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Abstract

The development and implementation of an earthquake early warning system (EEWS), both in regional or on-site configurations can

help to mitigate the losses due to the occurrence of moderate-to-large earthquakes in densely populated and/or industrialized areas. The

capability of an EEWS to provide real-time estimates of source parameters (location and magnitude) can be used to take some

countermeasures during the earthquake occurrence and before the arriving of the most destructive waves at the site of interest. However,

some critical issues are peculiar of EEWS and need further investigation: (1) the uncertainties on earthquake magnitude and location

estimates based on the measurements of some observed quantities in the very early portion of the recorded signals; (2) the selection of the

most appropriate parameter to be used to predict the ground motion amplitude both in near- and far-source ranges; (3) the use of the

estimates provided by the EEWS for structural engineering and risk mitigation applications.

In the present study, the issues above are discussed using the Campania–Lucania region (Southern Apennines) in Italy, as test-site

area. In this region a prototype system for earthquake early warning, and more generally for seismic alert management, is under

development. The system is based on a dense, wide dynamic accelerometric network deployed in the area where the moderate-to-large

earthquake causative fault systems are located.

The uncertainty analysis is performed through a real-time probabilistic seismic hazard analysis by using two different approaches. The

first is the Bayesian approach that implicitly integrate both the time evolving estimate of earthquake parameters, the probability density

functions and the variability of ground motion propagation providing the most complete information. The second is a classical point

estimate approach which does not account for the probability density function of the magnitude and only uses the average of the

estimates performed at each seismic station.

Both the approaches are applied to two main towns located in the area of interest, Napoli and Avellino, for which a missed and false

alarm analysis is presented by means of a scenario earthquake: an M 7.0 seismic event located at the centre of the seismic network.

Concerning the ground motion prediction, attention is focused on the response spectra as the most appropriate function to

characterize the ground motion for earthquake engineering applications of EEWS.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The purpose of an earthquake early warning system
(EEWS) is to provide real-time notification of ground
shaking before the arriving of the potentially destructive
waves at the site of interest. This system requires a dense
seismic network, a telemetered communication system, a
central data processing unit and a notification system [1,2].
e front matter r 2007 Elsevier Ltd. All rights reserved.
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The scientific base on which the concept of early-warning
relays is provided by real-time seismology, which faces the
problem of estimating magnitude and location of an
earthquake from the very beginning of the rupture process.
Concerning real-time magnitude estimation, several meth-
ods have been developed in recent years. This is the case,
for example, of the method proposed by Allen and
Kanamori [3] based on the measurement of the predomi-
nant period (tP, max) in the few seconds after the P-wave
arrival onset, or that proposed by Wu and Zhao [4] based
on the peak displacement amplitude measured in the first
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3 s after the arrival of the P-wave. More recently Zollo
et al. [5] have proposed a technique for magnitude
estimation based on the measurement of early peak
amplitude of the P- and S-wave signals. On the other
hand, real-time earthquake location techniques have been
proposed by Horiuchi et al. [6], Rydelek and Pujol [7] and
more recently by Satriano et al. [8]. These techniques are
all based mainly on the equal differential-time (EDT)
formulation and use information about the number of
triggered and not yet triggered stations at a given time, in
order to define Voroni cells. These cells are volumes in
which the probability of finding the earthquake hypocenter
is the higher. Aside from the different variations char-
acterizing the previous techniques, all agree about the
possibility of locating an earthquake in 4–5 s from its origin
time.

Worldwide installation of EEWSs is now driving
seismologists and engineers to face with the problem of
studying the reliability of the real-time estimates of the
ground-shaking performed by the systems near and far
from the seismic source area, and in particular in the
regions not covered by the seismic network. In fact, most of
the countermeasures, both automatic or not, aimed at
reducing the potential impact of destructive earthquakes
on the society, are based on these estimates. The prediction
of the ground-shaking at a site of interest consists of the
values of one or more ground motion parameters obtained
by using specific tools. The most used prediction tools are
the attenuation relationships [9,10], that are mathematical
functions relating earthquake parameters (e.g. magnitude
or seismic moment), source-to-site distance and site effect,
Fig. 1. Map of the area test selected for the analyses. Squares represent the mai

