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Preface

In the last few decades economic losses due to natural disasters have in-
creased exponentially worldwide and little progress has been seen in re-
ducing their rate of fatalities. This also holds for earthquake disasters and
is mainly due to increasing population and industrial density in high hazard
and vulnerability areas. Although the prediction of earthquakes is not yet
practicable, current technology allows prompt identification of the onset of
any dangerous seismic event. Hence early warning and rapid disaster in-
formation systems are becoming important means for strengthening pre-
vention and social resilience against the adverse effects of major natural
events and should therefore become the keystones of disaster mitigation.
The term early warning is now widely used with various meanings in sci-
entific, economic and sociological communities. Even in the scientific
world the term is used in slightly different ways although there is a grow-
ing consensus in defining early warning as all the action that can be taken
during the lead time of a catastrophic event. The lead time is defined as the
time elapsing between the moment when the occurrence of a catastrophic
event in a given place is reasonably certain and the moment it actually oc-
curs. Typical lead times are of the orders of seconds to tens of seconds for
earthquakes, minutes to hours for tsunamis, and hours to days for land-
slides, floods and volcanic eruptions.

In more general terms, early warning is the provision of timely and ef-
fective information, through identified institutions, allowing individuals
exposed to a hazard to take action in order to avoid or reduce their risk and
prepare for effective response.

Although the definition of lead time for non-seismic hazards may be
ambiguous (the term “reasonably certain” may need a more precise prob-
abilistic definition), for earthquakes the definition is unequivocal as the
lead time will start when the first waves are released by the earthquake
source. Indeed, the physical basis for earthquake early warning is simple:
strong ground shaking is caused by shear-waves and by the subsequent
surface waves which travel at about half the speed of the primary waves
and much slower than electromagnetic signals transmitted wireless and/or
by cable. Thus, depending on the distance of a strong earthquake from the
endangered urban area, transmission of information and real-time analysis
of the fast primary wave may provide warnings from a few seconds to a
few tens of seconds before the arrival of strong ground shaking. This may
be used to minimize property damage and loss of life in urban areas and to
aid emergency response. When a suitable seismic network is available fast
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processing methods can be applied to locate an earthquake, determine the
magnitude, and estimate the distribution of ground motion (regional ap-
proach). At a site or structure equipped with seismic sensors, a site-specific
warning is possible using the first low amplitude arrivals (P-waves) to in-
fer the motion due to the following high amplitude shear and superficial
waves (on-site approach).

The application of earthquake early warning systems (EEWS) can be
very effective in real time risk mitigation, enhancing the safety margin of
specific critical engineered systems such as nuclear power plants, lifelines
or transportation infrastructures by reducing the exposure of the facility
with automated safety actions. The early warning system can be used to
trigger the orderly shutdown of pipelines and gas lines to avoid fires, or the
shutdown of manufacturing operations to reduce both potential damage to
equipment and industrial accidents. Also, personal safety might be en-
hanced if people were alerted. In addition, the functions of modern society
will be less likely to turn chaotic if an early earthquake alert is available
and if training of appropriate actions has been performed. Last not least,
emergency response teams may be dispatched where they are needed most
if maps of strong ground shaking can be provided by the early warning
system within a few minutes.

In addition, seismic early warning systems can be of great value in re-
ducing damage and loss due to secondary events triggered by earthquakes.
These may include landslides, tsunamis, fires and industrial accidents. The
fires that devastated San Francisco after the 1906 earthquake and the tsu-
nami of December 2004 in Indonesia are two classic cases, but in most of
the major earthquakes economic losses and human casualties have been
enhanced by secondary phenomena.

Despite the above considerations, at present the potential of seismic
early warning methods is not fully used. This is not only true for develop-
ing countries but also for highly industrialized countries including those of
Europe.

Most existing seismological processing methods have not been devel-
oped or optimized for real-time or near real-time applications as required
for early warning. The development of real-time analysis, modeling and
simulation methods, their integration with appropriate facilities for data
processing, visualization and rapid information systems and their applica-
tion to earthquake early warning in conjunction with disaster management
is, therefore, one of the major challenges of today’s seismology.

All of these issues were raised and discussed during a workshop held in
Naples, Italy, on September 23-25 2004, focusing on “Seismic Early
Warning for European Cities: toward a coordinated effort to raise the level
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of basic knowledge”. The workshop was organized in the framework of
the EC FP 6 SSA Project “Natural Risk Assessment (NaRAs)”. Research-
ers attending the meeting from eight European countries (France, Ger-
many, Greece, Iceland, Italy, Portugal, Switzerland, Turkey), United
States, Japan and Taiwan unanimously approved a recommendation sub-
mitted to the European Commission, stressing the still unresolved basic
questions for full application of earthquake early warning to society’s
needs and asking for future calls to contain specific reference to seismic
early warning methods.

This book is mostly based on the articles that were presented at the
workshop. Given the long time needed to collect all of them, they have
since been updated. They were written in their final form at the end of
2006.

The short review by Hiroo Kanamori points out the main problems for
automatic application of earthquake early warning to real time risk reduc-
tion.

One of the basic problems in seismic early warning is the development
of real-time algorithms for fast determination of earthquake source pa-
rameters and the estimation of their reliability. This includes the problems
of real-time event detection and location, real-time fault mapping as well
as new approaches for fast magnitude/moment determinations based on
strong motion data, modern seismic array technology and the concept of
energy magnitude. The latter promises to be extremely useful for estimat-
ing the size of mega-events. The scientific and technological challenge is
to obtain this kind of information only a few seconds after the first P-wave
arrivals. Classic seismic processing tools still need larger portions of a
seismogram and are thus not suited to this purpose.

A group of five papers deals with the above problems. In particular, the
paper by Stefan Nielsen discusses from a theoretical viewpoint whether re-
liable information on the size of an earthquake can be obtained from proc-
essing the waves released at the onset of a fracture. The paper by Richard
Allen discusses the ElarmS system based on the processing of first P-wave
arrivals to predict ground motion at different sites. Aldo Zollo and Maria
Lancieri use an earthquake database to simulate real-time magnitude de-
termination from the Earthquake Early warning system implemented in the
Campania Apennines. They identify the parameters most robustly corre-
lated with moment magnitude. Maren Bose et al. present the PreSEIS (pre-
seismic shaking) method they developed and applied to the Istanbul case.
The method is based on an artificial neural network and is as fast as the on-
site warning approach, because it combines information from several sen-
sors within small seismic subnets with apertures of about one hundred
kilometers to estimate source parameters from the first few seconds of
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seismic recordings. Satriano et al. present an evolutionary method for real-
time location based on the equal differential time formulation and a prob-
abilistic approach.

Along with the development of appropriate real-time algorithms, it is
crucial to develop a strategy for rapidly communicating the obtained seis-
mic information not only to the disaster managers, but also to other inter-
ested parties from civil protection, politics, media, science and the public.
The warning time involved in this task may, however, have to be extended
to minutes, tens of minutes or more. Of special importance for emergency
planners will be the concept of the virtual seismologist, which takes into
account pre-existing information to estimate and possibly reduce the un-
certainties of source parameter determinations, and which, in particular,
can deduce from the source parameter information specific decision sup-
port for disaster management, as discussed in the paper by Georgia Cua
and Thomas Heaton.

The evolutionary method and the virtual seismologist concept are very
useful for providing continuously upgraded real-time alert maps and pre-
dicted shake maps within seconds and minutes as well as maps of meas-
ured ground shaking within a few minutes after the event. The develop-
ment of proper attenuation algorithms, as discussed by Vincenzo
Convertito et al., is crucial in order to also account for site corrections in
such maps. Maps of expected ground motion before a catastrophic event
for various scenarios are useful information to design the way effects of
ground vibrations on structures can be reduced as well as for fast map cali-
bration once the event occurs. 3D simulations of ground response and the
key parameters needed to optimize the probabilistic approach are discussed
by Jean Virieux et al.

Earthquake Early Warning Systems are efficient tools in urban areas
where a significant portion of the buildings are structurally deficient. In
cases where the seismic source zone is clearly known and sufficiently far
away, the population can be warned by radio, television, etc. Operation of
critical facilities and processes can be stopped. In the case of very short
pre-warning times of a few seconds, it is still possible to slow down trains,
to switch traffic lights to red, to close valves in gas and oil pipelines, to re-
lease a SCRAM in nuclear power plants, etc. Early warning systems can
also be used to alarm the population where rapid response is needed. A
typical example would be to issue the so-called water alarm, i.e. alarming
the population living in the downstream region of a large dam. Early warn-
ing systems are useful for facilities and processes, such as nuclear power
plants, high speed trains, gas mains and highways, where rapid response
can contribute to reduction in the seismic risk.
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In addition to such immediate uses, further development of an early
warning system may include the implementation of semi-active interfaces
with infrastructures that can use the early warning information for real-
time risk reduction. For example, construction companies in Japan are de-
veloping buildings with semi-active control systems. The buildings can
change their mechanical properties within a few seconds to better with-
stand ground motion. Implementation of this “few seconds engineering”
requires careful assessment of the false alarms or “cry wolf” and missed
alarm probabilities on the decision chain as discussed in the papers by
Grasso et al., and Iervolino et al. A second paper by lervolino et al. dis-
cusses several real-time engineering applications in the light of perform-
ance-based earthquake engineering for risk reduction.

Finally in the last part of the volume four different earthquake early
warning systems are described, which are already in operation.

The first system to be operative in the world was the UrEDAS (Urgent
Earthquake Detection and Alarm System). It was implemented to protect
sections of the fast Japanese Railway Systems. The history of seismic early
warning since the original idea of J.F. Cooper in 1868, the development of
the UrEDAS system and a report of its performance are given by Naka-
mura and Saita. The same authors also describe a portable device for on-
site early warning applications.

The early warning system implemented in Taiwan, described in the arti-
cle by Wu, is a regional system which can issue an alert after 22 sec from
the onset of an event. This gives a lead time of more than 10 sec to loca-
tions more than 100 km away from the epicentre, and the application of a
novel processing method has the perspective of decreasing the processing
time to about 10 sec and the “blind” zone to about 25 km.

The system implemented in Romania was designed to protect mainly
Bucharest and some industrial structures from the intermediate depth
earthquakes originating in the Vrancea region. Some specific characteris-
tics of the seismic activity (such as the stationary epicentres, the stability
of radiation patterns) and a line-of-sight connection between the epicentral
area and the capital allowed a simple and robust system to be designed,
which is currently being tested to protect a nuclear power plant, as de-
scribed by Marmureanu et al.

The fourth system, described by Weber et al., is being implemented in
the Campanian Apennines, southern Italy, along the fault systems which
have been the source of many strong crustal earthquakes in previous centu-
ries (the last occurred in 1980). It is a local network broadcasting the sig-
nals to the city of Naples, developed together with the Civil Protection of
the Campania Regional Authority.
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The systems described in this book do not cover all the existing opera-
tional systems. For the sake of completeness, at least two further cases are
mentioned in the paper by Iunio lervolino, Gaetano Manfredi and Edoardo
Cosenza in their review of engineering applications, namely the regional
system implemented to protect Mexico City and the local system designed
for the Ignalina nuclear power plant in Lithuania.

The seismic alert system (SAS) for Mexico City (Mexico) is an EEWS
for large earthquakes, which are likely to cause damage in Mexico City
and have their source in the subduction zone of the Pacific coast at a dis-
tance of about 320 km. The warning time varies between 58 to 74 seconds.
Information received from the stations is processed automatically to de-
termine magnitude and is used in the decision to issue a public alert. The
Radio Warning System for users disseminates the seismic early audio
warnings via commercial radio stations and audio alerting mechanisms to
residents of Mexico City, public schools, government agencies with emer-
gency response functions, key utilities, public transit agencies and some
industries. During rush hours, approximately 4.4 million people are cov-
ered by the system.

The seismic alarm system for the Ignalina nuclear power plant in
Lithuania consists of a Seismic Alarm System (SAS) designed to detect
potentially damaging earthquakes and to provide an alarm before the arri-
val of the shear waves at the reactor. Six SAS stations are installed at a dis-
tance of 30 km from the power plant forming an array, which is referred to
as a seismic "fence". An earthquake with an epicenter outside the fence is
detected about 4 seconds before it is "felt" by the reactor. The required
time to insert the control rods is 2 seconds. Potentially, the reactor could be
shut down before the earthquake arrives. At present, the SAS will only ini-
tiate an alarm signal.

A few recent examples of practical use of earthquake early warning in-
formation are shortly discussed in the review paper by Kanamori.

We hope that the contents of this book show convincingly that imple-
mentation of effective earthquake early warning systems is scientifically
and technologically feasible. However, to be really effective any early
warning system must include three components:

1. the scientific-technological component that provides information on an
impending extreme event,

2. the decision making component that issues a warning, and

3. the response component that ensures an adequate response to the warn-
ing.
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Today, the main problems in this warning chain occur as a result of in-
adequate interaction between these different components. This is particu-
larly true for earthquake early warning. Even when the technological
means necessary for earthquake early warning, such as seismic instrumen-
tation, computerized systems and telecommunication, are in place, their
ability to serve the needs of disaster management and decision makers has
only been marginally exploited.

We have the feeling, shared by most of the scientific community, that
“end users”, such as civil defense organizations, industries and public ad-
ministrators, react very cautiously to the challenge issued by the scientific
community due to the complexity they foresee in activating the second and
third components of the earthquake early warning chain. Indeed, sound in-
formation and education of the public and officials living in the “pro-
tected” area are required in order to produce an effective increase in resil-
ience.

In turn, close interaction between scientists, administrators and the pub-
lic is the path to follow to take full advantage of the developments offered
by science and technology to allow people to continue to live in areas
prone to natural hazards with an acceptable level of risk.

Paolo Gasparini
Gaetano Manfredi
Jochen Zschau

This volume was worked out in the framework of the EC FP6 Project No.
511264 “NaRAs” (Natural Risk Assessment) coordinated by AMRA, Napoli.
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1 Real-time Earthquake Damage Mitigation
Measures

Hiroo Kanamori

Seismological Laboratory, California Institute of Technology Pasadena,
CA, USA

Abstract

Some reflections on real-time earthquake information and early warning
methods application to risk mitigation are discussed. A list of application
and the recent obtained results are discussed. The main seismological
problems related to the implementation of the method are outlined.

1.1 Introduction

Real-time earthquake damage mitigation refers to a practice with which we
rapidly determine immediately after a significant earthquake the source pa-
rameters and the estimated distribution of shaking intensity and distribute
the information to various users. The users include emergency services of-
ficials, utility companies (electric, water, gas, telephone etc), transportation
services, media, and the public. This information will be useful for reduc-
ing the impact of a damaging earthquake on our society.

In most cases, it takes a few minutes to hours to process the data and
when the information reaches the users, the damage may have already oc-
curred at the user site. In this case, the information is called the post earth-
quake information. This information is important for orderly recovery op-
erations in the damaged areas.

In contrast, if the data processing and information transfer can be done
very rapidly (i.e., within 10 sec), the information reaches some sites before
shaking starts there. In this case, the information is called “Earthquake
Early Warning” (EEW). This concept has been around for more than 100
years, but it had not been put in practice until recently for technical and
practical difficulties. In Japan, in conjunction with the operation of the
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high-speed bullet train (Shinkansen) in the 1960s, a warning system for
impending ground shaking after a nearby large earthquake was imple-
mented. This system was later extended to UrEDAS (Nakamura 1988, Na-
kamura and Saita 2007, this issue) which led the subsequent developments
for earthquake early warning methodology for more general purposes.

1.2 Post-Earthquake-Information and Earthquake Early
Warning

Post earthquake information was routinely issued by various organizations
such as the U.S. Geological Survey (USGS) and the Japan Meteorological
Agency (JMA), and has been widely used. In California, a project to dis-
tribute post earthquake information to various users began in the 1990s.
This project was called CUBE (Caltech-USGS Broadcast of Earthquakes)
and aims at not only just distribution of earthquake information but also
better communication between the providers of the information (e.g., uni-
versities and government agencies) and the users. The spirit of this project
was inherited by the ShakeMap (Wald et al. 1999, Fig. 1.1). ShakeMap is a
map showing the distribution of ground-motion parameters which is pro-
duced automatically within a few minutes to an hour after a large earth-
quake. At present, ShakeMap is used widely by the USGS and other agen-
cies as the basic information for taking emergency measures after a
damaging earthquake. For this type of information to be useful, it is impor-
tant to have close interaction between the providers and the users. One-
way communication has only limited utility. In the CUBE project, the in-
teraction was promoted by regularly scheduled meetings to discuss the ef-
fective use of real-time information, and in the event of large earthquakes,
the feedback from the users concerning how accurately, rapidly and effec-
tively the information was sent to the users and how the information was
actually used for emergency operations. This feedback was extremely im-
portant for development of CUBE.
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Fig. 1.1 ShakeMap for the 1999 Hector Mine (Mw=7.1, California) earthquake.
ShakeMap shows the intensity distribution computed automatically from the ob-
served ground motion, and is usually distributed to the users within a few minutes
to 1 hour after an earthquake.

The rapid progress of modern seismological practice, information proc-
essing, and data telemetry in recent years has made it possible to produce
similar information in a matter of a few seconds, instead of a few minutes,
after a large earthquake. This progress made earthquake early warning a
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realistic goal. To date, several warning systems are practically used in Ja-
pan (Shinkansen), Mexico, and Taiwan. In Japan, various methods were
developed in the 2000s at JMA, Railway Technical Research Institute, and
National Research Institute for Earth Science and Disaster Prevention
(NIED) (Horiuchi et al. 2005, Tsukada et al. 2004, Nakamura and Saita
2007, this issue). In February, 2004, these methods were integrated and
JMA started test distribution of early warning information to a limited
number of organizations. Figure 1.2 shows the system, REIS (Real-time
Earthquake Information System) developed at NIED. These are among the
most sophisticated systems designed for general earthquake warning pur-
poses.
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Fig. 1.2 This map was produced with REIS after an earthquake offshore of Boso,
Japan. The wave front propagating from the epicenter is shown on the map. The
estimates of the magnitude, intensity and the arrival time of strong ground motion
at the receiver site are displayed. The seismograms at different locations are
shown on the right. The users can tell when they should expect the onset of the
strong shaking. (Courtesy of Dr. S. Horiuchi).

At present, the research is focused on how to best utilize the early warn-
ing information issued by these modern systems. It is still unknown how
these systems will perform for very large earthquakes with large source
dimensions, and for earthquakes at short distances (less than 30 km), but
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this development attracted public attention to the practical use of earth-
quake early warning. For example, a research group at Nagoya University
is conducting an active interdisciplinary research on the practical use of
earthquake early warning information. The interdisciplinary approach in-
volving seismologists, engineers, social scientists, and emergency man-
agement personnel is critically important for successful implementation of
early warning information in the future.

1.3 Implementation and Associated Problems

In the following, we list a few recent examples of practical use of earth-
quake early warning information.

1. UrEDAS has long been used for controlling the speed of Japanese
Shinkansen after a large earthquake. During the recent Chuetsu earth-
quake in Japan (October 23, 2004, Mw=6.6), a UrEDAS located in the
epicentral area issued an warning at 1 sec after the P-wave arrival at the
site, which resulted in power shutdown and activation of emergency
brakes on the train moving at a speed of 200 km/h near the epicenter
(Fig. 1.3, Nakamura 2005). In this case, the train eventually derailed (no
casualty) a few seconds later, and some media made somewhat negative
reports to the effect that early warning was a failure. However, this view
seems to be missing the point. It is remarkable that the early warning
system worked as it is supposed to in such a short time. The system is
not intended to prevent derailment; it is designed to slow down the train
to minimize the impact of strong ground motion.

2. Motosaka et al. (2006) reports an experiment involving an elementary
school in Sendai, Japan, to practice emergency exercises in response to
an earthquake early warning to be issued by the JMA system. In this
area, magnitude 7 earthquakes (Miyagi-Oki earthquakes) are known to
occur offshore once every approximately 30 years. Motosaka et al.
(2006) demonstrates the merit of such warnings for large offshore
events.

3. Kanda et al. (2006) reports the use of the JMA early warning system in
the construction site of a high-rise building in Yokohama. For the safety
of the workers at the construction site, when an earthquake early warn-
ing is received at the site the workers are immediately notified the pos-
sibility of impending strong ground motion so that they can take proper
safety measures such as stopping the elevators at the nearest floor and
setting the tower cranes in a safe position.
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Fig. 1.3 Schematic diagram showing how UrEDAS worked during the 2004 Chu-
etsu, Japan, earthquake (Mw=6.6). The locations of the train are shown by green
bars. The horizontal axis indicates the distance from the exit of a tunnel and the
vertical axis is the time. A seismogram at a location near the train is shown along
the vertical axis to indicate the ground motion. An alarm was issued at about 1 sec
after the arrival of P wave. The ground motion was not very large at this time, and
it took a few more seconds before the maximum motion occurred. The derailed
cars are indicated by pink. (Courtesy of Dr. Y. Nakamura).

In addition to various technical issues, the overall reliability, the impact
of false alarms and missed alarms, and the associated liability are among
the issues being vigorously discussed these days. Needless to say that these
issues are important, but at present when not many early warning system
are in operation, it is somewhat difficult to fully understand its utility. It is
probably most important at this point to accumulate more experience by
testing various real-time systems for practical applications. Since we need
to deal with complex earthquake processes and even more complex socie-
tal problems, it would be inevitable to encounter some difficulties associ-
ated with false alarms, missed alarms, and the resulting chaotic social re-
sponses. Accordingly, it would be better to start with practical use of
earthquake early warning information for applications where false alarms
and missed alarms will not cause catastrophic consequences. Introduction
of any completely new concepts and methodology inevitably involves
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some risk. Nevertheless, considering the extremely serious impact of a
large earthquake on modern metropolitan areas, introduction of effective
short-term damage mitigation measures is desirable. Now that the techni-
cal feasibility has been demonstrated, it is most important to start explor-
ing the effective use of earthquake early warning.

1.4 Basic Research on Seismology and Earthquake Early
Warning

Besides its practical importance, earthquake early warning is an interesting
subject of basic seismological research. After an earthquake has occurred,
the wave propagation process is essentially governed by the crustal struc-
ture and the wave equation, and the uncertainty is expected to be fairly
small. This is in contrast to the traditional earthquake prediction, in which
the process is governed by many factors such as the distribution of stress,
strength, the extent of interaction between different parts of the crust etc,
and the prediction is inevitably very uncertain. In earthquake early warn-
ing, if the displacement field at the early stage can be measured accurately,
its future development can be estimated fairly accurately using the wave
equations and the known (at least approximately) crustal structure. To pro-
ceed with this method effectively, we need extensive research on the phys-
ics of earthquakes and on wave propagations in three-dimensionally het-
erogeneous media. Thus, the problem of earthquake early warning is not
only an important practical problem but also an interesting scientific prob-
lem. Earthquake early warning may be one of few problems in which rela-
tively accurate short-term predictions can be achieved. In most seismol-
ogical problems, accurate short-term predictions are difficult because of
the many unknown elements involved.
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2 Can Earthquake Size be Controlled by the Initial
Seconds of Rupture?

