
Chapter 7
An Integrated Regional and On-Site Earthquake
Early Warning System for Southern Italy:
Concepts, Methodologies and Performances

A. Zollo, S. Colombelli, L. Elia, A. Emolo, G. Festa, G. Iannaccone, C. Martino
and P. Gasparini

Abstract We present an approach to Earthquake Early Warning for Southern Italy
that integrates regional and on-site systems. The regional approach is based on the
PRobabilistic and Evolutionary early warning SysTem (PRESTo) software platform.
PRESTo processes 3-components acceleration data streams and provides a peak
ground-motion prediction at target sites based on earthquake location and magni-
tude computed from P-wave analysis at few stations in the source vicinity. On the
other hand, the on-site system is based on the real-time measurement of peak dis-
placement and dominant period, on a 3 s P-wave time-window. These values are
compared to thresholds, set for a minimum magnitude 6 and instrumental intensity
VII, derived from empirical regression analyses on strong-motion data. Here we
present an overview of the system and describe the algorithms implemented in the
PRESTo platform. We also show some case-studies and propose a robust methodol-
ogy to evaluate the performance of this Early Warning System.

7.1 Introduction

The concept of Earthquake Early Warning System (EEWS) today is becoming more
and more popular in the seismological community, especially in the most active seis-
mic regions of the world. EEW means the rapid detection of an ongoing earthquake
and the broadcasting of a warning in a target area, before the arrival of the destruc-
tive waves. Earthquake Early Warning Systems experienced a sudden improvement
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and a wide diffusion in many active seismic regions of the world in the last three
decades. They are currently operating in Japan (Nakamura 1984, 1988; Odaka et al.
2003; Horiuchi et al. 2005), Taiwan (Wu and Teng 2002; Wu and Zhao 2006), and
Mexico (Espinosa-Aranda et al. 2009). Many other systems are under development
and testing in other regions of the world such as California (Allen and Kanamori
2003; Allen et al. 2009a, b; Böse et al. 2009), Turkey (Alcik et al. 2009), Romania
(Böse et al. 2007), and China (Peng et al. 2011). In southern Italy the early warning
system PRESTo (Probabilistic and Evolutionary early warning SysTem) (Satriano et
al. 2010) is under testing since December 2009. It is currently used to monitor the
Apenninic fault system and to detect small-to-moderate size events in the area where
the MW 6.9, 1980 Irpinia earthquake occurred (Zollo et al. 2009a; Zollo 2009b;
Iannaccone 2010).

Most of existing EEWS essentially operate in two different configurations, the
“regional” (or network-based) and the “on-site” (or station-based), depending on
the source-to-site distance and on the geometry of the considered network with
respect to the source area. The regional configuration is generally adopted when
the network is deployed in the source area, while the targets to be protected are
far away from it. In this approach, the early portion of recorded signals is used to
rapidly evaluate the source parameters (essentially, event location and magnitude)
and to predict a ground-motion intensity measure (e.g., Peak Ground Velocity, PGV,
and/or Peak Ground Acceleration, PGA) at distant sites, through empirical Ground
Motion Prediction Equations (GMPE). As data are acquired by the network, the
initial estimations are updated, providing a continuously refined information about
the earthquake parameters and ground shaking prediction at target sites. Given the
source-to-site distance, the “lead-time” (i.e., the time between the alert issue and
the arrival of damaging waves at the target site) can be relatively long in a regional
configuration, although the prediction of the shaking at distant sites may be affected
by large uncertainties due to the use of empirical predictive relationships.

The on-site approach, instead, is generally used when the sites to be protected are
close to the source area. In this configuration the early portion of recorded P-wave
signals is used to predict the ensuing peak ground-motion at the same site and to pro-
vide a local alert level, based on the combination of Early Warning (EW) parameters
(such as P-wave peak displacement and/or predominant period). The main advantage
of such an approach is that the alert for an impending earthquake at the target site is
issued based on a local measurement of P-wave ground motion, avoiding the use of
empirical predictive laws and bypassing the estimation of earthquake location and
magnitude, which might be affected by large uncertainties in a real-time analysis.

