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CHAPTER 1 
 
Introduction 
 The assessment of seismic hazard is probably the most 
important contribution of seismology to society. The prediction of the 
earthquake ground motion has always been of primary interest for 
seismologists and structural engineers. Large earthquakes that have 
occurred in recent years in densely populated areas of the world 
(Izmit, Turkey, 17 August 1999; Duzce, Turkey, 12 November 1999; 
Chi-Chi, Taiwan 20 September 1999, Bhuj, India, 26 January 2001; 
Sumatra, Indonesia 26 December 2004; Wenchuan, China, May 12, 
2008; L’Aquila, Italy, April 6, 2009) dramatically highlight the 
inadequacy of a massive portion of the buildings erected in and around 
the epicentral areas. The Izmit event was particularly destructive 
because a large number of buildings were unable to withstand even 
moderate levels of ground shaking, demonstrating poor construction 
criteria and, more generally, the inadequacy of the application of 
building codes for the region. Another example is the L’Aquila 
earthquake (April, 06, 2009; Mw=6.3) in which 300 persons were 
killed and over 65,000 were left homeless (Akinci and Malagnini, 
2009). It was the deadliest Italian earthquake since the 1980, Irpinia 
earthquake, and initial estimates place the total economic loss at over 
several billion Euros. Many studies are already carried out describing 
the rupture process and the characteristics of local site effects (Cirella 
et al., 2009; D’Amico et al., 2010a; Atzori et al., 2009, Akinci et al., 
2009) for this earthquake. It has been observed that many houses were 
unable to withstand to the ground shaking.  
 Building earthquake-resistant structures and retrofitting old 
buildings on a national scale may be extremely costly and may 
represent an economic challenge even for developed western 
countries. Planning and design should be based on available national 
hazard maps, which, in turn, must be produced after a careful 
calibration of ground motion predictive relationships for the region 
(Kramer, 1996). Updating existing hazard maps represents one of the 
highest priorities for seismologists who contribute by refining the 
ground motion scaling relations and reducing the related uncertainties.  
 The quantitative estimate of the ground motion is obtained 
through the use of the so-called attenuation relationships (see Kramer, 
1996), which allow the estimation of specific ground-motion 
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parameter as a function of magnitude, distance from the source, and 
frequency. These relationships should be calibrated in the region of 
interest.  
 Often these attenuation relationships are usually obtained 
byregressing a large number of strong-motion data (Campbell and 
Bozorgnia, 1994; Boore et al., 1993; Ambraseys et al., 1996; Ambraseys 
and Simpson, 1996; Sabetta and Pugliese, 1987; 1996). For the Italian 
region the most used attenuation relationships are those obtained by 
Sabetta and Pugliese (1987, 1996). They were the first to present the 
result of regression of strong motion data to define the attenuation of 
the peak horizontal acceleration (PHA) and peak horizontal velocities 
(PHV), and up to date they are the only available for the whole country. 
The database used by Sabetta and Pugliese (1987) contained 
waveforms generated by a quite small number of events in different 
tectonic and geological environments. To obtain their equations 
Sabetta and Pugliese (1987) used the largest of the two peaks on the 
horizontal time histories together with the local earthquake 
magnitude. Sabetta and Pugliese (1996) developed empirical 
predictive relationships for the vertical and the horizontal components 
of the response spectra. Sabetta and Pugliese (1987) used 190 
horizontal components from 17 earthquakes recorded in Italy since 
1976 (4.6< M<6.8) while Sabetta and Pugliese (1996) used 95 
accelerograms among the same data set. A multiple regression was 
carried out in the 1996 article for 14 different response spectra 
frequencies in the range 0.25–25 Hz. It has been shown that these 
attenuation relationships do not reproduce the ground motion in the 
proper way (Malagnini et al. 2002; Morasca et al. 2006; Scognamiglio 
et al. 2005). This is probably due to the fact that Sabetta and Pugliese 
(1987, 1996) attenuation relationships are calibrated just using few 
earthquakes occurred in different tectonic and geological 
environments.  Furthermore they are calibrated in a limited magnitude 
range and they should be used just up to magnitude 6.8. The southern 
Italy region have experienced several earthquake in past having 
magnitude even greater than 7. For these reasons the Sabetta and 
Pugliese (1987, 1996) attenuation relationships are not suitable for 
predicting the ground motion in the southern Italy. It is also a key 
point to evaluate the regional features of the investigated area for 
having a model that can be used to reproduce realistic scenarios based 
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on the complete knowledge of the area (e.g. attenuation property of the 
crust, site effects and source characteristics).   
  The attenuation properties of the crust can be evaluated using 
the background seismicity as suggested by Chouet et al. (1978) and 
later demonstrated by Raoof et al. (1999) and Malagnini et al (2000a, 
2007). In other words, it is possible to develop regionally-calibrated 
special attenuation relationships even where strong-motion data are 
not available. One of the purposes of this work is to describe 
quantitatively the regional attenuation and source characteristics for 
constraining the amplitude of strong motion expected from future 
earthquake in the area. In this work we use the background seismicity 
to perform our analysis (details in Malagnini et. 2000a, 2007). For each 
seismogram the logarithm of its peak value is written as the sum of an 
excitation term relative to an arbitrary reference distance, a site term, 
and a propagation term. 
 As discussed later we derive the crustal attenuation parameters 
and factors related to the source scaling from the results of the 
regression. Modeling is also carried out through the use of Random 
Vibration theory (RVT) (Cartwright and Louguent-Higgins, 1956) to 
obtain estimates of the peak ground motion parameters in the time 
domain. From these we can construct predictive relationships as a 
function of distance from the earthquake and earthquake source size. 
These kinds of studies are usually calibrated on “rock-site”. 
 However, from an engineering point of view, it is necessary also 
consider the characteristic of a specific site (Rapolla et al. 2008). In 
fact, these are very important and can affect a lot of structures. The 
effect of amplification at a site, due to the surface geology and 
subsurface structure, should be considered in ground motion 
evaluation at the site. To estimate the site amplification different 
methods are proposed (King and Tucker, 1984; Malagnini et al. 2004, 
2007; Stiedl et al., 1996; Moya et al., 2000). Amplification and 
deamplification due to surface geology of a particular site is a quite 
complex phenomenon which also depends on the frequency and the 
level of the ground motion. However in this study we will refer to the 
NEHRP classification (BSSC, 1994) in order to consider different site 
conditions.  
 The methodology used in here for determining the attenuation 
properties has been successfully applied in different part of the world: 
California (Raoof et al. 1999; Malagnini et al. 2007), northwestern 
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United States (Herrmann and Dutt, 1999; Jeon and Herrmann 2004), 
central United States (Herrmann and Malagnini, 1996), Mexico (Ortega 
et al., 2003), Greece and Crete (Pino et al., 2001), Italy (Malagnini et al., 
2000a,c: 2002; Morasca et al. 2006; Scognamiglio et al. 2005), Central 
Europe (Malagnini et al, 2000b, Bay et al. 2003),  Turkey (Akinci et al., 
2001, 2006), India (Bodin et al., 2004). The approach has been applied 
in different parts of Italy but, due to the “poor” distribution of seismic 
stations in Southern Italy, the area has not yet been studied from this 
point of view.  Fortunately, the deployment of a large number of 
temporary seismic stations in the area provides a good data set for 
performing the necessary analysis to find a suitable attenuation 
relationship for Southern Italy.  
 Using the source and attenuation parameters estimated in this 
study, stochastic simulations (Motezidian and Atkinson, 2005; 
Assatourians and Atkinson, 2007; Boore, 2010) and characteristic of 
the mapped fault, it will be possible to predict the expected ground 
shaking such as Peak Ground Acceleration (PGA) and Peak Ground 
Velocity (PGV). The source terms are calibrated using the magnitude 
calibrated through waveform modeling of the largest events (D’Amico 
et al. 2010b, 2010c). Finally a functional form for a predictive 
relationship in the study area will be also derived. This approach 
allows us to extrapolate predictions to magnitudes larger than those 
sampled in the data set. This is really important because one can make 
predictions for regions where strong-motion data are lacking or where 
even data for moderate earthquakes are not available (D’Amico et al. 
2010d). To test the possibility of making ground motion predictions 
for magnitudes larger than those sampled in the original data set we 
performed those studies also for Taiwan (D’Amico et al. 2010d). In fact, 
in this area there are a large number of data recorded from 
earthquakes up to magnitude 7.6. The results (D’Amico et al., 2010d) 
obtained in the study clearly highlight the applicability of the 
approach.  
 The model obtained for southern Italy can later be used for 
upgrading the most recent hazard map of Italy and for engineering 
designs as well. The results obtained in this study are also useful to 
implement tools like ShakeMap® (Wald et al. 2005) which use this 
kind of information to generate a rapid estimate of shaking. 
ShakeMap® is a tool used to portray the extent of potentially damaging 
shaking following an earthquake. It can be used for emergency 
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response, loss estimation, and public information. ShakeMap® was 
first developed for earthquakes in southern California. Istituto 
Nazionale di Geofisica e Vulcanologia (INGV) runs this tool for 
Mediterranean earthquakes and in particular for the Italian region. 
Shake maps show the distribution of ground shaking in the region, 
information that can be really critical for emergency management 
decision making. In fact, it is the distribution of peak ground motion 
and intensity rather than the magnitude that provides useful 
information about areas prone to damage. Having this information in 
real time will result in lives saved and reduction in property damage. 
After a damaging earthquake, emergency responders must quickly find 
answers to important questions such as the location of the most 
serious damage, and specifying the resources that must be mobilized. 
Usually government response organizations answer these questions 
after a preliminary survey of the damaged area.  This reconnaissance 
can require several hours or sometimes some days to be completed. As 
a result, decisions regarding search and rescue, medical emergency 
response, care and shelter for the injured and displaced persons, and 
other critical response must often be made while information is still 
incomplete. In this context a rapid and automatic estimate of 
earthquake effects for the affected area is really important, that is why 
attenuation relationships play a key and really important role in 
improving these tools.  
 In the present thesis the first chapter presents a brief 
introduction on the problem discussed in this work and the 
motivation. The second and third chapters provide moment tensor 
solutions in the Calabrian-Peloritan area. The moment tensors were 
computed by applying waveform inversion to small and moderate 
magnitude earthquakes. The obtained focal mechanisms also furnish 
new knowledge about low-magnitude earthquake mechanics that will 
be useful for improved understanding of the local geodynamics. The 
fourth chapter briefly presents the methodology described by Raoof et 
al. (1999) and used here for determining the attenuation properties of 
southern Italy. Chapter five describes the approach used to obtain the 
estimation of the ground motion parameters (such as PGA) and the 
derived predictive ground motion relationship for central and 
southern Italy obtained by performing the regression of the Peak 
Ground Acceleration data. Chapter 1 and Chapter 2 have been 
published respectively by D’Amico et al. 2011 and 2010. 
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CHAPTER 2 
 
