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S U M M A R Y
In this paper we characterize the high-frequency (1.0–10 Hz) seismic wave crustal attenuation
and the source excitation in the Sicily Channel and surrounding regions using background
seismicity from weak-motion database. The data set includes 15 995 waveforms related to
earthquakes having local magnitude ranging from 2.0 to 4.5 recorded between 2006 and 2012.
The observed and predicted ground motions form the weak-motion data are evaluated in several
narrow frequency bands from 0.25 to 20.0 Hz. The filtered observed peaks are regressed to
specify a proper functional form for the regional attenuation, excitation and site specific term
separately. The results are then used to calibrate effective theoretical attenuation and source
excitation models using the random vibration theory. In the log–log domain, the regional
seismic wave attenuation and the geometrical spreading coefficient are modelled together. The
geometrical spreading coefficient, g(r), modelled with a bilinear piecewise functional form
and given as g(r) ∝ r−1.0 for the short distances (r < 50 km) and as g(r) ∝ r−0.8 for the larger
distances (r < 50 km). A frequency-dependent quality factor, inverse of the seismic attenuation
parameter, Q(f) = 160f/fref

0. 35 (where fref = 1.0 Hz), is combined to the geometrical spreading.
The source excitation terms are defined at a selected reference distance with a magnitude-
independent roll-off spectral parameter, κ 0.04 s and with a Brune stress drop parameter
increasing with moment magnitude, from �σ = 2 MPa for Mw = 2.0 to �σ = 13 MPa
for Mw = 4.5. For events M ≤ 4.5 (being Mwmax = 4.5 available in the data set) the stress
parameters are obtained by correlating the empirical/excitation source spectra with the Brune
spectral model as function of magnitude. For the larger magnitudes (Mw>4.5) outside the
range available in the calibration data set where we do not have recorded data, we extrapolate
our results through the calibration of the stress parameters of the Brune source spectrum over
the Bindi et al. ground-motion prediction equation selected as a reference model (hereafter
also ITA10).

Finally, the weak-motion-based model parameters are used through a stochastic approach
in order to predict a set of region specific spectral ground-motion parameters (peak ground
acceleration, peak ground velocity, and 0.3 and 1.0 Hz spectral acceleration) relative to the
generic rock site as a function of distance between 10 and 250 km and magnitude between M
2.0 and M 7.0.

Key words: Time Series Analysis; Earthquake Hazards; Earthquake Ground Motions; Seis-
mic Attenuation; Wave Propagation..

I N T RO D U C T I O N

The study region of our interest accommodates the Sicily Channel
as well as the Maltese Archipelago have experienced several large
earthquakes with magnitudes up to 7.4, being epicentres mostly in
Eastern Sicily and the Hellenic arc in the historical time. However,
the rate of seismic activity in the region is relatively low, and there

is almost no strong-motion recording especially for the Maltese
Islands. Most of the hazard-related studies are limited to the Italian
territory including only the Sicily Island as the southern-most area.

As it is well known, the detailed knowledge of regional attenua-
tion versus distance relationship (indicating how the seismic prop-
agation energy decreases with increasing distance) is essential for a
complete improvement of the seismic hazard studies. In regions with
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high seismicity, where strong ground motions are well recorded, the
peak ground-motion displacement, velocity or acceleration decay
curve with distance is empirically obtained from the recorded earth-
quakes (Douglas 2011).

Since such decay curves are empirically determined, they do not
explicitly contain information about the attenuation manners of the
seismic energy which, on the contrary, can be deduced by mea-
surements based on a physical model of attenuation (Pisconti et al.
2015). These empirical equations called Ground Motion Predic-
tive Equations (GMPE) allow estimating the seismic motion at a
certain site by using simplified models in which the effect of seis-
mic sources, propagation of seismic waves and site conditions are
respectively represented by the magnitude, the distance from the
source and geotechnical/geological site classification. Mostly these
equations are derived by regressing strong-motion data, as the GM-
PEs developed in the framework of the NGA-West2 project (Abra-
hamson et al. 2014; Boore 2014; Bozorgnia et al. 2014; Campbell
& Bozorgnia 2014; Chiou & Youngs 2014; Idriss 2014) and in the
pan-European region by Akkar et al. (2014a, b), Bindi et al. (2014a,
b) and Bora et al. (2015).

Unfortunately, a complete and sufficient set of strong-motion
recordings that covers both the large magnitude and distance range
is not always available in low-seismicity regions to properly con-
strain regression analyses. Usually, the simplest thing to do is choos-
ing equations that have been derived from data acquired in areas
with comparable geology, tectonics and seismicity since the re-
gional variability of ground motion has been emphasized in sev-
eral previous studies. For regions with the historical seismicity
but insufficient recorded strong ground motions such as Central
and Eastern North America, ground-motion predictions are gen-
erally theoretically or semi-empirically formulated (Pezeshk et al.
2011; NGA-East Project 2015). Moreover, numbers of paper have
been published recently on determining some aspects of ground-
motion scaling in several regions of the world by implementing
large amounts of data using the background seismicity (e.g. Ak-
inci et al. 2006; Atkinson & Boore 2006; Malagnini et al. 2007,
2012; Edwards et al. 2008; Rietbrock et al. 2013; Drout & Cotton
2010, 2015). Especially for low-seismicity regions, these studies
have employed weak-motion recordings for deriving predictive re-
lationships based on stochastic point- or finite-fault model. Such
models are commonly used to simulate time histories and develop
ground-motion equations (Atkinson & Boore 1995, 2006; Edwards
& Fah 2013; NGA-East Project 2015).