The new idea for EEWS is the integration of the two approaches, which allows to
get accurate estimations of earthquake parameters, reliable prediction of the expected
ground motion and quite large lead times. The integrated approach, recently proposed
by Zollo et al. (2010), is essentially based on three key-elements: (i) the definition
of a local alert level from the combination of the initial Peak Displacement (Pd)

and the average dominant period (τc); (ii) the use of the initial peak displacement
as a proxy for the Peak Ground Velocity; (iii) the real-time mapping of a Potential
Damage Zone (PDZ). The integrated approach has been off-line tested for the 2009,
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MW 6.3 L’Aquila (Central Italy) earthquake and ten Japanese large earthquakes
Colombelli et al. (2012). Recently, the method has been also implemented in the
PRESTo software platform, and is currently under testing in southern Italy using data
streaming of small-to-moderate events from the Irpinia Seismic Network (ISNet).

In the present paper we describe the PRESTo software platform, with a special
focus on the methodologies and on the performance evaluation for the system.

7.2 The PRESTo Software Platform

PRobabilistic and Evolutionary early warning SysTem (PRESTo) (Satriano et al.
2010) is a software platform for EEW that integrates recently developed algorithms
for real-time earthquake location, magnitude estimation and damage assessment
into a highly configurable and easily portable package. The system is under active
experimentation in southern Italy on the Irpinia Seismic Network (ISNet) (Iannac-
cone 2010), which is deployed around the seismogenic area where the 1980, MW 6.9
Irpinia earthquake occurred, and that is expected to produce a large earthquake within
the next 20 years.

PRESTo continuously processes the live streams of 3-components acceleration
data from the stations for P-waves arrival detection and, while an earthquake is occur-
ring, promptly performs the event detection, location, magnitude estimation, damage
zone assessment and peak ground-motion prediction at target sites. The earthquake
location uses an evolutionary real-time technique based on an Equal Differential
Time (EDT) formulation, and a probabilistic approach for defining the hypocenter
(Satriano et al. 2008). This algorithm, at each time step, relies on both the infor-
mation from triggered arrivals and not-yet-triggered stations. The latter information
enable the algorithm to rapidly constrain the most likely location area in the first
few seconds of the P-wave propagation. Magnitude estimation exploits an empirical
relationship that correlates the final event magnitude with the logarithm of the fil-
tered peak ground-displacements, measured over the first 2 ÷ 4 s of signal starting
at the detected P-wave arrival and the estimated S-wave arrival (Lancieri and Zollo
2008). The peak ground-motion parameters (PGA, PGV) at a given distance can be
estimated from location and magnitude using region specific Ground Motion Pre-
diction Equations (e.g., Emolo et al. 2011 for low-magnitude earthquakes; Akkar
and Bommer 2007 for moderate-to-large magnitude events). The evolutionary esti-
mates of source parameters and ground shaking at target sites, and their respective
uncertainties, are sent as alarm messages to vulnerable structures and can reach them
before the destructive waves arrive, enabling the recipients to initiate automatic safety
procedures. PRESTo is designed to handle both low-magnitude and moderate-to-
large earthquakes, by using two different sets of parameters for its algorithms at the
same time (e.g., signal filters, regression laws, thresholds). This allows to test the
real-time behavior of the system both for the low-magnitude seismicity, currently
occurring in the Irpinia region, that is recorded by the ISNet network, and, at the
same time, to perform Early Warning for eventual energetic earthquakes. PRESTo
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has been under continuous real-time testing during the past two years (2010–2011)
using data streaming from the ISNet stations, and has produced a bulletin of more
than a hundred low-magnitude events (http://isnet.fisica.unina.it). Meanwhile, due
to the unavailability of large magnitude events recorded at ISNet, PRESTo has been
tested off-line, by playing-back in the system both real and synthetic seismograms
for moderate-to-large events occurred in Italy and elsewhere (Satriano et al. 2010).

When a dense seismic network is deployed in the fault area, PRESTo can produce
reliable estimates of earthquake location and size within 5–6 s from the event origin
time, and a stable solution is generally reached within 10 s from it.

After analyzing strong motion data from modern accelerometric networks
deployed in Japan, Taiwan and Italy, we recently integrated the regional approach
with a threshold-based EW method that allows, in the very first seconds after the
occurrence of a moderate-to-large seismic event, to map the most probable damaged
zone which is a relevant information for the efficient planning of the rescue oper-
ations in the immediate post-event emergency phase. The method is based on the
real-time measurement, at near-source stations located at increasing distances from
the earthquake epicenter, of two parameters evaluated over a three-seconds window
after the P-wave arrival: the peak displacement (Pd) and the predominant period (τc)

given by

τc = 2n

√
√
√
√

∫ to
0 [u(t)]2dt

∫ to
0 [v(t)]2dt

(7.1)

where u is ground displacement and v is velocity on a short 3 s time-window of
P-waves signal on the vertical component. The measured values are compared to
threshold values, set for a minimum magnitude of 6 and instrumental intensity VII,
based on the empirical regression analysis of strong motion data (Colombelli et al.
2012). At each recording site, an alert level is assigned based on a decision table
with four alert levels according to the Pd and τc values. Given the real-time, evolu-
tionary estimation of earthquake location from first-P arrivals, the method provides
an estimation of the extent of the potential damage zone as inferred from continu-
ously updated averages of the period parameter and from mapping of the alert levels
determined at the near-source accelerometer stations.