Testing the Stability of Focal Mechanism Solutions for Small and 
Moderate Earthquakes in the  Calabrian-Peloritan Arc Region 
(Southern Italy) 
  
Introduction 
 During the last two decades the use of waveforms recorded at 
local-to-regional distances has increased considerably. Waveform 
modeling has been used to estimate faulting parameters of small to 
moderate size earthquakes (D’Amico et al., 2008, 2010b, 2010c; 
Mancilla et al. 2002; Tan et al. 2006; Zhu et al. 2006). Waveform 
modeling also has implications for seismic verification efforts and 
provides useful information for understanding the tectonic features of 
many regions where only small events are available to provide 
information on regional deformation.  
 Southern Italy is one of the most seismically active areas of the 
Italian peninsula and is characterized by a low-to-moderate activity at 
present. According to the existing seismic instrumental catalogues 
[“Catalogo della Sismicita Italiana” (CSI, Working Group 2001), 
“Bollettino Sismico Italiano” (http://bollettinosismico.rm.ingv.it/),  
ISIDE (http://iside.rm.ingv.it) and the catalogue of the regional seismic 
network of Calabria University] the area has experienced just a few 
events with magnitude above 5 in the last thirty years. However, based 
on the historical record, the area has suffered intensity X or higher at 
several times in the past centuries (for example in 1638, 1659, 1783, 
1870, 1905, 1908) (Boschi et al., 2000; CPTI, Working Group 2004) 
and is known to be an area of high seismic hazard 
(http://zonesismiche.mi.ingv.it; “Mappa di pericolosità sismica del 
territorio nazionale”). Modeling regional seismograms for constraining 
moment tensors is widely accepted and largely documented by 
extensive literature. Modeling regional waveforms provides a good 
constraint in determining accurately the source mechanism and depth. 
Langston (1981) showed that it is possible to use the relative 
amplitude of P, SH, and SV waveforms to discriminate among fault 
types. Many attempts for modeling regional seismograms have been 
done in the last decades by using the body (Fan and Wallace, 1991 and 
Dreger and Helmberger , 1993) and surface waves at different periods 
(Thio and Kanamori, 1995; Romanowicz et al., 1993; Ritsema and Lay, 

http://bollettinosismico.rm.ingv.it/
http://iside.rm.ingv.it/
http://zonesismiche.mi.ingv.it/
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1993; Herrmann, 2008).  However, the use of the surface waves only 
requires a good azimuthal coverage around the source, which makes 
the application less effective in cases where only a few stations are 
available. The Cut and Paste (CAP) method (Zhu and Helmberger, 
1996, Tan et al. 2006) can be considered as a step forward since by 
using this method, it is possible to separate the entire records into 
body and surface waves and model them with different time shifts. In 
doing so this method desensitizes the timing between the principal 
crustal arrivals. Therefore accurate source estimates can be achieved 
with use of imperfect Green’s functions.  
 The ultimate goal of this chapter is to test the possibility of 
estimating faulting parameters of low and moderate magnitude events 
in the Calabrian-Peloritan arc region. We test the applicability of the 
CAP (Zhu and Helmberger, 1996; Tan et al. 2006) and SLUMT 
(Herrmann, 2008) methods  in order to implement the procedure for a  
compilation of a moment tensor catalogue for the area with a  
magnitude threshold as low as possible. This is important to improve 
the knowledge of the regional stress field and for understanding the 
tectonic features of the area. To illustrate the results of the methods we 
present as examples the moment tensor solutions obtained for three 
small earthquakes. For several larger earthquakes, we compare our 
solutions to those available in the RCMT (Regional Centroid Moment 
Tensor, Pondrelli et al. 2006; 
http://mednet.rm.ingv.it/quick_rcmt.php), TDMT (Time Domain 
Moment Tensor; http://earthquake.rm.ingv.it/tdmt.php; Scognamiglio 
et al. 2009) catalogues, and those computed by Li et al. (2007). It is 
important to remark that, for this region, just a small number of 
moment tensor solutions have been reported. Our results provide a 
key element, still incomplete but useful,  to constrain the regional 
tectonic processes in the Calabrian arc especially considering that the 
solutions estimated from P-onset polarities are often poorly 
constrained in this magnitude range. 
 