Stefan Nielsen

Istituto Nazionale di Geofisica e Vulcanologia, Roma

Abstract

It has been argued that the dominant period 7, derived from the initial sec-
onds of a seismogram, hence only depending on the initial phases of earth-
quake rupture, seems to scale with the final size of the earthquake. We
provide a physical interpretation for the observed scaling and explain how
the final earthquake size could be controlled by the initial phase of rupture.

2.1 Introduction

What are the chances that an initially small rupture continues to propagate
and turns into a large earthquake? Propagation or arrest of earthquake rup-
ture is ultimately controlled by the energy balance between the work of
frictional breakdown and that of elastic stress (Aki 1979). Despite the
above simple statement, the problem is not trivial: it can be shown that un-
der given initial conditions, the balance strongly depends on the rupture
history and modality. In particular, the energy flow essentially differs if the
fracture propagates in the form of a large crack or a fracture pulse of vari-
able size (Nielsen and Madariaga 2003). The strength of an earthquake
barrier can be defined in terms of friction parameters and stress, but its ca-
pacity to stop rupture will critically depend on dynamic properties and es-
sentially, on the characteristic length A of a fracture pulse (or in the case of
a crack, its radius). As a consequence, the probability that a starting frac-
ture will continue to propagate depends on the size A of the fracture pulse.
For an average rupture propagation velocity v,, the rise time can be defined
as T,= A/v,, hence the probability of continued propagation should depend
on the rise-time. It has been argued that a dominant period T, can be de-
rived from an earthquake seismogram; although 7, is derived from the ini-
tial seconds of the seismogram and hence only depends on the initial
phases of rupture, it seems to scale with the final size of the earthquake
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(Allen and Kanamori 2003; Olson and Allen 2005). These intriguing re-
sults immediately raise the question of causality: a physical justification
should be found for this apparent predetermination of the earthquake size.
We propose that 7, is linked to risetime 7, and show how in T, the initial
phases of the rupture may affect the final size of rupture.

2.2 Statement of the Problem

The scope of early warning studies is to anticipate as much as possible the
response to a potentially destructive event. The size of an earthquake
should be determined as soon as possible in order to trigger a proper re-
sponse, and reducing the delay of a few seconds only may be determining
for the success of final size of an earthquake (in the probabilistic sense),
even before the rupture propagation has ended. Note that we are not dis-
cussing the properties of the slow, quasi-static nucleation phase, but the
early phases of dynamic rupture acceleration and advancement.

An earthquake is triggered on a fault at time t,. At time t; the rupture has
already propagated to a finite size A (Fig. 2.1), radiating a wavefiled which
is captured by one or more seismographs in the vicinity of the fault at time
t;. Do the properties of rupture at time t; (and of the wavefield recorded at
time f;) carry some information on the probability that the fracture will
continue to propagate until it reaches a final size B? If the answer is posi-
tive, which physical model of rupture is in agreement with such a state-
ment?

2.3 Fracture, Barriers and Energy Concepts

The probability /7, that an earthquake rupture continues to propagate is
complementary to the probability /7 that the rupture stops, i.e., /,=1- /1.
In other words, we have to investigate the stopping dynamics of earth-
quake rupture in order to understand what mechanism could control the fi-
nal size of rupture. Earthquake propagation stops when the rupture runs
into a sufficiently strong barrier, so the first step is to quantify barrier
strength.

The relative barrier strength should be defined in terms of energy bal-
ance, and several classical studies have treated the question of rupture
propagation or arrest in term of fracture energy. The concept was origi-
nally developed by Griffith (1921). when describing the conditions under
which a static crack becomes unstable and starts to grow. It was subse-
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quently developed to more complex situations, including several cases of
dynamic propagation. In all cases, the problem is essentially described as
the balance between the loading conditions or fracture-driving force, on
the one hand, and the energy dissipated by the fracture process or by the
creation of newly cracked surface (fracture energy), which tends to resist
crack propagation, on the other hand. When the applied load is sufficient
to overcome dissipation, the crack propagates, otherwise it stops. The non
trivial point is that the entity of fracture driving force available depends
not only on the remotely applied load, but also on the geometry and scal-
ing of the problem, in particular, the size of the preexisting crack.

Earthquake-stopping barriers were characterized, for example, in the
Pioneer studies by Bouchon (1979) and by Aki (1974) for the Parkfiled,
1966 earthquake. Aki build his study on earlier theoretical work of Baren-
blat (1959) and Ida (1973) who described the fracture energy as a dissipa-
tion process taking place in a finite, cohesive zone around of the propagat-
ing fracture.

The size d of the cohesive zone controls the scaling of stress at the frac-
ture tip, and, as a consequence the stress intensity factor K (in units of Pa
m"?) and the fracture energy (usually named G, in units of J m™). Another
length, the characteristic slip weakening distance J., allows scaling of the
dissipated energy G, as the work done by friction against slip inside the
cohesive zone.

I will first recall the main relationships that allow to define energy flow
during the propagation of simple fracture models, and argue that the dis-
tinction should be made between two independent estimates of the fracture
energy. On the one hand we may define G, as the energy flow into the
fracture tip. G, equates to the finite amount of elastic energy stored in the
vicinity if the fracture tip, which is absorbed when the fracture advances of
a unit length. Though G, usually concerns a small region around the frac-
ture tip, it depends on the load provided by the whole previous slip history
on the crack faces, thus it cannot be defined a priori based on local fault
properties. On the other hand, the dissipated energy G, may be defined as
the work against the friction excess during the initial, weakening part of
slip, depending, in principle, on local friction parameters only. Obviously,
the dynamic fracture process satisfies the energy balance so that at the
available energy G, and the dissipated energy G,, should coincide during
fracture propagation.
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Fig. 2.1 Schematic representation of earthquake faulting process and formulation
of the causality problem. Assume that in the source area, fracture has expanded
into an area A at time ¢, and continues to expand. The radiation produced by A at
t, reaches the receiver § at time t,>t,. At t, the source has reached a larger area A’
and continues to propagate. However, the signal arriving at S at time t, only con-
tains information on the early rupture patch A; it is not affected by A’, all the less
by the much larger area B, whose radiation will reach S at later times. The ques-
tion is then: do the source properties in the initial area A affect the chances that
rupture continues to grow and reaches a size B? If so, can such properties identi-
fied in the early radiated field reaching S at time #,?

2.4 Defining and Quantifying Fracture Energy

Let's first define the dissipated energy G,, based the work against the fric-
tion excess during the initial, weakening part of slip, depending, in princi-
ple, on local friction parameters only:

Gu(x) /DD" (Tf(x,a')_T,.(x)) s fo‘ $(x, t) (,_f(xjt;)_‘_‘_(x)) a @D

where dand &° are slip and slip-rate, 7, is the friction on the fault and 7, is
the relaxed (or minimum level) of the friction during slip. As usual, we can
illustrate the G,, integral as the area below the initlal part of the frictional
curve. For a simplified slip-weakening behavior as defined by Ida, where
the friction drops linearly between the peak stress 7, and the relaxed stress
7,, the dissipation reduces to:

Gy = % Do (1 — 1)

Let's now illustrate how the dissipated energy G, may be estimated
based on the fracture history instead. In certain cases knowledge of the
previous slip history allows to compute the stress in the vicinity of the
fracture tip and to derive the stress intensity factor K, which, in turn, al-
lows to derive the the energy flow G per unit advancement of the fracture
tip. If we consider only shear fracture (no opening), we may have anti-
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plane and in-plane motion (mode III and mode II, resp.), and the two in-
tensity factors are defined as:

K = 1iII(1} V2mrTi(r), (2.2)
Ky =lmv2mr ) (2.3)

where r is the distance ahead of the crack tip and 7 is the shear traction in
the fracture plane, either parallel (/) or perpendicular (1) to the slip direc-
tion. Then the energy flow can be written, according to Irwin (1957), for a
quasi-static crack:

"I{?J’ | "I(?}'I

Ge=(1-%) 2u 2p

where  is the shear stiffness and v the poisson ratio. When the velocity of
fracture propagation is not small, additional functions should be introduced
to account for the dynamic propagation. For fractures propagating at a
constant velocity, the additional dynamic terms can be evaluated analyti-
cally and we may write
-2 -3
(;,-_ = (] U) %‘i}i Yu(l.’,./(l‘) f %‘ff‘ Y”;(L-',./Ii'j’]. (24)
Broberg (1999) called Y;; and Y;; he Yoffe functions in memory of the
pioneer studies where Y; was defined (Yoffe 1951). A slightly modified
form of the Yoffe functions called F(v,) is also found in Freund (1979) and
Rice (2005). The Yoffe functions only depend on the dimensionless ratios
of fracture velocity to wave velocity, and hence remain the same whether
fracture takes place as an expanding crack, a steady-state self-healing
pulse, a self-healing self-similar pulse or a rupture with more complex his-

tory:
- 2B(1 - B*) 72/B* — 12 (2.5)
4B%\/1—2y/B2 — 72 - (2B* - 72)’
for the subsonic case (V,<Vgayeign), and for the intersonic case (B<v,<a.)
. 2B(1- B?) 72\/B* — 2 (2.6)

= 9R2)? . [1 + 160-12)(B2—2)B°
(‘}a i ) + (2 -2B2)" )

With B=f/a and y,=v,/o.The anti-plane function yields the much sim-
pler expression:
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Y”f l/\f’ 1 L‘E/jz (27)

Though ¥{.) only depend on fracture velocity, the stress intensity factors
K(.) vary greatly depending on the type and history of fracture, with high
consequences on the energy flow.

For example, we an compare the stress intensity function for a mode III
fracture, which can be derived according to expression (2.2), for some par-
ticular cases where an analytical expression is known. for the steady state
pulse of length A:

K»_”.: = (T{}—T.,.) Qﬁ}'\

for an expanding, self-similar crack that has reached a radius of A (i.e.,

A=t v,):
1 —v2/p?
Ky = m (o —7) V2mA

where E(.) is the complete elliptic integral of the second kind, and finally,
in the case of an expanding, self-similar pulse, that has reached a length A

(e, A=t(v-w)):
Vo B/l (ro—7)V2TA
4(1-2) (F(;—*)—n(iﬁ,%)w 2K (3))

where, for clarity, the notations

o= (1+2) (-1

Up

i 6
b=l 3)
have been introduced. As seen above, the stress intensity factor depends on
fracture velocity and healing front velocity if a healing is present (in the
case of the steady state pulse, rupture velocity does not appear explicitly in
the above K expression, but only if K is written in terms of final slip in-
stead of stress drop, see for example in Freund 1979).

Though the above examples concern a limited set of rupture modes,
their properties apply to all fracture types; In all cases, the stress intensity
is proportional to the square root of A, so that the energy flow G will be
proportional to A, the size of the actively slipping fracture, and we can
write:

RHI =
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8, =g 2 k] mlm—wl (2:8)
3 o A 7 i

though the functional form of ¢ varies depending on the fracture modality,
the dependance of G, on stress drop square (7-7;)* and active fracture
length A remains the same, even for complex fracture histories with no
analytical conterpart. It is essential, however, that A in (2.8) describes the
length of actively slipping rupture (rupture pulse), and not the length of
fracture propagation (note, however, that in the case of crack-like rupture
both lengths are the same).

As shown by Nielsen and Madariaga (2003), the presence of a propagat-
ing healing front in the fracture trail modifies the relationship between en-
ergy flow and propagation velocity, providing a self-locking mechanism
for stopping fracture when the rupture front slows down. The Nielsen
Madariaga (2003) solution correspond to a self-similar, expanding pulse, a
fracture modality spontaneously developping under conditions where a
healing front is triggered. Such conditions include the presence of a mild
rate-weakening behavior in the friction law.

Steady-state fracture pulse of constant length were illustrated by Yoffe
(1951), Freund (1979), Rice (2005) and Dunham and Archuleta (2005).
The relevance of self-healing fracture pulses for earthquake faulting was
also discussed in Heaton (1990) showing that kinematic inversions for
several large earthquakes infer a systematically short rise-time T,. Except
for the case of intersonic fracture velocity illustrated in Dunham and
Archuleta (2005), the nature of the steady-state solution is such that the ki-
netic wavefield around the fracture remains unchanged: this implies that
no kinetic energy is radiated. As a consequence, the energy balance is
greatly simplified energy flow reduces to a locally satisfied balance, where
the energy dissipation is simply the product of slip by the dynamic stress
drop. Indeed, the global energy balance for propagating fracture may be
written:

fj'ro xtdxdt—//rf}cté(xt)dxdt—l—

flnjvwksg(x) dv dt

where I" is the fault surface, @y, groups the sum of kinetic, strain and grav-
ity energy variations due to fracture, affecting volume V around the fault.
Moreover, &x) is the slip at point x, while 7, is the initial shear traction
(prestress) and 7; the frictional traction on the fault. The term on the left
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hand side is the work W done on fracture by the initial load 7, while first
term on the right hand side describes the frictional work. If we introduce
the relaxed frictional traction 7, the different terms can be re-grouped in
order to make the fracture energy appear explicitly:

/T jr ro(x) d(x, t)axdt=[ [ d(x,0) (T,(_x,t) T.,.(x])dxdi.
_—./T./l" 8(x,t) 7,(x) dx dt
[ [ et avar (29)

we recognize on the left hand of the equation, the energy dissipated in
fracture advancement G,, (fracture energy) as defined in equation (2.1). On
the right hand, the first term is the work W done by the prestress 7, while
the second term corresponds to the energy dissipated into frictional heat Q.
Integrating over time we can then write:

./1' Gu(x)dx = ./1- (l-b"(x) Q(x)) dx j: Q(x) (1-.'.:. (2.10)

In the case of a sub-sonic, steady-state pulse the variation of volume en-
ergy Q cancels (no variations of kinetic, strain or gravity energy around
fracture, but a steady field). In this case, the equation is verified on any ar-
bitrary small subset of I', so we can get rid of the surface integral. The re-
quirement G,,=G, is imposed by steady propagation, so that that (2.10) re-
duces to

Gu(x) = G.(X) = 8inai(x) (ro(x) — 7(x)), (2.11)

It is more troublesome to investigate the energy balance (2.10) for cases
where of non-steady propagation. Indeed, the last term of the integral is es-
sentially non-local and reflects the energy redistribution through elastic
stress radiation. It can be argued, however, that the Q) term is negligible
with respect to the remainder, and use (2.11) to evaluate seismic fracture
energy from observation of earthquake parameters, an approach followed
by Rice et al. (2005).

In any case, equating G,, and G, provides a constraint on the possible
fracture velocity and the viability of a stable fracture propagation (for ex-
ample by equating (2.4) and (2.1) when K is known). If G, becomes larger
than G,, the balance will be restored by an acceleration of fracture propa-
gation; in the opposite case, the fracture would slow down and eventually
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stop. If no real solution to the equation is found, the fracture will not
propagate.

2.5 Energy Flow, Moment Rate and Dominant Period

According to (2.8), the probability that an earthquake fracture will con-
tinue to propagate past a possible barrier, does not only depend on the rela-
tive local strength of the fault, but also on the dynamic stress drop and on
the active slipping length inherited from the previous rupture history (both
parameters which may somehow reflect in the early phases of the seismo-
gram).

For an average fracture velocity v,, the duration of active rupture will be
of the order of T,=A/v,, as a consequence, the rise-time 7, reflects the pulse
length A and we can rewrite (2.8) as

G =yl v il m(—n) 0 (2.12)

Fractures with an initially larger rise-time will generate lower frequen-
cies and the early phases of the seismogram should reveal a larger domi-
nant period T, indicative of a larger available energy flow G, for the ad-
vancement of fracture.

In addition, seismograms indicating a relatively large initial moment
rate of the earthquake source, also should be diagnostic of a larger energy
flow. Indeed, as seen from (2.8) G, and the probability of fracture propaga-
tion increases as the square of the dynamic stress drop; the latter affects
slip-rate on the fault, increasing the moment rate of the earthquake source.
However, scaling laws show no evidence of stress drop increase with
earthquake magnitude, so that may not be a realistic physical mechanism.
On the other hand, if stress drop does not vary significantly, a larger A (or
T,) results in a larger actively slipping area, which also reflects in an in-
creased moment rate of the earthquake source. Indeed, if we write the mo-
ment rate as

M, = [ péds~psa 2.13)
b .

For example, in the case of a steady-state pulse of dimension A span-
ning a fault of width W (Haskell-type faulting) yields:

M, ~ us AW,
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whereas for a circular fracture front of radius R=v, t, where the active area
is a ring-like pulse of constant width A:

M,~pud2m(2tv, — A)A

Indeed, we note that the area A in (2.13), is not the final earthquake rup-
ture surface but the actively slipping area at a given time (only a fraction
of the total earthquake surface in the case of a pulse); since 6" =0 outside
the fracture pulse, the integral cancels on the inactive area (healed or not
yet fractured fault portion). As a consequence we may write, for the
steady-state pulse of A over a fault of width W:

A=WA
whereas for the ring-shaped pulse:
A=2m(2tv, A — A?)
In the case of a crack,
M,~ pd2ntuv,

According to classical elastodynamic results, the ascimptotic slip rate

directly scales with the dynamic stress drop (z-7,):
: U To — 7Tr
d=Ch(—=)3 ——
i
(where u is the shear rigidity, S the shear wave velocity, h(v,) a dimen-
sionless function of fracture velocity v, which tends to 1 as v,—, and C a
geometrical factor of order 1).

Finally, the far field displacement u can be schematically written, taking
the example of a P wave and for a point source (for the sake of simplicity
all complexity such as directivity effects are neglected) as a function of
moment rate:

AFP . T
u(t,r) = ———M,(t — —
(t,7) = T Mot~ ),
where A" is the radiation pattern, o. the P wave velocity and r the source-
reciever distance (Aki and Richards 2002).

A direct combination of the four above equations shows that the far field
displacement u scales with the active rupture length A and with the stress
drop (7-7,). As mentioned earlier, the fracture energy G also scales with A
and (7p- r,)z.
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From the above discussion it appears that if the average slip rate is fixed
(i.e., fixed dynamic stress drop), the moment rate should increase at least
as A, in syntony with the available energy flow G,. Large amplitude in the
first seismogram phases thus implies either large A or large stress drop (7,-
7,), or both, and an increased probability of propagation into a larger earth-
quake. Moment rate being relate to the radiated energy, this should reflect
in the far field amplitude and/or period of the signal.

An increased moment rate implies a larger available energy flow G, and
thus increased probability of rupture continued propagation.

2.6 Predictive Statement on Final Rupture Size

According to (2.12), earthquake sources that initially generate large domi-
nant periods and large moment rate functions indicate that rupture propa-
gation is favoured by a large energy flow; large energy flow indicates that
fracture is more likely to continue propagating and to grow into a large
magnitude earthquake. Note that the above statement is predictive only in
a probabilistic sense, because the strength distribution (G,,(x)) on the fault
is unknown.

A stochastic distribution p,(G) for fault strength (in terms of G,,) can be
assumed a priori, and a probabilistic statement can be issued, that the start-
ing fracture with an energy flow G, (estimated from moment rate and
dominant period), encounters a barrier of strength G,, > G, and of size [ >
A within a propagation distance L, For example, if G,, obeys a fractal dis-
tribution on earthquake faults,

the probability I1s(G,, > G,, [ > A, L) of encountering a ~“strong" cluster
of size larger than A within a region L can be estimated with standard tools
of percolation theory (Feder 1992). The probability that the intial rupture
grows into an earthquake source of size L, or more is:

(L > Ly) = 1 —T,(Gy > Ge,l > A, Lo)

The above estimates and distributions can be adjusted by testing predic-
tive statements on regional catalogs of past earthquakes.
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3 The ElarmS Earthquake Early Warning
Methodology and Application across California

Richard M. Allen
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Abstract

Earthquake Alarms Systems, ElarmS, is a methodology for providing
warning of forthcoming ground shaking during earthquakes. The approach
uses a network of seismic instruments to detect the first-arriving energy at
the surface, the P-waves, and translate the information contained in these
low amplitude waves into a prediction of the peak ground shaking that fol-
lows. The instruments closest to the epicenter are the first to detect the
seismic energy, and by using a seismic network this information can be in-
tegrated to produce a map of future ground shaking everywhere. The
ElarmS methodology uses the frequency content of the P-wave arrival to
estimate earthquake magnitude, arrival times to determine location, and
then predicts the ground shaking using a radial attenuation relation. All
data is gathered continuously and the hazard map updated every second.
As observations of peak ground shaking are also made close to the epicen-
ter they are integrated into the hazard assessment. Here, the methodology
is applied to a set of 32 earthquakes in southern California to assess the ac-
curacy and timeliness of warning if such a system was implemented using
the existing seismic network. If there was no data telemetry delays the first
warning would be available before the S-wave arrival at the epicenter for
56% of the earthquakes. The average absolute magnitude error at this time
is 0.44 units and the error in the average absolute peak ground acceleration
[In(PGApredicted) — In(PGAobserved)] is 1.08. Within 5 sec warning are
available for 97% of the events, the average magnitude error is 0.33 units,
and the average PGA error is 1.00. To further assess the utility of ElarmS
implementation in California, probabilistic warning time distribution func-
tions are determined for cities in northern California. Using the set of fu-
ture likely earthquakes provided by the Working Group on California
Earthquake Probabilities (2003) the warning times that the ElarmS meth-
odology could provide (if implemented) can be estimated, and a probabil-
ity of occurrence associated. The alarm time is defined as the time when 4
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sec of P-wave data is available at 4 seismic stations. At this point in time
the average magnitude error is 0.5 units. The warning times range from
zero seconds to over a minute, the most likely warning times range from
seconds to a few tens of seconds depending on location. The largest mag-
nitude earthquakes are also associated with the greatest warning times and
it is more likely than not, that San Francisco would receive more than 20
sec warning for earthquakes generating the most damaging ground shak-
ing.

3.1 Introduction

Current earthquake mitigation in the United States focuses on long-term
characterization of the likely levels of ground shaking and the frequency of
occurrence (e.g. Frankel et al. 1996). These estimates are the basis for
building codes which aim to prevent collapse during earthquakes. The ap-
proach is highly effective at reducing deaths but not necessarily at reduc-
ing the cost of earthquakes. While buildings may not collapse during an
earthquake, they may still suffer structural damage requiring them to be
demolished. In other countries, including Mexico, Japan, Taiwan and Tur-
key, earthquake warning systems (EWS) are used in addition to building
codes to further reduce the impact of earthquakes (Espinosa Aranda et al.
1995; Wu et al. 1998; Wu and Teng 2002; Erdik et al. 2003; Odaka et al.
2003; Boese et al. 2004; Kamigaichi 2004; Nakamura 2004; Horiuchi et al.
2005; Wu and Kanamori 2005). Short-term mitigation actions are taken in
these countries to reduce both financial losses and casualties.