Concerning implementation details, PRESTo is a stand-alone executable written
in C++, a programming language that provides optimal speed performance (a key
element for an early-warning system) without sacrificing the code expressiveness,
thanks to its object-oriented nature. The code is easily portable to different operating
systems (Windows, Linux and Mac OS X), thanks to the SDL library (Simple Direct-
Media Layer), used for abstracting low-level operations, and the OpenGL libraries,
a de facto standard for scientific and interactive visualization. The software is orga-
nized into a main thread that implements the core processing procedures activated
during an earthquake, and some additional processing threads that handle the contin-
uous tasks, such as waveforms acquisition and their processing. A block diagram of
the system and its inputs and outputs is reported in Fig. 7.1. The main tasks performed
by the system are described hereinafter.

http://isnet.fisica.unina.it
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Fig. 7.1 Block diagram of the PRESTo early warning system (middle) showing its inner components
and the data exchange among them. The data-flow starts with inputs to the system (top) and ends
with its outputs (bottom)
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In real-time mode, ground acceleration from three components (or optionally
from just the vertical component) is acquired from the stations via the SeedLink
protocol. This is a robust and widely used protocol for waveform data transmission
in seismology, and is implemented using the official libSlink library. Conversely,
in simulation mode the waveforms recorded during a past earthquake (or synthetic
waveforms produced for historical events), can be played-back in the system reading
files in SAC format (Goldstein et al. 2003). In the latter case the streams of 1 s
SeedLink packets are simulated, with the optional feature of also producing random
communication delays and data gaps for a more realistic test. For each station, a
thread running concurrently with the rest of the program performs the acquisition
and automatic phase picking.

Incoming acceleration packets are processed for automatic phases picking by the
Filter Picker (FP) algorithm developed by Lomax et al. (2012), which is based on
the same basic concepts used in the Baer and Kradolfer’s picker (Baer and Kradolfer
1987) and the Allen’s picker (Allen 1978, 1982). FP is designed so that it operates
stably on continuous, real-time, broad-band signals, and avoiding excessive picking
during large events. It is able to analyze only the new packets of data, as it retains
memory of past computations, rather than having to re-process a larger waveform
buffer every time. Picks are produced as soon as the arrival waveform is available,
making it especially suitable for an EW application. Furthermore, the picker is easily
configurable with only five parameters (three of which can use defaults based on the
sampling rate only if needed).

For all detected P-waves arrivals an on-site (i.e., local to the station) threshold
based alert level is computed, telling whether to expect local and/or remote damage.
The alert level (0–3) is computed by measuring the peak displacement Pd and pre-
dominant period τc (Eq. 7.1), and comparing their values with threshold values. The
default thresholds have been chosen in order to have the maximum alert level (level
3) for an earthquake characterized by a predicted magnitude M larger than 6 and an
Instrumental Intensity (IMM) larger than VII. The alert level at each station is based
solely on data recorded at that site, and is independent of the information provided
by other stations and/or from the earthquake detection performed by the regional
EW algorithms. In an integrated regional/on-site approach, an instrumental intensity
map can be computed starting from a region-wide grid of expected PGVs. This para-
meter is predicted at stations using a correlation between the on-site Pd measured on
a short time window and PGV, while elsewhere it is provided by the regional sys-
tem through the estimation of the earthquake source parameters and using a GMPE.
PGV is correlated to IMM that in turn is correlated to the expected damage so that,
through interpolation, a region-wide Potential Damaged Zone can be provided in a
few seconds after the earthquake origin time.

The main thread, which runs in parallel with the acquisition threads, keeps a list of
the last P-waves picks as well as detected earthquakes, in order to perform the Early
Warning on more than one earthquake. A new event is declared when arrivals at a
fixed number of stations are detected in a short coincidence time window. Subsequent
picks at further stations are associated to the latest quake if they fall within the



7 An Integrated Regional and On-Site Earthquake Early Warning System 123

association time window, or they are kept in a list of non-associated picks for the
possible declaration of new earthquakes.