black triangles represent the stations of the ISNet network while the grey s

earthquake.
with peak ground motion parameters (e.g. peak ground
acceleration (Pga), peak ground velocity (Pgv)) and
spectral ordinates (e.g. spectral acceleration (Sa), spectral
velocity (Sv)) or simulation techniques able to account for
many more details of the rupture process (e.g. [11]).
However, aside from the reliability and the rapidity of
the estimates related to the use of the previous estimating
tools, providing only the value of the strong-ground
motion parameters, can have a little meaning if not
accompanied by uncertainties.
In recent papers, Iervolino et al. [12] have developed a

new technique which allows to account for the uncertain-
ties carried by the real-time estimates of earthquake’s
characteristics and extended the analysis not only to the
prediction of ground motion but also to the expected loss
based on the main feature of the EEWS [13] in hybrid

configuration. That is, a configuration where the seismic
network is located around the potential fault system and
strong-ground motion estimates are needed at a site far
from the source region [2]. The technique is based on a
Bayesian approach that allows to perform ground motion
estimates in terms of probability density functions (pdfs)
similar to the classical probabilistic seismic hazard analysis
(PSHA) proposed by Cornell [14]. The basic idea is to
benefit from the results of the real-time seismology,
concerning both magnitude and location of the impending
earthquakes, in a Bayesian framework. Iervolino et al. [12]
used as test area the Campania–Lucania region in Southern
Apennines (Italy) (Fig. 1) where a dense, wide dynamic
accelerometric network, mainly devoted to early-warning
applications is under development [15] and focused their
n towns of the Campania–Lucania region (Southern Apennines) Italy. The

tar corresponds to the epicentre of the M 7.0 event selected as scenario



ARTICLE IN PRESS
V. Convertito et al. / Soil Dynamics and Earthquake Engineering 28 (2008) 492–505494
attention to missed and false alarms study limited only to
Pga. In the present paper, the Bayesian approach is
extended to the spectral ordinates that represent the most
appropriate functions to characterize the strong-ground
motion for earthquake engineering applications of EEWS.
In fact, it is the intensity measure used by the Performance-
based Earthquake Engineering [12] to better characterize
the structural seismic response in respect to the peak
ground acceleration. In fact, Pga may be useful to predict
the response of non-structural elements, but may be
statistically insufficient for some demand measures for
buildings as the peak interstory drift ratio. In order to
compare the differences between the two approaches, also
a classical point estimate approach is used, which differs
from the Bayesian one because it uses as real-time
magnitude value at a given instant of time the average of
the estimates at each seismic station. The analysis is
performed for two selected sites located at two main towns
of the Campania–Lucania region, that are Napoli and
Avellino (Fig. 1), for which the results of the real-time
estimation of missed and false alarm probabilities are also
presented.

2. Real-time prediction of response spectra

2.1. The Bayesian approach for magnitude estimation

Real-time risk analysis is based on the ability of the
EEWS, particularly in regional configuration [2], to
measure earthquake parameters in the seismic source area
in the early stage of the rupture process and to estimate the
values of the selected strong-ground motion parameters at
a site located far from the source. In order to develop
optimal alarm decision analysis, which accounts also for
the trade-off between false and missed alarm probabilities,
a study of the uncertainties on the estimates is of main
concern. In first instance, assuming that the peak ground
motion parameters are governed by log-normal pdfs (e.g.
[16]) it could be possible to compute exceeding probabilities
of some threshold values selected on the basis of the
specific structure of interest. Although of great utility, this
information does not account for the uncertainties linked
to the ability of the EEWS to provide time-evolving
estimates of magnitude and location of the impending
earthquake which are governed by their own pdfs. In the
present paper, the approach limited to estimate single
values of the selected strong-ground motion parameter is
overcome by using a Bayesian approach. This approach
allows to retrieve the whole pdf of the selected parameter
by using a modified formulation of the hazard integral used
in the classical probabilistic hazard analyses [14] and, in
particular, to provide these pdfs conditioned to the real-
time information provided by the EEWS. This is the base
for the modification of the classical hazard integral, in so
far as, both the mean values and the uncertainties of those
parameters mainly depend on the information provided by
the EEWS during the occurrence of the earthquake. The
generalized formulation of the hazard integral can be
written as