Earthquake warning systems (EWS) rapidly detect the initiation of
earthquakes and warn of the forthcoming ground shaking. For a specific
city, such as San Francisco, the warning time could be tens of seconds for
some earthquakes, while zero seconds for others. However, in situations
when San Francisco gets zero seconds warning, surrounding cities such as
Oakland would likely get a few seconds and San Jose would get ~15 sec
warning. Thus, for any earthquake scenario in a densely populated region,
such as the San Francisco Bay Area (SFBA) or the Los Angeles Metro-
politan Area (LAMA), an EWS could provide warning to at least some of
the affected population in a damaging earthquake.

Here we present one methodology for an EWS that could be imple-
mented in California and other regions around the world. The Earthquake
Alarm System, “ElarmS,” is designed to predict the distribution of peak
ground shaking across the region affected by an earthquake before the be-
ginning of significant ground motion (see http://www.ElarmS.org). ElarmS
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uses the first few seconds of P-wave arrivals at the closest stations to the
epicenter to locate an earthquake and estimate its magnitude. A map—
AlertMap—of predicted ground shaking is then generated and updated as
more information becomes available. We apply the methodology to the
specific problem of earthquake warning in southern and northern Califor-
nia using datasets of past and likely future earthquakes. In southern Cali-
fornia, we use a set of past earthquakes and apply the methodology to de-
termine the accuracy of the warnings generated. In northern California, we
estimate the warning times that would be available for locations across the
SFBA for all likely future earthquakes identified by the Working Group on
California Earthquake Probabilities (2003).

3.2 The ElarmS Methodology

The ElarmS methodology was designed with the goal of predicting the dis-
tribution of peak ground shaking across the region affected by an earth-
quake before the beginning of significant ground motion at the epicenter.
The first few seconds of the P-wave at the station and stations closest to
the epicenter is used to estimate the magnitude of the earthquake and at-
tenuation relations provide the predicted distribution of ground shaking as
a function of distance from the epicenter. The complete ElarmS system is
designed to generate a map of predicted peak ground shaking, a predicted-
ShakeMap that we call “AlertMap.” The first AlertMap is available 1 sec
after the first P-wave trigger and is updated every second as additional data
is gathered from stations farther from the epicenter. Below, we describe
the three components of ElarmS.

3.2.1 Earthquake Location and Warning Time Estimation

Earthquakes are located using the arrival times of P-waves. When the first
station triggers, an event is located at that station with a depth typical of
events in the region. The earthquake is then located between the first two,
and then the first three, stations to trigger. Once four stations have trig-
gered a grid search method is used to locate the event, minimizing the mis-
fit between predicted and observed arrival times.

The warning time is defined as the remaining time until the onset of
peak ground shaking and can be estimated given the origin time and loca-
tion of the earthquake using S-wave arrival time curves. The use of the
predicted S-arrival time provides a conservative estimate of the remaining
warning time. In larger magnitude earthquakes, such as Northridge and
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Loma Prieta, peak ground shaking occurred 5-10 sec after the S-arrival at
stations tens of kilometers from the epicenter.

3.2.2 Rapid Earthquake Magnitude Estimation

The magnitude of an earthquake is rapidly estimated using the frequency
content of the first four seconds of the P-wave arrival. The predominant
period, 7,, of the vertical component waveform is calculated using the
method first described by Nakamura (1988), and the maximum value
within 4 sec, T;m, is found to scale with event magnitude (Allen and
Kanamori 2003; Lockman and Allen 2005; Olson and Allen 2005; Lock-
man and Allen 2007). Before calculation of 7, accelerometer recordings
are converted to velocity and all processing is done recursively in a causal
fashion. 7, is determined continually in realtime from the vertical compo-

nent velocity waveform using the relation

et =20/ X,ID, e

where
X, =aX, +x° (32)
D, =aD, , + (a%[)iz (3-3)

x; is the ground motion recorded at time i and a is a 1 sec smoothing con-
stant (for 100 sps data 0=0.99, for 20 sps data a=0.95). The higher fre-
quency content of smaller magnitude earthquakes is measurable within a
shorter time period after the P-wave arrival than the low frequency energy
of larger events. Correspondingly, the magnitude of smaller events can be
determined more rapidly than that of larger events. This also means that
the magnitude estimate after 1 s is a minimum estimate, and once 2, 3 and
4 s of data are available, the magnitude estimate may increase.

Two linear relations between 7, and magnitude are used (Allen and

Kanamori 2003). For smaller earthquakes (magnitudes 3.0 to 5.0), broad-
band data low-pass filtered at 10 Hz is used and a good magnitude estimate
is possible given just 1 s of data. With 2 s of data the magnitude error re-
duces slightly, but additional data does not improve the estimate. Using
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ax

our T;“ observations from the broadband waveforms after 2 s and mini-

mizing the average absolute deviation we determine the relation
m, = 6.310g(r:ax )+ 7.1 34

to estimate the magnitude of low-magnitude earthquakes. For larger mag-
nitude events (magnitude > 4.5), better estimates are possible with the ap-
plication of a 3 Hz low-pass filter and the best estimates of magnitude re-
quire 4 s of data, although minimum magnitude estimates can be made as
soon as 1, 2 and 3 s after the P-arrival. The best-fit high-magnitude relation
is

m, =7.0log(r™ )+5.9. (3.5)

Both m; and my, are used by ElarmS to produce the best estimate of mag-
nitude. Initially, 1 sec after a station triggers, m, is calculated from 7™,

and when 2 s of data are available the estimate is updated. Station-
magnitude estimates (one from each triggered station) are averaged to pro-
vide an event-magnitude estimate. If the event-magnitude estimate be-
comes greater than 4.0, then m;, is also calculated and the event-magnitude
estimate is the average of both m; and m,, from each triggered station.

max

7, has been calculated for earthquakes with magnitudes ranging from

3.0 to 8.3 from various regions around the world (Fig. 3.1). Datasets with a
wide magnitude range from southern California and Japan show a similar

X

scaling relation between the value of T;na and magnitude (Allen and

Kanamori 2003; Lockman and Allen 2007), and a global dataset including
waveforms from southern California, Japan, Taiwan and the Denali earth-
quake in Alaska suggest that the scaling relation does not break down for
even the largest magnitude earthquakes (Olson and Allen, 2005).

The accuracy of magnitude estimates is a function of the number of sta-
tions providing P-wave data. Figure 3.2 shows how the average error of

max

magnitude estimates decreases as 7, observations at multiple stations

are combined to provide an average magnitude estimate. Datasets from
southern California and Japan show a similar relation. Using just the clos-
est station to the epicenter the average magnitude error is ~0.75 magnitude
units; once data from the closest 2 stations is available the error drops to
~0.6, and to ~0.5 magnitude once 4 stations provide data.
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a) Southern california b) Japan c) Global
. .

magnitude magnitude magnitude

Fig. 3.1 Scaling relation between event-averaged 7, and magnitude. All data

has been processed using the same recursive algorithms. A) Southern California
earthquakes and best fit relation (solid line). B) Earthquakes in Japan and best fit
relation (solid line). The dashed line is the best fit relation for California shown in
A, which is nearly identical. C) Global compilation of earthquakes including
southern California, Japan, Taiwan and the Denali earthquake. Waveforms are a
mixture of accelerometers and broadband velocity instruments.
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Fig. 3.2 Average absolute error in magnitude estimates as a function of the num-

ber of stations providing P-wave data for all events studied in southern California

(green) and Japan (red). Using 1 station, the average error is ~0.75 magnitude

units, and drops to ~0.6 with 2 stations and ~0.5 once 4 stations provide data.
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3.2.3 Predicting the Distribution of Ground Shaking

Given the location and magnitude of an earthquake, the spatial distribution
of peak ground shaking can be estimated using attenuation relations. Most
existing relations use only ground motion observations for earthquakes
with magnitudes greater than 5.0. ElarmS uses its own attenuation rela-
tions developed from regional observations for events with magnitudes
greater than 3.0. Designing ElarmS to be operational during the frequent
low magnitude events as well as large events is desirable in order to con-
tinually test the system.

Many different functional forms have been used for different types of
earthquakes in different regions (e.g. Campbell 1981; Joyner and Boore
1981; Fukushima and Irikura 1982; Abrahamson and Silva 1997; Boore et
al. 1997; Campbell 1997; Sadigh et al. 1997; Field 2000), however most
are based on the functional form

A= Aor"e*kr (3.6)

where A is the peak ground acceleration (PGA) at a distance r, and Ay, n
and k are constants to be determined. This functional form has a term for
geometric spreading, /*, and one for intrinsic attenuation, . Using a
dataset of local earthquakes ranging in magnitude from 3.0 to 7.3 from
southern California, best-fit attenuation relations were determined for the
region. The effect of intrinsic attenuation was not significant within 200
km of an event, so k was set to zero to reduce the unknowns in the regres-
sion. n was determined as a function of magnitude by grouping PGA ob-
servations by magnitude and calculating the best fitting n. Having deter-
mined n, Ay was calculated for each event and the best fitting linear
relation between A, and magnitude was obtained. Figure 3.3 shows how A,
and n vary as a function magnitude.

ElarmS uses the attenuation relations in a two-stage process. One sec-
ond after the first P-wave trigger the first estimate of magnitude is avail-
able. Given the magnitude, Ay and n are determined from the relations
shown in Fig. 3.3, and estimated PGA is calculated as a function of dis-
tance. As time progresses during the event sequence, the stations closest to
the epicenter measure their PGA. Once this information is available from a
few stations, it is used to adjust the attenuation relation by keeping n fixed
but allowing A, to change in order to best-fit the attenuation relation to
PGA observations. Figure 3.4 shows examples of the attenuation relations
for several earthquakes. Note the discrepancy between the observations
and predictions of the Field (2000) attenuation relations. This discrepancy
is a common problem when using attenuation relations determined from
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larger-magnitude events only. The attenuation relations described here do
not account for near-surface amplification effects, such as rock versus soil,
which are responsible for much of the scatter in the acceleration observa-
tions shown in Fig. 3.4. Although site corrections are not currently part of
ElarmS, they can easily be included when known (e.g. Wald et al. 1999;
Wald et al. 1999).
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Fig. 3.3 Empirically determined values of n and A, as a function of earthquake
magnitude. PGA observations were initially grouped by magnitude and »n deter-
mined for each group by regression. Having determined n, the best fitting A, (de-
fined as the amplitude at r=100 km) was calculated for each event. Linear regres-
sion provides A, as a function of magnitude.

3.3 Accuracy and Timeliness of Warnings

To test the accuracy and timeliness of warning information we gather a
dataset of 32 earthquakes from southern California. The events were se-
lected to give as wide a range of magnitude as possible and to include the
events occurring beneath the denser portions of the existing broadband
network. Earthquakes with magnitude ranging from 3.0 to 5.4 were in-
cluded as shown in Fig. 3.5. All events with magnitudes larger than 5.4 ei-
ther occurred before the existing seismic network was in place (e.g.
Landers and Northridge), or were in locations where the network is sparse
(e.g. Hector Mine).
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Fig. 3.4 Examples of attenuation relations (lines) and PGA observation (dots) for
eight southern California earthquakes with magnitudes ranging from 5.1 to 7.3.
Grey lines show the ElarmS attenuation relations determined given just earthquake
magnitude and the green lines are the result of adjusting the relation based on
PGA observations. Dashed lines show the Field (2000) attenuation relations for

rock and soil for comparison.



30 Richard M. Allen

number of events
- ra

magnitude 7

-116

Fig. 3.5 Map of southern California showing the 32 earthquakes used to assess the
accuracy and timeliness of ground shaking warnings. The 32 events occurred be-
neath the denser portions of the seismic network in the regions which are also the
most densely populated. The histogram shows the magnitude distribution of the
events included (red). The three largest magnitude events (grey on map and histo-
gram) were not included as they did not occur beneath the current dense array.

The waveform datasets from these events are processed using the
ElarmS methodology to determine the magnitude and the predicted ground
shaking (PGA) as a function of time. We find that initial magnitude and
PGA estimates are available for 56% of the earthquakes by the time the S-
wave arrived at the surface, Fig. 3.6. We use the S-arrival at the epicenter
as the zero time, because this is the earliest possible time of peak ground
shaking at the surface, although in large magnitude earthquakes the peak
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ground shaking typically occurs 5 to 10 sec after the S-wave arrival at lo-
cal sites. This test does not include any delays in data transmission, which
would delay warnings by 1 or 2 sec, depending on how the early warning
algorithms are implemented. Note, however, that likely telemetry delays
are less than peak ground shaking delays for large magnitude earthquakes.
With no telemetry delay and peak ground shaking at the time of the S-
wave arrival, warnings would be available for more than 50% of earth-
quakes at the epicenter. If there is a 2 sec telemetry delay, then warning
would be available for more than 50% of earthquakes at locations greater
than ~8 km from the epicenter. This “blind zone” close to the epicenter,
where warning may not be available using ElarmS, is also the region
where some of the most severe damage would likely occur. Single station
approaches to onsite early warning can offer timely hazard information in
these regions (e.g. Nakamura 1996, 2004; Lockman and Allen 2005; Wu
and Kanamori 2005; Wu and Kanamori 2005; Wu et al. in review). It
should also be noted that, although the intensity of ground shaking may be
lower outside the blind-zone than within, the total hazard exposure outside
the blind-zone may be greater than within it. For example, buildings were
red-tagged as structurally unsafe and scheduled for demolition as far as 60
km from the epicenter in the 1994 Northridge earthquake in LAMA. In
that event, an 8 km radius blind-zone represented less than 2% of the total
area severely affected by the earthquake.

While the first hazard prediction is available 1 sec after the first P-wave
arrival, the majority of the initial predictions in Fig. 3.6 are based on trig-
ger times and magnitude estimates from more than one seismic station.
The offline algorithms used in this test gather all available information and
update hazard estimates once per second. The density of seismic stations
(typically 20 km spacing in the populated regions) means that, within a 1
sec time interval, usually two, and often three, stations trigger. The first
event location, hazard, and warning time estimates, therefore, are based on
information from multiple stations, providing a more accurate location and
magnitude estimate than using a single station.

The test shows that magnitude estimates are available for 56% of earth-
quakes at the time of the S-arrival with an average magnitude error of 0.44
magnitude units, Fig. 3.6A. Within 5 sec, magnitude estimates are avail-
able for 97% of events and the average error is down to 0.33 magnitude
units. Figure 3.6B shows the error in the PGA estimates as a function of
time. PGA is estimated at each station within 100 km of the event using
the available ElarmS magnitude and location and the attenuations relations
described above. The error in the PGA estimate is calculated in the usual
way: it is the natural logarithm of the predicted PGA minus the natural
logarithm of the observed PGA for the event. At the time of the S-arrival,
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the average absolute error is 1.08. It drops to 1.00 within 5 sec, 0.98 within
10 sec, and reaches 0.95 at 15 sec. When the correct magnitude is used in
the attenuation relations (thus removing the error in the ElarmS magnitude
estimate), the error is only slightly lower: 0.89. An error in PGA of 1 is
equivalent to the difference between a Modified Mercalli Intensity (MMI)
of IV to V or alternatively of VIII to X.
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Fig. 3.6 The results of testing ElarmS offline using a set of 32 earthquakes in
southern California designed to assess the accuracy and timeliness of warning in-
formation given the current distribution of stations. All panels show errors as a
function of time with respect to the S-wave arrival at the epicenter, which repre-



3 The ElarmS Earthquake Early Warning Methodology and Application... 33

sents the earliest time of peak ground shaking during an earthquake. A) The error
in the magnitude estimate. B) Average absolute error in PGA estimates at all sta-
tions using available magnitude and location estimates and the ElarmS attenuation
relations. The open circles at the far right are the errors when the true magnitude is
used. C) Average error in PGA once available PGA observations are incorporated.
The error in the PGA estimates is calculated in the usual way: the error is the natu-
ral logarithm of the predicted PGA minus the natural logarithm of the observed
PGA for the event.

As time progresses during an earthquake, the closest stations record
their PGA and this information is included in the prediction for stations at
greater distances from the epicenter. The error in the PGA prediction once
PGA observations from near stations are incorporated, is shown in Fig.
3.6C. At 5 sec, the average error is 1.02, similar to when PGA observa-
tions are not included, but it drops to 0.85 at 10 sec and 0.82 at 15 sec,
which is slightly better than just using magnitude estimates alone. The
most important use of PGA observations is to remove outliers, that is,
cases when the magnitude-based estimate is very high or low.

3.4 Warning Time Distributions for Northern California

Having assessed the timeliness and accuracy of warnings in southern Cali-
fornia, we look to the likely distribution of warning times in northern Cali-
fornia should the ElarmS methodology be implemented using the existing
seismic network. We use the set of likely earthquake scenarios for northern
California identified by the Working Group on California Earthquake
Probabilities (2003). Each earthquake scenario has an associated probabil-
ity of occurrence by the year 2032, allowing determination of probabilistic
warning time distributions for any location in the region.

To calculate the warning times, we define an “alert time” intended to
represent the time when sufficient information about an earthquake is
available for users to take action. During any earthquake the accuracy of
warning information will increase with time and specific users will define
the certainty level required for their own mitigation action (Grasso and Al-
len in review). Here, we choose a single threshold based on the accuracy of
the warning and use the point in time when 4 sec of P-wave data are avail-
able at four seismic stations. This is defined as the alert time and repre-
sents the time when the average error in the magnitude estimate will be
~0.5 magnitude units based on tests in southern California and Japan (see
Fig. 3.2). The warning time is the difference between the alert time and the
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estimated time of peak ground shaking for a given location. For the arrival-
time of peak ground shaking as a function of epicentral distance we use the
S-wave arrival-time curve out to a distance of 150 km and then a constant
moveout of 3.55 km/s based on the observed moveout of peak ground
shaking in California.

Warning times are calculated for a total of 4070 earthquake epicenters.
These epicenters were distributed at 1 km intervals along the faults identi-
fied as those most likely to cause damaging earthquakes in northern Cali-
fornia by the Working Group on California Earthquake Probabilities
(2003). The study identified seven fault systems, each of which has one or
more rupture segments, as shown in Fig. 3.7, that can rupture on their own
or with adjacent segments. In all, 35 earthquake rupture scenarios were
identified and a probability of occurrence within 30 years was estimated
for each. The total probability of one or more of these earthquake scenarios
(with magnitudes ranging from 5.8 to 7.9) occurring before 2032 is 84%.
Within the SFBA, the faults that are most likely to rupture are the San An-
dreas Fault and the Hayward-Rodgers Creek Fault with probabilities of
producing a magnitude 6.7 or greater earthquake of 21% and 27% respec-
tively. The aggregate probability of one or more magnitude 6.7 or greater
earthquakes within the next 30 years (from 2003 to 2032) in the SFBA is
62%.

Each of these earthquake scenarios involves rupture across a finite fault
plane. The warning time in a given earthquake is dependent on the epicen-
tral location where the rupture initiates. We do not know the likely point of
initiation for the 35 scenarios; therefore, we accommodate the uncertainty
in epicentral location by distributing epicenters at 1 km intervals along
each fault. The probability of an earthquake with each epicentral location
within one rupture scenario is set equal, and the aggregate probability of
all the epicenters is equal to the scenario probability.

Given the epicenter of an earthquake, the alert time is dependent on the
relative locations of seismic stations to detect the P-wave arrivals. Several
thousand seismic stations are operated in northern California by the Cali-
fornia Integrated Seismic Network (CISN), which consists of multiple,
complementary seismic networks (see http://www.cisn.org). The ElarmS
methodology requires continuous seismic waveforms recorded by instru-
ments with a broad frequency sensitivity, i.e. continuous broadband sta-
tions. Such instruments are operated by the University of California Berke-
ley, which contributes a network of 24 stations, each with a broadband
velocity seismometers and an accelerometer, and the U.S. Geological Sur-
vey, which operates approximately 100 accelerometers, located mostly in
the SFBA, and 15 broadband velocity seismometers. In total, there are ap-
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proximately 140 seismic stations across northern California which could
be used in an EWS, Fig. 3.7.
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Fig. 3.7 Map of the San Francisco Bay Area (SFBA) showing mapped faults (bold
black lines) and the location of earthquakes with magnitude greater than 3 since
recording began (red dots). Existing continuous broadband stations operated by
UC Berkeley (dark blue) and the U.S. Geological Survey (light blue) are shown
with circles for broadband velocity seismometers and dots for accelerometers. The
fault segments identified by the Working Group on California Earthquake Prob-
abilities (2003) are shown with pink dots at the ends of segments joined by broad
pink lines. The six “warning points” included in Figs. 3.8 and 3.9 are shown as
black dots.
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The alert time for each earthquake epicenter is calculated as the time at
which 4 sec of P-wave data are available at the 4 closest continuous broad-
band stations plus a fixed telemetry and processing delay of 4.5 sec. A 4.5
sec delay accounts for transmission of waveform data from each station to
one of the network operation centers, processing time, and transmission of
the warning out to the user community. Given the current seismic infra-
structure in northern California, the most significant delay is packetization
of data before transmission from each station. We introduce a 2.5 sec delay
for packetization, which represents the delay at the slowest existing sta-
tions. We add 1 sec for transmission to the processing center and 1 sec for
transmission of the warning message. The processing time for the data is
negligible. The warning time estimates, therefore, represent what is possi-
ble using the existing seismic network hardware. They could be improved
through upgrade of telemetry and processing systems as well as the addi-
tion of seismic stations.

The warning time probability density function (WTPDF) for the city of
San Francisco is shown in Fig. 3.8. This WTPDF is specifically for the
Civic Center; however, it does not vary significantly over the rest of the
city. For all the likely damaging earthquakes in the region, San Francisco
could receive warnings varying from 77 sec down to -8 sec. Negative
warning times mean no warning is possible. The most likely warning times
are less than 25 sec; however, the WTPDF has a long tail which is due to
the San Andreas Fault. In a repeat of the 1906 earthquake, a 450 km long
segment of the fault could rupture. If the event nucleates off the Golden
Gate, there would be little or no warning for San Francisco. However, as-
suming that it is equally likely that rupture nucleates anywhere along the
fault, it is more likely that the epicenter is at a significant distance from
San Francisco and there could be tens of seconds warning for this most
damaging earthquake scenario. It should be noted that the 1906 rupture
probably did nucleate off the Golden Gate (Bolt 1968; Boore 1977; Zo-
back et al. 1999; Lomax 2005). Whether this means that a future rupture
would nucleate in the same location is unknown.

In addition to the warning times for each earthquake, we also estimate
the likely intensity of ground shaking at the warning point, i.e. the Civic
Center in the case of Fig. 3.8. These intensities are derived from Shake-
Map scenario calculations (Working Group on California Earthquake
Probabilities 2003). The grey regions in Fig. 3.8 represent earthquakes for
which shaking intensity at the Civic Center is less than V on the MMI
scale (Richter, 1958) and there is unlikely to be damage. Above a MMI V,
the likely damage increases with the severity of shaking from light (V: un-
stable objects displaced), to strong (VII: broken furniture and damage to
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masonry), to violent (IX: masonry seriously damaged or destroyed, frames
displaced from foundations).
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Fig. 3.8 Warning time probability density function (WTPDF) for the Civic Center
of San Francisco (37.78°N, 122.42°W). The warning times for all likely earth-
quakes range from -8 sec to 77 sec, negative warning times mean no warning is
possible. Earthquakes are in 1 sec bins and the vertical axis shows the total prob-
ability of one or more earthquakes occurring before 2032 with a given warning
time. The color represents the estimated intensity of ground shaking for each
event. Damage is unlikely for MMI < V (grey); MMI > IX means violent shaking
likely to cause serious damage to buildings (red).