The probabilistic earthquake location of recent earthquakes is updated using the
RTLoc algorithm (Satriano et al. 2008), if either new picks have been associated to
the event, or more than a second has passed from the previous location estimate. The
most probable hypocenter, origin time and covariance matrix (uncertainty ellipsoid)
are computed based on the velocity model of the geographic area, P-waves arrival
times at stations, non-triggered stations and current time. The velocity model is
provided in two 3D grids per station, holding the travel times from each point of the
location grid to the station (one grid for P-waves and one for S-waves).

Magnitude is continually estimated for still live earthquakes that were successfully
located. The peak displacements are measured at each station associated to the event,
as soon as waveform data are available in a short time window (2 ÷ 4 s) after the
detected P-waves arrival and theoretical S-waves arrival. Each time window provides
a Gaussian-like magnitude Probability Density Function for the station, with mean
value given by

log Pd − A − C log
( R

10

)

B
(7.2)

where R is the hypocentral distance in km, Pd is the filtered peak displacement in
meters and A, B and C are coefficients that depend on the signal window. The earth-
quake magnitude probability distribution is obtained, assuming a Bayesian approach,
by multiplying together the distributions for all time windows and stations, with an
a priori distribution corresponding to the Gutenberg-Richter law. This provides both
a most likely magnitude (peak of the distribution) and uncertainty (magnitude range
where the integral of the distribution rises from 5 to 95 %). If the resulting magni-
tude is below a threshold (i.e., a low-magnitude event was detected) the magnitude
is recomputed using different filters to obtain the displacement. For this reason it
is possible to test the behavior of the system on low-magnitude events, while at the
same time performing Early Warning for moderate-to-large earthquakes.

Using magnitude and location from the previous steps, the peak velocity and
acceleration are estimated at stations (to compare with measured values) and targets,
through attenuation laws whose coefficients can be user-specified. The lead-time
at each target site, i.e., the seconds remaining before the estimated S-waves arrival
there, is also computed. However, the actual lead-time available to perform automatic
safety procedures at targets is expected to be larger than that estimated by the system,
considering that the peak ground-motion due to S-waves is expected to occur later
than the S-waves arrival time.

Alarm messages are sent over the internet to remote target sites. These are
short User Datagram Protocol (UDP) packets that contain the most up-to-date esti-
mated source parameters and uncertainties, the peak ground shaking expected at the
recipient target, and the remaining seconds before the arrival of destructive waves
(S-waves). The average measured Pd and τc at the stations are also provided. The
UDP transport layer has been chosen since alarms are short, stream-like (e.g., the
most recent message supersedes previous ones) and need to be delivered as fast as
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possible, that is what UDP is designed for. In addition to “earthquake” messages,
“heart-beat” messages are also continuously sent to targets (e.g., every few seconds)
to signal the working condition of the EWS and communication lines. As a last step,
the final estimates of the earthquake source parameters are sent as cell phone text
message to a distribution list, as well as via e-mail (in this case also attaching a short
log and a screenshot), and the PRESTo bulletin is updated.

7.3 Methodology

With the purpose to build a powerful tool for end-users, the PRESTo software plat-
form has been conceived to be a fully adaptable system. The large number of configu-
ration parameters and the different accepted input/output data format make it suitable
to various seismogenic regions and network configurations. At present PRESTo is
running in two different configurations. On the one hand it runs as a standard regional
system, providing earthquake location, magnitude and regional alert notification; on
the other hand it works as a On-site/Threshold-based approach, providing the local
alert levels as a common single-station system. Both configurations are currently
under testing at ISNet network; the next step will be the integration of the two
approaches for the construction of a complete system, capable of providing several
outputs and information about the earthquake underway.

In its original development, the PRESTo software platform has been conceived
to be a regional system using the stations of ISNet network. The system is aimed at
the real-time monitoring of the Campania Lucania Apennine (Southern Italy) and at
providing a warning in specific target area of the Campania region (e.g., the city of
Naples, about 100 km away from the source area). We have described in the previous
section how both modalities are implemented in the PRESTo system. Hereinafter we
are going to describe with some detail the theory that underlies the threshold-based
configuration, referring to the articles by Zollo et al. (2010) and Colombelli et al.
(2012) for further information.

The “threshold-based” method is essentially based on the real-time, joint measure-
ment of initial peak displacement (Pd) and average period (τc) (Wu and Kanamori
2005, 2008) in a 3 s window after the P-wave arrival time. In this approach, the initial
peak displacement is used as a proxy for the Peak Ground Velocity in order to get a
real-time estimation of the Potential Damage Area.