For instance, in the Sicily Channel the largest local event (around
150 km to the Maltese Islands) recorded on fully digital instrumen-
tation is M 5.0 with a hypocentral depth of 65 km. Because both the
strong-motion data set and the seismicity are lacking in the region,
we exploit a large number of weak-motion recordings from the
background seismicity and calculate series of region-specific pa-
rameters to estimate earthquake-induced ground motions for future
earthquakes in the Sicily Channel and the Maltese Islands. In fact,
this work aims to address the use of the weak-motion data and prop-
erly predict future ground motions of high-magnitude earthquakes
in the absence of the strong-motion recordings. In particular, we
calculated following parameters: (i) anelastic regional attenuation
function [Q factor as function of frequency and geometrical spread-
ing coefficient, g(r)]; (ii) value of the average parameters that de-
scribes the attenuation of energy due to the most upper layers around
the recording sites, κ ; (iii) a functional form that characterizes the
‘duration of shaking’ as a function of distance and frequency; (iv)
Brune stress drop parameter (�σ ) related to regional earthquakes
and its variation with magnitude.

The ground-motion parameters in terms of peak ground acceler-
ation (PGA), peak ground velocity (PGV) and spectral acceleration
(SA) (0.3, and 1.0 Hz) are then computed through the random vi-
bration theory (RVT) as a function of distance from the source
between 10 and 250 km for a range of different moment magni-
tudes between Mw 2.0 and Mw 7.0 using a calibrated source model.
RVT is the model and tool that requires signal duration and ampli-
tude spectra at the recording site, and commonly used to predict the
peak amplitudes of ground motion (Boore 1983). We combine the
Brune spectral source model with our resulting regional attenuation
model; duration of the ground motions coupled with site amplifica-
tion factors proposed by Boore (2016) for the ‘Generic-Rock Site’
condition with the averaged velocity at 30 m depth, Vs30, is 760 m s−1

together with the decay slope of the source excitation at high fre-
quencies (Anderson & Hough 1984). The moment magnitudes up
to M 7.0 are much larger than the ones of the data set (Mwmax4.5)
used to characterize source excitation and regional wave propaga-
tion. Extrapolations are retrieved over the calibration for the stress
parameter of the Brune source spectrum, by comparing our weak-
motion-based ground-motion estimations with a selected GMPE,
derived by Bindi et al. (2011) as a reference model for magnitudes
Mw>4.5. We benefit the Italian Macroseismic Database to justify
our ground-motion predictions for large earthquakes by using the
relationship between the Mercalli–Cancani–Sieberg macroseismic
intensity (IMCS) and PGA values proposed by Locati et al. (2016).

S T RU C T U R A L S E T T I N G A N D
S E I S M I C I T Y O F T H E S I C I LY C H A N N E L

The Sicily Channel and eastern Sicily are among the most seismi-
cally active regions of the entire Mediterranean (D’Amico et al.
2013; Baccheschi & D’Amico 2014 and reference in therein). The
complex tectonic framework is mainly controlled by the collision
between the Eurasian and African plates (Finetti 1982; Cello et al.
1985; Reuther & Eisbacher 1985). In particular, the Strait of Sicily
Rift is a fault-controlled and elongated trough in the foreland of
the Sicilian Apennine-Maghrebian fold belt and thrust (Fig. 1). The
largest faults that opened the Strait of Sicily Rift accommodate
throws of >2 km and developed an exceptionally deep seafloor
bathymetry, characterized by a stepped seafloor topography, that
exceeds 1 km in depth. The maximum activity phase in the devel-
opment of the Rift occurred during Plio-Quaternary times (Dart
et al. 1993) and produced the trough as well as the uplift of the
northern rift flank that produced the emergence of the Maltese
Archipelago in early Messinian (Pedley 1987). Seismic reflection
data have suggested syn-rift normal fault activity <5 Ma showing
significant stratigraphic thickness changes fault-related (Dart et al.
1993). The most important active fault system appears to be the
off-shore, striking ESE–WNW and paralleling the Strait of Sicily
Rift. The on-shore northernmost extent of the Rift fault system,
located on the SW coast of Malta, is supposed to be active dur-
ing late Pleistocene-Holocene (Bonson et al. 2007). Differently, the
majority of on-shore faults of the Maltese Archipelago strikes ENE–
WSW and their neotectonic movements have not yet been neither
reported nor deeply investigated.

In this region a high number of seismic events with magnitude
higher than 7.0 is contained in historical Italian earthquake cata-
logues (CPT11, Rovida et al. 2011). Moreover, in this region took
place the most devastating Italian tsunamis, as shown by tsunami
catalogues (Tinti et al. 2004). Waves locally exceeding 10 m were
produced in the tsunamis caused by the earthquakes of 1693 January
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Figure 1. Tectonic map of the Sicily Channel and Central Mediterranean to-
gether with the main geological and physiographic features of Sicily Channel
and Maltese Islands (modified after Gardiner et al. 1995).

11 and of 1908 December 28, hitting eastern Sicily and the Messina
Straits, respectively. Based on morphotectonic arguments and off-
shore seismic data analysis (Bianca et al. 1999; Argnani & Bonazzi
2005), as well as tsunami scenarios through the numerical simula-
tions (Tinti et al. 2001; Tinti & Armigliato 2003), several authors
have subsequently proposed that the causative faults are related to
Malta escarpment in the off-shore of eastern Sicily, characterized
by active extensional tectonics.

Moreover, there have been seven strong earthquakes reported in
Malta, the last in 1923 which has caused some damage in the Maltese
islands (Galea 2007). Finally, we stress that also Eastern Sicily, that
is one of the most seismically active areas in the Sicily Channel,
has been experienced by least five destructive earthquakes in the
last 1000 years (1169, 1542, 1624, 1693, 1818) with magnitudes
between 5.5 and 7.4 (Boschi et al. 1995).

DATA S E T A N D M E T H O D O L O G Y

We used background seismicity and earthquake data recorded at 48
broad-band seismic stations of the Italian Seismic Network (ISN)
run by Istituto Nazionale di Geofisica and Vulcanologia (INGV) that
recorded about 1968 earthquakes in the region from 2006 and 2012.
In particular, we used 15 995 waveforms related to earthquakes hav-
ing local magnitude ranging from 2.0 to 4.5, the bulk of data being
concentrated between M 2.0 and M 2.5. The selected events were
recorded at epicentral distances between 5 and 250 km. Figs 2 and
3(a) and (b) show the epicentral distribution and the characteristic
of the used data set, respectively.