 
Conclusion 
 Earthquake source parameters play a key role in several 
seismological researches. Moment tensor solutions provide the source 
focal mechanisms (strike/dip/rake of possible fault plane), depth and 
moment magnitude allowing, for example, to constrain regional 

http://mednet.rm.ingv.it/quick_rcmt.php
http://earthquake.rm.ingv.it/tdmt.php
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seismo-tectonic deformations and the stress field. Focal mechanisms 
estimated with the traditional method of P-wave first motion are 
usually affected by inherent uncertainties, and they might be unstable 
because of insufficient azimuthal coverage and are not easily 
determined for low magnitude events. In addition the RCMT and 
TDMD catalogues report only a few moment tensor solutions in the 
area. Thus the knowledge derived from earthquake focal mechanisms 
in this area can be considered  limited.  
 In this study we provided moment tensor solutions for several 
events of small to moderate magnitude in the Calabrian-Peloritan arc. 
We used waveforms recorded by the Italian National Seismic Network 
and managed by the INGV and the CAT-SCAN project. We computed the 
moment tensor solutions using the CAP and SLUMT methods and 
tested the stability of the final solutions by sensitivity to using different 
stations or velocity models. Comparisons have been also made with the 
available published solutions. We concluded that the final focal 
mechanisms were robustly determined. Furthermore we showed that 
the application of CAP and SLUMT methods can provide good-quality 
solutions in the area in a magnitude range not properly represented in 
the Italian national catalogues and where the solutions estimated from 
P-onset polarities are often poorly constrained.  
 In the near future, by applying the CAP and SLUMT methods, we 
expect to provide several more moment tensor solutions to improve 
the knowledge of the of the seismo-tectonic regime, the regional stress 
field features, and the seismic hazard in the Calabrian arc.  
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CHAPTER 3 
 
Broadband Waveform Inversion of Moderate Earthquakes in the 
Messina Straits 
 
Introduction 
 The Messina Straits and the adjoining areas of the Calabro-
Peloritan Arc in Southern Italy (Figure 3.1) are characterized by 
intense active tectonics as evidenced by the occurrence of destructive 
earthquakes (Boschi et al., 1995; CPTI Working Group, 2004; 
Guidoboni et al., 2007). The magnitude 7.2 Messina Straits Earthquake 
of December 28, 1908 was the strongest Italian earthquake of the past 
century (CPTI, Working Group 2004) and caused more than 60,000 
casualties and the destruction of many towns and cities in 
northeastern  Sicily and neighbouring Calabria (Baratta, 1910). The 
1908 earthquake may have been caused by the activation of a normal 
fault located in the Messina Straits, but the exact location and geometry 
of the fault are still controversial (Boschi et al., 1989; Bottari et al., 
1989; Valensise and Pantosti, 1992; Monaco and Tortorici, 2000, 
Amoruso et al., 2002 and 2006; DISS Working Group, 2007; Pino et al., 
2009). 
 The low level of seismicity in the Messina Straits in the last few 
decades (Neri et al., 2003, 2004, 2008) has not permitted seismologists 
to define the locations and mechanisms of the seismogenic faults in 
this area. Current knowledge about the earthquake mechanisms is 
represented by the small number of moment tensor solutions 
published for this area in the Italian CMT catalog (Pondrelli et al., 
2006). As discussed later in this chapter, other moment tensor 
solutions available on the web for this area are ranked as preliminary 
and await validation (http://mednet.rm.ingv.it/quick_rcmt.php; 
http://earthquake.rm.ingv.it/tdmt.php). In addition, the solutions 
estimated with the traditional method of P-wave first motion  
data (Frepoli and Amato, 2000; Vannucci and Gasperini, 2004; Neri et 
al., 2004) are affected by inherent uncertainties that do not permit 
detection of seismogenic structures and local-scale stress changes. 
 Thus the knowledge derived from earthquake focal mechanisms 
in this area is limited. We apply the “Cut And Paste” (CAP) method 
(Zhao and Helmberger, 1994; Zhu and Helmberger, 1996) to determine 
the focal mechanisms, moment magnitude and depths for earthquakes 
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in the Messina Straits area. This method is based on waveform 
inversion of Pnl and surface-wave segments and has proven to be 
effective for analyzing earthquakes over a wide range of magnitudes, 
even those with magnitudes between 2.5 and 4 (Zhu et al., 2006). The 
application of CAP to small-magnitude events in the Messina Straits 
area provides an opportunity to significantly increase the number of 
the local earthquake focal mechanisms, which can then be used to 
understand current tectonics. 
 
 
Conclusions 
 
 In conclusion, the present application of the CAP method fills a 
remarkable lack of knowledge existing on the seismogenic mechanisms 
in the study area and provides a tool for further studies in the whole 
region. Combined with the findings of previous investigations (Billi et 
al., 2006, 2007; D’Agostino et al., 2008b: Neri et al., 2009a) the new 
focal mechanisms furnished by this study, and the corresponding 
north-to-south change of seismic deformation from normal faulting to 
strike-slip detected in the Messina Straits area, mark with an increased 
level of detail the transition between the extensional domain related to 
subduction trench retreat in southern Calabria and the compressional 
one due to continental collision in western-central Sicily. These 
findings furnish additional constraints to the regional geodynamic 
model and  contribute to current investigations of seismotectonics and 
seismic hazard in the area struck by the strongest Italian earthquake of 
the past century. 
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CHAPTER 4: High-Frequency Earthquake Ground Motion Scaling 
in Calabria, Southern Italy 
 
Introduction 
 
 The Italian peninsula across the Mediterranean Sea is part of the 
tectonic plate boundary between the Eurasian and the African plates 
(Fig. 4.1), which continue to move closer to each other. The Calabrian 
Subduction System results from the fragmentation of formerly 
continuous Western Mediterranean subduction zone. It developed in a 
geodynamic setting characterized by N-S convergence between Africa 
and Eurasia, and by a strong rollback of the slab that induced the 
opening of back arc extensional basins (Gueguen et al., 1998; Faccenna 
et al., 2001). From a geodynamic point of view southern Italy is divided 
into two regions. The Southern part, the so-called Calabrian Arc, is the 
area where the Ionian lithosphere subducts beneath the Tyrrhenian 
Sea; the subduction is characterized by an eastward rollback 
(e.g.,Malinverno and Ryan, 1986; Doglioni et al., 1996). North of the 
Calabrian Arc there are the so-called Southern Apennines that 
constitute the accretionary prism of the Adriatic plate subduction (e.g., 
Doglioni et al., 1996, and references  therein). On the basis of geological 
evidence the hinge of this subduction has been migrating 
northeastward up to the Pliocene; at present it is thought to be 
quiescent. The tectonic process of the Southern Apennines is 
dominated by a NE-SW oriented tensile stress field (Amato and 
Montone, 1997). The latter generates a series of normal fault systems 
with longitudinal trend. The Calabrian Arc in its northern portion has 
an almost North-South trend. It is also apparently characterized by 
extensional activity oriented along its axis. An additional seismic 
feature of the southern Tyrrhenian region is deep earthquake activity 
along a northwestward dipping Benioff plane (Peterschmitt, 1956: 
Caputo et al.. 1970: Gasparini et al., 1982: Anderson and Jackson, 
1987). Deep seismicity is one of the features which led Barberi et al. 
(1973) to hypothesize the existence of an active subduction process in 
the region and to interpret the southern Tyrrhenian area as a back-arc 
basin.   
 In fact, the study area is also characterized by an intermediate 
and deep seismicity clustered and aligned along a narrow (less than 
200 km) and steep (about 70°) Wadati-Benioff zone striking NE-SW 
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and dipping toward the northwest down to 500 km of depth (Neri et 
al., 2009). In the last thirty years about a dozen sub-crustal 
earthquakes with magnitude greater than 5 occurred in the study area. 
Calabria is one of the most active seismic areas in Italy and has a high 
earthquake hazard. Based on the historical records, the area has 
suffered intensity X or higher several time in the past (e.g. 1905; 1908 
etc; Boschi et al. 1995). The high seismic potential of the area, its 
population density, the large number of potential building with poor 
construction criteria, and the inadequacy of the application of the 
building codes make South Italy an area of high seismic risk where 
modern hazard studies are needed. The attenuation properties of the 
crust can be evaluated using the background seismicity as suggested 
by Chouet et al. (1978) and later demonstrated by Raoof et al. (1999) 
and Malagnini et al (2000).  In other words, it is possible to develop 
regionally-calibrated attenuation relationships even where strong-
motion data are not available. The prediction of the ground shaking for 
engineering application is often obtained using empirical predictive 
relationships (Kramer, 1996; Douglas, 2003) which usually are 
developed by regressing a large number of strong-motion data.   
 Modeling is carried out through the use of Random Vibration 
theory (RVT) (Cartwright and Louguent-Higgins, 1956) to obtain a 
functional form describing the empirical excitation and the distance-
scaling relationships.  
 In this chapter we use the same methodology for data processing 
and analysis applied in different parts of the world: California (Raoof et 
al. 1999; Malagnini et al. 2007), northwestern United States 
(Herrmann and Dutt, 1999; Jeon and Herrmann 2004; Fatehi, 2008), 
central United States (Herrmann and Malagnini, 1996), Mexico (Ortega 
et al., 2003), Greece and Crete (Pino et al., 2001), Italy (Malagnini et al., 
2000a,c: 2002; Morasca et al. 2006), Central Europe (Malagnini et al., 
2000b, Bay et al, 2003),  Turkey (Akinci et al., 2001, 2006), India 
(Bodin et al., 2004), and China (Xu et al, 2010). The purpose of this 
work is to describe quantitatively the regional attenuation and source 
characteristics for constraining the amplitude of strong motion 
expected from future earthquakes in the area. The results obtained can 
be used for engineering design and also suitable for upgrading the 
most recent hazard map of Italy. 
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Figure 4.1: Topographic map of Italy and surrounding regions (from 
Baccheschi et al. 2007). White lines and triangles indicate the position of 
the thrust front of the western Mediterranean subduction zone at 30, 16 
and 0 Ma (Gueguen et al., 1998). The upper inset is a geological  map 
(from Rosenbaum et al., 2002) of the study The lower inset is a schematic 
block view of the present day subducting lithosphere beneath the Italian 
region (from Lucente and Speranza 2001) 
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 The results can also be used to improve tools like ShakeMap® 
used for emergency response efforts. ShakeMap is a tool used to por-
tray the extent of potentially damaging shaking following an 
earthquake. It can be used for emergency response, loss estimation, 
and public information. Istituto Nazionale di Geofisica e Vulcanologia 
(INGV) runs this tools for Mediterranean earthquakes and in particular 
for the Italian ones. ShakeMap shows the distribution of ground 
shaking in the region, information critical for emergency management 
decision making.  Having this information in real time will result in 
lives saved and reduction in property damage. After a damaging 
earthquake, emergency managers must quickly find answers to 
important questions such as the localization of the most serious 
damage, and the areas with the less damage and the identification of 
the resources that must be mobilized. In this context a rapid and 
automatic response for the affected area is really important, which is 
why the development of an attenuation relationship is a priority.  
 