Based on the analysis of strong-motion data from different seismic regions of the
world, (Zollo et al. 2010) derived the regression relationship between the initial peak
displacement Pd and the Peak Ground Velocity. Measuring Pd in centimeters and
PGV in centimeters per seconds they found:

log(PGV ) = 0.73(±0.01) · log(Pd) + 1.30(±0.02). (7.3)

The period parameter, (τc, Eq. 7.1), is instead used to estimate the earthquake
magnitude M. Measuring τc in seconds and through a best-fit weighted regression
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Fig. 7.2 Alert levels and threshold values for observed early warning parameters (after Zollo et al.
2010). a Pd versus τc diagram showing the chosen threshold values and the regions delimiting the
different alert levels: level 3 means damage expected nearby and far away from the station; level 2
means damage expected only nearby the station; level 1 means damage expected only far away from
the station; level 0 means no expected damage. b Expected variation of alert levels as a function of
the epicentral distance: the allowed transitions between alert levels are from 3 to 1 and from 2 to 0

line on average binned data (� M = 0.3) with the same data set used before, (Zollo
et al. 2010) found:

log(τc) = 0.21(±0.01) · M − 1.19(±0.08). (7.4)

In a standard attenuation relationship, the peak amplitude depends, at the first
order, on the hypocentral distance (R) and on the earthquake magnitude, thus, given
the dependency of average period on the earthquake magnitude, Eqs. 7.3 and 7.4
have been combined in order to derive an empirical relationship among Pd, τc and
hypocentral distance R. A multivariate linear regression analysis provided the fol-
lowing equation:

log(Pd) = 1.93(±0.03) · log(τc) − 1.23(±0.09) · log(R) + 0.6(±0.1) (7.5)

where R is measured in kilometers, τc in seconds, Pd in centimeters.
As usual in a common on-site system, the two EW parameters are measured along

the first 3 s of signal after the P-wave arrival time. The measured values of Pd and
τc are then compared to threshold values and a local alert level is assigned at each
recording site, based on a decision table. Four alert levels (0, 1, 2 and 3) have been
defined based on the combination of Pd and τc at a given site; the threshold values
have been set according to Eqs. 7.3 and 7.4 and correspond to a minimum magnitude
M = 6 (from the τc versus M equation) and to an instrumental intensity IMM = VII
from the Pd versus PGV equation, assuming that the peak ground velocity could
provide the instrumental intensity through the relationship of (Wald et al. 1999).

The alert level scheme comes from an original idea of (Wu and Kanamori 2005)
and can be interpreted in terms of potential damaging effects nearby the recording
station and far away from it. For example, following the scheme of Fig. 7.2, the
maximum alert level (level 3, i.e. τc ≥ 0.6 s and Pd ≥ 0.2 cm) corresponds to
an earthquake with predicted magnitude M ≥ 6 and with an expected instrumental
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intensity IMM ≥ VII. This means that the earthquake is likely to have a large size
and to be located close to the recording site. Thus, we expect a high level of damage
either nearby and far away from the recording station. On the contrary, in case of a
recorded alert level equal to 0 (i.e., τc < 0.6 s and Pd < 0.2 cm), the event is likely
to be small and far from the site, thus no damage is expected either close or far away
from the station. Analogous considerations can be done for the alert levels 1 and 2.

The “threshold-based” integrated method combines the use of a regional network
with the single-station approach, using the scheme discussed in the following.

As soon as a station has been triggered by an earthquake, a preliminary location is
obtained by using the real-time location technique implemented in the RTLoc code
of (Satriano et al. 2008). As soon as 3 s of P-wave signal are available, Pd and τc
are measured at the triggered station and a local alert level is assigned based in their
combination. The whole area of interest (i.e., the area covered by stations and the
target area) is then dived into cells and Eq. 7.5 is used to predict peak displacement
values at each node of the grid so to fill the gaps where the measurements are not
yet available (Colombelli et al. 2012). Then, measured and predicted Pd values are
interpolated and the Potential Damage Zone is delimited by the isoline corresponding
to Pd = 0.2 cm, which represents the threshold level on the initial peak displacement.

This routine is repeated every second so to update the PDZ. As other stations are
triggered and 3 s of P-wave signal are available, Pd and τc are measured and further
local alert levels are assigned. Meanwhile, the event location is refined by using all
the available P-pickings and more data are used for the interpolation procedure.

7.4 Application and Performances

In this section we describe and discuss two different strategies for a quantitative
assessment of the system performances: the former is relative to the regional config-
uration while the latter refers to the on-site methodology.

