stiff bedrock and
subsequent phase constructive interference causing a
resonance effect. We found that at the 22 stations in
sedimentary basins selected in this study, empirical site
curves led to a better fit with the data. They include
amplitude peaks at site-characteristic frequencies, which
depend on the superficial mean shear-wave velocities and
the depth of the velocity contrast. In particular, the GIT site
curve was most performant among the empirical adopted
curves, achieving the best fit between observed and
simulated velocity Fourier spectra. The GIT curve derived
only by the Amatrice earthquake is more performant than
the one derived as an average among considered earthquake
data set in Morasca et al., 2022, suggesting that site
correction may be scenario-dependent.

• An overall bias reduction is achieved using the GIT site
curve, whose performance is better than the generic one.
This behavior is quite evident on velocity spectra both at (i)
low frequencies (0.5–1.5 Hz), where amplification effects are
generally realized in deep sedimentary basins (hundreds of
meters); (ii) high frequencies (>10 Hz), since all empirical
curves implicitly include the attenuation effect in empirical
curves that is hypothesized on generic curves through the
application of k0 parameter, arbitrarily assigned on the basis
of the site class. However, due to the limitation intrinsic to
the 1D stochastic finite-fault approach implemented in this
study, our simulations could not reproduce wave
reverberation across the sedimentary body, visible at
stations installed in the middle of the basins on time
histories as low-frequency coda phases.

• Amplification effects occur on the top of reliefs, due to the
constructive interference of seismic waves diffracted by the
convex topography. Almost certainly, a significant role is
played by the local velocity distribution and subsoil
structure. This study selects 18 stations installed on

topography at which empirical site curves show peaks at
different frequencies which depend on site specificities. As
for stations in sedimentary basins, even at these sites, the use
of empirical curves led to achieving a spectral trend more
consistent with observed data at high frequencies (>10 Hz).
Conversely, at low frequencies, no general improvements
are observed in the use of empirical site curves. In fact, each
site shows its own peculiar behavior, and a preferential
empirical/generic curve leading to achieving synthetic
motion more consistent with observed data.

• Rock sites are considered to be unaffected by site
amplification. Nevertheless, many recent studies have
highlighted that seismic waves can be amplified due to the
local properties of the rock (i.e., the presence of pervasive
fractures and/or large open cracks). We investigate five
stations installed on rock and related to site class A, where
empirical site curves highlight the occurrence of amplification
effects at intermediate frequencies (between 1 and 10 Hz).
Again, we found that the GIT empirical site curves led to
obtaining synthetic spectra more consistent with observed
ones. This is particularly evident when using the GIT site
curve derived only from the Amatrice earthquake suggesting
that site correction may be scenario-dependent.

Similar efforts have been shown in different parts of the world. For
example, recently Zhu et al. (2022a) have tested and compared the
effectiveness of different estimation techniques using a unique
benchmark dataset at 1725 K-NET and KiK-net sites, in Japan.
Evaluated prediction approaches included: 1) the empirical correction
to the horizontal-to-vertical spectral ratio of earthquakes (c-HVSR,
see also Kawase et al., 2019 and Zhu et al., 2020); 2) one-dimensional
ground response analysis (GRA); 3) the square-root-impedance (SRI)
method (also called the quarter wavelength approach). They found
that, at the majority of analyzed sites, the empirical correction to
HVSR was highly effective in achieving a “good match” in both
spectral shape and amplitude. Since this technique has great potential
in seismic hazard assessments, even considering that it does not
require a velocity model, its use could be evaluated in similar further
tests involving hybrid simulations.

We finally stress that, due to the 1D stochastic finite-fault
approach implemented in this study, our simulations could not
reproduce several scattering and resonance effects. 3D
deterministic approaches may rather enhance the ground
motion simulations in the sedimentary basins and the
presence of topography (Pitarka et al., 2022). Moreover,
many studies present clear evidence of rupture directivity in
the Mw6.0 2016 Amatrice earthquake, Central Italy (e.g.,
Calderoni et al., 2017; Ren et al., 2017). However, the
method used in this study, the stochastic model through the
EXSIM code (Motazedian and Atkinson, 2005; Boore, 2009), is a
simplistic model and dismisses the effect of rupture directivity
on the azimuth dependent variability of ground motions.
Although our simulations at low frequencies capture the
directivity effect (Tinti et al., 2016; Pischiutta et al., 2021),
the goodness of fit between simulated and observed ground
motions might be biased for some of the stations only at higher
frequencies.
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