Data set 
 The data set analyzed in this work consists of more than 10600 
three/component seismograms from about 350 regional earthquakes, 
recorded between December 2003 and October 2005. The magnitude 
of the events ranged between M=2.5 and M=4.7, whereas the path 
lengths ranged between a few kilometers and about 280 km. In this 
study we used seismic recordings obtained from two different 
projects: the SAPTEX (Southern APennines Tomography Experiment) 
(Cimini et al. 2006) and CAT-SCAN (Calabria Apennine Tyrrhenian – 
Subduction Collision Accretion Network) array; both are temporary 
experiments. Figure 4.2a shows the distribution of the seismic 
instruments for the SAPTEX deployment  in Southern Italy. The 
deployment of the portable digital seismographs began at the end of 
June 2001 and finished at the end of 2005. However 2003 and 2004 
were the years with the maximum number of operating seismic 
stations. The geometry of the array included Calabria, the Aeolian 
islands and the southern part of the Apulia (Fig. 4.2b). Each station was 
equipped with a 24 bit RefTek 72A07 digitizer, a three-component 
Lennartz 3D-5 s sensor (LE-3D/5s) with natural frequency and 
damping of 0.2 Hz and 0.70, respectively, a hard disk with capacity of 1, 
2 or 4 Gb, two 70 Ah-12 V batteries, and two 45-Watt solar panels at 
sites where electrical power was unavailable. A GPS antenna provided 
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the absolute timing for the system. Digitizers were set to operate in 
continuous mode recording, with unitary preamplifier gain and 
sampling rate of 50 sample per second (sps) to record both teleseisms 
and local/regional seismicity. For the output a fixed record length of 
3600 s (hourly files) and a compressed data format was adopted, 
which required changing the 1-Gb hard disks about once a month at 
the noisiest stations (e.g., volcanic sites). At 50 sps, the amount of 
uncompressed raw data produced by each station is about 52 Mb/day. 
 The frequency response of the LE-3D/5 s extended band sensors 
(velocity response flat from 0.2 to 40 Hz, decaying with 40 db/decade 
below the natural frequency) and the chosen sampling rate of 50 sps 
allowed the recording of weak ground motions in the frequency band 
between about 0.1 and 20 Hz (Cimini et al., 2006). In this band, the 
main sources of seismic noise are the sea (marine microseismic band 
0.05-1 Hz ), the wind and cultural noise.  The second set of data comes 
from the  CAT-SCAN (Calabria Apennine Tyrrhenian – Subduction 
Collision Accretion Network) array (Figure 4.2) deployed in southern 
Italy from 2004 and 2005. Researchers from the Lamont-Doherty 
Earth Observatory, the Istituto Nazionale di Geofisica e Vulcanologia 
and the University of Calabria, deployed almost 40 portable digital 
broadband seismographs throughout southern Italy. Each station was 
equipped with Reftek130 or Reftek72A07 data logger and different 
three-component sensors (CMG40T, CMG3T, L-22, STS2, TRILIUM40, 
CMG3ESP).   
 Figures 4.3 and 4.4 show the characteristics of the data set used 
during this study. They show the source-distance distribution (Fig. 
4.3), the number of recordings as a function of magnitude (Fig. 4.4a) 
and as a function of depth (Fig. 4.4b). In the present study we consider 
only the shallow events excluding from the original data set those ones 
having a depth greater than 40 km.  Figure 4.5 shows the epicentral 
distribution of the events used in the present study. 
 