7.4.1 Regional Configuration

PRESTo is continuously running on real-time data streaming from 31 stations of the
Irpinia Seismic Network. The performance of the regional approach to EEW imple-
mented in PRESTo was evaluated by comparing the real magnitude and origin time
of each event from the manually revised ISNet Bulletin (http://isnet.fisica.unina.it)
to the final estimates obtained in real time by PRESTo.

We evaluated the performance by counting the total number of detected events
and the missed and false alarms, using 162 microevents (0.5 ≤ M ≤ 3.7) recorded
from 2009/12/21 to 2011/11/15. Successful, missed and false alarms are defined
according to the criteria provided in the Table 7.1.

http://isnet.fisica.unina.it
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Table 7.1 Criteria adopted to distinguish among successful, missed and false alarms in testing the
performance of the PRESTo system in the regional configuration

Successful alarm An event for which the differences in magnitude (�M) and origin time
(�OT) with respect to the real values are small:
�M ≤ 1 and �OT ≤ 15 s

Missed alarm An event with M ≥ 2.5 that is not automatically detected
False alarm A false event (for instance, a storm) that is declared by PRESTo

Fig. 7.3 Statistics for the real-time performance of PRESTo in the regional configuration, per-
formed on the low-magnitude seismicity recorded by the ISNet network (0.5 ≤ M ≤ 3.7). Top-left
percentages of successful, missed and false alarm based on the discrepancy with the manually
revised ISNet Bulletin. Top-right distribution of magnitude estimates for each class of alarm. Bot-
tom distribution of the seconds available to the city of Naples for events detected by PRESTo:
interval from the very first PRESTo alarm to the arrival of S-waves

The statistics derived from the analysis are shown in Fig. 7.3. We have to stress
that the (small number of) missed alarms are caused by communication problems
among stations. False alarms (about one fifth of the analyzed events) are essentially
associated with storms, that in case of adverse weather conditions may be declared as
seismic events, and with regional events that are incorrectly declared as local events
since the hypocentral searching is restricted to the region covered by the location
grid encompassing ISNet. In the same figure we also represented the Maximum
Lead Times for the city of Naples (located about 100 km far from the network) i.e.,
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the difference between the time at which the first alert is issued and the theoretical
S-waves arrival time at the city center.

As a further application, we studied off-line the performance of PRESTo for the
L’Aquila earthquake that occurred in central Italy on 6th April 2009 (ML 5.9, MW
6.3). The seismic event was caused by a rupture produced along a fault of about 17 km
in length, oriented along the Apenninic direction, and had an hypocentral depth of
about 8 km (Cirella et al. 2009; Maercklin et al. 2011). It caused hundreds of victims
and considerable damage to buildings, with the city of L’Aquila, at about 6 km away
from the epicenter being particularly struck. We simulated this earthquake in PRESTo
by playing-back three-component accelerograms recorded by the 18 stations of the
National Accelerometric Network (RAN) closest to the epicenter. The employed
velocity model can be found in Bagh et al. (2007). It is characterized by a VP/VS
ratio equal to 1.83.

Figure 7.4 shows two screenshots of PRESTo during the simulation: in the top
panel is reported the second alarm sent by the system that is the first alarm issued
characterized by low uncertainties, while in the bottom panel the final estimates are
shown.

A detailed study of the temporal evolution of inputs and outputs is shown in
Fig. 7.5. The first estimate of location and magnitude was available 5.6 s after the
actual origin time, which is just 2.1 s after the first P-waves arrival at station AQV. It
is a very short interval, considering that before being able to estimate the earthquake
magnitude, it is necessary to wait for the triggering of few stations in a short time
frame in order to locate the hypocenter, and that at least 2 s of signal of either S-or
P-waves is needed to be available. The promptness of PRESTo to send the first alert is
then to be attributed to the high density of stations in near proximity of the epicenter
(AQV, AQG, AQK, GSA, MTR, ANT and FMG). The very first magnitude estimate
is affected by a large uncertainty as it basically relies on a single station, GSA. The
other stations are in fact too close to the epicenter so that even the shortest 2 s P-waves
window can’t be used due to overlapping with the S-waves window. Therefore, 2
further seconds after the S-waves arrival at these stations need to elapse before they
can contribute to improve the magnitude estimation. After just one second from the
first alarm a good estimate of the source parameters is already available, i.e. it is in
good agreement with the actual values and affected by a small uncertainty.