f ðSaðTÞÞ ¼

Z
M

Z
R

f ½SaðTÞjm; r�

�f Mjt1;t2;:::;tntrig
ðmjt̄ntrigÞ

�f Rjn1;n2;:::;nntrig
ðr; n̄ntrigÞdrdm. ð1Þ

Eq. (1) thus provides the pdf of the spectral ordinates
Sa(T) of the response spectra for a set of structural periods
T. The pdf f(Sa(T)) allows to obtain the most complete
information, i.e., the modal value, the median value, the
uncertainty or, as in the classical hazard analyses, the
probability of exceedance of some threshold value. The
main advantage of this formulation consists in its general-
ity; it does not strictly depend on the adopted methodology
for magnitude and location estimates although only for
some cases it will be possible to write down analytical form
for the corresponding pdfs. In the classical hazard analysis,
the pdf on the magnitude is a truncated exponential
function obtained from the Gutenberg–Richter relation-
ship retrieved from the seismic catalogue collected in the
earthquake source area of interest.
In the hazard integral t1; t2; :::; tntrig represent a vector of

measures of some physical parameter at the ntrig recording
stations of the seismic network in the early stage of the
recorded signal. The pdf f Mjt1;t2;:::;tntrig

ðm t̄j ntrigÞ thus provides
the probability that, on the basis of the real-time
measurements t̄ntrig , the occurring earthquake has a
magnitude in a given range. A non trivial problem that
has to be faced in formulating this pdf in a real-time
approach, concerns the selection of the most appropriate a-
priori information when a sufficient number of measure-
ments is not yet available. This can be the case, for
example, when some station does not correctly work, or the
earthquake is located on the edge or outside the region
covered by the seismic network. As shown by Iervolino et
al. [12], when the measurements t̄ntrig are the predominant
period tP,max of the first 4 s of the P-waves proposed by
Allen and Kanamori [3], and the a-priori information is the
Gutenberg–Ricther (e�bm) relationship, the pdf on the
magnitude has an analytical formulation that, using the
Bayesian approach, for a given magnitude range (Mmin,
Mmax) is given by

f M ðmjt1; t2; . . . ; tntrig Þ

¼
e
f2mlogðtÞ

Pntrig
i¼1

logðtiÞ

� �
�ntrigm2logðtÞg=2s

2
logðtÞ

e�bm

RMmax

Mmin
e
f2mlogðtÞ

Pntrig
i¼1

logðtiÞ

� �
�ntrigm2logðtÞg=2s

2
logðtÞ

e�bm dm

. ð2Þ

The numerator in Eq. (2) represents the probability of
measuring a set of t̄ntrig given that an earthquake of
magnitude m is occurring, i.e., ðmjt̄ntrig Þ multiplied by the a-
priori pdf. Note that, formulating Eq. (2) requires the
assumption of s-independence and homoskedasticity of the
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logs of the measurements and that the distributions of the
components of the vector t̄ntrig , conditioned to the
magnitude of the earthquake, i.e., ft|M(t|m), are log-normal
characterized by the parameters reported in the following
equations:

mlogðtÞ ¼ ðM � 5:9Þ=7;

slogðtÞ ¼ 0:16:

(
(3)

The value mlog(t) is provided by Allen and Kanamori [3]
while the value of the dispersion slog(t) has been retrieved
by using the data provided by Allen and Kanamori [3] in
the same paper.

Fig. 2 shows the time evolving estimation of the
f Mðmjt̄ntrigÞ for an M 6.0 earthquake (grey lines) along
with the a-priori distribution on the magnitude obtained
from the Gutenberg–Richter relationship (black line). The
results reported in Fig. 2 have been obtained by selecting
an earthquake located at the centre of the seismic network.
This allowed to test possible effects concerning the seismic
network configuration.