In this study we follow the methodology proposed by Raoof
et al. (1999), Malagnini & Hermann (2000) and Malagnini et al.
(2000), and refer the reader interested in details of the methodol-
ogy to these papers. The approach has been successfully applied
in several regions worldwide (Akinci et al. 2006, 2014; D’Amico
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Figure 2. Regional map of the study area. The grey circles and triangles
present the epicentral locations of the earthquakes and the locations of the
Istituto Nazionale di Geofisica e Vulcanologia (INGV) seismic station that
are used for the regression analysis, respectively.

et al. 2012, and references herein). These authors demonstrated
how the large amount of regional and local seismic network data
can be used for calibration of models for stochastic predictions of
the ground motions in regions where the seismicity is moderate
and where strong-motion records are rare. They pointed out the
importance of uncertainties in the seismic wave propagation and
their impact on the earthquake hazard analysis. This paper has been
aimed in this respect towards developing new and reliable rela-
tions for studying region using the calibrated theoretical method of
stochastic ω-square prediction. Random vibration model of earth-
quake ground motions uses Brune’s spectra (Brune 1970, 1971),
together with simple, but physically sound assumptions about geo-
metrical spreading and anelastic attenuation to present the Fourier
amplitude of ground motion due to shear waves. Using this spec-
trum and associated duration, one calculates the root mean square
(rms) and peak amplitudes of ground response by assuming that the
ground motion during the strong shaking portion of an earthquake
is a finite-duration segment of a Gaussian random process.

For the purpose of this study an extensive database was used
following the quality and reliability analysis and digital data pro-
cessing. First of all, each waveform was visually investigated in
order to avoid recordings with low signal-to-noise ratio. Signals
were corrected for the instrument response and converted to ground
velocity in meters per seconds. Then, the pickings of the P- and
S-wave arrivals were analysed. Finally, corrected time-series were
filtered around 14 central frequencies fc (0.25, 0.40, 0.60, 0.85,
1.25, 1.75, 2.5, 3.5, 5.0, 7.0, 9.0, 12.5, 17.5, and 20.0 Hz). We have
combined a low-pass and a high-pass filter with corner frequency
at

√
2 fc, both 8-pole Butterworth

For each filtering frequency band and for each event, the peak
amplitudes of the velocity time-series were evaluated in the time
domain. All the velocity peak values peak(a(fc, rij)), for each fc at
the jth site during the ith event, are gathered into a matrix using
the following representation and be can be separated as the effect
of source, site, and propagation path (e.g. Andrews 1986; Phillips
& Aki 1986; Iwata & Irikura 1988; Castro et al. 1990; Boatwright
et al. 1991; Hartzell 1992; Carver & Hartzell 1995; Raoof et al.
1999):

Ai j

(
fc, ri j

) =EXCi ( fc, rref ) +SITE j ( fc) +D
(
ri j , rref , fc

)
(1)
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Figure 3. (a) Source–receiver distances distribution used for the regression analysis. (b) Number of earthquakes (used weak-motion data) as a function of
magnitude and depth.

where r represents the hypocentral distance, Aij (fc, rij) =
log10(peak(a(fc , rij))) is the maximum peak (in velocity) of the
recorded ground motion, SITEj (fc) and EXCi (fc, rref) represent
the site term and the source term respectively. D(rij, rref, fc) is the

regional seismic wave attenuation including the geometrical spread-
ing coefficient and frequency dependent anelastic attenuation. L1-
norm inversion method is used to solve eq. (1). In order to reduce
the degrees of freedom some constraints are applied to stabilize the
regressions.
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In order to force the crustal attenuation term to be zero at an
attributed distance, as well as the sum of the site effects at particular
frequency and at an attributed distance, rref = 40 km and defined as
follows:

D(r = rref , fc) = 0.0 (2)

∑
SITE j ( fc) = 0.0. (3)

The reference distance rref is chosen to be greater than the
hypocentral depth of the events used in the database. In this way
the average absolute site effects (Malagnini et al. 2004) are accom-
plished and introduced to the source excitation spectra EXCi(fc,
rref). This is the reason we called this term as the “source excita-
tion” rather than the “absolute source”. Therefore, the EXCi (fc,
rref) represents the ground-motion level expected at this reference
distance at the averaged network site effects. In this way the wave
propagation term D (r, f) is not disturbed by the presence of the
regional amplifications. Additionally, the smoothing constraint was
enforced to the crustal attenuation term D(rij, rref, fc), imposing a
constraint of minimum roughness with a null second derivative. It
is outlined over the segmented distances:

D (r, rref , fc) =
Nnodes∑

m=1

Lm(r )Dm (4)

in which Lm (r) is a linear interpolation function, m is the nodes for
the distance segments and Dm is the chosen value for the attenuation
function at the hypocentral distance. We constantly sampled the data
set using a logarithm scale, selecting specific distances for each
node.

In this study, model matrix (eq. 1) is constructed at around four-
teen central frequencies as mentioned above. Regressions carried
out all over the central frequencies represent the terms EXCi (fc, rref

), SITEj (fc), D(rij, rref, fc) using an L1-norm inversion scheme as
described by Bartels & Conn (1980). Regression results are given
for each term; path, source and site (eq. 1) separately in Figs 4,
5(a) and (b) and 6, respectively (empirical regression results are
presented by black curves in each figure). We also calculated the
effective time duration using time window containing the 5% and
75% of seismic energy following the S-wave arrival. These dura-
tions are presented in Fig. 7 as a function of distance at the six
frequency bands. The signal duration is an important and a neces-
sary parameter for the ground-motion prediction and can play an
important role for earthquake damage potential and for engineering
purposes especially in the assessment of liquefaction potential and
the inelastic deformation and energy dissipation of the short-period
structures (Bommer & Martinez-Pereira 1999; Mahin 1980). This
parameter will be used later in our study to predict the peak values
of the time series which is required by RVT application (see the
following section).