The maximum lead-times, i.e. relative to the very first estimate that is provided,
for two remote sites to protect are: 10.5 s for the city of Teramo, and 22.6 s for
Rome, minus 1 s in a more reasonable scenario whereby the recipients wait for a
smaller uncertainty, which is indeed provided by the second alert. These are the
best possible results given the requisites of the employed methodology. Figure 7.6
contains a plot of measured peak ground velocities at the stations (PGV) as a function
of the estimated lead-times. The lead-times are conservative as they were calculated
from the second alarm issued by PRESTo. Finally, the PGV estimates provided by
PRESTo at the RAN stations are almost always consistent with the measured values,
or with a discrepancy that does not exceed 0.5 logarithmic units.
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Fig. 7.4 Screen shots of PRESTo during the simulation of the 2009, ML 5.9, L’Aquila earthquake.
Top the first estimates of the earthquake source parameters that are affected by a low uncertainty
are provided about 7 s after the origin time. Bottom the earthquake has been processed for some
seconds and the estimates have converged to the final values. This screen shot shows the complete
picture of inputs and outputs
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Fig. 7.5 Play-back in PRESTo of the 2009 L’Aquila earthquake: temporal evolution of input data
(bottom cumulative number of signal time windows and arrival times) and of PRESTo estimates (top
magnitude, epicenter, depth). The latter are compared with the reference values (from the INGV
Bulletin available at http://cnt.rm.ingv.it)

7.4.2 On-Site Methodology

The “threshold-based” on-site methodology has been tested off-line on ten Japanese
strong earthquakes (M > 6) for a total number of 1,341 records.

A first qualitative analysis of results can be obtained from the visual comparison
of the rapidly predicted potential damage zone and the observed ground shaking
(or intensity) distribution. The real-time PDZ (i.e., the area delimited by the isoline

http://cnt.rm.ingv.it
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Fig. 7.6 Play-back in PRESTo of the 2009 L’Aquila earthquake. Top distribution of measured (blue
diamonds) and predicted (red squares) Peak Ground Velocities at RAN stations, as a function of
lead-time. PGVs were predicted by PRESTo using the Akkar and Bommer (2007) GMPE. Bottom
difference between measured and predicted PGVs. Error bars on the PRESTo estimates correspond
to the standard deviation of the adopted GMPE

corresponding to Pd = 0.2 cm) is expected to reproduce with a good approximation the
area within which the highest intensity values are observed. For each of the analyzed
earthquakes we compared the PDZ map with the instrumental intensity (IMM) and the
Japanese intensity (IJMA) maps. Some examples of the results obtained are shown in
Fig. 7.7. The simple visual comparison among the three maps shows that the real-time
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Table 7.2 Definition of successful, missed and false alarms

Recorded alert level Successful alarm Missed alarm False alarm

3 IMM ≥ VII n.d.a IMM < VII
2 IMM ≥ VII n.d.a IMM < VII
1 IMM < VII IMM ≥ VII n.d.a

0 IMM < VII IMM ≥ VII n.d.a

Each recorded alert level corresponds to a successful, missed or false alarm, based on the observed
values of intensity at the recording site. For example, a recorded alert level 3 corresponds to a
successful alarm if the observed intensity is ≥ VII and to a false alarm if the observed intensity is ≤
VII. In the same way, the recorded alert level 1 can be a successful alarm if the observed intensity
is < VII and a missed alarms if the observed intensity is ≥ VII. The alert levels 3 or 2 cannot be
missed alarms, as well as 1 and 0 cannot be false alarms
an.d. not defined

PDZ is very consistent with the area in which the highest level of damage is reported,
both on the IJMA and IMM maps.

A more robust strategy for a quantitative assessment of the system performance
consists in evaluating the correspondence between the alert level issued at each station
and the macroseismic intensity really experimented during the earthquake. To this
end, we defined “successful”, “missed” and “false” alarms, based on the criteria
listed in the Table 7.2. For example, according to the definition of alert level 3 (i.e.,
Pd > 0.2 cm), the instrumental intensity is expected to be greater than VII. Thus, a
recorded alert level 3 corresponds to a successful alarm if the real observed intensity
is larger than VII. On the other hand, it is considered a false alarm if the observed
intensity is ≤ VII. Similarly, the recorded alert level 1 corresponds to successful
alarm if the observed intensity is less than VII, and to a missed alarms if the observed
intensity is ≥ VII.