The parameters used to compute the Gutenberg–Richter
relationship and the pdf on the magnitude for the region of
interest are b ¼ 1.69, Mmin ¼ 4.0 and Mmax ¼ 7.0.

Note how both the median value and the width of the
pdf change with the increasing number of triggered stations
(ntrig), that represents the increasing amount of information
coming from the EEWS.

For a set of triggered stations n1; n2; :::; nntrig , the function
f Rjn1;n2;:::;nntrig

ðrjn̄ntrig Þ represents the pdf on the source-to-site
distance. This pdf accounts for two different information,
that are, the time evolving location and the identification of
a volume inside which the hypocenter is located with a
given probability. As a consequence, there is an implicit
dependence on the selected location technique. In the
present paper, the technique proposed by Satriano et al. [8]
has been used which is an extension of the methodology
proposed by Horiuchi et al. [6]. It allows to estimate the
hypocenter probabilistically as a pdf instead of a point,
and uses the EDT approach throughout to incorporate
the triggered arrivals and the not yet triggered stations.
Fig. 2. Time evolution of the pdfs of the magnitude (grey lines) for an M 6.0 ea

on the magnitude retrieved from the Gutenberg–Richter relation for the regio
Moreover, it applies a full, global search for each update of
the location estimate and starts the location procedure
after only one station has triggered. From a real-time risk
analysis point of view, the most interesting feature of the
methodology concerns the possibility to identify probabil-
istic volumes where hypocenters are located by using a
stacking of the EDT surfaces between pairs of triggered
and not yet triggered stations. These surfaces are defined as
isochrone surfaces with respect to P-wave travel times.
Except for simple cases in which the volume is reduced to
a point, a line or a circle, the difficulty remains to write
the f Rjn1;n2;:::;nntrig

ðrjn̄ntrig Þ in an analytical form as for the

magnitude.
Finally, the pdf f[Sa(T)|m,r] is the conditional probability

of exceedance for a given magnitude distance couple (m, r)
deduced from the attenuation relationship and based on
the assumption of a log-normal distribution of the Sa(T)
parameter (e.g. [16]). In the present application the
attenuation relationship refers only to rock site condition.
However, when site-specific transfer function are available
for the site of interest, a correction of f(Sa(T)) can be
performed.
A problem that has to be faced in defining the pdf

f[Sa(T)|m,r] is the fact that, although recent development
(e.g. [17,18]), all the classical attenuation relationships have
a constant standard error of the logs with respect to
magnitude and distance. However, when the risk analysis is
devoted to estimate response spectra, as in the present
paper, a further feature can be investigated. This concerns
the fact that the standard error depends on the selected
structural period.
2.2. The classical point estimate approach

In order to understand if there is an uncertainty between
that corresponding to the magnitude or to the attenuation
relationship, that mainly governs the shape of f(Sa(T)) it is
worthwhile to apply also a classical point estimate
approach. This approach is based on the inversion of the
first of the Eq. (3) and the averaging of the estimates at all
rthquake located at the center of the network. Black line represents the pdf

n of interest and used as a-priori information.
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the ntrig stations. This corresponds to obtain the average of
the magnitude provided by each station, i.e.,

M ¼

Pntrig
i¼1

½7 log ðtiÞ þ 5:9�

ntrig
. (4)

In Fig. 3 are reported the results for 1000 simulations
obtained by applying both the approaches to an M 7.0
earthquake located at an epicentral distance of 90 km. Each
curve represents the final response spectrum, i.e., when all
the seismic stations have triggered.

Triggering times are evaluated by computing P-wave
travel-times assuming an isotropic and homogeneous
medium having a velocity vp ¼ 5.5 km/s. The selected
real-time location procedure [8] incorporates uncertainty
which is assumed to be negligible, with respect to that of
the magnitude and attenuation relationship after 4 s from
the first trigger. Since the magnitude estimation procedure
also requires at least 4 s of recorded signal, the real-time
response spectrum prediction, in the application presented
in this paper, starts after 4 s from the first trigger.