H I G H - F R E Q U E N C Y G RO U N D - M O T I O N
S C A L I N G A N D M O D E L L I N G

The most important parameters or assumption in the random vi-
bration modelling are the stress drop �σ (and its dependence with
magnitude), functional form of anelastic attenuation 1/Q(f) and ge-
ometrical spreading coefficient g(r), near-site attenuation term κ

and duration T. The modelling procedure can be performed again
following the RVT and the stochastic simulations (Boore & Joyner
1984; Boore 1983, 2005) considering the spectral amplitude shape
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Figure 4. Empirical propagation terms at fc (coloured curves) as a results of
regression of velocity waveform peaks. The attenuation and site term were
set to zero at the reference distance of 40 km. Our theoretical predictions
(black lines) were obtained for each fc using RVT. Finally, the horizontal
dashed line indicates the frequency dependence of the filtered time domain
D(r) corrected for the geometrical spreading coefficient.

and the signal duration to predict PGA, PGV and response spectra.
So that three main outcomes of the regression analysis (path, source
and site related terms) are modelled by the proper functional forms.

The term D(rij, rref, fc) is modelled by defining the anelastic
attenuation parameters Q(f) = Qo(f/fref) and geometrical spreading
g(r) (Aki 1980), together with the frequency and distance dependent
duration (Fig.3). It is important to note that there is a trade-off
between the anelastic attenuation and the geometrical spreading,
and it is hard to be distinguished and exist several methods to aim
to jointly solve both parameters (de Lorenzo et al. 2013). The rref

is chosen such that misallocations in hypocentral depth would not
significantly change the reference hypocentral distance. The seismic
source excitation EXCi (fc, rref ) in our data set is modelled using
the Brune’s source spectrum with a stress drop parameter �σ as a
function of magnitude. For the near site attenuation κ an independent
site term is attributed to each and every specific component of the
ground motion, for all stations. Since we forced the sum of the site
terms SITEj (fc) to a null value in the inversion matrix, our final site
terms present the relative site effects to the network average and are
automatically projected into the individual excitation terms in the
source spectra.

Anelastic attenuation and geometrical spreading

Fig. 4 shows the results of the regression as attenuation term as a
function of frequency and distance. Our empirical predictions for the
crustal attenuation terms are given in Fig. 4 as a function of different
central frequencies with coloured curves. These curves present the
normalized attenuation functions as a deviation from a 1/r trend
(horizontal lines in the figure represent a decay 1/r). However, the
theoretical predictions of the attenuation functions are presented
by black lines obtained for each central frequency through RVT,
considering a spectral model and calculated durations as a function
frequency (see Fig. 7). The crustal wave propagation is described
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Figure 5. Excitation of the peak-filtered velocities at a reference distance
rref = 40 km. (a) Comparison between the excitation terms of all earthquakes
with magnitudes between 2.5 and 4.5 with predictions obtained through the
RVT. The theoretical source terms computed for magnitudes of 2.5, 3.0,
3.5, 4.0 and 4.5 are indicated through red curves. The average excitation
terms computed for magnitude ranges between 2.0 and 2.5, 2.5 and 3.0,
3.0 and 3.5, 3.5 and 4.0, and 4.0 and 4.5 are indicated through blue curves.
(b) Trade-off existing between �σ and κ . Velocity spectra at two reference
magnitudes (Mww 1980)2.0 2.0 and Mw 4.5) are shown. They were derived
by the Brune spectral model applying three different values for the stress
parameter �σ , and two different values of the high-frequency attenuation
parameter κ . Spectra propagation from the source to the reference distance
(40 km) is performed considering the propagation characteristics of the
region. The two values of κ generically refer to rock sites (0.004 s), and
to moderately attenuating sites (0.04 s). Finally, the three values of stress
parameter (1, 10 and 30 MPa) are within a normal range of variability.

following a functional form that combines the frequency-dependent
attenuation and the geometrical spreading coefficient and given as
(Boore 2003):

D(r, rref , fc) = log {g (r )} − log {g (rref )}
− [π fc(r − rref )loge/βQ0( f/ fref )

η]. (5)

We then find our preferred high-frequency ground-motion attenu-
ation model using a trial-and-error procedure in fitting the observed
decay curves it is neither possible nor necessary to fit each curve
well. The best fit between the theoretical and the empirical curves is
satisfied by using the following parameters and relations eqs (6) and
(7) (Knopoff & Hudson 1967; Newman 1973; Aki 1981; Mitchell
1981):

Q ( f ) = 160( f/ fref )
0.35, (6)

where fref = 1.0 Hz, with the bilinear relationships for the hinged-
trilinear regional geometrical spreading parameter

g (r ) = r−1.00 r ≤ r0 = 50 km

g (r ) = (1/ro) (ro/r )0.8 r > ro. (7)

The crossover distance 50 km is related to the supercritical in-
cidence of shear waves reflecting off the Moho and marks the
transition between body- and surface-wave geometrical spreading.
For distances shorter than the crossover, the regional geometrical
spreading parameter is related to the body wave propagations and
generally is accepted to be r−1. For distances beyond 50 km, the
latter parameter g(r) requires a smoother value r−0.8 than the the-
oretical expected one (r−0.5) for surface waves. However, it is ob-
tained r−1.0 for the shorter distance, which is similar to the expected
value for the body-waves propagation in the crustal. We ascribe
this smooth change (see change of rate of amplitude decay in the
attenuation function in Fig. 4) in the exponent coefficient to several
possible causes, as: (i) there is no clear transit between lower crust
and Moho and the border between the fall-off of direct waves is not
pronounced; (ii) the contribution of the SmS phases is weak; (iii)
the emergence of lower crustal or Moho reflections is not significant
(Aki & Richards 2002).