In the case of the WTPDF for San Francisco, Fig. 3.8, the long tail of
large warning times includes a large portion of the earthquake scenarios
which will cause violent (MMI > IX) ground shaking. This is because the
intensity of ground shaking in a given earthquake is dependent on the clos-
est distance to the fault rupture, while the warning time is dependent on the
distance to the epicenter. Our warning time estimates are conservative in
that they represent the traveltime of shear energy directly from the epicen-
ter to the warning point. The true time of peak ground shaking may not oc-
cur until the rupture has propagated along the fault to the closest point,
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which is typically at less than the shear-wave speed, and then from the
fault to the warning point at the shear-wave speed.
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Fig. 3.9 Simplified warning time probability density functions (WTPDF) for six
locations around the SFBA. In each panel, the first column shows the aggregate
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probability of all likely earthquakes in the region before 2032 (84%) and the ex-
pected intensity of ground shaking. The remaining columns show the probability
of an earthquake occurring for which more than 0, 5, 10, 20 and 30 sec warning
could be available, and the distribution of ground shaking intensities for those
events. The six locations are shown on Fig. 3.7. A) The city of San Francisco
(37.78°N, 122.42°W). B) San Francisco International Airport, SFO (37.62°N,
122.37°W). C) The city of Santa Cruz (36.97°N, 122.03°W). D) The city of Oak-
land (37.805°N, 122.270°W). E) The city of San Jose (37.33°N, 121.90°W). F)
The city of Walnut Creek (37.90°N, 122.06°W).

Simplified representations of the WTPDF for six locations around the
SFBA are shown in Fig. 3.9. The full WTPDF for these locations and other
cities and sites of engineering interest are available at
http://www.ElarmS.org. Figure 3.9A shows that there is a 74% probability
of one or more earthquakes that will cause some damage (MMI = V) in
San Francisco by 2032, and a 63% probability of a damaging event for
which a warning could be available. There is a 5% probability of an earth-
quake that causes violent ground shaking (MMI = IX), and a 3% chance
of one for which greater than 10 sec of warning could be available. It is
therefore more likely than not that more than 10 sec warning would be
available before violent ground shaking in the city. The WTPDF for the
San Francisco International Airport (Fig. 3.9B) is similar to that for the
city, except that the intensity of ground shaking could be greater given the
closer proximity to the San Andreas Fault.

The most severe earthquakes for East Bay Cities occur on the Hayward-
Rodgers Creek Fault. Its close proximity to cities such as Oakland (Fig.
3.7) make for reduced warning times, but also lower intensities due to the
shorter length of the fault. It is still more likely than not that a warning will
be available for a damaging earthquake, Fig. 3.9D. Most of the hazard for
San Jose comes from the San Andreas Fault. As with San Francisco, this
means there is a high probability of large warning times for the most dam-
aging earthquakes. While there is a 5% probability of an event causing
MMI VIII in San Jose, there is a 3% chance of an event for which there
could be greater than 20 sec warning (Fig. 3.9E). In the October 17, 1989,
Loma Prieta earthquake (M, 6.9), the closest city to the epicenter, Santa
Cruz, experienced MMI VIII. There is a 7% probability of a similar inten-
sity of ground shaking by 2032, and a 3% chance of similar ground shak-
ing for which greater than 30 sec warning could be available (Fig. 3.9C).
Finally, the rapidly growing urban areas east of the Berkeley Hills, such as
Walnut Creek, are as likely to experience damaging ground shaking as San
Francisco, although the most severe events have a lower intensity (Fig.
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3.9F). As is the case for all locations in the SFBA, Walnut Creek could re-
ceive a warning before ground shaking starts for the majority of damaging
earthquakes.

3.5 Earthquake Warning Outlook

An EWS for San Francisco was first suggested by Cooper (1868), who
proposed that the telegraph cables radiating from the city could transmit
warning ahead of ground shaking. He also noted that this would not work
if the center of the “shock” was close to the city, but estimated such a sce-
nario to occur less than 1% of the time. His estimate was not far from our
current estimates today. A more recent study by Heaton (1985), using a
theoretical distribution of earthquakes in southern California, concluded
that there could be more than a minute of warning for the larger, most
damaging earthquakes. Here, we come to a similar conclusion using the set
of past earthquakes in southern California and future likely earthquakes
and existing seismic stations in northern California.

Active early warning systems are now operational in Mexico, Japan,
Taiwan and Turkey (Espinosa Aranda et al. 1995; Wu et al. 1998; Wu and
Teng 2002; Erdik et al. 2003; Odaka et al. 2003; Boese et al. 2004;
Kamigaichi 2004; Nakamura 2004; Horiuchi et al. 2005; Wu and
Kanamori 2005). Their warning messages are currently used by transporta-
tion systems such as rail and metro systems, as well as private industries,
including construction, manufacturing and chemical plants. They are also
used by utility companies to shut down generation plants and dams, and
emergency response personnel to initiate action before ground shaking. In
addition, schools receive the warnings allowing children to take cover be-
neath desks, housing units automatically switch off gas and open doors and
windows, and entire complexes evacuate. Many of these applications
would also be appropriate in California. WTPDF for the specific location
of any user can be calculated and used to determine the cost-benefit of im-
plementing an automated response to warning messages.

EWS are no panacea for the mitigation of seismic hazard. While EWS
cannot warn everyone prior to all ground shaking events, they can offer
warning to many affected people most of the time. No approach to natural
hazard mitigation is perfect. Building codes are intended to prevent col-
lapse of most structures in most earthquakes. If the mitigation of natural
hazards is our intent, it is important to ensure that we continually ask what
more could be done, what new technologies can be applied. As the De-
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cember 26, 2004, tsunami disaster demonstrated most clearly, compla-
cency is not an option.
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Abstract

A prototype system for earthquake early warning and rapid shake map
evaluation is being developed and tested in southern Italy based on a
dense, dynamic seismic network (accelerometers + seismometers) under
installation in the Apenninic belt region (Irpinia Seismic Network). It can
be classified as a regional Earthquake Early Warning System consisting of
a broad-based seismic sensor network covering a portion or the entire area
which is threatened by the quake's strike.

The real time magnitude estimate will take advantage from the high spa-
tial density of the network in the source region and the broad dynamic
range of installed instruments. Based on the offline analysis of high quality
strong-motion data bases recorded in Italy, several methods are envisaged,
using different observed quantities (peak amplitude, dominant frequency,
square velocity integral, ...) to be measured on seismograms, as a function
of time, both on P and early-S wave signals.

Results from the analysis of the Italian strong motion database point out
the possibility of using low-pass filtered displacement and velocity peak
amplitudes measured in time windows lasting less than 3-4 sec after the
first P- or S-wave arrivals. These parameters show they are robustly corre-
lated with moment magnitude.

The correlation found of 3Hz low-pass filtered PGV and PGD with
magnitude is discussed and interpreted in terms of plausible dynamic mod-
els of the earthquake rupture process during its initial stage.

4.1 Introduction

Over the last few decades, there has been ongoing experimentation into
seismic early-warning (SEW) systems in several active seismic areas of
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the world. Prototype SEW systems have been developed and implemented
in Taiwan, Japan, USA and Mexico, where warning signals from dense
seismograph networks in the earthquake source areas are sent to nearby
urban settlements.

SEW systems that are based on real-time automated analysis of ground-
motion measurements can have a role in reducing regional resiliency by
promoting action for the protection of built environments and lifelines.
The early information provided by SEW systems when the seismic waves
are still propagating can be used to activate various security measures,
such as the shutting down of critical systems, the stopping of transporta-
tions systems and the shutting-off of lifelines. Depending on the network
geometry and configuration around the potential seismic source and/or tar-
get area, SEW systems can be classified according to (Kanamori 2005):

e regional (dense seismic network deployed in the potential earthquake
source area)

e on-site (single instrument or array of instruments deployed at the target
site, which is distant from the earthquake source area)

For regional SEW systems, the earthquake-warning window begins at
the time of the first P-wave detection by the network deployed in the
earthquake source area. This window can last from a few to several tens of
seconds, depending on the distance between the source and the target area.

For on-site SEW systems, the lead time is given by the difference be-
tween the first recorded P-wave motion at the target site and the later arri-
val of the energy amplitudes (carried by the primary S-waves, secondary
body waves or surface waves), which will also depend on the distance
from the epicentral area.

In both cases, fully automated, robust and reliable real-time estimates of
the main earthquake parameters (location and magnitude) must be ob-
tained in an evolving, continually updated form, so that they can be used
for warning purposes or to simulate realistic shake maps, and be helpful
for emergency preparations and management.

The ca. 6 million inhabitants and large number of industrial plants in the
Campania region are highly exposed to seismic risk, which is related to the
moderate to large magnitude seismicity that originates from the active fault
systems in the Apennine belt. The 1980, M=6.9, Irpinia earthquake was
the most recent destructive earthquake to occur in the region: it caused
more than 3,000 casualties and massive, widespread damage to buildings
and infrastructure across the whole region. In the framework of an ongoing
project financed by the Regional Department of Civil Protection, a proto-
type system for earthquake early-warning and rapid shake-map evaluation
is being developed and tested in southern Italy (Weber et al. 2007, this is-
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sue). This is based on a highly dynamic and dense seismic network (accel-
erometers + seismometers) that is being installed in the Apennine belt re-
gion (ISNet) (Fig. 4.1).

45000

4500000

2450000

Fig. 4.1 Map of the ISNet network and seismicity in the Campania region.

This system can be classified as a regional SEW system as it will consist
of a wide seismic sensor network that covers part or all of the area under
threat from an earthquake strike. Application of such an SEW system in
the Campania region that will be based on the ISnet network will need to
consider an expected time delay to the first S-wave energy train that will
vary between 14 and 20 sec at distances of 40 to 60 km, and between 26 to
30 sec at 80 to 100 km, from a shallow crustal earthquake occurring in the
source region. The latter delay is the typical time window available for the
mitigation of earthquake effects through early warning in the city of
Naples (with ca. 2 million inhabitants, including the suburbs).

Considering such a warning window that will range from tens of sec-
onds before to hundreds of seconds after an earthquake, several public in-
frastructures and buildings of strategic importance (e.g., hospitals, gas
pipelines, railways, railroads) to Campania can be considered as potential
test-sites for testing the innovative technologies for data acquisition, proc-
essing and transmission.
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Specifically, for real-time magnitude estimations for SEW purposes, a
number of methods have very recently been proposed that are based on the
dominant frequency/period and/or peak ground-motion amplitudes meas-
ured over a narrow time window (between 3 and 4 seconds) extending
from just after the first P-wave arrival (Allen and Kanamori 2003, Wu and
Teng 2004) In particular, the methods based on real-time magnitude esti-
mations from the predominant period parameter have been validated and
calibrated for regional recordings of velocity ground motion that are ac-
quired by seismographic stations equipped with vertical short-period seis-
mometers.

Due to the great dynamic range and high density of the seismic network
under installation in the seismogenetic area of the Campania region (We-
ber et al. 2007, this issue), in this article we seek to investigate the possi-
bility of measuring different observed quantities in real-time signals ac-
quired by this seismic network, including the dominant period parameter,
that can be used as magnitude-moment estimators. Assuming a moderate
to large potential event that occurs at shallow crustal depths (< 20 km) be-
neath the seismic network, the signals from the first P-waves and S-waves
are expected to be detected within 1.5 to 3.5 sec and 2.6 to 6.0 sec, respec-
tively, after the origin time. These rather short time windows will provide
the opportunity to integrate the P-wave and early-S-wave information for
both fast earthquake localization and magnitude estimation.

In the present study, we analyzed the Italian strong-motion database, the
data type which is most closely related to that expected to be recorded by
the Campania region SEW system, in both instrumental and seismotec-
tonic terms. Based on this existing information about event locations and
moment magnitudes, we investigated the correlations of peak strong-
motion parameters and dominant frequency parameters as functions of
magnitude for increasing time windows from the first P-wave and S-wave
arrivals.

This study represents a basic strong-motion data analysis that should
lead to the calibration, validation and testing of the algorithms that can be
used for real-time estimations of magnitudes from the Campania region
seismic network.
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4.2 Strong-Motion Data Analysis

4.2.1 The Italian Strong Motion Data Base

Due to the dynamic range and density characteristics of the SEW system
network under construction in the Campania region, peak-amplitude and
dominant period information from unsaturated early P-wave and S-wave
signals can be jointly used for magnitude estimations. With the aim of
searching for correlations between the observed parameters and magni-
tudes, we analyzed the three-component records from the European
Strong-Motion Database (ESD) (Ambraseys et al. 2000), using small-to-
large earthquakes that have occurred in Italy over the last three decades.

The ESD was created as the result of a European project under the 5"
Framework Program. It is an internet-searchable data-bank that spans the
period from 1972 to 1999. It has thus collected and archived, and freely
distributes, more than 3,000 acceleration time histories from earthquakes
in Europe and adjacent areas. More than 2,000 acceleration time histories
are now archived in the databank as uncorrected and corrected records, to-
gether with their corresponding elastic-response spectra. The main source
parameters (location, moment magnitude) for each recorded earthquake
are also available in the database following their validation, and if neces-
sary, the re-calculation or re-estimation of their seismological, instrumen-
tal and site-specific parameters.

The strong-motion records of the Italian earthquakes that occurred be-
tween 1976 and 1998 represent a major part of the databank, and were ac-
quired for the most by the ENEL-ENEA strong-motion network that con-
sists of 300 accelerograph stations installed all over Italy. This network is
now operated by the Italian Civil Protection Department (DPC) through
the National Seismic Service (SSN). Data from other Italian local and re-
gional networks are also contained in the databank. We refer to Ambraseys
et al. (2000) for a complete description of the participating networks, in-
struments and methods for the building of the databank.

Most of the strong-motion records for past Italian earthquakes were ac-
quired by using Kinemetrics SMA-1 analogue accelerographs. These are
threshold-based instruments that record the ground motion in the form of
either a photographic trace on film or paper, or a scratch trace on waxed
paper. The threshold levels are usually set to 0.005 to 0.010g in the vertical
direction, and thus very frequently they do not record the whole earth-
quake signal, but rather a portion of the signal starting after the first P-
wave train that is able to trigger the strong-motion recording for optimal
conditions of event distance and magnitude. The processing of SMA-1
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data contained in the ESD involves digitization, sensitivity correction, lin-
ear base-line correction and filtering in the frequency band 0.25 to 25Hz
using an eighth-order elliptical bandpass filter (Sunder and Connor 1982).
After visual inspection of samples of displacement and velocity records
obtained by double and single integration of acceleration time series, we
decided to apply an additional high-pass, 2-pole, zero-phase-shift Butter-
worth filter with a corner frequency of 0.075Hz, to provide a more suitable
base-line and long-period trend correction.

In order to investigate the correlations between real-time estimates of
strong-motion quantities and magnitudes, we selected 116 three-
component strong-motion records of Italian earthquakes occurring from
1976 to 1998 with moment magnitudes ranging from 3.5 to 7.0, and with
epicentral distances less than 50 km. This maximum recording distance
was chosen according to the general observation that high-frequency, di-
rect body waves radiating from extended earthquake ruptures dominate in
amplitude in the near-source distance range, i.e., at distances from the
source comparable with the rupture length (Beroza 1996, Zeng et al. 1993,
Emolo and Zollo 2005).

Figure 4.2 illustrates the locations of the stations and earthquakes used
in this study, following this selection based on the maximum distance be-
tween source and receiver.
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Fig. 4.2 Map of the strong-motion stations(left) and earthquakes(right) used in this
study. The sizes of symbols are proportional to the event magnitudes.
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A histogram demonstrating the number of records vs their magnitudes is
given in Fig. 4.3. Most of the recorded events are in the range M 4.5-6.5,
while the largest event in the catalogue is the M,=7.0, 1980 Irpinia earth-
quake, for which 10 records are available within the considered distance
range.

20 1 1 1 | | 1

Event number

0

30 35 40 45 50 55 60 65 7.0
Magnitude

Fig. 4.3 Histograms showing the number of records as related to the magnitudes.

4.2.2 Measurements of Strong Ground-motion Quantities

The SEW network under construction in the Campania region is a highly
dynamic and particularly dense seismic array, such that unsaturated P-
wave and S-wave signals will be available a few seconds after the occur-
rence of an event where the epicenter is located within the area covered by
the network.

The first analysis we performed was to identify and choose the first S-
arrivals from all the selected strong-motion records. Using the availability
of these chosen first S-waves we calculated the origin times of the earth-
quakes, the expected first P-arrivals and the triggering times of each of the
records, i.e., the times to be associated to the first sample of the time se-
ries. A homogeneous crustal velocity model was assumed, Vp=5.5 and
Vs=3.2 km/s. This procedure is particular relevant for SMA-1 records for
which the absolute times of the traces are not available.
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The S-signal detection is based on the analysis of variation of ampli-
tude, frequency and horizontal polarization as functions of time along the
low-pass-filtered accelerograms. The availability of the first S-wave arri-
val times allowed us to classify the records according to the estimated S-P
times (Fig. 4.4a).
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Fig. 4.4a Histogram for the number of records vs S-P times

Since SMA1 accelerographs generally trigger on P-wave arrivals or
later, we also determined the records for which the triggering times were
later than the estimated first P-arrivals (Fig. 4.4b). For the large majority
of records analyzed, the S-P times are less than 4 sec, with less than 25 re-
cords showing a Tf, —Tp that is greater than 4 sec, where Ts and Tp are the
estimated times of the first sample and the first P-arrival, respectively.
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Fig. 4.4b Histogram for the number of events vs Tsf -Tp (Tf s and Tp (b), which
are the estimated times of the first samples and first P-arrival times, respectively,
relative to the selected strong-motion dataset.
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This rather short S-P time interval for strong-motion stations located in
the near-source window suggests that the information carried by both P-
waves and early S-waves can be used for estimations of source magni-
tudes.

Starting from the estimated first P-wave and S-wave arrivals on each
strong-motion record, we considered the increasing time windows of the
low-pass-filtered records to determine the tau. (Allen and Kanamori 2003),
peak ground displacement, velocity and acceleration parameters (Fig. 4.5).
A zero-phase-shift, 2-pole, Butterworth filter was used. After a series of
trials using different low-pass corner frequencies, we chose a low-pass fre-
quency of 3 Hz, which provided the best results in terms of the correlations
between the observed ground-motion quantities and moment magnitudes.
This value of 3 Hz was also used by Allen and Kanamori (2003) to retrieve
the tau. vs magnitude relationships (for M> 5.5) using the Californian
earthquake database.

The selected strong-motion records from the Italian earthquake dataset
were processed as described above, for the following strong-motion quan-
tities:

PGA, (peak ground acceleration in a time window of duration ?),

PGV, (peak ground velocity in a time window of duration ?),

PGD, (peak ground displacement in a time window of duration f),

7. [dominant period, according to the definition of Allen and Kanamori
(2003)].

These were measured within increasing time windows, with an incre-
mental time of 1 sec, starting from the estimated first P-wave and S-wave
arrivals. The vertical and the "root-squared sum" of horizontal components
are used for the P-wave and S-wave measurements, respectively.

Figure 4.5 illustrates an example of the measurements of ground-motion
quantities with their relative time windows, performed along a whole
seismogram.

Figures 4.6 and 4.7 show the plots of the logarithm of peak ground-
motion quantities as a function of the moment magnitude (Mw) for the
time windows after the first P- and S-arrivals, respectively. Figure 4.8
shows the similar plots for the dominant period parameter, calculated for
both the P-wave and S-wave trains.

For each time slice, the unweighted, earthquake-averaged logarithmic
values of the strong-motion quantities were used to estimate the regression
lines and correlation coefficients, representing the relationships between
the observed ground-motion quantities and moment-magnitudes.
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Fig. 4.5 Example of strong-motion record analysis. Top. Tc vs time. Bottom: Peak
ground velocity vs time. The time windows increase from 1 to 5 sec after the ini-
tial P-wave and S-wave arrivals. The vertical and the root-squared sum of horizon-
tal components are used for the P-wave and S-wave measurements, respectively.

The statistical significance of the log(parameter) vs magnitude correla-
tions were tested by applying the “correlation test” (Taylor 1997). Given
the amount of data and the expected significance level, the correlation test
provides a threshold of the correlation coefficient above which the linear
relationships obtained can be considered statistically significant, with an
error of type I defined by the assigned significance level. For each selected
time window after the first P- and S-arrivals, Fig. 4.9 shows the measured
correlation coefficient for each measured ground-motion quantity, along
with the correlation test threshold for the assigned significance level. Since
the correlation coefficients are much higher for the S-wave measurements
than for those of the P-waves, we chose two different significance levels of
the test for the two data types: 0.5 % and 5.0 %, respectively. This means
that with alpha denoting the significance level of the test, if the correlation
coefficient is larger than alpha, the probability of making an error of type I
(i.e., accepting the hypothesis of a linear relationship between the
log(parameter) and magnitude) is smaller than alpha.
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Fig. 4.6 Plot of PGA,PGV and PGD vs magnitude for each time window, and for
the P-wave records. The black dots represent event-averaged measures and the
shaded panels show low-correlation data according to the statistical test (see text
and Fig. 4.9).

For the sake of clarity, the grey shaded panels in Figs. 4.6, 4.7 and 4.8
correspond to the data that did not pass this correlation test.

The results of the correlation analysis between the ground-motion quan-
tities and the moment magnitudes show that 3-Hz, low-pass-filtered dis-
placement and velocity peak quantities can be considered good magnitude
estimators on strong-motion records, when measured with 2-3-sec-wide
time windows after the initial P-wave and S-wave arrivals. The tau. pa-
rameter appears to be particularly well-correlated with the magnitude on
the S-wave records at t> 3 sec, while for the P-waves an acceptable corre-
lation was seen only in the t=3 sec time window.
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Fig. 4.7 As for Fig. 4.6 but for time windows after the estimated first S-arrivals.
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58  Aldo Zollo, Maria Lancieri

4.3 Discussion and Conclusions

Based on these 116 strong-motion records of Italian earthquakes that oc-
curred from 1976 to 1998 and that were acquired at epicentral distances
less than 50 km, we investigated the correlations between several observed
ground-motion quantities and the moment magnitudes within an increasing
time window starting from the first P- and S-arrivals. This was based on
the need to implement a real-time procedure for magnitude estimations
with the SEW system under construction for the Campania region in
southern Italy.