Panels a and c show the median response spectra obtained
from Bayesian and classical point estimate approaches,
respectively, at the instant of time in which all the stations of
the seismic network have triggered (ntrig ¼ 29). The grey line
in the same panels represents the response spectra computed
by using only the Sabetta and Pugliese [19] (hereinafter
SP96) attenuation relationship that corresponds to the
expected spectrum and, fixed the magnitude and the location
of the earthquake, represents the maximum status of
knowledge. The histograms reported in panels b and d show
the distributions of the Sa(T) values for the structural
periods reported in the labels. The vertical lines in each
panel correspond to the value of Sa(T) computed by using
the SP96 attenuation relationship. The results reported in
these figures allow to verify that the two approaches provide
similar modal values of the response spectra, and somewhat
different variability. Such variability depends on the selected
structural period which is mainly correlated with the
standard errors provided by the SP96 attenuation relation-
ship. However, the most interesting feature is that, aside
from the used approach, all the spectra distribute around the
spectrum corresponding to the maximum status of knowl-
edge, i.e., when magnitude and location of the earthquake
are known. Moreover, the fact that the two approaches
provide similar values of the dispersion suggests that the
uncertainty that mainly affects the final estimates is that
corresponding to the attenuation relationships rather than
that related to the magnitude’s estimation.
2.3. The missed and false alarm issue

Missed and false alarm probabilities are generally
defined starting from the selection of a decision rule. This
rule is used to launch the alarm or not, once the EEWS has
provided the distribution of the ground motion parameter.
A possible decision rule is reported as follows:

Alarm ¼ 1�

Z Sc
aðTÞ

0

f ðSaðTÞÞdSa ¼ P½SaðTÞ4Sc
aðTÞ�4Pc.

(5)

This formulation is based on the assumption that alarm
is launched if the probability of Sa at the structural period
T of interest exceeding a critical threshold value Sc

aðTÞ

outcrosses a reference value Pc. The Pc and Sc
aðTÞ values

are selected in relation to an appropriate loss function for
the structure of interest and the acceptable probabilities of
errors in the decisions [12]. The efficiency of the decision
rule may be tested in terms of false and missed alarms
probabilities, PFA and PMA, respectively [20]. In particular,
the false alarm occurs when the alarm is issued while the
strong-ground motion parameter at the site ST

a is lower
than the threshold value. On the other hand, the missed
alarm corresponds to not launching the alarm if needed. In
the application presented in this paper, false and missed
alarms are defined separately for spectral ordinates at each
fundamental period:

Missed Alarm : No Alarm \ ST
a ðTÞ4Sc

aðTÞ
� �

;

False Alarm : Alarm \ ST
a ðTÞpSc

aðTÞ
� �

:

(
(6)

The application of Eq. (1) to EEW systems provides real-
time estimates of the pdf that governs the selected strong-
ground motion parameter. Because the shape of this pdf
depends on the number of triggered stations ntrig at a given
instant of time, it is thus possible to evaluate false and
missed alarm probabilities in a time-dependent approach.
As a consequence, the amount of information collected on
the event and the available lead time that is the amount of
time between the receipt of the first information about the
impending earthquake and the arrival of the seismic phase
of interest, represent a trade-off which should be accounted
for in alarming decision.
In the present paper, missed and false probabilities

analysis has been performed at two main towns of the
Campania–Lucania region (Southern Apennines, Italy), in
particular Napoli and Avellino (Fig. 1). This allowed to
test how these probabilities depend on the threshold values,
on the selected critical spectrum, on the source-to-site
distance and the time from the first trigger.

3. Application to the Campania–Lucania region (Southern

Apennines), Italy

The analysis concerning both the real-time response
spectrum estimation and the missed and false alarm issue
has been performed by using a simulation approach (e.g.
Monte Carlo). During the simulations, the measurements
of the parameters of interest are randomly extracted from
their pdfs. This is the case for example for tP,max [3]
and ST