The excitation source term

The empirical excitation terms, EXCi (fc, rref) in eq. (1) are linked to
the source spectrum and they represent the average expected level of
ground motion at reference distance, rref for each earthquake. These
terms can be modelled using the Brune (1970, 1971) spectrum and
“propagating” the source at the hypocentral reference distance of
40 km:

s ( f, Mw) (1/rref ) exp (−πrrefβ)

×Qo( f/ fref )
η〈V ( f ) exp (−π f κo) 〉avg, (8)

where the term V(f) expresses the average amplification site at the
bedrock (Atkinson & Silva 1997). κo describes the spectral decay at
high frequency at the recording site (Anderson & Hough 1984). It
may be also defined as the near-surface high-frequency attenuation
parameter. Since the geologic site conditions as well as the velocity
profile are not known for the recording stations in our study, the
average modification of the signal due to the site are controlled
by the term 〈V ( f ) exp (−π f κo) 〉 . This latter may be written as
κeff which represents the average distortion induced by the network
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Figure 7. At selected frequencies we report durations of seismic signals together with their standard errors as a function of distance. For each seismogram
the duration is calculated with time windows containing the 5%–75% of the integrated seismic energy that follows the onset of the S-wave. Black squares
indicate the duration estimates computed for each recording, while grey diamonds indicate the L1-norm estimates of the duration function that were used in
RVT analysis for the prediction of peak amplitudes. A piecewise linear curve (black) is used to link the grey diamonds.

sites:

exp(−π f κeff ) ∼ 〈V ( f ) exp(−π f κo)〉avg. (9)

The Fourier velocity spectra is represented by the following form
of s(f, Mw):

where Mo is the seismic moment (in Nm, according to Hanks
& Kanamori 1979), expressed by log Mo = 1.5(Mw + 6.03), ρ is
the density at the source and β is the shear-wave velocity at the
source. Moreover, K = R
� × V × F = 0.55 × 0.707 × 2.0 is a
coefficient composed of the effects of the radiation pattern (R
�),
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the free-surface effect for vertically incident S waves (F), and the
energy partition of initial shear wave amplitude (V).

Thus, the one-corner source spectrum S(f) is given bywhere fc =
0.49β(�σ /Mo)1/3. Here the corner frequency fc is determined from
the spectra. It is related to: the stress drop, �σ (MPa), seismic mo-
ment Mo (Nm) and the shear wave velocity β (ms− 1). The constant
0.49 depends on the type of model spectra and the geometry of the
source.

The empirical excitation source spectra are given in Fig. 5(a)
(black lines) together with the averaged source spectra (grey lines)
for events with magnitudes range between M 2.0 and M 2.5, M 2.5
and M 3.0 up to the M 4.0 and M 4.5. Empirical source spectra are
obtained over the regressions of the filtered peak amplitudes and the
theoretical models (red lines), that are obtained using the equation
described above. The theoretical curves were accessed by combin-
ing the source contribution (given by the Brune spectral model), the
regional geometric/anelastic attenuation, and the adopted site am-
plification. This latter is given by the term V(f), and was arbitrarily
chosen as a generic rock site (e.g. Boore 2016) which corresponds
to Vs30 = 760 m s−1. The amplification factors used in our study
were derived applying the quarter-wavelength approach (e.g. Boore
& Joyner 1997). Finally, in order to reproduce the spectral decay
at high frequencies due to scattering and attenuation at the site, we
have also applied a high frequency filter defined through an atten-
uation term (κ parameter, chosen to be equal to 0.04 s). We also
consider the estimated frequency-specific duration values (Fig. 7),
at the 40 km reference distance for the RVT simulations of the
filtered peak ground velocities.

There exists a trade-off between κ and �σ in defining the ra-
diated energy at the source. In this study the site and the source
terms present the averaged regional responses taking into account
all the sampled azimuths and incidence angles from the surface to
the bedrock depth, over all the sites as a result of the applied re-
gression method. Therefore, in this study we defined a stress drop
�σ = 2 MPa for Mw = 2.0 events and κ = 0.04 s, the latter is not
dependent of seismic moment, besides dependents only on the aver-
age attenuation properties at the recording sites. κ-values scatter as
an effect of the subsurface geology, and seem to be smaller at rock
sites than on soft sediments or on soft rocks. However, the absolute
scaling at the source and the absolute site effects may be properly
computed in a separate study (Malagnini et al. 2004; 2007; 2014a,
b).

From Fig. 5(a) it is possible to notice that the fit for Mw greater
than 4.0 events are very good at every frequency. Furthermore, we
observed that the stress drop increases linearly with the magnitude
from �σ = 2 MPa for Mw = 2.0 to �σ = 13 MPa for Mw = 4.5.

Note that in this study we obtain the stress drop parameter from
one-corner source model as described by Brune (1971). However,
different source models that characterize the radiated spectra are
essential in the predictive relationships for large events at low fre-
quencies. Some studies revealed the tendency of the Brune spectral
model (1970, 1971) over-predicting low-frequency spectral ampli-
tudes of large earthquakes (Atkinson & Silva 1997; Atkinson &
Boore 1997). At the same time, many other studies demonstrated the
Brune source spectrum is efficient in predicting the high-frequency
ground motions through a stochastic approach (Hanks & McGuire
1981; Boore 1983; Silva & Darragh 1995). Boatwright & Choy
(1992) and Atkinson & Boore (1997) realized that a two-corner-
frequency spectral model alters the spectra of large intraplate events

better than Brune model. In our study, we used a single corner-
frequency model essentially to be consistent with the Stochastic-
Method SIMulation SMSIM software (Boore 1996, 2003), this lat-
ter using the Brune (1971) values that have been adopted in the
ground-motion predictions (see following section).

As it is seen in Fig. 5(b) we exposed a clear trade-off between
the Brune stress parameter, �σ and κ . We compared averaged ex-
citations terms with a series of theoretical source spectra computed
using two κ parameters (0.04 and 0.004 s) together with three Brune
stress parameters (1, 10 and 30 MPa). The spectral amplitude decay
is controlled by the high frequency attenuation so that the κeff - pa-
rameter is totally responsible of the behaviour at high frequency
observed on small earthquakes. Conversely, the effect of the stress
drop is stronger for the largest earthquakes. Therefore, we first ob-
tained κ by performing a best fit analysis using an average spectral
shape obtained from small earthquakes of magnitude between M2.0
and 2.5. Then we used an appropriate stress drop parameter to adjust
the spectral levels at larger magnitudes (Mw ∼3.5).