Regression analysis of log (parameter) vs Mw indicates that 3-Hz, low-
pass-filtered peak ground velocity (PGVt) and displacement parameters
(PGDt) measured in time windows within t = 2sec after the initial P-wave
and S-wave arrivals correlate well with moment magnitude. In particular,
the parameters of the retrieved regression lines are stable for the different
time windows, and are associated with statistically significant correlation
coefficients. This was not the case for the peak ground-acceleration pa-
rameter (PGAt), which shows rather scattered and uncorrelated log-values
with respect to moment magnitude.

Regression analysis applied to the predominant period parameter intro-
duced by Allen and Kanamori (2003) shows less stable results than the
PGVt and PGDt in the post-P-wave windows (an acceptable correlation
was found only in the 3-sec time window), while it shows significant cor-
relation with magnitude on S-wave strong-motion records for time win-
dows greater than 3 sec.

This analysis indicates that a significant improvement in the reliability
and robustness of earthquake size estimations in real-time procedures can
be obtained by combining magnitude estimations obtained from different
ground-motion quantities measured at different stations as functions of
time from the first P-wave detections at a strong-motion dense network.

A highly dynamic, high-density network around the epicentral area of
expected moderate to large earthquakes will also allow for real-time use of
early S-wave information, in addition to that of the P-waves. Integration of
the different wave-type information is expected to reduce uncertainties in
magnitude estimation, as a function of time or of the number of triggered
stations. The latter aspect is fundamental in the case of SEW applications
that are to provide automatic activation of security measures, such as the
shut-down of critical systems that are highly exposed to risk following
earthquakes. The possibility of releasing upgraded estimations of source
parameters (location and magnitude) along with their uncertainties as a
function of time is a basic requirement for a reliable SEW system. Indeed,
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any control system interfaced with a SEW system can use this information
for the step-by-step prediction of peak ground acceleration and intensity,
and, in general, the required engineering demand parameter for the target
structure. This can allow automatic evaluation of the possibility of activat-
ing security measures, based on a probabilistic estimation of false/missed
alarms (Iervolino et al. 2007, this issue).
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Fig. 4.9 The correlation test. The calculated correlation coefficients are plotted for
each time window considered for both the P-wave and S-wave measurements. The
horizontal segments give the correlation coefficient thresholds above which the
measured values indicate a statistically significant correlation between parameter
and magnitude.

The basic scientific question originating from this and other similar
studies on the correlations between ground-motion quantities and magni-
tudes measured during the very early stages of the recording of earthquake
signals relates to what earthquake physics and rupture mechanisms can be
used to explain the paradox of being able to estimate the earthquake size
using just a few seconds of signals from the first P-wave arrivals, i.e. while
the rupture itself is still propagating and when the whole rupture process
has not yet been achieved. This is especially true for shallow crustal earth-
quakes of M >7 for which the total rupture times are expected to be in the
range of 10 to 15 sec, depending on the average rupture velocity.

In a recent review dedicated to the issues of real-time seismology,
Kanamori (2005) discusses and debates different hypotheses and observa-
tions regarding the rupture nucleation problem and possible correlations of
early P-wave dominant periods with magnitude.

Here, our analysis of near-source strong-motion records primarily shows
that 3 Hz low-pass filtered peak velocity and displacement parameters
measured in a rather short time window (2-4 sec) after the initial P-wave
and S-wave arrivals correlate with earthquake moment.
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Given the considered high frequency limit and receivers located at dis-
tances greater than 4-6 km from the rupturing fault, the far-field approxi-
mation of P-wave seismic radiation predicts a displacement or velocity

amplitude proportional to the moment rate function M = ,u<Alk>Z , where

u is the rigidity, <Au> is the local slip rate averaged on the ruptured sur-

face X.

Two alternative hypotheses can therefore be postulated to explain the
observed correlation between peak displacement and velocity correlation
with moment magnitude. Following the first hypothesis, in the early stage
of the seismic ruptures the slip-rate should scale with earthquake magni-
tude, i.e., initial large slip-rates are premonitory of large earthquake rup-
tures and inversely for small magnitude events. According to theoretical
models of rupture dynamics (Kostrov 1964, Scholz 1990), the slip-rate
amplitude correlates with dynamic stress drop, which would therefore im-
ply a scaling of this quantity with moment.

Several measurements of stress release, including the apparent, static
and dynamic stress drop, as inferred from teleseismic, broadband or accel-
eration recordings of body waves, have been proposed in the literature [for
a comprehensive review refer to Boatwright (1984)]. In particular, Boat-
wright (1984) pointed out that the measurement of Brune static stress drop
(Brune 1970) from displacement spectra provides, rather, an estimate of
the average dynamic stress drop, as Brune originally proposed.

The scaling of apparent stress with magnitude has been proposed by
several authors (Kanamori and Heaton 2000, Wu 2001) but it is still a con-
troversial issue (Ide and Beroza 2001), due to possible limited bandwidth
effects on seismic energy measurements from teleseismic and broadband
seismograms.

Specifically concerning stress release estimates performed on strong-
motion records, De Natale et al. (1987) show a significant variation of
Brune stress drop with moment, based on data sets from different world-
wide earthquake sequences with 10''<M<10'® N m. More recently, based
on the analysis of earthquakes recorded at Canjon Pass borehole data
10"°<My<10"> N m of Abercrombie (1995), Beeler et al. (2003) observe
that apparent stress and (Brune) stress drop co-vary with magnitude.
Kanamori and Rivera (2004), using a wider moment range dataset
(10"°<M<10" N m), conclude that static stress drop and rupture velocity
can scale differently for small and large earthquakes, and in particular
stress drop may not necessarily be scale independent, although this scale
independence is often implied.
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Alternatively, one can assume that in the early stage of the rupture, dy-
namic stress drop is scale independent, and so the\ slip-rate rate function.
The observed correlation of peak displacement and velocity should there-
fore be attributed to variation in the surface of active slip with magnitude.
In other words, for a given time window after the rupture initiation, the
surface where maximum slip occurs has a dimension which is magnitude
dependent. Since the area of active slip on a fault at a given time is con-
trolled by the kinematic rise-time (t) parameter (i.e. the slip duration at a
given point on the fault surface), this hypothesis would imply a depend-
ence of rise-time with magnitude. Assuming a constant and scale inde-
pendent slip-rate, since Au ~ Au/7 = const an increase(decrease) in rise-
time corresponds to a compensating increase/decrease in slip, which is
therefore also dependent on magnitude. The final slip and rise-time pa-
rameters are generally obtained through the kinematic inversion of strong-
motion and/or teleseismic waveforms. Unfortunately, the estimate of 7 is
quite a difficult task due to the bias in data between the slip duration, slip
amplitude and rupture velocity, which all concur to modify the amplitude
and shape of the observed seismic radiation. Based on an analysis of a
large number of well-constrained kinematic source models retrieved from
different large-size earthquakes, Heaton (1990) observed that the slip dura-
tion is generally much smaller than the total rupture time (about 1 sec for
earthquake magnitude around M=7).

To our knowledge, no incontrovertible evidence for rise-time scaling
with moment actually exists, while the average slip dependence with mag-
nitude is a rather well-known scaling law of earthquakes that has been in-
ferred from a large number of geological and seismological observations
(Wells and Coppersmith 1994, Madariaga and Perrier 1998).

On the other hand, if we assume that the predominant period parameter
7. proposed by Allen and Kanamori (2003) is correlated to the slip dura-
tion in the early stages of the rupture, the observed correlation of 7, with
magnitude, partially confirmed also by the present study, indicate that rise-
time scales with earthquake size. This hypothesis has been recently ad-
vanced by Nielsen (2007, this issue) and Allen (2005).

In conclusion, we consider the observations and ideas developed in this
work as a preliminary but important step towards developing a robust, reli-
able procedure for real-time estimations of magnitudes for SEW applica-
tions. Nevertheless, a more refined study is planned for the near future,
which will provide the integration of data uniformly covering the magni-
tude range under investigation, and which will further explore the implica-
tions for earthquake-source physics that will arise from confirmation of the
results of the present study.
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Abstract

Earthquake early warning systems utilize the capability of modern real-
time systems to process and transmit information faster than seismic waves
propagate (3-6 km/sec); they provide first information on forthcoming
ground shaking prior to the arrival of seismic waves at potential user sites.
The possible warning time ranges up to 70 seconds, depending on the dis-
tances between the seismic source, sensor and user sites. The main effort
in the design and implementation of early warning systems in the last few
years aims at increased warning times and thus at an expansion of areas
that can be effectively warned. This requires new strategies and methods
for the rapid characterization of earthquakes: on-site warning systems are
based on observations at single stations for the quick estimate of source
parameters. The on-site warning approach is significantly faster than net-
work based regional strategies for early warning even though often at the
expense of accuracy. We have developed an alternative method for earth-
quake early warning — called PreSEIS (pre-seismic shaking) — that is as
fast as the on-site warning approach but combines information from sev-
eral sensors within small seismic networks with apertures of about 100
kilometers to estimate source parameters from the first few seconds of
seismic recordings. Therefore, it is not necessary for seismic waves to have
arrived at all sensors before estimates can be issued because even a non-
triggered station provides valuable information about the possible location
of the seismic source and confines the space of possible solutions to the
problem of a magnitude-distance trade-off. With on-going time, longer
time series at more stations become available, allowing improved informa-
tion to be inferred about the earthquake. PreSEIS is based on artificial neu-
ral networks. The algorithm will be demonstrated using the example of the
mega-city Istanbul, Turkey.



66  Maren Bose, Mustafa Erdik, Friedemann Wenzel

5.1 Introduction

Substantial progress in seismic real-time acquisition and communication
technologies, aside from enhancements of seismic processing software, has
been made over the past few years, paving the way for the design and im-
plementation of earthquake early warning systems world-wide. Systems
are now in operation in Japan, Taiwan and Mexico (Nakamura 1989; Wu
and Teng 2002; Wu and Kanamori 2005; Espinosa-Aranda et al. 1995). In
other countries, such as Romania or Turkey, systems are well under way
(Wenzel et al. 1999; Erdik et al. 2003b).

The maximum warning time that can be theoretically achieved by an
earthquake early warning system is defined by the time difference between
P-wave detection by one or more seismic sensors close to the earthquake
source and the arrival of high-amplitude S- or surface waves at potential
user sites. The available time is generally less than 70 seconds. Earthquake
early warning systems are effective tools for disaster mitigation if used for
the triggering and execution of automatisms to prepare vulnerable systems
and dangerous processes for the imminent danger. For example, seismic
warnings can be used to slow down high-speed trains to avoid derailments,
to shutdown pipelines and gas lines to minimize fire hazards, to shutdown
manufacturing operations to decrease potential damage to equipment, or to
save vital computer information to inhibit losses of data. A compilation of
effective measures in response to warnings is given by Goltz (2002).

While hitherto existing (traditional) regional warning systems have
mostly focused on potential users in epicentral distances of about 100
kilometers, on-site warning systems are supposed to serve broader user
communities on a local scale. On-site systems save warning times by de-
centralized processing and restriction on information derived from single
stations instead of station networks; generally, only the first few seconds
of P-wave arrivals are analyzed and used to rapidly estimate the magnitude
and location of the triggering earthquake. A promising approach to early
warning is the usage of frequency content of seismic motion as an indica-
tor of earthquake magnitude (Nakamura 1985; Kanamori 2005). Due to
large scatter in observations at single stations, magnitude predictions are
generally obtained by averaging over estimates at several sites which are
considered independently of each other. Wu and Kanamori (2005), for ex-
ample, suggest averaging over the first 8 stations in epicentral distances of
less than 21 kilometers to obtain reliable predictions of magnitudes in
Taiwan, which is strictly speaking in contradiction with the primary defini-
tion of on-site early warning.
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We have developed a new approach to earthquake early warning that
takes advantage of both — regional and on-site — warning concepts. Pre-
SEIS combines observations of seismic ground motion at several sites to
solve the problem of the magnitude-distance trade-off. PreSEIS does not
require the arrival of seismic waves at all sites before estimates are issued
since even non-triggered stations provide valuable information on likely
source locations. Like the on-site warning approach PreSEIS requires the
triggering of only one sensor to come into action. Considering observa-
tions of seismic ground motion at several stations of a local seismic net-
work simultaneously (even if they are not triggered) provides more details
on the earthquake — for example with respect to rupture expansion and ra-
diation patterns — than using single stations. PreSEIS provides estimates as
rapidly as the on-site warning method and is therefore suitable for earth-
quake early warning for users in epicentral distances of less than 100
kilometers. With on-going time and increasing availability of information,
estimates are automatically updated.

In this paper we will demonstrate PreSEIS using the example of the
mega-city Istanbul, Turkey. Istanbul faces a huge seismic risk caused by
the Main Marmara Fault as the western continuation of the North Anato-
lian Fault Zone. Segments of the Main Marmara Fault partly run only
about 20 kilometers from the coast of the Sea of Marmara and Istanbul
(Fig. 5.1) and pose a high seismic threat to more than 11 million people. A
historic earthquake catalogue for the Marmara region over the past 2,000
years (Ambraseys 2002) reveals that on average at least one medium inten-
sity (VII-VIII) earthquake has hit Istanbul every 50 years; the average re-
turn period for high intensity (VIII-IX) events is 300 years. From previous
earthquakes in the Sea of Marmara and the stress transfer of the 17 August
1999 Izmit earthquake (M,, = 7.4) Parsons (2004) determine a 53 + 18%
probability of strong shaking in Istanbul metropolitan area during the next
30 years. Erdik et al. (2003a) estimate that in case of a My, = 7.5 earth-
quake in the Sea of Marmara destructions might amount to about USD 11
billion losses, with 40,000 to 50,000 deaths and between 430,000 and
600,000 destroyed households.

The devastating earthquakes of Kocaeli and Diizce in 1999 opened a
window of opportunity for seismic risk reduction in the Istanbul metropoli-
tan area and the Marmara region. One component of seismic risk mitiga-
tion is a real-time earthquake information system, the Istanbul Earthquake
Rapid Response and Early Warning System (IERREWS). Details on
IERREWS are given by Erdik et al. (2003b). The earthquake early warning
system which is part of IERREWS comprises ten tri-axial strong motion
instruments deployed along the coast of the Sea of Marmara (Fig. 5.1), a
real-time communication radio- and satellite-link, and a central processing
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facility in the Kandilli-Observatory of the Bogazici University in Istanbul.
The proximity of seismogenic faults to Istanbul poses a great challenge for
the design of an early warning system since the time window between
seismic detection and high amplitude wave arrivals in Istanbul is ex-
tremely short.

Fig. 5.1 Locations of fault segments in the Sea of Marmara, close to Istanbul, as
input for the simulation of ground motion scenarios in this work (map after Ar-
mijo et al. 2002; own modifications). Segment 4 stands for joint ruptures of seg-
ments 1 to 3. Triangles mark locations of the ten tri-axial accelerometers with real-
time communication link to the Kandilli-Observatory as part of the earthquake
early warning system in Istanbul (Erdik et al. 2003b).

5.2 Method

As soon as the first sensor of the employed seismic network (here: the ten
stations of the Istanbul earthquake early warning system) detects the P-
wave, PreSEIS provides estimates on magnitude and location of the trig-
gering earthquake. PreSEIS utilizes artificial neural networks (ANNs) for
rapid source characterization. ANNs provide statistical models of systems
and processes whose design has to be based on empirical experience rather
than explicit rules (e.g., Swingler 1996). They are built up by simple proc-
essing units - called neurons - which are highly interconnected with each
other. The importance of each link within the network is governed by its
assigned weight.

PreSEIS uses ANNs for rapid estimation of source parameters from the
initial parts of seismograms; these ANNs approximate the propagation and
attenuation of seismic waves without requiring specifications of crustal
properties such as velocity distributions or attenuation models. Short proc-
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essing times and a high tolerance of noise turn ANNs into interesting tools
for seismic early warning.

PreSEIS uses so-called Two-Layer Feed-Forward neural networks with
neurons arranged in a hidden and an output layer. The mapping function of
such a network can be written as

M d 5.1)
net ~ net net __net .
Yi =8 ZWZIq'g(zwlji X; j )
=0 i=0

" is the output of the kth and x“' the input of the ith neuron in

net
i de-

where y,°

network net; g( ) and g( ) are non-linear activation functions; w
scribes the weight of the link between input neuron i to neuron j in the hid-
den layer; w;,‘;t describes the weight of the link between neuron j in the

hidden layer to neuron k in the output layer.

The availability of information about the earthquake is clearly time-
dependent: with on-going time # approximations of source parameters
within PreSEIS are continuously updated. Using all available information
at each time step — even the information that certain sensors are not yet
triggered - helps to confine the space of possible solutions. The problem of
magnitude-distance trade-off is clearly underdetermined using data from a
single station. A favorable design of early warning algorithms, however,
supports the ability to consider all available information — including also a
priori information about fault locations etc. — with a rapid and reliable
convergence towards the correct magnitude and location solution.

The two tasks of rapid source localization and magnitude estimation in

PreSEIS are addressed by distinct neural network designs, abbreviated by
trigg
A J

between P-wave detections at sensors j=1,..., 10, t;", and the first trig-

net hypo and net M,,. Localization is based on (scaled) time delays At

gered station i, "%, whereby ¢/ < t;”gg . If station j is not triggered at

time ¢, PreSEIS assumes t;."igg =t . Hence, the inputs to net hypo can be

written as
Xj.lypo(t) = At;rigg (t)’j:17---’ 10’ (52)
with

ArTE (1) = (¢ = 1 ), if £ < 1%, and (5.2a)

J 1

AL (1) = (11 — g1 ) i 1 = g7, (5.2b)
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For the estimation of earthquake magnitude, net M,, uses the observed
ground motions at the different sensors of the seismic network aj(t),
j=1,...,10, that are available at time ¢. More strictly speaking, PreSEIS uses
the (bracketed) cumulative absolute velocity (CAV) (Benjamin et al.
1988), i.e. the integrated velocity measured in the time interval between
tjmgg and 7. One of the obvious advantages of CAV relative to other ground
motion parameters is its integrative character that makes the CAV inde-
pendent of details of rupture histories, e.g. caused by inhomogeneous slip
distributions. PreSEIS uses the logarithmic values of the (scaled) CAV as
input to net M,

xJM () = loglo(CA v, (t)+ 1),j=1,..., 10, (5.3)
whereby the CAV at station j and time ¢ is defined by
CAV,(t)=0,if t< " and (5.3a)
! _ (5.3b)
CAV, ()= [la;()de,if t = g,

trigg
i

As further input PreSEIS includes the estimated source locations pro-
vided by net hypo.
Let us assume that the true source location of earthquake [/ is given

by )?1 = (X,hypo, Y,hypo ,Z,hypo ), its magnitude by M ,; the corresponding

w2
estimates by PreSEIS are given by /\L’, = ()?,hypo Y, ,2lhyp0) and M,

Model parameters of the ANNs are determined from example patterns by
minimizing the errors of the n pairs of target ¢, and output values y, in
the training dataset. For example, choosing the mean-absolute-error func-

tion E" with
j 5.4)

) (5.4a)
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we obtain for net hypo
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T -7, Z" =2,

and for net M,,
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(5.4b)

where ~ indicates scaled and " estimated parameters (e.g., Swingler 1996).
In addition to the described magnitude and location estimates, PreSEIS
is designed to predict the full expansion of the evolving rupture. Even
though these estimates are generally associated with significant errors, this
information is essential - if combined with empirical attenuation laws — to
calculate real-time alert maps. Alert maps show the likely distribution of
peak ground acceleration (PGA), seismic intensity (I) or any other ground
motion parameter of interest, and are therefore strongly related to shake
maps (Wald et al., 1999) with the distinction of being based on predicted
rather than observed ground motion data. Alert maps aim to rapidly iden-
tify areas likely to be affected by strong ground shaking. Relative to the
simplified assumption of the earthquake source being in a single point, the
estimation of rupture expansions helps to significantly improve alert maps.

5.3 Database

The North Anatolian Fault shows high seismic activity. Most earthquakes
recorded during recent decades, however, have occurred along the middle
and eastern part of the 1,500 km long fault. Seismicity in the Marmara re-
gion, on the other hand, is relatively low — a circumstance that signifi-
cantly aggravates the design and verification of a seismic early warning
system for the region. Simulations of seismic ground shaking help to over-
come the lack of appropriate data.

While long-period motions of seismic ground shaking are in principle
predictable, short-period motions are hard to assess because of the increas-
ing incoherence of seismic waves at high frequencies caused by small-
scale heterogeneities in the source process and crustal properties. Short-
period motions can be treated as stochastic phenomena: at large distances
from the earthquake source seismic ground motions can be well described
as band-limited Gaussian noise of finite duration with a characteristic ®"
Fourier amplitude spectrum (FAS):

—(n+1)/2 (5.5)

R°M o)
S(r,0) = KMo 1+[_] ,
4rpf ,

c
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where R®? is the radiation pattern, M, the seismic moment, p the density
and P the seismic velocity of the medium through which the seismic waves
propagate; o is the circular frequency and o, the corner frequency of the
FAS.

By the specification of parameters that describe the shape of the earth-
quake source spectrum and simple models that account for propagation
and site effects, the stochastic method allows for simulating ground motion
time series at arbitrary sites (Boore 1983). At smaller distances, however,
finite source dimensions have to be considered. In this work we make use
of an extension of the point source method to finite faults as proposed by
Beresnev and Atkinson (1997). The basic idea of stochastic modeling for
finite faults is to treat the rupture as a system composed of several point
sources: each of these subfault elements is assigned a ®" Fourier amplitude
spectrum as described by equation (5.5). The relation between target spec-
trum and diverse subfault parameters is studied by Atkinson and Beresnev
(1997, 1998).

To provide a realistic database for subsequent studies we assign vari-
ability to certain source parameters, including stress drops, slip velocities,
rupture dimensions and average asperity sizes on the fault (Bose 2006).
Diverse slip distributions are simulated and combined with different direc-
tions of rupture propagation, including bi- and unidirectional cases. Site ef-
fects as a combination of high-frequency diminution and site amplification
- for example by soft sediments - are included as frequency-dependent fac-
tors based on the NEHRP soil classification scheme (Building Seismic
Safety Council 1995) as determined by Boore and Joyner (1997). Hence
we assume that our synthetic database includes a realistic degree of inter-
and intra-event variability.

Using the stochastic modeling procedure for finite faults we simulate
ground motion records for 250 earthquakes in the magnitude range of M, =
4.5 to 7.5 at the ten stations of the Istanbul earthquake early warning sys-
tem. In addition, we model ground motion time series at an industrial set-
tlement close to Istanbul (UserX) as a potential user of warnings. Earth-
quake epicenters are located along the five fault segments in the Sea of
Marmara as shown in Figs. 5.1 and 5.2. The introduction of segment 4 was
necessary for the simulation of earthquakes associated with joint ruptures
of fault segments 1 to 3; the simulation procedure allows only linear rup-
ture propagation. Source depths of simulated earthquakes vary between 5
and 20 kilometers. A detailed description of the synthetic database is given
by Bose (2006).