a ðTÞ.
The selected test area is the Campania–Lucania region

(Southern Apennines) in Italy, where a prototype EEWS is
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under development. The system is based on a dense, wide
dynamic network named ISNet [15] which encloses the
seismogenetic structures that originate the last destructive
earthquake occurred in the region on 23 November 1980
(M 6.9). The ISNet configuration is reported in Fig. 1
(triangles) along with the main towns which represent
potential sites of interest (black squares). For the selected
region, the parameters used to compute the Gutenber-
g–Ricther relationship and, as a consequence, the pdf on
the magnitude which is the a-priori information in Eq. (2)
are b ¼ 0.7356 (b ¼ b ln 10), Mmin ¼ 3.0 and Mmax ¼ 7.0.
The grey star in Fig. 1 represents the epicentre of the
selected M 7.0 earthquake while the circles indicate the two
Fig. 4. Real-time response spectrum estimation for the site of Avellino (black l

Bayesian approach. The labels report the corresponding instant of time and th

computed following the Italian code for the site of Avellino.
main towns Napoli and Avellino chosen as sites of interest
for the analysis located at epicentral distances of about 90
and 46 km, respectively.
Evaluating Eq. (6) requires the definition of a critical

response spectrum Sc
aðTÞ for each period of interest T. In

the present application, for the two sites the critical
spectrum has been computed by using the spectral shape
for A-type site class given in the Eurocode 8 [21] evaluated
at 11 different structural periods, i.e., T ¼ 0, 0.1, 0.15, 0.2,
0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0 s. The anchoring values have
been selected as the Pga values having a return period of
475 years that are 2.0 and 1.5m/s2 for the site of Avellino
and Napoli, respectively [22].
ines) retrieved from the pdfs reported in the same figure obtained by using

e number of triggered stations. Grey lines represent the critical spectrum
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In order to evaluate the f(Sa(T)) for each site, a number
of 1000 simulations has been performed applying both the
Bayesian and the classical point estimation approaches.
Each simulation consists of: (1) selecting the earthquake’
characteristics (i.e., magnitude and location) and sampling
the true values ST

a ðTÞ at the site for each structural period
from its distribution conditioned to the selected magnitude
and distance pair; (2) simulation of the measurements and
predictions made by the EEWS at each instant of time until
all the stations have triggered; (3) check the decision rule
and the false/missed alarm conditions.

Triggering times are computed according to the descrip-
tion given in the previous section. Fixed the earthquake
magnitude, the ti measurements are sampled assuming
that they are statistically independent and log-normally
Fig. 5. Same as Fig. 4 but using
distributed with mean value and dispersion reported in
Eq. (3).
The ST

a ðTÞ values for each period are obtained by
sampling the pdf retrieved by using the median and the
dispersion provided by SP96 attenuation relationship for
the selected magnitude and epicentral distance. Moreover,
the same attenuation relationship is used to compute the
conditional exceeding probability f[Sa(T)|m,r] reported in
Eq. (1).
The selection of a high number of simulations for the

same magnitude and location and the random extraction of
the Sa(T) values from the pdf obtained from the selected
attenuation relationship, implicitly allowed to account for
the effect of different fault mechanisms particularly for
the site of Napoli for which the large epicentral distance
the classical point estimate.
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allowed to neglect the fault dimension. In fact, from a stati-
stical point of view, the uncertainty provided by the attenu-
ation relationships accounts for all the effects that can modify
the values of the selected strong-ground motion parameter
different from magnitude and source-to-site distance.

3.1. Results for Avellino

The first analysis concerned the real-time estimate of the
response spectrum for the site of Avellino (Fig. 1). For the
assumed homogeneous and isotropic velocity model
(vp ¼ 5.5 km/s; vs ¼ vp/

ffiffiffi
3
p

) P- and S-wave travel times
are, respectively, tP ¼ 8.5 s and tS ¼ 14.5 s. Assuming 4 s as
time required to locate the earthquake by the selected
location technique, the resulting lead time is about 8 s.
Fig. 6. Same as Fig. 4 but
Figs. 4 and 5 report the results for one of the 1000
simulations obtained by using the Bayesian and point
estimate approaches, respectively. The grey dashed lines
correspond to the critical response spectrum while con-
tinuous black lines represent the spectrum estimated in
real-time. The spectrum at each structural period was
obtained by choosing a 20% of critical probability Pc. This
probability value was selected because it is the value that
will be used later in the analysis to evaluate the probability
of missed and false alarm.
On each panel, the elapsed time from the origin time of