Data processing 
 The approach we used focuses on the use of seismograms of 
background seismicity, so strong-motion recordings are not required 
for our analysis. Details of the data processing technique are provided 
in Malagnini et al. (2000a, 2002). Each waveform is examined to 
eliminate those having low signal-to-noise ratio and/or anomalous 
glitches; every seismogram is corrected for instrument response to 
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ground velocity in m/sec. The P- and S- wave first arrival picks are also 
reviewed. Each corrected time series is then filtered at 11 different 
center frequencies (fc=0.25, 0.40, 0.6, 0.85, 1.25, 1.75, 2.5, 3.5, 5.0, 7.0, 9.0 
Hz). A bandpass filter at every fc is built as the contribution of two 8-
poles butterworth filters: a low-pass filter and a high-pass filter with 
corner frequency, respectively, at √2 fc and 1/√2 fc.  
 A general form of a regression model to characterize the 
observation is as follows:  
Aij(fc)=EXCi(fc)+SITE(fc)+D(r,rref,fc)                                                                   (1)                   
where Aij(fc) represents the logarithm of peak amplitude of ground-
motion velocity read on each filtered seismogram recorded at the 
hypocentral distance r; EXCi(fc) is the excitation term representing the 
motion at a reference distance rref; SITE(fc) represents the site term and 
describes a site modification that is caused by wave propagation 
effects near the site; and D(r,rref,f) is the crustal propagation term and 
represents an estimate of the average crustal response for the region. A 
piece-wise linear function defined by fixed-distance nodes was used to 
define the D(r,rref,f) functional (Yazd, 1993, Anderson and Lei 1994; 
Harmsen, 1997). 
 The number and the spacing between the nodes are selected 
according to the expected amplitude with distance. In relation (1) we 
can arrange all our observation in a  large matrix and then invert to 
obtain source, path and site terms. According to Malagnini et al. 
(2000a) the regression needs two constraints: 
D(r=rref,rref,fc)=0          (2a) 
∑SITE(fc)=0                  (2b) 
 They are introduced to reduce the degrees of freedom of the 
system. In this study we chose rref=40 km. The first constraint defines 
the distance where the excitation term is projected; the effect of the 
second one is that common site effects are mapped on the excitation 
term.  
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Figure 4.2:a)  The figure shows the station distribution for the SAPTEX 
(Southern APennines Tomography Experiment; Cimini et al. 2006). The 
SAPTEX array was planned with the main goal of resolving the crustal 
and upper mantle structure beneath southern Italy.  b)The map show the 
station distribution for the CAT-SCAN (Calabria Apennine Tyrrhenian – 
Subduction Collision Accretion Network) array deployed from 2004 and 
2005 by a joint project among different Institutions: Istituto Nazionale di 
Geofisica e Vulcanologia, Lamont-Doherty Earth Observatory and the 
University of Calabria. The black triangles represent the active stations 
that recorded during the duration of the experiment. Note that two 
stations, SX11 and SX17 have the same name of two SAPTEX project 
stations. 
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Figure 4.3: Plot of observations at each station as a function of 
hypocentral distance. Good regression results require overlapping 
observations between individual stations as well as an overall uniform 
distribution. The data are sufficient to describe the D(r=rref,rref,f) between 
10 and 250 km.  
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Figure 4.4: a) Number of earthquakes as a function of local magnitude; 
b) Number of earthquakes as a function of depth. In this study we did not 
consider the events with depth greater than 40 km. The top figure shows 
the significant contribution of earthquakes with Ml < 3.5 to the compiled 
data set. 
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Figure 4.5: The map shows the epicentral distribution of the events (red 
dots) used in the present study. The size of the dots is proportional to the 
magnitude of the events. The withe triangles are the stations of the 
CATSCAN experiment while the blue ones are those belonging to the 
SAPTEX array.  
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Results 
 By using (1), we are able to arrange all our observations at 
frequency f in a large matrix, and simultaneously invert for source, 
path (attenuation), and site terms. The Fourier velocity spectra of the 
ground at the site is assumed to be modeled by the relation that 
combines source, propagation and site effects: 
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where  is the shear-wave velocity, Q(f) is the crustal attenuation , g(r) 
is the geometrical spreading (it can be defined on the basis of 
consideration about the crustal structure of the region of interest), the 
parameter ko is a spectral decay factor that depends on the shallow 
geology, M0 is the seismic moment, ν(f) is the generic rock site 
amplification, like the one used by Atkinson and Silva (1997). s(f) 
represents the shape of source displacement spectrum: 

2

1

1
)(















af

f
fs

      
where fa=4.9 106 β (Δς/M0)1/3 , Δς is defined as the stress drop and 
being C the constant that controls the low-frequency spectral 
amplitude. The C constant has the following form: 
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where R represents the radiation pattern, V is the portion of total 
shear-waves energy into horizontal components, F is the effect of the 
free surface, and ρ represent the density .       
 Duration of ground-motion is, in general, a function of fault size 
and of the dispersion of elastic waves along the path between the 
source and the seismic station (Herrmann, 1985). Our definition of 
effective duration of ground-motion is the same of that given by (Raoof 
et al. 1999). For each seismogram the duration is determined and its 
definition is given as the width of the time window that limits the 5%-
75% portion of the seismic energy following the S-wave first arrival. 
Duration is an input parameter to RVT, and it must be empirically 
quantified as a function of hypocentral distance at each sampling 
frequency. Regressions were carried out separately on peak values of 



25 

 

filtered ground velocity and on Fourier spectral amplitudes at the same 
set of selected central frequencies, f. To obtain the filtered time 
histories around a target frequency f0i, we apply a high-pass 
butterworth (8-pole, fci = f0i/(2)1/2) followed by a low-pass butterworth 
(8-pole, fci =(2)1/2f0i). In Figure  4.6 the duration for all the recordings 
available are reported.  
 The empirical attenuation term is modeled by using the 
following functional form: 
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where g(r) is the geometrical spreading function, β is the shear-wave 
velocity (3.5 km/sec) and 
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 For the study area, after a trial-and-error modeling of the 
regression results, we found a model having Q0=190, η=0.65 and 
fref=1.0Hz , so that equation (4) becomes  
    65.0

190 ffQ                   (5) 
for a geometrical spreading of: 
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 The color curves in Figure 4.7 represent the empirical 
propagation term at different central frequencies, while the black lines 
represent the theoretical predictions. As shown in Figure 4.7 the 
(Dr,rref) term was forced to zero at the reference distance of 40 km. The 
distance of 40 km satisfies these conditions, and it is the same in 
similar studies in other regions, so we can eventually compare the 
results. 
 In the equation (1) the term EXC(fc,rref) represents the ground 
motion excitation at the Earth’s surface at the reference distance. It 
depends on source excitation as a function of magnitude to the 
reference distance and the network average site condition.  
 
 



26 

 

 
Figure 4.6: Duration of the seismic signals and associated standard 
errors as a function of hypocentral distances for each frequency studied. 
Duration is computed on each individual seismogram in the data set as 
the time windows bracketing the 5%-75% of the integrated seismic 
energy that follows the S-waves onset. Estimates of the duration 
computed on each individual recording are indicated by red small dots. 
Large green diamonds indicate the L1-norm estimates of the duration 
function that were used for RVT prediction of peak amplitudes. The solid 
black line is a piecewise linear curved used to link used to link the green 
diamonds. 
 
 The excitation terms, in the Fourier domain, are modeled by 
using the following functional form: 
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including the crustal attenuation , Q(f), the geometrical spreading 
g(r=rref) we modeled; the parameter ko and the generic rock site 
amplification ν(f), like the one used by  
Atkinson and Silva (1997).  
 The shape of source displacement spectrum is: 
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(7) 
where fa=4.9 106 β (Δς/M0)1/3 with 
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(8) 
where R=0.80; V=0.707; F=2.0; ρ=2.8g/cm3; β=3.5km/s.  
 For our study area we found Δσ =25MPa and k0=0.040s; the term 
exp(-πk0f) is used to fit the spectral shape of the excitation function at 
high frequencies. The source parameters, Δσ and k0, are determined in 
a trial-and-error procedure. In order to properly calibrate the Δσ, and 
k0 we constrained the scaling relations by using moment magnitudes 
derived from regional moment tensor inversion described in Chapter 2 
and Chapter 3. Our model does well in fitting the scaling relationship 
for the largest earthquakes in the dataset. Figure 4.8 compares the 
predicted excitation terms to the observed. 
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Figure 4.7: Colored curves are the empirical propagation term at the 
central frequencies of 0.25, 0.40, 0.60, 0.85, 1.25, 1.75, 2.50, 3.50, 5.00, 
7.00, 9.00 Hz, resulting from the regression of the peak value of the data 
set waveforms. The attenuation term was forced to be zero at the 
reference distance of 40 km. Black lines are our theoretical predictions, 
which were obtained for each central frequency through the use of RVT. 
These predictions are in good agreement with observation for fc greater 
or equal to 0.6 Hz 
 
 
 
 
 Figure 4.9 shows the influence of κ0 on the high-frequency 
amplitudes of small events, and the tradeoff between κ0 and the stress 
parameter for large earthquakes. A tradeoff exists between the stress 
parameter and κ0. κ0 governs the high-frequency decay of the 
theoretical excitation terms, as well as the Δσ, which affects the 
radiated spectra beyond their corner frequencies. In the frequency 
band of our interest, however, the effect of the stress parameter is 
strongest for the largest earthquakes, while κ0 completely controls the 
behavior of the small earthquakes at high frequency.  For this reason, it 
is necessary first to find estimates of the high frequency parameter, k0, 
by examining the spectra of small events, and than, knowing k0, of the 
stress parameter of the larger events. 
 During the inversion the sum of all site terms is forced to zero for 
each frequency. This constraint represents what would be recorded at 
the reference hypocentral distance by the average network site. The 
site term measures the deviation from the mean seismic spectra for 
each station, which is due to the physical properties of the shallow 
geology at the recording site. Comparisons can be done among 
different Italian regions in which this kind of studies have been 
conducted 
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Figure 4.8: Estimated excitation terms (in the time domain) of the peak-
filtered velocity at the reference distance of 40 km. Red lines are the 
theoretical prediction performed using the RVT and the source 
parameters in Table 3.1. Green lines are the observed data. 
 