For neural network learning in PreSEIS we subdivide the database of
simulated earthquake records randomly into a training and a test dataset of
200 and 50 patterns, respectively. Earthquakes epicenters of the synthetic
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database are plotted in Fig. 5.2: black stars indicate locations of training,
white stars of test events. By applying the Resilient Backpropagation algo-
rithm (Riedmiller and Braun 1993) we determine the combination of net-

work weights at which E™ is sufficiently small at simultaneous high gen-

eralization capability of the ANNs which is quantified with help of the
independent test dataset.

42.0°N
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Fig. 5.2 Distribution of epicenters of 250 stochastically simulated earthquakes in
the Sea of Marmara (4.5 < M,, < 7.5); black stars mark locations of events of the
training, white stars of the test dataset for the artificial neural networks in Pre-
SEIS. The earthquakes occur along the 5 fault segments shown in Fig. 5.1 in
depths between 5 to 20 kilometers. Source parameters are randomly varied; differ-
ent slip distributions and slip directions are modeled, including uni- and bidirec-
tional ruptures.
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5.4 Results

The absolute prediction errors of (unscaled) locations £’ and magni-

tudes £ at time steps between 0.5 to 10.0 seconds after triggering of the
first sensor are plotted in Figs. 5.3a and 5.3b. For this error analysis we
consider all n = 250 earthquakes in the database, i.e. all training and test
events. The reliability of predictions of both source parameters increases
gradually with on-going time and hence with growing availability of in-
formation about the earthquakes as expected: the mean localization error
can be reduced from almost 9 to 6 kilometers within the first 10 seconds,
the mean absolute magnitude error and its unit standard deviation decrease
during the same time interval from 0.5 to 0.25 magnitude units.

[l

=)

4]

abs. magnitude error EM
° S
) a
4

—

—

—_

—_—

—

abs. localization error EYP° [km|

o

LULRLLL LI

o

N

a
—_—

1

"0 1 2 3 4 5 6 7 8 9 10 11 T 2 3 4 5 6 7 8 e 10 1
time after triggering [s] time after triggering [s]

Fig. 5.3 Absolute errors of estimated a) hypocenter locations and b) magnitudes
by PreSEIS for the entire training and test datasets as a function of time after trig-
gering of the first station. Shown are the mean errors and unit standard deviations.
The mean localization error can be reduced from 9 to 6 kilometers in the first 10
seconds after triggering of the first sensor. The mean magnitude error can be al-
most halved during the same time interval from 0.5 to 0.25 units.

In the following we will demonstrate PreSEIS using two earthquake
scenarios from the test database. The first scenario is a M,, = 6.7 earth-
quake on fault segment 3 (Scenario 1), the second a M, = 5.4 earthquake
on fault segment 5 (Scenario 2). Epicenter locations are indicated in Figs.
5.4b and 5.5b by stars; the associated fault ruptures are visualized in Figs.
5.4c and 5.4c. Note that the density of early warning stations in the west-
ern Sea of Marmara is relatively low. For Scenario I potential users of
PreSEIS located at USERX (indicated in Fig. 5.4b by a square) would have
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Scenario 1 (Mw=6.7, segment 3)
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Fig. 5.4 Simulated Scenario 1 earthquake on segment 3 with M,, = 6.7 at 12.2
kilometers depth. a) Filtered (0.05-12.0 Hz) mean horizontal component of accel-
eration simulated at the early warning stations and the industrial settlement
(UserX). The records are sorted according to P-wave arrivals. b) Location of the
earthquake epicenter indicated by a star. ¢) Fault rupture and shake map of seismic
intensity for rock condition.
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Scenario 2 (Mw=5.4, segment 5)
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Fig. 5.5 Simulated Scenario 2 earthquake on segment 5 with M, = 5.4 at 7.2 kilo-
meters depth. For further explanations see caption of Fig. 5.4.

a maximum warning time of almost 20 seconds available. The Scenario 2
earthquake, on the other hand, occurs in the eastern Sea of Marmara where
the station density is significantly higher; warning times are only 10 sec-
onds for users located at USERX. The simulated mean horizontal compo-
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nents of ground acceleration at the early warning stations and the industrial
settlement (UserX) are shown in Figs. 5.4a and 5.5a. The records are
sorted according to P-wave arrivals.

To calculate shake and alert maps of seismic intensity we apply the fol-
lowing attenuation law derived from observational data and simulated
ground motion records in Northwestern Turkey (Bose 2006) where we
make use of an empirical relationship between spectral amplitudes and
seismic intensity (Sokolov 2002):

In(7)=0.8089+0.2317M, —0.10731n(r,, +0.6M, )~ 0.0052r,, + C(site,M,)- (5.6)

The Joyner-Boore distance 7, defines the closest horizontal distance in

[km] between the point of observation and the vertical projection of the
rupture onto the surface; correction term C (Sil‘e,M W) accounts for magni-

tude-dependent site effects on ground motion (Bose, 2006).

Figures 5.4c and 5.5c show shake maps of seismic intensity for Scenario
1 and Scenario 2 assuming rock condition. The corresponding predictions
by PreSEIS at four time steps between 0.5 to 2.0 seconds after triggering
of the first sensor are illustrated in Figs. 5.6 and 5.7: maps in the left col-
umns show the estimated locations of the epicenters; figures in the right
columns visualize alert maps of seismic intensity determined from the es-
timated values of magnitudes and rupture expansions by PreSEIS using
equation (5.6).

Comparisons of predicted and target values of epicenter locations, mag-
nitudes and rupture expansions are shown for Scenario 1 and Scenario 2 in
Figs. 5.6 and 5.7 and Figs. 5.4 and 5.5, respectively. The importance of a
priori information on likely source locations by the training patterns is
nicely demonstrated in case of Scenario 1 (Fig. 5.8, left): even though only
one station provides data in the first two seconds after the triggering of sta-
tion BOTAS, PreSEIS maps the epicenter close to the true location (Fig.
5.4b). Like estimates on magnitude and rupture expansion the predicted
hypocenter location is very stable; seismic intensity is underestimated by
0.5 units. Estimates of magnitude vary in the first 2 seconds between

M, =63 and M  =6.4. Predictions of source parameters for Scenario

2 within the first two seconds after triggering of station BUYAD are based
on data from 4 to 6 sites. Source location and earthquake size are quickly
recognized (Fig. 5.7). PreSEIS issues magnitude estimates between

M, =53and M, =57.
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Scenario 1 (real-time estimates)
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Fig. 5.6 Real-time estimates of epicenter locations (left) and alert maps of seismic
intensity (right) for Scenario I at a) 0.5, b) 1.0, ¢) 1.5 and d) 2.0 seconds after
triggering of station BOTAS. Simulated acceleration time series and target values
are shown in Fig. 5.4. For the calculation of alert maps PreSEIS estimates the
earthquake magnitude, start and end points of fault rupture and uses attenuation
laws such as given by equation (5.6). Predictions are very stable with on-going
time and give good approximations of the true source parameters (Fig. 5.4).
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Scenario 2 (real-time estimates)
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Fig. 5.7 Real-time estimates of epicenter locations (left) and alert maps of seismic
intensity (right) for Scenario 2 at a) 0.5, b) 1.0, ¢) 1.5 and d) 2.0 seconds after
triggering of station BUYAD. Simulated acceleration time series and target values
are shown in Fig. 5.5. For explanation see Fig. 5.6.
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Figure 5.8 compares shake maps and alert maps of seismic intensity for
Scenario 1 and Scenario 2 including magnitude-dependent site effects for
the Istanbul area (Bose 2006).

Scenario 1 Estimate after 2 sec

Shake map Alert map

Intensity

Scenario 2 Estimate after 2 sec

éhéke i'na;; ‘ ~ Alert }r}ab

- Intensity

Fig. 5.8 Shake and alert maps of seismic intensity for Scenario 1 and Scenario 2
considering magnitude dependent site effects (Bose 2006). The shake map is cal-
culated from the true magnitude and rupture expansion of the earthquake, the alert
map from estimated source parameters provided by PreSEIS, here 2 seconds after
triggering of station BOTAS or station BUYAD, respectively.

5.5 Conclusions

We have developed an approach for earthquake early warning that takes
advantage of regional and on-site warning concepts: PreSEIS combines
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measurements of seismic ground motions at different sites without requir-
ing seismic waves to have already arrived at all sensors before warnings
are issued. PreSEIS is as fast as on-site single station based approaches for
early warning, with the advantage of more information about the earth-
quake entering the estimates of source parameters.

PreSEIS utilizes artificial neural networks (ANNs) for the rapid ap-
proximation of earthquake magnitude, source and rupture locations. The
estimation of rupture expansion produces closer approximations of the dis-
tribution of ground shaking in the form of alert maps than if the earthquake
source is assumed to be in a single point.

From a training dataset ANNs learn essential background knowledge
about fault locations, the relative frequency of earthquake magnitudes and
others, similar to the Virtual Seismologist method for earthquake early
warning (Cua and Heaton 2004). ANNs, however, integrate a priori in-
formation indirectly through the training patterns, i.e. it is not necessary
that background knowledge is explicitly available.

PreSEIS uses the (bracketed) cumulative absolute velocity (CAV) for
parameterization of seismic ground motion as ANN input. We expect other
parameters describing, for example, the signal envelope or the frequency
content of seismic ground motion to be suitable as well.

Using the example of the mega-city Istanbul, which faces a huge seis-
mic risk, we have demonstrated in this paper the applicability of PreSEIS
to earthquake early warning in areas with very short warning times.
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Abstract

An effective early warning system must be capable of estimating the loca-
tion and size of a potentially destructive earthquake within a few seconds
after the event is first detected.

In this work we present an evolutionary, real-time location technique,
based on the equal differential time (EDT) formulation and on a probabil-
istic approach for hypocenter estimation. The algorithm, at each time step,
relies on the information coming from triggered arrivals and not yet trig-
gered station. With just one recorded arrival, hypocentral position can be
constrained by the Voronoi cell associated to the first triggering station. As
time passes and more triggers become available, the evolutionary location
converges to a standard EDT location.

We performed synthetic location tests using the actual geometry of the
ISNet (Irpinia Seismic Network, Southern Italy) in order to evaluate the
accuracy of the algorithm and its robustness in the presence of outliers.

6.1 Introduction

Destructive S and surface waves from a large earthquake can take several
tens of seconds to travel from the earthquake source region to distant
populated areas and sensitive infrastructure. If there is a seismological
monitoring network in the source region, modern seismological analysis
methods and communications systems allow characterization of the event
and the issuing of alarm messages within seconds, leaving tens of seconds
for mitigating actions to be taken. This procedure is known as early warn-
ing. For example, for an earthquake in the Irpinia region of Southern Italy
there is a delay of about 25-30 sec before the first energetic S wave trains
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arrive at Naples at about 80-100 km distance. With an early warning sys-
tem, alarm messages could be sent to critical sites in Naples 20 or more
seconds before strong shaking commences.

The characterization of an earthquake includes, most importantly, esti-
mates of its location and size (Zollo et al. 2007, this issue). Here we are
concerned with obtaining the most constraint possible on the location of
the event hypocenter as time passes after event detection. This constraint is
expressed as a probability density function (pdf) for the hypocenter loca-
tion in 3D space. This time-evolving, probabilistic, optimal location in-
formation will form a critical part of early warning messages, allowing ac-
tions to be taken based on the range of likely source distances and
directions as estimated at the time of each message (Iervolino et al. 2007
this issue).

There are many approaches to standard earthquake location, which is
performed when all the phase arrival times for an event are available. Our
optimal, real-time location methodology is based on the equal differential-
time formulation (EDT) of Font et al. (2004) and Lomax (2005) for stan-
dard earthquake location. EDT is a generalization of the master-station
method (Zhou 1994) and the "method of hyperbolas" cited by Milne
(1886). The EDT location is given by the maximum of a stack over quasi-
hyperbolic surfaces, on each of which the difference in calculated travel-
time to a pair of stations is equal to the difference in observed arrival times
for the two stations. The EDT location determination is independent of
origin time and reduces to a 3D search over latitude, longitude and depth.
Because it uses a stack, EDT is highly robust in the presence of outliers in
the data (Lomax 2005). This robustness is critical for the present problem,
since we will often work with small numbers of data and may have outlier
data such as false triggers and misidentified picks due to energetic, later
phases.

Previous work on earthquake location for early warning includes several
novel approaches to gain constraint on the location at an earlier time and
with fewer observations than for standard earthquake location. Horiuchi et
al. (2005) combine standard L,—norm event location, EDT location on
quasi-hyperbolic surfaces, and the information from not yet arrived data to
constrain the event location beginning when there are triggered arrivals
from two stations. The two arrivals define a hyperbolic surface on which
the event can be located. The largest volume which may contain the hypo-
center is bounded by EDT surfaces constructed using the current time
(thow) as a substitute for future, unknown arrival times at the stations which
have not yet recorded arrivals. This volume shrinks as T, progresses,
even if no further stations record an arrival. Rydelek and Pujol (2004) ap-
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ply the approach of Horiuchi et al. (2005) for the case of only two stations
triggered.

6.2 Method

We assume that a seismic network has known sets of operational and non-
operational stations, that when an earthquake occurs P wave arrival picks
will become available from some of the operational stations, and that there
may be outlier picks which are not due to P arrival. Our methodology is re-
lated to that of Horiuchi et al. (2005), which we extend and generalize by
a) starting the location procedure after only one station has triggered, b)
using the EDT approach throughout to incorporate the triggered arrivals
and the not yet triggered stations, c) estimating the hypocenter probabilis-
tically as a pdf instead of as a point, and d) applying a full, global search
for each update of the location estimate.

When a first station S, triggers with an arrival at 7, = f,,y, We can already
place useful limits on a pdf volume that is likely to contain the hypocenter.
These limits are given by conditional EDT surfaces on which the P travel
time to the first triggering station ##,(X) is equal to the travel-time to each
of the operational but not yet triggered stations, #/(X), [ # n. In the case of
a homogeneous medium, the hypocentral pdf volume is the Voronoi cell
around the first recording station defined by the perpendicular bisector sur-
faces with each of the immediate neighbor stations (Fig. 6.1b).

As the current time f,,, progresses we gain the additional information
that the not yet triggered stations can only trigger with # > f,,. Thus the
pdf volume is bounded by conditional EDT surfaces that satisfy the ine-
quality ##/(X) - #,(X) < thow — 1 [ # n. This hypocentral pdf volume will be
smaller than the previous pdf volume estimate since the updated, condi-
tional EDT surfaces tend to fold towards and around the first triggered sta-
tion (Fig. 6.1c).

When the second and later stations trigger, we construct standard, true
EDT surfaces between each pair S;, S,, of the triggered stations using the
equality 7/(X) - t1,,(X) = t; — t,,, | # m. These EDT surfaces are stacked with
the volume defined by the not yet triggered stations, as described above, to
form the current hypocentral pdf volume (Figs. 6.1d-f). In practice, all
EDT surfaces are given a finite width by including errors in the arrival
time picking and the travel-time calculation.

As more stations trigger, the number of not yet triggered stations be-
comes small, and the stacked true EDT surfaces and volumes bounded by
conditional EDT surfaces converge towards the hypocentral pdf volume
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that is obtained with standard EDT location using the full set of data from
all operational stations.

stations
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Fig. 6.1 Evolutionary earthquake location algorithm (a) Given a seismic network
with known sets of operational and non-operational stations, we can a priori de-
fine the Voronoi cell associated to each station. (b) When the first station triggers,
we can define a volume that is likely to contain the hypocenter limited by the
"conditional" EDT surfaces on which the P travel time to the first triggering sta-
tion is equal to the travel time to each of the operational but not yet triggered sta-
tions. (c¢) As time progresses, we gain additional information from the stations not
yet triggered: the EDT surfaces move toward and bend around the first triggering
station, and the hypocenter volume shrinks. (d) When the second station triggers,
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we can define a "true" EDT surface and the actual hypocenter is likely to be at the
intersection between this surface and the previous defined volume (which keeps
shrinking). (e) When a third station triggers, we can define two more "true" EDT
surfaces, increasing the constraint on hypocenter position. (f) As more stations
trigger, the location converges to the standard EDT location.

If there are few outlier data, the final hypocentral pdf volume will usu-
ally give an unbiased estimate of the hypocentral location, as with standard
EDT location. However, if one or more of the first arrival times is an out-
lier, the early estimates of the hypocentral pdf volume may be biased. If
N, 18 the number of outlier data, the bias should be significantly reduced
after about 4+N,,, arrivals have been obtained, and should be further re-
duced as the solution converges towards a standard EDT location.

6.2.1 Algorithm

We consider a network of N stations (Sy, ..., Sy), a gridded search volume
V containing the network, and the travel times from each station to each
grid point in V computed for a given velocity model. If S, is the first sta-
tion to trigger, we search for grid points (i, j, k) in V where the following
system of differential time inequalities is satisfied:

>0t 1 #n, (6.1)

(ttz - ttn)i,j,k =

n,l 5
where ##; is the travel time from the grid point (i, j, k) to the station S; and
ot is the time interval between the arrival time at station Sn and the latest
time for which we have information from station S;:

5171,/ = tnow - dk - tn 5 (62)

where f,0w 1S the current clock time and d; is the delay time for receiving
information from station S;.

The system (1) defines the volume where the hypocenter may be located
given that, at current time .y, only the station S, has triggered. In the case
of a homogeneous medium and all &,; = 0 (i.e., t,ow = t, and d; = 0), (1) de-
fines the Voronoi cell for the station S, relative to the positions of the other
operational stations. For each inequality in (1), we define a value p,; which
is 1 if the inequality is satisfied and O if not. Then we sum the p,; for each
station [ at each grid point, obtaining a non-normalized probability density
P(i, j, k), where P(i, j, k)=N-1 for grid points where all the inequalities are
satisfied, and a value less than N-1 elsewhere.
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When an additional station triggers, we re-evaluate the system (1) for all
pairs of triggered stations S, and all not yet triggered stations S;. Next, we
search for grid points where the following equation is satisfied:

(a2, —1t,)— (1, _tm)|ijk <oil#m, (6.3)

where S; and S,, are triggered stations and ¢ gives the uncertainty in the ar-
rival time picking and the travel-time calculation. This is the standard EDT
equation.

We define a value ¢;,, which is 1 if the inequality (3) is satisfied and 0
otherwise. We sum the ¢;,, with the p,; obtained from the re-evaluation of
(1) to obtain a new P(i, j, k). The maximum value of P is

P, =(N—n)n, +n,(n, —1)/2 (6.4)
where nT is the number of stations that have triggered. The first term in (4)
counts the number of inequalities from (1) and the second term the number
from (3).
Starting from P, we define a value:

PG, j. k)Y ©-5)
=23

max

Q(i,j,k)=(

which can be taken as the relative probability density (with value between
0 and 1) for the given grid cell to contain the hypocenter.

We calculate an updated value for Q(, j, k) when a new station triggers
or after a predetermined time interval, whichever is earlier. Then an alarm
message can be sent including information on the current constraint on the
hypocentral location. This information may include, for example, the grid
point where Q(i, j, k) is greatest, or an uncertainty on the hypocentral loca-
tion given by the largest horizontal and vertical distances between cells
where Q(i, j, k)>aQ and a is a constant < 1. For message recipients at spe-
cific localities, the hypocentral location and uncertainty message might be
provided as the likely epicentral distance range to the locality.

6.3 Location tests

In order to evaluate the accuracy and robustness of the location technique,
we conducted several synthetic tests using the geometry of the ISNet (Ir-
pinia Seismic Network, Southern Italy) (Weber et al. 2007, this issue) and
a 1D Vp model for the region (Table 6.1) with a constant Vp/Vs of 1.68.
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Table 6.1.
Depth (km) Vp (km /s)
0.0 2.0
1.0 32
2.5 4.5
15.0 6.2
35.0 7.4
40.0 8.0

Our first test considers a shallow earthquake, occurring at the center of
the network at a depth of 1 km. The event is located using only P triggers.
Each panel in Fig. 6.2 represents the projection along three orthogonal
planes passing through the true hypocenter of the earthquake location
probability density Q(i,j,k). The first snapshot is taken when the first sta-
tion, ST24, triggers (T=0); the constraint on the earthquake location is
given by the volume defined by equation (1), there is no constraint on
depth. After 1 second, station ST25 triggers; the location is now con-
strained by the previously defined volume (which has been collapsing
around station ST24) and the EDT surface defined by equation (3). After 2
seconds, 4 stations have triggered and the location is already well con-
strained for early warning purposes.

Figure 6.3 shows a location performed using only P triggers for an
earthquake occurring outside the network at a depth of 10 km. At T=0 the
maximum probability volume is bounded only towards the network. After
1 second, two more stations trigger and the volume is bounded in all direc-
tions. As time evolves, the constraint on the location volume improves, but
it retains an elongated shape because, for events outside the network, the
event distance is poorly determined. The depth is only constrained by a
lower limit, but this depth bounds includes the true value.
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Fig. 6.2 Location test for an event occurring at the center of the ISNet network.

The probability function is projected along three planes passing through the true

hypocenter (identified with a star). T=0Osec is the time at which the first station

triggers. For each snapshot, stations which have triggered are marked with a cir-

cle. Location is performed using only P picks.

Recently in Italy there have been large earthquakes characterized by
multiple event ruptures and intense seismic activity related to foreshocks
and aftershocks, namely in Friuli in 1976 (Zollo et al. 1997), Irpinia in
1980 (Bernard and Zollo 1989), and Umbria-Marche in 1997 (Amato et al.
1998). The major instrumental event in the Irpinia region, the Mw=6.9,
1980 earthquake, had multiple sub-events with three main shocks occur-
ring within about 20 seconds of each other. It is, therefore, important to
check how our evolutionary location method performs when two or more
events occur close in time.
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Fig. 6.3 Location test for an event occurring outside the network (see Fig. 6.2 for
notes).

We made a synthetic test for two events occurring at different places
within the Irpinia Seismic Network with origin times separated by 3 sec-
onds, using both P and S picks for location (Fig. 6.4a). If an S pick from
the first event (S1) comes after a P pick from the second event (P2), we as-
sume a probability of 20% for the triggering system to erroneously inter-
pret P2 as S1. For instance, ST13 is the first station recording the second
event, but it does not trigger correctly. The first trigger comes from station
ST?25, biasing the hypocenter estimation in the very beginning of the loca-
tion process (Figs. 6.4b, 6.4c). The bias is however strongly reduced after
1 sec circa, as soon as new stations trigger consistently. There are other
misinterpreted picks at T = 4.6s (ST13, S1 as S2), 8.7s (ST14, S1 as P2),
8.8s (ST04, S1 as S2), and 12.5s (ST02, S1 as P2). These outliers, how-
ever, do not significantly influence the quality of location, since this is al-
ready constrained by a large number of consistent picks (Fig. 6.4c). The
hypocentral position is correctly estimated, with no more strong oscilla-
tions, after about 2 seconds from the first trigger, while the depth is prop-
erly identified after 4-5 seconds. For both events, the uncertainty on x and
y components becomes smaller than 1 km after about 4 seconds from the
first trigger, while the uncertainty on z is lower than 2 km after 5 seconds.
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Fig. 6.4 Location test for two events occurring at different places within the Ir-
pinia Seismic Network with origin times separated by 3 seconds. T=0sec is the
time at which first station triggers. (a) Actual position of the first (black star) and
the second (gray star) hypocenter. (b) Mean value and standard deviation for loca-
tion along the three axes for the first (black bars) and the second (gray bars) event.
The dashed lines represent the true values. (¢) Triggering sequence for the first
(upper sequence) and the second (lower sequence) event. P triggers are marked
with dots, S triggers with stars. Misinterpreted arrivals are evidenced in bold.