Additionally, the computation of moment magnitudes of several
events in the data set were used to properly calibrate the source scal-
ing. We used moment tensor solutions computed by using the ‘Cut
and Paste’ method which employs a grid search technique to deter-
mine the source depth, moment magnitude and focal mechanisms
(D’Amico et al. 2010, 2011).

Site terms

Fig. 6 shows the site terms recorded at the reference hypocentral dis-
tance by the network at each site. This result may present the quality
check of the entire data set and results, as well as the verification
of the instrument calibration accuracy. The site term represents the
deviation from the mean seismic spectrum at each station, which is
caused by the shallow physical properties related to local geology
at the recording site. Since the site terms promote to trade-off with
the empirical excitation source terms, they cannot be used properly
in the present form. We stress that any systematic behaviour alter
the site terms would be evolved into the excitation source terms of
Figs 5(a) and (b), caused by the constrains adopted for the inversion
process. However, the variability observed between individual site
terms can be performed to quantify the uncertainties on our ground
motions estimations. Although there exists methods (Malagnini et
al. 2004, 2007, 2014a) to lower or ignore the implicit trade-off be-
tween excitation and site terms those are not applied in the present
case.

E S T I M AT I O N O F T H E
H I G H - F R E Q U E N C Y G RO U N D - M O T I O N
PA R A M E T E R S

We predict ground shaking levels as a series of ground-motion
parameters, PGA, PGV and SA, through the RVT using the em-
pirical excitation/source model, regional and site specific attenua-
tion functions, and the estimated ground-motion duration follow-
ing the Boore’s (1996) SMSIM stochastic ground-motion model.
The predictions are computed using the suite of source parameters
computed in this study together with those the extrapolated stress
parameters summarized in Table1, coupled with a generic rock site
amplification factors (Vs30 = 760 m s−1, Boore 2016) using empir-
ically obtained high-frequency attenuation parameter, obtained as
0.04 s. The reason why the generic rock site factors was assumed
in our study, is that the estimated κ value (0.04 s) is consistent
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Figure 8. Earthquakes recorded by the Strong Motion Network (RAN) belonging to the Department of the Italian Civil Protection Agency in the study area,
that are not used for the regression analysis but used for the validations; (a) 2014 January 14 (04:35:00), Latitude 38.362, Longitude 14.936, h = 11 km, Mw =
4.0; 2013 December 23 (04:20:38) h = 7, Lat 38.186, Lon 15.568, Mw = 4.0; (b) 2013 December 15 (03:57:33), Latitude 36.671, Longitude 14.941, h = 10.3,
Mw = 4.1; (c) 2013 January 4 (07:50:06), Latitude 37.873, Longitude 14.722, h = 10.1 km, Mw = 4.3; (d) 2014 April 5 (10:24:45), Latitude 38.793, Longitude
17.26, h = 65.7, Mw = 5.0. The epicentral locations of the earthquakes used for the validation analysis are given by stars. The locations of the strong-motion
stations are given by triangles.

Table 1. High-frequency ground-motion model parameters.

C = R
�VF/4πρβ3

R
� = 0.55; V = 0.707; F = 2.0; ρ = 2.8 g cm−3; β = 3.5 km s−1

s(f) = 1/[1 + (f/fc)2]
fc = 0.49 × 106 β (σ /Mo)1/3 Hz

ω = 2.0, 3.0, 4.0, 4.5, �σ = 1, 5, 7, 13 (empirical determined)

ω = 5.0, 6.0, 7.0; �σ = 20 MPa (extrapolated)
κeff = 0.04 s
Q(f) = 160(f)0.35

g(r) = r−1.0 r ≤ ro 50 km
g(r) = (1/ro)(ro/r)0.8 r > ro

Fmax = 100 Hz
Generic Rock site amplification (Vs30 = 760 m s−1).

with the average value of κ = 0.035–0.04 s determined by Boore
(2003) and Boore & Joyner (1997) in the western United States us-
ing the specific shear-wave velocity profile based on averaged shear
wave velocities at 30 m depth, Vs30 = 760 m s−1 though the quarter-
wavelength approach. Several models are developed that combine
Vs30 and κ scaling from hard-rock to soft-rock demonstrating the

correlation beneath a given site between the shear wave velocity pro-
file and the high frequency attenuation parameter (Campell et al.
2014, Ktenidou & Abrahamson 2016).

In fact, the aim of this study is demonstrating that weak-motion-
based attenuation models, together with the source and site scaling
may be used to estimate the ground-motion parameters as function
of distance, magnitude and frequency more precisely (Malagnini
et al. 2011; D’Amico et al. 2012).

As the four earthquakes registered by the Italian Strong-Motion
Network (RAN) given in Fig. 8 were not included in the database
driven for the prediction, we have used these events as a valida-
tion test. We thus extrapolate predictions for earthquakes only for
more than a half magnitude unit above the largest earthquake in the
calibration data set. Fig. 8 shows the location of recording site for
events available only in the moment magnitude range 4.0-4.2 and
5.0.

Therefore, we attempt to extrapolate our results into larger mag-
nitudes up to M 7.0, beyond the magnitude range that consists the
database used in our regressions, for applicability to the seismic
hazard assessment in the region. Since we do not have either the
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Figure 9. Residuals for the three magnitudes of events; (a) M 5.0, (b) M 6.0 and (c) M 7.0 between the predicted ground-motion parameters for three stress
drop parameters (�σ 15, 20 and 30 MPa) and the selected GMPE, ITA10 derived by Bindi et al. (2011), plotted as functions of Rjb distance, in natural log
units.

strong- or the weak-motion recordings for larger magnitudes we
compare our ground-motion levels with those some from recently
derived GMPEs. We adopt an attenuation equation from the Italian
database derived by Bindi et al. (2010 and 2011), as a reference
model for the B site class (Vs30 = 360–800 m s−1), classified ac-
cording to Eurocode8, EC8 (CEN 2003). Regarding to the stress
drop scaling with larger magnitudes (in our case Mw>4.5), we se-
lect two different stress models: (1) variable stress parameter with
values of 10, 15, 20, 25, 30, 35 and 40 MPa for M > 4.5 events; (2)
the constant stress parameter, 13 MPa which is equal to that of M
4.5 the stress drop value obtained in this study from the excitation
terms (Fig. 5a curves with grey colours).