To evaluate the system performance we then counted the total number of suc-
cessful, missed and false alarms, according to the definitions given before. The main
results are shown in Fig. 7.8: the 87.4 % of alert levels was correctly assigned, false
alarms were the 11.9 % and missed alarms the 0.7 %. Despite the very high percent-
age of successful alarms, the percentage of false alarms turned out to be relatively
high. In order to understand the relevance of this result we computed the differ-
ence between the predicted intensity (IMM = VII) and the real observed intensity
value. The variance distribution represented in the left panel of Fig. 7.8 shows that
the 52 % of the false alarms correspond to a real observed intensity equal to V. In
this case the alert levels are obviously overestimated even if it should be noted that
a value of V on the intensity scale is synonymous of an earthquake that can produce
some damage. Thus, the 52 % of the false alarms were, in any case, not completely
wrong.
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Fig. 7.7 Examples of results for the threshold-based method for a M 7.3, 2007, Western Tottori
earthquake, b M 6.8, 2004, Chuetsu earthquake and c M 6.9, 2007, Noto-Hanto earthquake. In
each panel, the black star represents the epicenter and the triangles indicate the stations used for
the analysis. Left panels. IMM maps obtained from the observed PGV values at K-Net and Kik-Net
stations. Values of measured PGV are reported for some stations in the epicentral area, as a reference.
Center panels. The instrumental intensity, IJMA maps, as measured at JMA sites are represented by
the same color palette than the IMM map, but adapted from 0 to 7. Values of instrumental intensity
are reported for some stations in the epicentral area, as a reference. Right panels. the “operative
early-warning map” resulting from the interpolation of measured and predicted Pd values. Triggered
stations are represented by grey triangles, while red and blue triangles show the alert level recorded
at each station, as soon as 3 seconds of signal after the P–picking are available. The PDZ is delimited
by the color transition from light blue to red
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Fig. 7.8 Cumulative statistic of successes/failures of the threshold-based system. Left-side relative
percentage of successful, false and missed alarms, which are about 87, 11 and 0.7 %, respec-
tively. Right-side histogram for the false alarms. �I represents the difference between predicted
(IMM = VII) and observed intensity values. 36 % of false alert levels 3 corresponds to an intensity
value of VI; 52 % corresponds to intensity V and 12 % to intensity III

7.5 Conclusions

Most of the existing earthquake early-warning systems are either “regional” or
“on-site”. A new concept is the integration of these approaches through the defini-
tion of alert levels and the real-time estimation of the earthquake Potential Damage
Zone. In the regional approach the ground-motion parameters are computed only
using earthquake location and magnitude; on the other hand, in a classical on-site
approach the alert notification is based only on local ground-motion measurements.
The integrated approach, instead, is based on the combined use of measured and
predicted ground-motion parameters. Thus, it is likely to provide a more robust pre-
diction of the potential earthquake damage effects.

The integrated approach is under development and testing in Southern Italy, using
data streaming from the Irpinia Seismic Network. Here we presented the preliminary
results of performance tests for the on-site and the regional method separately. The
integrated approach will be tested off-line using moderate-to-strong earthquakes
from worldwide catalogues.
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7.5.1 Data and Resources

Waveforms used in this study have been extracted from ISNet database managed
by AMRA Scarl (Analisi e Monitoraggio del Rischio Ambientale) and are available
on-line at http://seismnet.na.infn.it/index.jsp after registration. Most of the analysis
and figures were produced using GNUPLOT (http://www.gnuplot.info/ last accessed
January 2012), SAC (Goldstein et al. 2003) which can be requested from the Incorpo-
rated Research Institutions for Seismology (http://www.iris.edu last accessed January
2012), and GMT Generic Mapping Tools (Wessel and Smith 1995) (http://gmt.soest.
hawaii.edu/ last accessed January 2012). Details about the real-time seismological
data transmission protocol SeedLink are available on-line at http://www.iris.edu/
data/dmc-seedlink.htm (last accessed March 2012).
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M, Martino C, Satriano C, Gasparini P (2009b) Earthquake early warning system in southern
Italy: methodologies and performance evaluation. Geophys Res Lett 36: L00B07. doi:10.1029/
2008GL03668

http://dx.doi.org/10.1007/978-0-387-30440-3
http://dx.doi.org/10.1029/2008GL03668
http://dx.doi.org/10.1029/2008GL03668

	7 An Integrated Regional and On-Site Earthquake Early Warning System for Southern Italy: Concepts, Methodologies and Performances
	7.1 Introduction
	7.2 The PRESTo Software Platform
	7.3 Methodology
	7.4 Application and Performances
	7.4.1 Regional Configuration
	7.4.2 On-Site Methodology

	7.5 Conclusions
	7.5.1 Data and Resources

	References