6.4 Discussion

We have presented a real-time evolutionary location technique based on
the equal differential-time (EDT) approach which makes it very robust in
the presence of outliers. At each time step, this algorithm makes use of in-
formation from triggered arrivals and not yet triggered stations. Constraint
on the hypocenter location is obtained as soon as the first station has trig-
gered and is updated at fixed time intervals or when a new station triggers.
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The hypocenter location is estimated as a probability density function
defined in a gridded search volume. This makes it easy to incorporate the
location results into a decision system for seismic early warning. Such a
system can base a decisional rule on the evaluation of the probability that a
certain ground motion intensity measurement (IM), like PGA or PGV, ex-
ceeds a given threshold (Iervolino et al. 2007, this issue). The probability
density function for IM is calculated from the evaluation of the hazard in-
tegral:

Fo @)= [ [ Fyspag. Gl ) £ (m) F o () dim

where fiur is an attenuation law, fy is the pdf for the magnitude [esti-
mated in real-time (Zollo et al. 2007, this issue)], and fz is the pdf for the
hypocentral (or epicentral) distance, which can be obtained directly from
our location technique.

Synthetic location tests show that good accuracy, very close to standard
“off-line” algorithms, is achieved after 4-5 seconds. The test on two quasi-
simultaneous events demonstrates that, as long as the triggering system has
a good detecting capability, the two locations can be handled as separate
processes and wrong picks treated as outliers, whose bias is greatly re-
duced when several consistent arrivals are available.
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Abstract

The goal of earthquake early warning is to provide timely information to
guide damage-mitigating actions that can be taken in the few seconds be-
tween the detection of an earthquake and the onset of large ground motions
at a given site. From a subscriber’s perspective, effective early warning
consists of both real-time information about the expected ground motions,
as well as a methodology of how to use this information, and the inherent
uncertainties, to guide decision-making. The Virtual Seismologist (VS)
method is a Bayesian approach to early warning that provides a unified
framework for the real-time earthquake source estimation, as well as the
subscriber’s decision-making problem. The introduction of prior informa-
tion into the source estimation problem via Bayes’ Theorem distinguishes
the VS method from other paradigms for earthquake early warning. Station
locations, previously observed seismicity, and known fault traces are
among the type of information that can be used to resolve trade-offs in
magnitude and location that are unresolved by the ground motion observa-
tions alone at the initial stages of earthquake rupture. The benefits of prior
information are most evident in regions of low station density, where large
inter-station distances result in source estimates based on a relatively
sparse set of observations. The drawback of prior information is the in-
creased complexity of information that must be communicated to the user,
as the resultant earthquake source estimates can no longer be adequately
described by Gaussian distributions. We illustrate the performance of the
VS method in regions of high and low stations density, and discuss how
subscriber requirements ultimately dictate how the real-time source esti-
mation problem must be addressed.
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7.1 Introduction

Subscribers attempting to use early warning information to reduce earth-
quake-related losses typically have a selected sequence of actions they
would like to complete before damaging ground motions reach their site.
These subscribers decide whether or not to initiate their damage-mitigating
actions based on uncertain information. How to make optimal decisions
with uncertain information is a fundamental question to these subscribers.
Answering this question properly requires addressing a seismological and
an economics problem in tandem. The seismological question is that of
real-time earthquake source estimation, which can be phrased as follows:
what are the best estimates of magnitude and location given the available
data? The economics question is the user response problem, which can be
phrased as follows: what is the optimal decision or course of action, given
the current source estimates and its uncertainties?

The Virtual Seismologist (VS) method is a Bayesian approach to earth-
quake early warning that addresses the source estimation and user response
problems in tandem. In the source estimation problem, the VS method
shares with other proposed methodologies (Nakamura 1988; Allen and
Kanamori 2003; Wu and Kanamori 2005a, 2005b) the use of relative fre-
quency content or predominant period and attenuation relationships to es-
timate magnitude and/or location from available ground motion observa-
tions. The introduction of prior information into the earthquake source
estimation problem distinguishes the VS method from other paradigms for
early warning. Bayes’ theorem allows the use of a “background” state of
knowledge to help in resolving trade-offs in magnitude and location that
cannot be resolved due to the scarcity of observations at the initial stages
of the earthquake rupture. Types of information that can be included in the
Bayes prior include: state of health of the seismic network, previously ob-
served seismicity, known fault locations, and the Gutenberg-Richter mag-
nitude-frequency relationship. The benefits of prior information are largest
in regions with low station density, where large inter-station distances re-
sult in initial early warning estimates based on a sparse set of observations.
We illustrate the performance of the VS method with high station density
using ground motions recorded from the M = 4.75 Yorba Linda, California
earthquake, and with low station density using data from the M = 7.1 Hec-
tor Mine, California earthquake. The examples shown in this paper ap-
proximate the earthquake as a single point source. While this seems ade-
quate for earthquakes with M < 6, this methodology needs to be modified
to be effective for long ruptures where near-source ground motions are ex-
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pected even at large distance from the epicenter. Yamada and Heaton
(2006) present a strategy for extending VS to handle long ruptures.

Aside from a method to estimate magnitude and location from sparse in-
formation from the initial stages of the earthquake rupture, it is equally
important for earthquake early warning studies to address how subscribers
might make optimal decisions using early warning information. Different
subscribers will require different types of early warning estimates, depend-
ing on subscriber tolerance to missed and/or false alarms. Ultimately, the
subscriber requirements dictate how the source estimation problem must
be phrased. This is not consistent with the traditional separation of the
source estimation and user response problems in earthquake early warning
research. The VS method facilitates an integrated approach that recognizes
the role of the user decision-making process in formulating the source es-
timation problem.

7.2 Real-time Earthquake Source Estimation

7.2.1 Review of Bayes’ Theorem

Consider that we want to estimate the magnitude and location of an earth-
quake given an available set of observed ground motions. According to
Bayes theorem, the state of belief regarding magnitude and location
(M,loc) given a set of available observations Y, is given by

P(,,, | M,loc)x P(M ,loc) (7.1)
P(l/ub.s')

g

P(M,loc|Y,,,)=

where M is magnitude, [oc is a location parameter (epicentral distance, or
epicentral location), and Y, is the available set of observed ground mo-
tions. We can use the proportional form of Bayes’ theorem since P(Y,;) is
not a function of the parameters being estimated (M, loc):

P(M 10¢ | Y pp) o< P(Y 5 | M loCYX P(M l0C) (7.2)

P(M,loc|Y,ps), is the posterior probability density function (pdf); it is the
conditional probability that an earthquake of magnitude and location M,loc
generated the set of observations Y,,,. The VS estimates, (M,loc)ys, are the
most probable source estimates given the available observations; they
maximize P(M,loc|Y,;). The spread of P(M,loc|Y,;s) yields the uncertain-
ties on the VS source estimates. On the right hand side, P(Y,|M,loc) is the
likelihood function; it is the conditional probability of observing a set of
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ground motions Y, given an earthquake with magnitude and location
M,loc. The likelihood function requires ground motion models relating
source descriptions (M,loc) to observed ground motion amplitudes. The
VS method uses 1) relationships between ratios of peak ground motions
and magnitude, and 2) ground motion attenuation relationships describing
observed amplitudes as functions of magnitude and distance, to define the
likelihood function P(Y,|M,loc). P(M,loc) is the Bayes prior; it represents
a background state of knowledge, independent of the observations, on rela-
tive earthquake probabilities that we want to include in the estimation
process. The degree of complexity that can be incorporated into the prior is
flexible. The simplest prior we can use is the assumption that all magni-
tudes and all locations are equally probable. This simplifies the necessary
calculations, at the cost of being an inaccurate representation of the general
state of knowledge regarding earthquake occurrence. Alternatively, we
could incorporate into the prior some generally accepted beliefs about
earthquake occurrence: 1) the magnitude-frequency relationship of earth-
quakes follows the Gutenberg-Richter law, 2) many earthquakes occur on
known faults, 3) and earthquakes often cluster in time and space. We can
also include information about the state of health of the seismic network.
The choice of prior information is most influential in the initial VS early
warning estimates; trade-offs between magnitude and location in the initial
estimates are resolved in favor of the prior information. In real-time source
estimation, the use of prior information is perhaps the most important dis-
tinction between the VS method and other proposed paradigms for early
warning.

The evolution of VS early warning source estimates as a function of
available information mimics how reasonable and educated humans (as
opposed to unreasonable and prejudiced humans) modify their beliefs in
light of new information. Early VS estimates are typically based on a
scarce set of observations, for instance, on the first few seconds of peak
amplitude data available at the first triggered station. In these early esti-
mates, there will be trade-offs in magnitude and location that cannot be re-
solved by the available observations alone. At any given time, the VS es-
timates (M,loc)ys are the most probable source estimates; they maximize
P(M,loc|Y,ps), and are consistent with the available observations, with
trade-offs in magnitude and location resolved in favor of the given prior
information. Initially, when observations are sparse, (M,loc)ys are strongly
influenced by the prior; the observations become the dominant contributor
as ground motions propagate to further stations. When sufficient observa-
tions are available to fully constrain the magnitude and location estimates,
the choice of prior is irrelevant; (M,loc)ys are completely determined by
the observations.
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7.2.2 Defining the Likelihood Function, P(Yq,s|M,loc)

Let us initially assume a uniform prior, P(M,loc) = ¢, a constant. Eq. (7.2)
yields

P(M,loc|Y,,) < P(Y,, | M.loc) (7.3)

s

Let Y, be the set of log peak acceleration, velocity, and filtered (3-
second high pass) displacement on horizontal and vertical channels avail-
able at a given time. Assuming the Y, are independent and log normally
distributed, maximizing P(M,loc|Y,,,) is equivalent to maximizing the
log of the likelihood function, L = log(P(Y, | M,loc)), which, for the most

general case of P- and/or S-wave amplitudes available at multiple stations,
we define as follows

n P.S (7.4)
LY. M.loc)= Y > L(M.loc);
i=1j=1
. = 2 3 \ (75)
(Zob.s'.- - ZJ(M H 4 Yobx.- - Kjkﬁw’fo‘f‘)
LY s M JO"-H)U = . ) + - )
207 k=1 205

LY, M ,loc) incorporates 6 channels of ground motion (maximum

vertical and root mean square of the maximums of 2 horizontal channels of
acceleration, velocity, and filtered displacement) per station. We assume
that each station has 1 vertical and 2 horizontal sensors with acceleration
or broadband velocity output, and that recursive filters can be used to pro-
vide acceleration, velocity, and filtered displacement in real-time. In Egs.
(7.4) and (7.5), i is an index over the n stations with P-wave triggers, j is
an index over the P- and S-wave phases, and k is an index over observed
vertical velocity, and horizontal acceleration, velocity, and filtered dis-
placement, the channels that contribute to the likelihood function via
ground motion attenuation relationships. The remaining two channels, ob-
served vertical acceleration and filtered displacement, are accounted for by

the term involving Z,, . Z,,,. is the ratio of peak available vertical ac-
ij ij

celeration to peak available vertical filtered displacement found by Cua
and Heaton (2006b) to be optimally indicative of magnitude; it is given by
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0.36 (7.6)
Zop, =108 T{m =0.36log(PVA;)—0.93log(PVD,)
i

In Eq. (7.6), PVA,-J- and PVDZ-J- denote peak available vertical accelera-

tion and peak vertical (filtered) displacement, respectively at the i™ station

and for the jlh body wave. Z . is a measure of the relative frequency

ij

content of ground motion. Similar to methods based on predominant pe-
riod (Nakamura 1988; Allen and Kanamori 2003; Wu and Kanamori
2005ab), it is based on the idea that the relative frequency content of
ground motions can be indicative of magnitude since small earthquakes
involve small patches of slip and will radiate more high frequency energy,
while large earthquakes involve finite rupture dimensions that contribute to
longer period energy.

The details on the linear discriminant analysis used to determine
Zobsl-j and its relationship to magnitude are found in Cua (2005) and Cua

and Heaton (2006b). There are different coefficients characterizing the
magnitude dependence of Z , (dropping the subscripts for brevity) for P-
and S-waves.

Z(M)=-0.615M + 5495, 6,=0.17 for P-waves (1.7)
=—0.685M +5.517. o©,=0.193 for S-waves

To use Egs. (7.5), (7.6), and (7.7), it is necessary to estimate or assume
whether the peak amplitudes at a given station are from a P- or S-wave.
Cua (2005) and Cua and Heaton (2006b) developed the following criteria
to distinguish between P- and S-waves

PS =0.43log(PVA)+0.551og{ PVV) - 0.461log( PHA ) — 0.55log( PHV) (7.8)
if PS>0, amphtudes are most likely from a P-wave

if PS<0, amplitudes are most likely rom an S-wave

In Eq. (7.8), PVA denotes peak vertical acceleration, PVV peak vertical
velocity, PHA peak horizontal acceleration, and PHV peak horizontal ve-
locity. This criteria correctly identified P-waves 88% of the time in a data-
base of ground motions from 70 Southern California earthquakes with 2 <
M < 7.3, and epicentral distances R < 200 km. Figure 7.1 shows magni-
tude against Z , from peak P-wave amplitudes from this dataset. Cua and

Heaton (2006a) also used this database to develop the P- and S-wave am-
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plitude attenuation relationships Yijk (M, R), which define the second term

of the likelihood function.

Linear Discriminant Analysis of P-wave Amplitude Ratios
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Fig. 7.1 Magnitude plotted against ground motion ratio Z,,, = 0.36log(PVA) -
0.93log(PVD) for P-wave amplitudes.

The second term of the likelihood function represents the contribution of
observed peak vertical velocity, peak horizontal acceleration, velocity, and

displacement and their respective attenuation relationships Y (M,R)in
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constraining both magnitude and location. Eq. (7.5) is expressed in terms
of the source parameters M ,loc; in the most general case, [oc represents
the epicentral latitude and longitude coordinates. Given, epicentral latitude
and longitude coordinates, the epicentral distance R can be calculated.
Thus, Y (M,loc) is equivalent to Y (M,R), which Cua and Heaton
(2006a) modeled as

Y, (M.R)=a,M —b, (R, +C, (M)—d, log(R, +C (M)+e, +a, (7.9)

where R, = /R’ +9. where R, is the epicentral distance of the ;" station

T
and €, (M) = ¢ (arctan(M —5)+ 7}>< exple,, (M = 5))

In VS method, the regression coefficients (a,b,c|,c,,d,e) - dropping
the subscripts - are known quantities (Table 7.1). There are different sets
of regression coefficients for different channels of ground motion, for P-
and S-waves, and for rock and soil sites. The station-specific site correc-
tion factors oy take into account systematic amplification or deamplifica-
tion of ground motions observed at a given site relative to the mean ground
motion levels predicted by the attenuation relationships. Cua and Heaton
(2006b) determined o for 135 SCSN stations for horizontal and vertical
acceleration, velocity, and filtered displacement; these are available online
at http://resolver.caltech.edu/CaltechETD:etd-02092005-125601.

The VS source estimates, (M ,loc)yg, are the source parameters that

maximize the posterior pdf P(M,loc|Y,,,); in general, these estimates

are a function of prior information and the available observations. Let
(M ,loc); refer to the source parameters that maximize the log likelihood,

L =1og(P(Y, | M,loc)); these are the source estimates most consistent with
the available observations, whether data is available at single or multiple
stations. A single-station estimate involves setting n = 1 and, if desired, us-
ing epicentral distance R as the loc parameter. With a uniform prior,
(M,loc)ys = (M,loc);. The VS method requires a minimum of 3 seconds of
data following the P- arrival (or 2 seconds of data following the S-arrival)
before a station contributes its amplitudes to the likelihood function. It is
assumed that P-waves can be detected via short-term over long-term aver-
age methods. The S-wave arrival can be determined using Eq. (7.8).
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Table 7.1 Attenuation relationships for peak P- and S-wave amplitudes

Y(M,Ry=aM +b(R +C(M)+d(R +C(M)+e+a
R =R+9
4
CM)=¢, urctqu—iH-; xexple, (M =5))

where ¥ = acceleration (cm/s”), velocity (cm/s), or displacement (cm)
R = epicentral distance (km) when M <5

closest fault distance (km), when available for M = 5

a b < cs d e o
Addeletaiing rock 0.72 3.3x107 1.6 1.05 1.2 2106 | 031
" soil 0.74 3.3x10" 2.41 0.95 126 | -1.05 | 029
i)
|2 | rock | 0.80 84x10" | 076 | 103 | 124 | -3.103 | 027
= E velocity
E o soil 0.84 5.4x10™ 1.21 0.97 128 | -3.13 | 026
g PP rock 0.95 1.7x107 2.16 1.08 127 | -496 | 0.28
ISP acement
g soil 0.94 -5.17x107 | 226 1.02 1.16 | -5.01 0.3
P sl rock 0,78 2.6x10™ 1.48 111 135 | -064 | 031
i acceleranon
g soil | 084 23x107 | 242 | 105 | 156 | -034 | 031
i~
E z - rock 0.89 4.3x10™ 111 111 1.44 | -260 | 028
E velocity
3| o soil 0.96 8.3x10" 1.98 1.06 159 | -235 | 030
(-4
o rock 1.03 1.01x107 1.09 1.13 143 | -434 | 027
15P acement
soil 1.08 1.2x10° 1.95 1.09 1.56 4.1 0.32
- rock 0.74 4.01x10° 1.75 1.09 1.2 096 | 029
acceleranon
soil 0.74 5.17x107 2.03 0.97 1.2 077 | 031
z o rock | 082 | 854x10% | L14 | L1 | 136 | -021 | 026
= velocity
& soil 0.81 2.65x10° 1.4 1.0 148 | -255 | 030
=
2 . rock 0.96 1.98x10° 1.66 1.16 134 | 479 | 028
= isplacement
& soil 0.93 1.09x107 1.5 1.04 123 | 474 | 031
=
T o rock 0.78 2.7x10™ 1.76 111 138 | -0.75 | 030
= acceleranon
>E soil 0.75 2.47x107 1.59 1.01 147 | -036 | 030
z i rock 0.90 1.03x107 1.39 1.09 151 | 278 | 025
ES velocity
A soil 0.88 541x10™ 1.53 1.04 148 | -254 | 027
_ rock 1.04 L12x107 1.38 118 137 | -474 | 025
ISP acement
soil 1.03 4.92x10° 1.55 1.08 136 | -4.57 | 0.28

The (M,loc); at any given time is the point source that best fits (in a
least squares sense) the geographical distribution of observed P- and S-
wave amplitudes and ground motion ratios. The location estimate from the
likelihood function is an amplitude-based location; no arrival time infor-
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mation or velocity structure is included. It is comparable to the strong mo-
tion centroid (Kanamori 1993). Amplitude-based locations, while not very
accurate, are more robust than locations based on phase arrivals, and are an
efficient means to convey the spatial distribution of ground motion obser-
vations post-earthquake response (Kanamori 1993). The likelihood func-
tion develops a global maximum as the ground motions propagate to fur-
ther stations. In the early stages of the estimation process, when the set of
available observations is sparse (for instance, 3 seconds after the initial P
detection at the first triggered station), the likelihood function may not
have a global maximum; there are trade-offs between the source estimates
(a small earthquake located close by, or a larger event further away) that
may be unresolved by the available observations. The inclusion of prior in-
formation is most useful in these situations.

7.2.3 Defining the Prior, P(M,loc)

The Bayes prior is a statement of “background” knowledge relevant to the
parameter estimation problem at hand. In the VS method, we use
P(M ,loc) to introduce information on relative earthquake probabilities

and the state-of-health of the seismic network into the real-time source es-
timation problem. We enumerate the different types of information that
can be included in the prior.

— Long-term national hazard maps, or known fault traces, are good candi-
dates to include in the Bayes prior since faults that have generated large
earthquakes in the past, such as the San Andreas fault system in Califor-
nia, or the Northern Anatolian fault in Turkey, are likely to generate
large events in the future.

— The Gutenberg-Richter law states that small events occur more fre-
quently than large earthquakes. Short-term seismicity-based earthquake
forecasts take into account that the magnitude-frequency distribution of
earthquakes follows the Gutenberg-Richter law, and that earthquakes
cluster in space and time, with Omori’s law governing the decay of
number of aftershocks as a function of time after the mainshock
(Reasenberg and Jones 1989; Gerstenberger et al. 2003).

— The location of previously observed seismicity is important prior infor-
mation since many large earthquakes have foreshocks. Abercrombie and
Mori (1996) found that 44% of earthquakes in their dataset of 59 M > 5
California earthquakes had foreshocks. Jones (1984) found that 35% of
earthquakes in a dataset of 20 San Andreas earthquakes had foreshocks
within 1 day and 5 km of the mainshock.
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— For a region with no known faults or previously observed seismicity, we
can assume that all locations have equal probability of being an earth-
quake epicenter. This implies that epicentral distances are more likely to
be larger than smaller.

— Nearest neighbor regions, or Voronoi cells, of operating stations provide
useful constraints on earthquake locations. The Voronoi cell of a given
station is the set of all location coordinates that are closer to the said sta-
tion than any other station in the network. The initial P-wave detection
from an event implies that the event nucleated within the Voronoi cell of
the first triggered station. The denser the deployment of stations within a
seismic network, the smaller the area of the average station Voronoi
cell, and the stronger the constraint on earthquake location.

— The concept of not-yet-arrived data, as described by Horiuchi et al.
(2004) and Rydelek and Pujol (2004), can be used along with station
Voronoi cells to describe the evolution of regions of possible location
following the initial P detection. In this article, we refer to the region
consistent with observed arrivals as the region of possible location. It is
independent of the amplitude-based location estimate obtained from
maximizing the likelihood function. From Rydelek and Pujol (2004), the
locations consistent with the first two P-arrivals satisfy

Ry — R, =Vp X (ty —1;) (7.10)

where R; and R, are the respective epicentral distances of stations with
the first 2 P-wave arrivals, #; and ¢, are the corresponding P-wave ar-
rival times, and Vp is an average P-wave velocity. Given the time be-

tween the first 2 P detections, Eq. (7.10) constrains the earthquake loca-
tion to a hyperbola passing between the two stations.