In order to assess the level of fit between predictions and the ref-
erence model ITA10, we calculate residuals, R at each RJB distance

j, as

R j (�σ ) = ln
(
Y j , GMPE

) − ln
(
Ȳ (�σ i) j, SIM

)
, (12)

where Y is the considered parameter (PGA, PGV or SA) from the
ITA model. indicates, for the distance j, the predicted ground-
motion parameters calculated using the stochastic approach. The
model bias B(�σ i) for a list of stress drop parameters was also
computed by summing the residuals over all distances:

B(�σi ) = 1/N
∑N

j=1
(R j (�σi )). (13)

A perfect match between the ITA10 and predicted model would
have Rj= 0, whereas a negative residual shows an over prediction
of the simulations with respect to the ITA10 model from GMPEs.
In Figs 9(a)–(c), we present the residuals as a misfit between the
reference ITA10 model and the predictions that are estimated using
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Figure 10. Comparison of model bias from the stochastic based ground-
motion predictions calculated using a series of stress drop parameters with
the selected GMPEs derived by Bindi et al. (2011) that was taken as a
reference model over three magnitudes M 5.0, 6.0 and 7.0.

three different stress drop parameters (15, 20 and 30 MPa), as
a function of distance for the selected ground-motion parameters
(PGA, PGV and SA-1 Hz) for three magnitudes, M 5.0, 6.0 and
7.0, respectively. Stress drop parameter is sensitive at the larger
magnitudes where the misfit decreases compare to that of M 5.0 at
both closest (R < 5 km) and longer distances (R <100 km).

However, Fig. 10 demonstrates the residuals computed using
eq. (13) by averaging the residuals for the near and intermediate
distances (RJB < 50 km) considering the PGA and PGV values for
the various stress drop parameters at three magnitudes and the best
one that of close to zero, �σ = 20 MPa which provides a better fit
to the reference ITA10 model.

Figs 11(a)–(c) show the comparisons between the observed
ground-motion parameters from those earthquakes recorded in the
area, reference ITA10 model and the predictive model derived using
the stress drop values �σ = 2.0 MPa for events M < 4.5 and �σ =
20 MPa for events M > 4.5. We stress that the smaller size magni-
tude M < 4.5 earthquakes cannot be explained by large stress drop
of 20 MPa and above since they perfectly agree with the observed
data.

We demonstrate that a stochastic model based on region-specific
attenuation and source parameters provides a good fit to the reg-
istered data with magnitudes 4.0, 4.2 and 4.3 events, at distances
of up to approximately 250 km (Figs 11a–d) while ITA10 model
tends to over predict the shaking at those magnitudes. This is a good
validation and of the predictive capability of the presented model
at least for the small events. On the contrary the estimates of PGA
for magnitude 5.0 event is underestimated by the ITA10 and the
predicted model (Fig. 11a) while both models are in good agree-
ment with observed PGV and SAs (Figs 11b–d). In generally, the
predicted ground motions (PGAs, PGVs and SA) decay faster than
the ITA10 model, at both moderate and large distances. The faster
attenuation of ground motion is in agreement with the observed data
at least for magnitudes between M 4.0 and 5.0 events. In this case
the difference of PGA and the agreement at lower frequencies can
be easily attributed to the fact that the earthquake hypocentral depth
is 65 km, but our data set used to retrieve the crustal attenuation
model does not contain any event deeper than 30 km. It is fair to
point out that there are not several events in the area with magnitude
greater than 5.0 so no other comparisons were possible.

In order to validate our ground-motion prediction for large earth-
quake (Mw ≥ 5.0) we further simulated PGA values for 16 his-
torical earthquakes occurred in the study area (Fig. 12; Table 2).
More than eight hundred values have been simulated and compared
with observed data available on the Italian Macroseismic Database
(https://emidius.mi.ingv.it/CPTI15-DBMI15) by using the relation-
ship between the IMCS and PGA, proposed by Locati et al. (2016)
for Italian territory. As shown in Fig.12 our simulated values are in
good agreement with the intensity reported by the estimates in the
Italian Macro-seismic Database. However, the differences between
the observed and simulated intensity values can be ascribed to the
fact that PGA is surely affected by local site conditions and macro-
seismic data usually do not take into account possible structural
problems of building stock.

C O N C LU D I N G R E M A R K S

We have characterized the ground velocity distance scaling in the
frequency range 0.25–20 Hz and in the distance range from 10 to
250 km in the Sicily Channel and around Maltese Islands. The at-
tenuation characteristics are determined only on regional seismic
events recorded by the stations of the regional network. They thus
represent the average effects for shear and surface wave attenua-
tion in the region. The inverted empirical excitation at the 20 km
reference distance was inferred from spectral values for earthquake
magnitudes between M 2.0 and M 4. The excitation spectra of seis-
mic events obtained from the regressions previously described were
suitably fit by using the model for wave propagation model shown
through eqs (6) and (7). We completely removed the empirical ex-
citation terms from the propagation model by using the constraint
in eq. (2). For the spectral fit we included: (i) a single-corner fre-
quency Brune spectral model adding a stress parameter increasing
at increasing earthquake’s magnitude up to larger magnitudes (M
7.0) more beyond the magnitudes of the empirical database (Mwmax