 It has been found that  the western Alps (Morasca et al., 2006), 
eastern Alps (Malagnini et al., 2002),  Southern Appenines, central Italy 
(Malagnini et al 2000a) and  eastern Sicily (Scognaniglio et al 2005) 
have different characteristics for the attenuation parameters.  For 
instance the crustal wave propagation in eastern Sicily is more efficient 
than in other Italian regions. The combination of the geometrical 
spreading function and the parameter Q( f ) is strictly related to the 
crustal characteristics. Figure 4.10 reports the attenuation values for 
each region for a visual comparison. 
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Figure 4.9: Demonstration of  tradeoff existing between the stress 
parameter and k0. We show velocity spectra at two reference magnitudes 
(Mw 2.0 and Mw 5.0), derived by using the Brune spectral model with 
three different values for the stress parameter, and for two different 
values of the high-frequency attenuation parameter k0. Spectra are 
propagated to the reference distance of 40 km using the propagation 
characteristics of the crust. The two values of k0 generically refer to rock 
sites (0.005 sec), and to moderately attenuating sites (0.04 sec). The 
three values of stress parameter are within a normal range of variability. 
 
 
 As an example, Figure 4.11 shows the comparison of simulated  
PGA and PGV as a function of distance for moment magnitude of 5 and 
6 obtained using the SMSIM programs (Boore, 2003; 
http://www.daveboore.com/software_online.htm). It is clear how the 
predictions of the ground motion are different in the different areas, 
therefore the regional calibration of attenuation properties and source 
scaling is a really important task.  
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Figure 4.10 (Previous page): Attenuation values for different Italian 
regions: western Alps (Morasca et al., 2006), eastern Alps (Malagnini et 
al., 2002),  Southern Appenines (this study), central Italy (Malagnini et al 
2000a) and  eastern Sicily (Scognaniglio et al 2005). The values are 
plotted on the Italian seismic hazrd map (http://zonesismiche.mi.ingv.it; 
“Mappa di pericolosità sismica del territorio nazionale”).   
 
 
 
 

http://zonesismiche.mi.ingv.it/
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Figure 4.11: Comparison of different estimates of PGA and PGV for 
different Italian regions as a function of moment magnitude Mw 
 
 In eastern Sicily Scognamiglio et al. (2005) found Q( f )=400( f 
)0.26. These differences are linked with the different geologic and 
tectonic settings of the areas and they play a key role in hazard studies. 
We reproduced the seismic spectra at the reference distance using a 
Brune spectral model with a stress drop 250 bar, a generic rock site 
amplification factor   v( f)=1.0, and the high-frequency cutoff 
parameter k0=0.04sec. 
 
Conclusion 
 We obtained quantitative evaluation of the southern Italy 
ground-motion parameters in order to decrease the uncertainties for 
seismic hazard. Our results are obtained through regressions of more 
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than 10,000 bandpassed waveforms. We modeled the crustal 
propagation features and the geometrical spreading as the following:  
    65.0

190 ffQ               
and  
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 While a trade-off exists between Q0 and g(r), on the contrary the 
parameter η is controlled by the frequency dependent variation of the 
D(r)  at a fixed distance. 
  By using the same approach used in this study, other authors 
have found different Q( f ) relations for other Italian regions. In the 
western Alps Q( f )=310 ( f )0.2 (Morasca et al., 2006), while in the 
eastern Alps Q( f )=260( f )0.55 (Malagnini et al., 2002). Lower Q-values 
were found in the Apennine area (Q( f )=140 ( f )0.25; Malagnini et al. 
2010).  
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CHAPTER 5: An Attenuation Relationship for Southern Italy 
 
Introduction  
 Since Italy is a seismically active region it is really important to 
define an attenuation relation for the area because of increasing 
exposure and vulnerability to the effects of earthquakes. The 
estimation of ground motion for a particular region and also site-
specific investigation is essential for the design of engineered 
structures. Seismic hazard assessment requires a strong motion 
attenuation relationship (Kramer, 1996) to estimate ground motions 
from specific parameters characterizing the nature of earthquake 
source, the distortion effect of the shallow geology and the effects of 
the transmitting medium on the seismic waves. A number of such 
relationships have been developed for many regions of the world 
(Ambraseys et al., 1996; Boore and Joyner, 1991; Toro and McGuire, 
1987; Atkinson and Boore, 1995; Campbell, 1997; Sadigh, 1997), 
mainly by regressing strong-motion data. These studies have shown 
that the ground motion levels can differ significantly in different 
tectonic regimes, for example depending on whether stresses are 
extensional or compressional.  
 In the previous chapter we defined a regional calibrated 
attenuation model for the crust and the source parameters that can be 
used as input for stochastic finite fault simulations. In particular in this 
chapter we describe predictive relationships for the ground motion in 
the studied area by regressing the peak ground acceleration (PGA) 
from our dataset augmented with some simulations of large magnitude 
earthquakes that are missed in our data set since the study is 
characterized by low magnitude events area in the last 30 years.  
 D’Amico et al. (2010d) showed that regional propagation 
parameters, obtained from independent weak-motion database, may 
be used for evaluation of ground motion parameters for earthquakes of 
magnitude up to 7.6. Consequently, we found it reasonable to simulate 
the PGA values of large earthquakes in order to have a complete data-
set for regression. In fact, in our original data-base there are no 
observations of PGA values for large earthquakes (e.g. M > 5).  
 Estimates of expected ground motion at a given distance from an 
earthquake of a given magnitude are fundamental inputs to earthquake 
hazard assessments. The determination of seismic design criteria for 
engineered structures depends upon reproducible estimates of the 
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expected lifetime of the structures. Different researchers use different 
“source to site” distance measures. For instance, rjb (the Boore and 
Joyner distance) is the closest horizontal distance to the vertical 
projection of the rupture; rrup is the closest distance to the rupture 
surface; rseis represents the closest distance to the seismogenic rupture 
surface (Marone and Scholz, 1998); repi and rhypo are the epicentral an 
the hypocentral distances respectively. There are also several site 
classification schemes used in different papers ranging from 
qualitative description of the near surface material to very quantitative 
definitions based on shear wave velocities.  
 Different tectonic environments give rise to different ground 
motion attenuation relationship. Regardless of the tectonic regime, 
rupture directivity also may affect ground motion attenuation 
relationship (Somerville et al., 1997). For larger events, a special 
problem arises, at short distances, with the source-to-site distance 
measure, because the distance metrics based on a point-source model 
are no longer appropriate. As a consequence, different attenuation 
relations differ in the distance metric that they use. In addition to being 
a source of confusion, this causes problems when trying to 
quantitatively compare or combine different ground-motion models. 
 For these reasons, Scherbaum et al. (2004) used well established 
scaling laws to determine explicit distance conversion relations using 
regression analysis on simulated data. They demonstrate that, for all 
practical purposes, most popular distance metrics can be related to the 
Joyner-Boore distance using models based on gamma distributions to 
express the shape of some “residual function”.   
 