the earthquake, along with the corresponding number of
stations that have recorded the parameter used to compute
the magnitude, is reported. In order to compare the results
obtained via the two approaches, the spectra have been
for the site of Napoli.
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computed by fixing the same seed in the random number
generator. For each period, also the corresponding f(Sa(T))
is shown allowing to analyse its variation with the time and
the structural period. The variations both in terms of mean
values and dispersions can be mainly attributed to the
different dispersions provided by the SP96 attenuation
relationship for each period, and also to the pdf on the
magnitude.

Comparing the results reported in Figs. 4 and 5, note the
different dispersion of the f(Sa(T)) between the two
approaches and during the increasing time from the
earthquake origin time assumed as zero reference time.
Moreover, the spectra obtained by applying the Bayesian
approach are slightly, but systematically lower than those
Fig. 7. Same as Fig. 6 but using
obtained by using the classical point estimate approach.
This is in agreement with the fact that Bayesian estimators
are not statistically correct. Lowermost panels of Figs. 4
and 5 indicate that the differences in the shape of the
f(Sa(T)) are particularly evident in the early seconds, i.e.,
when only raw magnitude estimates are available while
those corresponding to the final instant of time t ¼ 12 s
from the earthquake origin time, when all the stations have
triggered, are quite similar.

3.2. Results for Napoli

The same analysis performed at Avellino has been
applied at the site in Napoli by using both Bayesian and
the classical point estimation.
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classical point estimate approaches. This allowed to
underline possible effects on the results of both the
source-to-site distance and the critical spectrum. Figs. 6
and 7 show the time evolution of the estimated response
spectra along with the corresponding f(Sa(T)). Using the
same assumptions on the velocity model for the site of
Napoli, P- and S-wave travel times are, respectively,
tP ¼ 16.4 s and tS ¼ 28.3 s and the lead time is about 20 s.

Also for the site in Napoli, the estimated spectra are
different when the two approaches are applied, but become
similar starting from t ¼ 9 s from the earthquake origin
time. Comparing these results with those reported in the
Figs. 4 and 5 corresponding to the site of Avellino, it is
possible to note that almost all the f(Sa(T)) have a lower
dispersion that can be attributed to the attenuation
relationships effect.
Fig. 8. Real-time estimation of missed and false alarm probabilities for each o

results obtained when the Bayesian approach is used while grey lines refer to
3.3. The missed and false alarm issue

The simulating approach used to compute real-time
response spectra is also used to compute the missed and
false alarms having selected Eq. (5) as decision rule and,
moreover, to compute the probabilities of missed (PMA)
and false alarm (PFA) by using the frequency of occurrence
of the corresponding alarms. These probabilities are
reported in the following equation:

PMA ffi N PðSaðTÞ4Sc
aðTÞÞpPcðTÞ \ ST

a ðTÞ4Sc
aðTÞ

� �
=NSimul;

PFA ffi N PðSaðTÞ4Sc
aðTÞÞ4PcðTÞ \ ST

a ðTÞpSc
aðTÞ

� �
=NSimul;

(

(7)

where NSimul is the number of simulations chosen as 1000
in the present application. For each structural period T, the
f the selected structural period for the site of Avellino. Black lines are the

the results obtained by using the classical point estimation.
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critical probability Pc is fixed at 20% and the critical
spectrum is computed according to the description given in
the previous section. It is worthwhile to underline that false
and missed alarm probabilities are computed at each
structural period separately.

In the study presented by Iervolino et al. [12], the authors
demonstrate that for an M 7.0 earthquake and a site
located at an epicentral distance of 110 km, the probability
of missed alarm for the Pga drops to 0 after 7 s from the
first trigger. On the other hand the probability of false
alarm reaches the value corresponding to the case when
magnitude and location are predicted by EEWS without
uncertainties which, as consequence, may be considered the
reference value for the system’s performance.