4.5); (ii) a roll-off parameter κ = 0.04 s for high frequencies together
with the site amplifications as given by Boore (2016) for a generic
rock site, Vs30 = 760 m s−1. While intermediate-to-high frequencies
are sensitive to changes in the stress drop parameter, low frequen-
cies may be sensitive to the chosen spectral model (e.g. single-
versus double-corner frequency). However, since our database is
mainly composed of small magnitude events (maximum magnitude
being 4.5), the Brune spectral model is simply utilized to calibrate
the stress drop parameter matching that with the excitation source
term. We observed that the stress parameter increases with increas-
ing magnitudes from M 2.0 to M 4.5, with the stress drop values
of 2.0 and 13 MPa, respectively. However, we would like to stress
that the extrapolated stress drop parameter for larger events (M 5.0
up to M 7.0) obtained in this study may imply large uncertainties at
the larger magnitudes (see Figs 5b and 10d) considering the lack of
large magnitude events in the database. The stress drop obtained for
events with M > 4.5–5.0 is constant, being 20 MPa up to larger M
7.0 magnitude events while it increases with increasing magnitude
up to M 5.0 and then becomes constant. This value is validated com-
paring the predicted PGAs against the observed data available on
the Italian Macroseismic Database for larger events, showing good
agreement with the reported intensity. Nevertheless, it is essential
having a complete weak-motion data set that covers large range of
magnitude events (let say M 2.0–7.0) for an accurate ground-motion
prediction particularly in regions where strong-motion data are not
available. In this study we demonstrate that the weak-motion-based
region-specific high-frequency spectral parameters can be used to
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Figure 11. Comparisons of observed, predicted and reference model ground-motion parameters in terms of (a) PGA (g); (b) PGV (cm s−1); (c) SA (0.3 Hz)
and (d) SA (1 Hz). The reference model (dashed lines) is adopted from Bindi et al. (2011) considering the B site class that is related to Vs30 = 360–800 m s−1,
following the Eurocode8, EC8, (CEN 2003). The simulated values (continuous lines) are obtained through the RVT utilizing the SMSIM computer code (Boore
1996). The simulated PGA and PGV values were estimated for earthquakes reported in Fig.7 (grey triangles represent the observed data for Mw = 5.0 while
the red, green and blue triangles represent the observed ground-motion parameter for the events with magnitude 4.0, 4.1 and 4.3) using the parameters derived
in this study (see spectral parameters in Table 1).

well predict the average ground-motion amplitudes through stochas-
tic approach, presenting good agreement with the recorded events
so for intermediate magnitudes (around M 4.1–4.5).

Furthermore, recently published papers (Akinci et al. 2014;
Drouet & Cotton 2015; Edwards et al. (2016) have pointed out
that the crustal and near-site attenuation as well as the source scal-
ing are both region-dependent, thus it is crucial to perform regional
studies for ground-motion prediction. Unfavourably there exit few
or no information, as well as published scientific documents on the
mentioned parameters for the study region. Di Bona et al. (1995)
studied source and attenuation parameters for the 1990 Eastern
Sicily earthquake (M 5.3), and found κ= 0.040 ± 0.005 s using the
data mostly recorded by the strong-motion stations located on the
Iblean platform. In their study they fitted the S-wave acceleration
spectra with a Brune source model for each recording (Boore 1996),
calculating stress-drop parameters between 21 and 200 MPa. This
variety of values for the stress drop and κ parameters was referred
by the authors to crustal heterogeneities and near receiver amplifica-
tion due to surface geology and topography. Our estimate of κ value
is quite similar to computation by Di Bona et al. (1995).

Scognamiglio et al. (2005) have found different Q(f) relations for
a small region in Sicily, with higher Q and κ values respect to values
found in this study. This discrepancy could be linked with: (i) the
limited number of data and particularly short range of frequency
used by Scognamiglio et al. (2005) in a relatively smaller area
compared to one studied in this study; (ii) the different geologic and
tectonic settings between the two areas.

Our results contribute to the perception that the variation of the
stress drop value as well as parameters describing the crustal attenu-
ation is of primary importance in the strong ground-motion predic-
tions, in both deterministic and stochastic methods. These methods
are very useful when not enough real recordings are available to
assess ground motion at large magnitude (Edwards & Fäh 2013;
Rietbrock et al. 2013). In this study we provide the weak-motion-
based region-specific high-frequency spectral parameters may be
utilized estimating the ground-motion amplitudes and parameters
through stochastic and deterministic methods for future earthquakes
in the Sicily Channel. Finally, we conclude that the uncertainties re-
lated to region-specific ground-motion prediction equations may be
reduced by using extensive and more complete weak-motion data
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Figure 12. Comparison of observed MCS intensity values versus simulated. The latter were converted using Locati et al. (2016) relationship. Note that the
number of points represented by this graph is actually larger than the number of points shown, since any point may represent multiple occurrences of a given
observed/simulated intensity pair. The inset shows the epicentral location of historical earthquakes reported in Table2.

Table 2. Source parameters of the historical earthquakes used in this study.

Date Time Lat Lon Io No. of Sites
Equivalent
magnitude

1 9 1726 21:55 38.117 13.35 7.5 8 5.6
5 3 1823 16:37 38 14.1 8 107 5.7
31 10 1967 21:08:07 37.867 14.417 8 60 5.6
25 8 1613 5:00 38.117 14.783 8 2 5.6
10 3 1786 14:10 38.1 15.017 9 10 6.2
15 4 1978 23:33:47 38.117 15.017 8 333 5.7
20 2 1818 18:15 37.6 15.133 9.5 128 6.2
3 10 1624 17:00 37.267 14.75 8 4 5.6
4 2 1169 7:00 37.217 14.95 10 10 6.4
10 12 1542 15:15 37.233 15.017 10 32 6.8
11 1 1693 13:30 37.133 15.017 11 185 7.4
9 1 1693 21:00 37.133 15.033 8.5 30 6.2
7 6 1125 11:00 37.083 15.283 8.5 1 5.8
1 9 1295 3:00 37.5 14 8.5 1 5.8
15 1 1968 2:01:09 37.767 12.983 10 163 6.5
15 1 1968 1:33:02 37.767 13 8 15 5.6

set composed of waveforms recorded both at local and regional
distances produced by large earthquake sequences that cover both
large distance and magnitude ranges.
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