Predicting ground motion 
 In order to predict the expected ground motion parameters in 
terms of peak ground acceleration (PGA) and peak ground velocity 
(PGV) as a function of distance and magnitude we used the latest 
version of EXSIM program (Boore, 2010) originally developed by 
Motazedian and Atkinson (2005). It is a modified version of the FINSIM 
(finite fault simulation) code developed by Beresnev and Atkinson 
(1998).  
 The simulations, for moment magnitude from 4 to 7 (with an 
incremental steps of 0.5), were carried out by using the regional 
propagation parameters obtained in Chapter 4 and rectangular faults 
having length and width proportional to the moment magnitude 
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according the relationship proposed by Wells and Coppersmith (1994). 
We selected about 20 faults  in the southern Apennines from the 
Database of Individual Seismogenic Sources (DISS – Basili et al. 2008) 
managed by the Istituto Nazionale di Geofisica e Vulcanologia (Fig 5.1, 
Table 5.1).  The Database contains the results of the investigations of 
the active tectonics in Italy during the past 20 years and highlights the 
results of several decades of research work (www.ingv.it/DISS).  Each 
“Individual Seismogenic Source” (Fig. 5.2) is defined by geological and 
geophysical data (see Table 5.1) and is characterized by a full set of 
geometric (strike, dip, length, width and depth), kinematic (rake), and 
seismological parameters (single event displacement, magnitude, slip 
rate, recurrence interval).  
 Each fault was assigned a random slip distribution. Beresnev and 
Atkinson (2002) showed that only the gross features of slip 
distribution on a fault plane that do not diverge significantly from the 
average value of slip may be reliable; all other complexities could be 
extremely uncertain. We thus find it reasonable to assume a random 
slip distribution in order to simulate a wide range of ground motion 
parameters due to the activation of several faults. During each 
simulation the fault plane is discretized into several subfaults. Site 
effects at a specific station are very important and may be used for 
engineering purpose to define the regional predictive low and the 
seismic hazard. When the site contribution to the ground shaking is 
known it could be removed from records in order to determine a 
spectral model available to predict the regional ground shaking, 
especially if the site response shows important signal distortion due to 
the local geology. A generalized site response concept is useful to 
create detailed shaking map for a region where the different 
outcropping lithologies are known.  The generic site response 
represents the average response expected for a site with specific 
superficial geologic characteristics, and without important distortion 
effects due to the superficial geology. The knowledge of generic site 
response of different soil kinds allows to produce detailed shaking 
maps for large regions, where it is possible to detail the superficial 
geology for the different kind of lithologies. Boore and Joyner (1997) 
determined the site response average amplification for two different 
kind of rock largely common in United States, characterizing the sites 
on the basis of Vs30, the average shear-wave velocity in the upper 30 
meters.  

http://www.ingv.it/DISS
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Figure 5.1: Location of the active faults reported in Table 5.1 and used 
for the simulations. 
 
 
 
 

 
Figure 5.2: Schematic representation of an Individual Seismogenic 
Source and its characteristics (from Basili et al. 2008). 
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 The first one is represented by very hard rock  Vs30 =2900 m/s, 
typically present in eastern North America. The second one is 
represented by rocks present in coast California, for which  Vs30=620 
m/s. In this study in order to consider different site condition we will 
refer to the NEHRP classification (BSSC, 1994). The data set used for 
the regression is reported in Figure 5.3. 
 
Methodology 
 We employ two-stage regression procedure (Joyner and Boore, 
1981, 1993; Ambraseys et al., 1996; Boore et al., 1997). We fit the 
simulated strong-motion data by multiple linear regressions using the 
equation (modified after Joyner and Boore, 1981 and Ambraseys et al., 
1996):  

)1.5(loglog
1
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ii dSrcbrEay 
 

where: 
Ei = 1 for earthquake i 
Ei = 0 otherwise 
S = 1 for soft rock sites 
S = 0 for generic rock sites 
r = (d2+h2)1/2  
ε = residuals 
and y is peak horizontal acceleration (in cm/s2), N is the number of 
earthquakes in the data sample, and d is the closest horizontal distance 
site to the vertical projection of the fault rupture (in km). Values ai, b 
and c are coefficients determined by the first linear regression for a 
chosen value of h, and h is determined by a simple grid-search 
procedure to minimize the sum of squares of the residuals. 
 

 
Figure 5.3: Data set used for the regression 
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 Since, our data set does  not have stations located on hard rock 
site, we obtained the coefficients only for stiff and soft soil sites. In this 
equation, ε=ςP; ς is the standard deviation of the residuals. The value 
of P is based on the assumption that the prediction errors are normally 
distributed and P=0.84 confidence level for ±1ς values. By using Ei and 
S, we divided the data into classes; this is a well-known technique in 
regression analysis (Draper and Smith, 1966; Weisberg, 1980; Joyner 
and Boore, 1981; Boore et al., 1997).  The procedure decouples the 
determination of magnitude dependence from the determination of 
distance dependence. If the regression analysis were done in terms of 
magnitude and distance simultaneously, errors in measuring 
magnitude would affect the distance coefficients obtained from the 
regression. In this approach, each earthquake has the same weight in 
determining magnitude dependence and each recording has the same 
weight in determining distance dependence (Joyner and Boore, 1981). 
The coefficient, h, is sometimes referred to as a “fictitious” depth 
measure (Boore et al., 1997) implying that interpretation of h is not 
clear and its value is estimated as part of the regression. Abrahamson 
and Silva (1997) have reported that h yields a marginally better fit to 
the data at short distances. In this study, the distance measure, d, is the 
closest horizontal distance to the vertical projection of the rupture. In 
cases that we could not describe the rupture surface, especially for 
small earthquakes, we used epicentral distance instead of this 
measure. The parameter h is introduced to allow for the fact that the 
source point may not be the closest point on the rupture. In fact, the 
value obtained for h incorporates all the factors that tend to limit or 
reduce motion near the source, including any tendency for the peak 
horizontal acceleration to be limited by the finite strength of near-
surface materials. The value of h also incorporates any factors that 
tend to enhance the motion near the source, especially, directivity 
effect (Joyner and Boore, 1981). After the ai values are obtained by the 
first linear regression, they were used to find, by least squares, a first 
or second order polynomial representing the magnitude dependence: 

)2.5(2

iii MMa    
 Here, M is moment magnitude α, β, and γ are the coefficients 
determined by the second linear regression.  To estimate σ, the total 
standard error after two regressions, we assumed that magnitude and 
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distance parameters  do not have any correlation between each other. 
By using convergence theorem, we can write following equation: 

)3.5(2

2

2

1    
where, ς1 is the standard deviation of the residuals from the regression 
described by equation (5.1) and ς2 is the standard deviation of the 
residuals from the regression described by equation (5.2). 
 After the regression of our PGA dataset we obtained for the 
following form the coefficients.  
α=-3.87; β=1.22; b=0.03; c=-1.73; d=0.02 
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Figure 5.4: Predicted PGA (cm/s2) values as a function of distance (in 
km) for M=4.0 event (blue line) and 1 values (red lines). Observed PGA 
values for M=4.0 events (circles). The observed PGA data were obtained 
through the differentiation of the ground velocity waveform and taking 
the peak values of them.  
 
 Figure 5.4 shows an example for M=4 using the coefficient 
obtained from the regression. The figure shows the predicted peak 
ground acceleration as a function of distance for an earthquake having 
magnitude equal to four (blue line); the two thin red lines represent 
the “one standard deviation” bounds. The circles are the observed PGA 
values coming from the events having M=4 present in our data set. It is 
possible to notice that some of the observed data are out of the 
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“standard deviation limits”, this is due to the possible site effect that 
tend to amplify the peak ground acceleration at certain sites. Figure 
5.shows predicted PGA as a function of magnitude and distance by 
using the models developed in this study. The predictions are given for 
moment magnitude 4, 5, 6, and 7.  
 As an example we apply stochastic strong ground motion 
simulations for finite faults (Boore, 2010; Motazedian and Atkinson 
2005; Beresnev and Atkinson 1998) to estimate the spatial distribution 
of peak ground acceleration from the destructive 1908 Messina 
earthquake. It caused more than 100,000 casualties on 28 December 
1908. As the earthquake source we have chosen the normal fault 
proposed by the DISS catalogue (Basili et al. 2008). It is an east-dipping 
source with shallowest depth beneath the Sicilian side of the Straits 
area (Figure 5.6). We computed peak ground acceleration values  
based on the attenuation models derived in study and chosen sources, 
and converted to macroseismic intensities using the empirical 
formulas given by the USGS ShakeMap® package. This type of study 
could play a key role in the area because the Messina Straits and the 
southern segment of the Calabrian Arc are characterized by the highest 
seismicity in Italy, with earthquake magnitudes that exceed M 7.0 (e.g. 
the 1905 and 1908 events, and a complex sequence of five large 
earthquakes that occurred from February to March 1783). 
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Figure 5.5: Magnitude and distance scaling predicted values by using 
the models developed in this study. The predictions are given for 
magnitude 4, 5, 6, and 7.  
 