In the present paper, the analysis has been extended to
the whole response spectrum. Moreover, the selection of
Fig. 9. Same as Fig. 8 but
two sites located at different epicentral distances to which
correspond two critical spectra allowed to verify how PMA

and PFA change as functions of these two variables. Figs. 8
and 9 show the results of the probabilities of missed and
false alarms for the site of Avellino when both Bayesian
and classical point estimation approaches are used and for
all the selected spectral periods. Note that the differences in
the shape (mean values and dispersions) of the f(Sa(T))
when the two approaches are used, have their effect on
PMA and PFA for each selected period. In particular, aside
from the particular selected site, PFA has always lower
values when the Bayesian approach is selected with respect
to the point estimation approach. This is not true for PMA

that, for structural periods lower than 0.4 s are the same for
the two approaches. Moreover, for the site of Napoli, for
all the periods, both PMA and PFA converge to the same
for the site of Napoli.
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small values. On the other hand, for the site of Avellino,
when the Bayesian approach is used (Fig. 8), the two
probabilities are different also when all the seismic stations
have triggered, and for larger periods (TX0.75 s) the PMA

is always lesser than PFA.

4. Conclusions

In the present paper the technique proposed by Iervolino
et al. [12] aimed at real-time estimation of peak-ground
motion has been extended to the whole response spectrum.
The extension to the response spectra provides a most
appropriate function to characterize the strong-ground
motion for earthquake engineering applications of the
EEWS. In fact, due to the dependence on the structural
periods, it allows to better characterize the structural
seismic response with respect to the Pga.

In order to compare the results two approaches have
been applied in the analysis. The first is the Bayesian
approach proposed by Iervolino et al. [12] aimed at
performing strong-ground motion estimates in terms of
pdf similar to the classical PSHA proposed by Cornell [14]
while the EEWS is gathering measurements about the
impending earthquake. The second is a classical point
estimate approach which does not account for the whole
pdf on the magnitude.

The comparison between the two approaches has been
carried out because Bayesian approach, for its own nature,
may underestimate the strong-ground motion values, while
the point estimation leads to larger uncertainty. However,
by comparing the results obtained with two approaches
shown in Fig. 3, note that, the Bayesian approach provides
significantly smaller variability which is a desirable feature.

Furthermore, the comparison allowed to better under-
stand which uncertainties mostly affect the estimated
response spectra. The results have shown that for a 50%
of critical probability Pc, aside from the used approach, the
final response spectra, that is when all the stations have
triggered, computed with 1000 simulations, distribute
almost symmetrically around the expected spectrum, i.e.,
the spectrum computed by using the SP96 attenuation
relationship for the true values of magnitude and location.
This and other results allows to conclude that, the main
source of variability is the attenuation relationship and its
uncertainty.

However, the latter result may be conditioned by the
assumptions made in the proposed approaches and on the
parameter used by the EEWS for magnitude estimates. As
an example, it may be useful to investigate the effect of the
use of ground motion prediction relationships that account
for dependency of the variance on magnitude.

In order to test the two approaches and compare the
results, an application to the Campania–Lucania region
(Southern Apennines), Italy is presented using as EEWS
the one that is going to be installed in the area of interest
named ISNet [15]. In particular, two main towns, that is
Avellino and Napoli, have been selected as testing sites.
For each site, both Bayesian and point estimation
approaches have been applied in order to evaluate the
response spectra via real-time earthquake measurements.
The selection of two sites located at different epicentral
distances, which correspond to two different critical
spectra, allowed to test the effect of the distance on the
estimated spectra.
Furthermore, the analysis concerned the computation of

the missed and false probabilities using as scenario an M
7.0 earthquake located at the centre of the seismic network.
This analysis allowed to test how missed and false
probabilities depend on the selected critical spectrum and
on the epicentral distance. Moreover, due to the possibility
of taking into account for the response spectrum, it has
been tested how for the same earthquake scenario, i.e.,
same magnitude and epicentral distance, missed and false
alarm probabilities depend on the structural period. The
results showed that there is a dependence of the computed
values of PFA and PMA both on the selected structural
period and on the source-to-site distance. This is a
consequence of the time variation of the dispersion of the
f(Sa(T)) pdfs.
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