42 

 

 
Figure 5.6: 1908 Messina earthquake source proposed by the DISS 
catalogue (Basili et al. 2008).  
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Figure 5.7: a) synthetic PGA distribution maps for the 1908 earthquake 
area obtained for the west-dipping source and the observed microseismic 
data (b). 
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Figure 5.8: GoogleMap® showing the area where the simulation where 
made. The main railroad (RR), highways (A3-E90; A18; A20) and state 
road (SS114, SS113, SP48; SP7) are shown. 
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 Both from the simulations and the microseismic data it is evident 
that the area could be largely affected by strong ground shaking that 
could create severe damage. A similar situation is present in the 
northern part of Messina. This represents a critical point for the Civil 
Protection decision makers because in the worst scenario the 
communication To take into account the amplification effect of the soil 
overlying the bedrock, at first, we assigned a soil category (B, C or D) to 
the geological formations, based on the Vs30 values. Then, we used the 
NEHRP boundary site conditions to get the  appropriate amplification 
factors. 
 Figure 5.7a shows synthetic PGA distribution maps for the 1908 
earthquake area obtained for the est-dipping source and the observed 
microseismic data (Fig. 5.7b). The predicted intensities from the DISS 
source show good agreement with observed intensity in the central 
and northern parts of the study area, whereas they are relatively high 
in the southern part. The differences could be due to several factors 
such as local site effects not mapped in this study or the uncertainties 
on the magnitude and the actual earthquake source. In fact, although 
the 1908 Messina earthquake marked a turning point in the seismic 
history of southern Italy and NE Sicily, scientists still do not have 
enough data or methods to determine the exact location and especially 
the geometry (specifically the dip direction) of the seismogenic fault. 
The final scope of this exercise  was to compare distribution of the 
synthetic intensities with the available macroseismic data. In fact, as 
shown using the GoogleMap® tools, the city of Messina is located in a 
narrow land between high mountains and the sea. A repeat of an 
earthquake like the 1908 one could interrupt the railroads, highways 
and state roads. As it is clear form Figure 5.8 they run parallel to each 
other making the risk of interruption even higher especially in the 
point where there will be large values of peak round accelerations and 
velocities. For example from Figure 5.7 it is possible to notice that the 
railroad the highway, A18, and the state road, SS114, run parallel to 
each other and in a very narrow piece of land confined between 
mountains and the searoutes for emergency responders and rescue 
teams could be completely blocked. In fact, the points described above 
are the only connections with the two other main cities in Sicily, 
Palermo and Catania which are respectively located to the west and the 
south of Messina. If both land routes are interrupted, the rescue team 
could reach the city only by sea and/or using helicopters since there is 
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no place  for small aircraft to land. A similar situation could happen in 
the Calabria side where the main city, Reggio di Calabria, suffers the 
same geographical problem as Messina.  
 
Conclusion 
 It is well known that the estimation of strong ground motions in 
regions of high seismicity is an extremely important first step in 
seismic design, hazard analysis, and hazard mitigation. In this chapter, 
we used stochastic finite-fault simulation technique based on a 
dynamic corner frequency developed by Motazedian and Atkinson 
(2005) to simulate the strong ground motions of several earthquakes 
in Southern Italy and in particular, we simulated the strong ground 
motion of the 1908 Messina earthquake.  
 For the simulations we adopted the duration, regional path 
effects and geometrical spreading model derived in the previous 
chapter. For each simulation the fault size has been taken form the 
DISS data base while the local site effects including the kappa operator 
(estimated in the previous chapter) and soil amplifications are taken 
according the NEHERP classification.  
 In conclusion, despite certain discrepancies mostly due to source 
complexity, stochastic finite-fault modeling based on a dynamic 
frequency approach confirms to be a reliable and practical method to 
simulate ground motion records of moderate and large earthquakes 
especially in regions of widespread structural damage but sparse 
ground motion recordings. Using the synthetic data set augmented 
with the few available data in the region we calibrated a ground 
motion attenuation relationship for the peak ground acceleration in 
Southern Italy. 
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CHAPTER 6:  
 
Final Conclusions 
 The main goal of this thesis is to develop an attenuation 
relationship for Southern Italy. The results of this work can be used for 
upgrading the Italian hazard map as well as for engineering designs. 
They also can be useful to implement Shake Map® in order to generate 
a rapid earthquake response.  
 The regional ground motion scaling in Southern Italy has been 
studied and this represents the first attempt in the area. The results of 
this study are carried out by using weak-motion modeling the average 
features of regional wave propagation in Southern Italy. These 
parameters describe the averaged attenuation characteristic of the 
study area. This has been possible for the first time thanks to the 
deployment of a large number of temporary seismic stations in the 
area which allowed to have a good data set.  In order to model the 
regional propagation parameters it was necessary compute the 
moment tensor solutions for several earthquakes to have estimations 
of the moment magnitudes and source focal mechanisms. For the 
earthquakes investigated we tried different station distributions (for 
example using only the nearest, the farthest stations or combinations 
of both). We also changed the azimuthal station distribution and the 
epicentral parameters of the event. We showed that the final solution 
is robustly determined. The methods provide a good-quality solutions 
in the area in a magnitude range (2.5-4.5) not properly represented in 
the Italian national catalogues. We also used this results to constraint 
regional seismo-tectonic deformations in the Messina Strait area. 
Combined with the findings of previous investigations (Billi et al., 
2006, 2007; D’Agostino et al., 2008b: Neri et al., 2009) the new focal 
mechanisms furnished by this study mark with an increased level of 
detail the transition between the extensional domain related to 
subduction trench retreat in southern Calabria and the compressional 
one due to continental collision in western-central Sicily.  
 Our results on the attenuation properties of the crust confirm the 
regional dependence of ground motion, in terms of attenuation and 
stress parameter. In fact, we have shown that the attenuation 
properties of the crust are different from the other part of Italy and 
these differences have to be taken into account for seismic hazard 
studies.  
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 Finally, we calibrated also an attenuation relationship for Peak 
Ground Acceleration (PGA). We regressed PGA values from our data 
set augmented with some simulated PGA values of large earthquakes 
that were missed in our dataset since the study area is characterized 
only by low magnitude event in the instrumental history. We predicted 
the expected ground motions for the region using a stochastic 
approach. In the implementation of the stochastic method, the 
attenuation effects of the propagation path are modeled through the 
empirical Q(f), geometrical spreading g(r) and stress obtained in the 
present study.  
 We demonstrated that the weak-motion based region-specific 
high-frequency spectral parameters can be successfully used to predict 
average expected ground motion amplitudes through the stochastic 
approaches and these values can be regressed to calibrated a regional 
attenuation relationship to be used in the area both for engineering 
and seismic hazard goals. 
 In conclusion, once the regional parameters are calibrated for 
the area, the described approach allows even the predictions of ground 
motion parameters (such as PGA, etc.) even for large earthquakes. This 
is really important because it will be possible to make ground motion 
predictions for regions where strong-motion data are lacking or for 
high risk seismic areas in which just data from moderate earthquakes 
are available. Moreover, simulations offer a great advantage in real 
time estimation of peak ground motion for emergency response 
operations (e.g.  ShakeMap®).  
  We finally stress the fact that that the development of global 
empirical ground motion predictions equations obtained combining 
data from regions with different attenuation characteristics may not be 
always correct. 
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