As originally described by Horiuchi et al. (2004) and Rydelek and Pujol
(2004), not-yet-arrived data can be used once two P-wave detections are
available. In contrast, Voronoi cells, in conjunction with a slightly modi-
fied use of not-yet-arrived data, can be used to describe continuously
evolving constraints on earthquake locations even before the second P-
wave arrival. Consider the following situation: there is an initial P-wave
detection at station 1, and Ar seconds later, there are no subsequent P-
wave detections at the m stations sharing a Voronoi edge with station 1.
The non-arrivals at each of the i = 1,...,m stations provide the inequality
constraints

Ri—R >VpxAr (7.11)
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The region of possible location is the intersection of the Voronoi cell of
station 1 (constraint on location from the first P detection) and the areas
consistent with the m inequality constraints described by Eq. (7.11); the
area of this region of possible location is inversely proportional to At.
Once the P-wave arrives at the second closest station, the region of pos-
sible location collapses to the Rydelek and Pujol hyperbola. A third ar-
rival locates the epicenter.

Voronoi cells are strictly prior information since they are derived from
station locations, which are independent of the earthquake rupture proc-
ess. In contrast, not-yet-arrived data is not strictly prior information,
since the time elapsed since the initial P detection, Az, is an observed
quantity. However, we do not include At in the likelihood function since
it does not involve observed amplitudes.

Prior information is particularly useful in regions with low station den-
sity, where time between the first and second P-wave detections may be
relatively large.

7.3 Applications of the VS Method to Selected Southern
California Earthquake Datasets

7.3.1 3 September 2002 M=4.75 Yorba Linda, California
Earthquake: High Station Density

The Yorba Linda earthquake occurred on 3 September 2002 in suburban
Los Angeles, a region with a high density of real-time Southern California
Seismic Network (SCSN) stations. The mainshock was located by SCSN
at 33.92N, -117.78W, at a depth of 12.92 km (Hauksson et al. 2002). Two
foreshocks (with magnitudes M=2.66 and M=1.6) occurred within 1 km of
the mainshock epicenter in the 24 hours preceding the mainshock.

The application of the VS method illustrates how the approach works in
regions with high station density. Station Voronoi cells, previously ob-
served seismicity, and the Gutenberg-Richter relationships will be included
in the Bayes prior, although the prior information is for the most part un-
necessary. Due to the high station density in the epicentral region, there are
quickly enough observations to constrain the source estimates without re-
sort to prior information.

Figure 7.2 shows SCSN stations in the epicentral region. The triangles
are the stations operational at the time of the mainshock; the polygons are
the associated Voronoi cells. Circles are locations of M > 1 earthquakes re-
corded by SCSN in the 24 hours preceding the mainshock. Due to the high
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station density in this region, areas of Voronoi cells (those away from
edges of the network) are relatively small, in the range of 250 to 700 km®.

3 Sept 2002 M=4.75 Yorba Linda, California earthquake
'y

latitude

longitude

Fig. 7.2. Prior information for Yorba Linda, California earthquake: SCSN station
locations (triangles), associated Voronoi cells (polygons), and seismicity in the
preceding 24 hours (open circles) within 200 km of the mainshock (star). Two
foreshocks occurred within the Voronoi cell of station SRN (shaded), the station
closest to the epicenter.

The initial arrival at station SRN constrains the location to the area within
its Voronoi cell (shaded polygon). Figure 7.3 shows the relative probabili-
ties of epicentral distances consistent with the initial arrival at SRN. One
of the simplest assumptions we can make given an initial P detection is
that the event is located at the first triggered station. From Fig. 7.3, the
largest possible error with this assumption is 15 km.
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Fig. 7.3 Range of possible Yorba Linda earthquake epicentral distances from sta-
tion SRN consistent with a first P detection at SRN (scaled such that maximum on
y axis is 1). The weights on various distances (y axis) are obtained by giving equal
weight to all locations within SRN’s Voronoi cell. The most probable epicentral
distance (8 km) is that which occurs most often within SRN’s Voronoi cell. If we
had included seismicity information in the prior, that there were two foreshocks at
the mainshock epicenter means this distribution would include an impulse func-
tion situated at the distance of the mainshock.

The initial VS estimate is based on peak amplitudes available 3 seconds
after the initial P detection at station SRN. With data from a single station
(n =1 1in Eq. (7.4)), the source estimation problem can be parameterized in
terms of magnitude and epicentral distance. Figure 7.4 shows contours of
the likelihood function (no prior information) using peak amplitudes from
6 channels (horizontal and vertical acceleration, velocity, and filtered dis-
placement) available at SRN 3 seconds after the initial P detection. The
elongated contours of the likelihood function are indicative of trade-offs in
magnitude and epicentral distance that are not fully resolved by the peak
amplitudes at a single station. M = 5.5 and R = 33 maximize the likelihood
function. With the likelihood expressed in terms of M, R, we can include
as prior information the range of epicentral distances consistent with the
first arrival at SRN (Fig. 7.3), as well as the Gutenberg-Richter relation-
ship.
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Fig. 7.4 Contours of the likelihood function for the M = 4.75 Yorba Linda earth-
quake expressed in terms of magnitude and epicentral distance using the peak am-
plitudes at SRN 3 seconds after the initial P detection (no prior information, only
the peak amplitudes observed at SRN). The peak of the likelihood function is
scaled to 1, and contours are drawn at 0.6, 0.1, and 0.01 levels. Regions where the
likelihood function has a scaled value exceeding 0.6 are shaded. The likelihood
function has a maximum at M = 5.5, R = 33 km. Elongated regions of equal prob-
ability indicate trade-offs in M, R unresolved by the available amplitudes and the
attenuation relationships. The ground motion ratio term of the likelihood function
constraints the possible magnitude to the approximate range 5 < M < 6. The star
marks the actual magnitude and epicentral distance to SRN of the Yorba Linda
mainshock, M =4.75, R =9.8 km.
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VS magnitude and epicentral distance estimates 3 seconds after
initial P detection at station SEN
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Fig. 7.5 Contours of the posterior density function showing the effect of including
the Gutenberg-Richter magnitude-frequency relationship in the prior on initial M,
R estimates 3 seconds after the initial P detection. Figures 4a and 4b include the
constraint on epicentral distance from the Voronoi cell of station SRN. Figure 4a
includes the Gutenberg-Richter relationship as a constraint on magnitude, while
Figure 4.b does not. The star marks the actual magnitude and epicentral distance
of the Yorba Linda mainshock. The cross marks the VS estimates in M.R space.
The Gutenberg-Richter relationship favors smaller magnitude events located at
smaller epicentral distances from the station. While inclusion of the Gutenberg-
Richter relationship (a) produces magnitude estimates that are systematically
smaller than the actual magnitudes, Bayesian statistics assure us that this is the
most probable solution.
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Figure 7.5 shows the effects of including the Gutenberg-Richter rela-
tionship, in addition to the constraints on epicentral distance by the Vo-
ronoi cells, on contours of the posterior density function. Recall that the
posterior pdf is the product of the likelihood and the prior pdfs, and that
the source estimates that maximize the posterior pdf are the most probable
source estimates. (M, R)yy, the most probable magnitude and epicentral

distance estimates, are indicated in Fig. 7.5. The 3-second VS estimates
without the Gutenberg-Richter relationship in the prior are closer to the ac-
tual magnitude and epicentral distance obtained by using the SCSN arri-
val-based location than VS estimates including the Gutenberg-Richter rela-
tionship in the prior. As the ground motions propagate to other stations, it
is more convenient to parameterize the early warning location estimate in
terms geographic coordinates (latitude, longitude) as opposed to epicentral
distances of n stations.

Figure 7.6 shows locations consistent with the 3-second peak amplitudes
at SRN for different magnitude ranges. The trade-offs here are similar to
those in Fig. 7.4; we cannot unambiguously distinguish between small
events in close and large events at distance using only amplitude informa-
tion at a single station. The situation is much improved when previously
observed seismicity and Voronoi cell constraints are taken into account.
The best way to include previously observed seismicity into the estimation
process would be to use short-term, seismicity-based earthquake forecasts
such as STEP (Gerstenberger et al. 2003) as part of the prior. In this exam-
ple, we simply increase the probability that a particular location is the
event location by a factor of 2 if it is within 5 km of an event that occurred
in the preceding 24 hours. Figure 7.7 shows contours of the posterior pdf
(as a function of magnitude, latitude, and longitude) using peak amplitudes
at SRN 3 seconds following the initial P detection to define the likelihood
and including previously observed seismicity and the Voronoi cell infor-
mation in the prior. The VS location estimate agrees with the SCSN loca-
tion. The VS magnitude estimate without the Gutenberg-Richter relation-
ship in the prior is M = 4.8 + 0.4, with the Gutenberg-Richter in the prior,
itis M = 4.4 £ 0.4. The SCSN-reported magnitude is M =4.75.

Figure 7.8 shows the evolution of magnitude estimates as a function of
duration of data from the seismic network. Estimates labeled “amplitudes
only” maximize the likelihood function (no prior information). We distin-
guish between 2 VS magnitude estimates (both with station geometry and
previously observed seismicity included in the prior) differing in whether
or not the Gutenberg-Richter relationship was used in the prior. All magni-
tude estimates converge to the SCSN solution at large times, when there
are sufficient available observations. The differences in the magnitude es-
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timates in the earlier estimates are due to the differences in the prior in-
formation included. The VS estimate without the Gutenberg-Richter rela-
tionship is within 0.05 magnitude units of the SCSN-reported magnitude 3
seconds after the initial P detection.

3

Fig. 7.6 Snapshots of the likelihood function expressed as a function of magnitude
and epicentral location at various magnitude ranges. The shaded regions in each
subplot are locations consistent with the peak amplitudes available at station SRN
3 seconds after the initial P detection. The trade-offs in magnitude and location are
similar to those shown in Fig. 7.3. If no prior information regarding station ge-
ometries, previously observed seismicity, or the Gutenberg-Richter relationship is
included, we cannot distinguish between a small event at small epicentral distance
from a large event at large distance.
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Fig. 7.7 VS estimates 3 seconds after the initial P detection at SRN for the Yorba
Linda earthquake. Shading scales with the probability that the event is located at
the given location. The VS location estimate (indicated by an arrow) is within 2
km of the SCSN reported location. Prior information includes previously observed
seismicity (open circles), Voronoi cell information, and available arrivals at adja-
cent stations. Contours show the VS magnitude estimates at a given location with-
out the Gutenberg-Richter relationship in the prior. The VS magnitude estimate
without the Gutenberg-Richter relationship (M = 4.8 + 0.425) is in good agree-
ment with the SCSN-reported magnitude of M =4.75.
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Evolution of VS magnitude estimates with time
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Fig. 7.8 The evolution of various magnitude estimates for the Yorba Linda earth-
quake as a function the duration of data from the seismic network. Estimates la-
beled “amplitudes only” correspond to magnitude estimates obtained by maximiz-
ing the likelihood function (no prior information). We distinguish between 2 VS
magnitude estimates (both with station geometry and previously observed seismic-
ity included in the prior) with and without the Gutenberg-Richter magnitude-
frequency relationship in the Bayes’ prior. All magnitude estimates converge to
the SCSN solution at large times, when there are sufficient available observations.
The differences in the magnitude estimates in the earlier estimates are due to the
differences in prior information included. The VS estimate without the Gutenberg-
Richter relationship is within 0.05 magnitude units of the SCSN-reported magni-
tude 3 seconds after the initial P detection.

At large time, ¢, after the event origin time, the location estimates that
maximize the posterior pdf (which are identical to those that maximize the
likelihood function at large #) are robust amplitude-based locations can be
used to verify arrival-based locations. In Fig. 7.9, the amplitude-based lo-
cation (green contours) is derived from the distribution of peak P- and S-
wave amplitudes at 89 stations. The arrival-based location is obtained from
89 P-wave arrivals and an average P-wave velocity of 6 km/sec. The star
marks the SCSN-reported location. There is general agreement between
the amplitude- and arrival-based location estimates, indicating that the ar-
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rival-based location is most likely correct. These estimates are independent
of each other, as they are derived from different types of data.

78 sec after initial P detection at SRN

arrival-based
location

VS amplitude-based
location

33-6i' U KiTif Y

~118 1175

Fig. 7.9 Comparison of amplitude- and arrival-based location estimates 80 sec-
onds after the origin time of the Yorba Linda earthquake. The amplitude-based lo-
cation (green contours) is derived from the distribution of peak P- and S-wave
amplitudes at 89 stations. The arrival-based location is obtained from 89 P-wave
arrivals and an average P-wave velocity of 6 km/sec. The star marks the SCSN-
reported location. There is general agreement between the amplitude- and arrival-
based location estimates. These estimates are independent of each other, as they
are derived from independent datasets.

7.3.2 16 October 1999 M7.1 Hector Mine, California Earthquake:
Low Station Density

The M7.1 Hector Mine, California earthquake occurred in a region with
relatively low density of SCSN stations. The closest station, HEC, was lo-
cated 27 km north of the hypocenter. The mainshock, located by SCSN at
34.59N, 116.27W, at a depth of 5 km, was preceded by a cluster of 18 1.5
< M < 3.8 foreshocks within 1 km of the hypocenter in the previous 24
hours (Hauksson 2002). The application of the VS method on the Hector
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Mine dataset illustrates the importance of prior information for regions
with relatively low station density.

Figure 7.10 shows the operating SCSN stations (triangles), Voronoi
cells (polygons), and seismicity in the preceding 24 hours (open circles) at
the time of the mainshock. The areas of Voronoi cells of station HEC and
adjacent stations range from 880 km? to 8020 km?; these are an order of
magnitude larger than the Voronoi cells in the epicentral region of the
Yorba Linda earthquake.

16 October 1999 M=7.1 Hector Mine, California earthquake
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Fig. 7.10 Operational SCSN stations (triangles), associated Voronoi cells (poly-
gons), and seismicity in the preceding 24 hours (open circles) within 200 km of
the M=7.1 Hector Mine, California mainshock (star). Eighteen earthquakes oc-
curred within 1-km epicentral distance of the mainshock hypocenter.
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3 sec after initial P detection at HEC (1 station, no GR)
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Fig. 7.11 VS estimates 3 and 7 seconds after the initial P detection at HEC for the
Hector Mine earthquake. Shading scales with the probability that the earthquake is
located at a given location. The shaded regions are the regions of likely location
consistent with the initial P arrival at HEC, and no subsequent arrivals at adjacent
stations 3 and 7 seconds later. Within the regions of likely location, the most prob-
able locations are where there was a concentration of seismic activity in the pre-
ceding 24 hours. With Voronoi cells and not-yet-arrived data, the VS location es-
timates continually evolve, even before the second P arrival. The likelihood
function is based on peak amplitudes available at HEC 3 seconds after the initial P
detection. Contours show the VS magnitude estimates at a given location without
the Gutenberg-Richter relationship in the prior.
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The VS estimation process begins 3 seconds after the initial P detection
at HEC, the first triggered station. Due to the large inter-station distances,
the time between the initial P detection at station HEC and the P detection
at the next closest station is 8 seconds. Figures 7.11(a) and 7.11(b) show
the VS estimates at Ar = 3 and Az = 7 seconds after the initial P detection at
HEC. The regions of possible location consistent with HEC’s Voronoi cell
and the non-arrival information from the adjacent stations are shaded;
these regions vary continuously as a function of time since the initial P de-
tection. Within the regions of possible location, the most probable location
estimates correspond to the locations where previously observed seismicity
was concentrated. Thus, as early as 3 seconds after the initial P detection,
with only one P arrival at the first triggered station, the VS location esti-
mate agrees with the actual location (reported by SCSN). The 3-second
magnitude estimate is M = 6.2 + 0.45; the 7-second magnitude estimate is
M=72+045.

Evolution of VS magnitude estimates with time
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Fig. 7.12 The evolution of various magnitude estimates for the Hector Mine earth-
quake as a function of duration of data from the network. The estimates labeled
“amplitude only” correspond to the magnitudes that maximize the likelihood func-
tion (that is, no prior information included). VS magnitude estimates with and
without the Gutenberg-Richter relationship in the Bayes prior are also shown.
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Figure 7.12 shows the evolution of different magnitude estimates for the
Hector Mine mainshock based on: 1) observed amplitudes only with no
prior, 2) observed amplitudes with Voronoi cells, seismicity, and Guten-
berg-Richter in the prior, and 3) similar to 2) but without the Gutenberg-
Richter relationship. There are significant differences in these types of es-
timates in the early part of the estimation process, when observations are
scarce; these different estimates converge and approach the SCSN-reported
magnitude of M7.1 as more observations become available and the prior
becomes less important with increasing . When sufficient data is avail-
able, the estimates are driven by the observations (amplitudes and arrivals)
and the choice of prior is irrelevant. The prior is important only in the early
stages of the estimation process, where there is not sufficient data to ade-
quately constrain the estimation process.

7.4 How Subscribers Might Use Early Warning
Information

Ultimately, the goal of seismic early warning is to provide users with in-
formation that can be used to determine the optimal course of action in the
few seconds before the onset of damaging ground motion levels at their
sites of interest.

Consider the case of a subscriber who wants to initiate a predetermined
set of damage-mitigating actions if the peak ground motions at the site of
interest exceed a threshold level, Y, > Yiresn. Given the early warning
source estimates and their uncertainties, the expected ground motion levels
can be predicted using attenuation relationships. The uncertainty on these
predicted ground motion levels, G,.q, 1S a combination of uncertainties
from the early warning source estimates and uncertainties from the at-
tenuation relationships. As additional observations become available, the
uncertainties from the source estimates decrease; G, approaches the un-
certainty on the ground motion attenuation relationships. From Table 7.1,
Gpreq Tor various amplitude types (horizontal and vertical acceleration, ve-
locity, and displacement for P- and S-waves on rock and soil sites) is on
the order of 0.3 log units, or a factor of 2. The probability of observing a
maximum ground motion level Y,,,, given the predicted ground motions
Y,req from the early warning estimates, is

5
. Yinax =Y rec (11‘1.!"(){')); (712)

P(Y | M ,loc) = —=———¢xp| — max p ji

| 2n0 207
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In Eq. (7.12), Y,.q is the predicted maximum amplitude expected at the
site of interest. These are given by the horizontal S-wave amplitude enve-
lope attenuation relationships in Table 7.1. The probability of the ground
motion threshold Yy,.,, being exceeded, P.,, given the early warning source
estimates, iS

oo

Poe = PV x> Yiresi |Ypr(>d) = J. P(¥ x| M l0C)

A

(7.13)

thrcf.vh

At the time when the subscriber must decide whether to initiate actions
or not, the actual peak ground motions at the site, Y, .. , are of course un-
known; the decision to initiate actions or not must be based on some func-
tion of the predicted ground motions, Y),,.q.. The uncertainty in the relation-
ship between Y. and Y,,..; gives rise to the possibility of less than optimal
decisions: 1) a false alarm corresponds to initiating action when it is ulti-
mately unnecessary, or Yyax < Yires, and 2) a missed alarm corresponds to
not initiating action when it is ultimately necessary, or Yimax > Yines-

The following is a simple cost-benefit analysis using basic decision the-
ory for a subscriber who wants to initiate a set of actions if Yiux > Yiesn
(Grigoriou 1979).

Let H = h;, i = 1,...,n be the (exhaustive and mutually exclusive) set of
possible states of nature. In our example, n = 2; the only possibilities are 1)
Yinax > Yinreshs OF 2) Yimax < Yiresn. Let B = b;, j = 1,...,m be the set of possible
actions. In our example, m = 2; the possible actions we consider are 1)
“initiate actions”, and 2) “do nothing”. Let C(b;,h;) be the cost of action b;
if the state of nature is ;. Let P; be the probability of A;. Caumage 15 the cost
of damage incurred if no actions were taken and the peak ground motions
exceeded the threshold, Yiax > Yiresns it 18 the cost of a missed alarm. C,, is
the cost of performing the damage-mitigating actions; it is also the cost of
a false alarm. For simplicity, assume that Cggnaee and C,, are known. In
practice, these are also uncertain, and probability models are required to
describe these quantities. The cost table, expressed in terms of

Crosio = M is shown in Table 7.2. The expected cost, E [Cj], of a
pR{id
particular action is given by

i (7.14)
E[C;1=Y,C(b;.h)P,
i=1
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Table 7.2 Cost table for early warning subscriber

“Do “Initiate
By Pi= Py | Yprea) nothing” actions”
Y>Y thresh P ex Craria 1
Y<vy thresh I-P ex 0 1

The optimal action given a particular early warning source estimate is
the action with the minimum cost. It we set
E["initiate action"] E["do nothing"], we find the critical probability

of exceedance, above which it is optimal to initiate action
p 1 (7.15)
ex.coril T C _
Faiior
Since P,,.; is a probability, it takes on values between O and 1. This
implies that C,.;, = 1; the cost of damage as a consequence of not acting
must be equal to or greater than the cost of performing the actions, else
early warning information provides no benefit to the subscriber.
We can relate P, to the predicted level of ground motion, Y eq.crir
above which it is optimal to act

o (7.16)

C

rafio

_ —1 pred
Yprr’r.i"?r‘rff =Y, thresh — O-prr’d \/5 L’r}( 1-

Thus, taking into account that there are uncertainties in the ground mo-
tion predictions from an early warning source estimate, the appropriate cri-
teria for a subscriber to initiate action is Y,req > Ypreacric Where Yy eq i de-
pends both on subscriber-specific values Y.s and C,u0, as well as the
uncertainty on the predicted ground motions G,.q.

Figure 7.19 shows Y),cq.: as a function of G,,. for various values of Cjuio.
Yiresn 1 simply a constant offset; in this plot, we set Yy,.;n = 0. For subscribers
with Ciui ~1, false alarms are relatively expensive; when G,,.q is large, it is
sometimes optimal to “do nothing” even when the predicted ground motions
exceed the threshold, Y,..q > Yipesn. For subscribers with C,, >> 1, false
alarms are relatively inexpensive; it is optimal to initiate action even when
Yyrea < Yumresn- This highlights the importance of C,u, in optimizing use of
early warning information. Simple applications, such as opening fire station
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doors, or stopping elevators at the closest floor, would have relatively high
values of C,,,,. Considerable application-specific efforts are required to de-
termine what values of C,.;, would be appropriate for more complex applica-
tions such as diverting airport traffic, putting nuclear plants into safe mode, or
stopping sensitive manufacturing equipment. Each subscriber needs to invest
efforts into determining its appropriate C,.;,, and whether it is in fact a suit-
able candidate for early warning.

7.5 Station Density and the Evolution of Estimate
Uncertainties

The uncertainties on early warning source estimates translate to uncertain-
ties in predicted ground motions, which play an important role for users in
decision-making using early warning information. In the VS method, the
posterior density function is a three dimensional function in magnitude,
latitude, and longitude. How should the network transmit the source esti-
mates and their uncertainties to the subscribers? If the posterior density
function can be described as a Gaussian, it may be sufficient to transmit 6
parameters (3 means, and 3 standard deviations) to the subscribers. The
marginal probability density (integrating over latitude and longitude) of the
magnitude estimate can always be described as a Gaussian, whether or not
the Gutenberg-Richter law is included (Figs. 7.13a and 7.14a).

This is not always the case for the latitude and longitude estimates. The
simplest location estimate is to assume that the earthquake is located at the
first triggered station. In regions with relatively high station density, this is
a relatively good assumption to make. The maximum possible errors on
such location estimates depend on inter-station distances. In regions where
instrumentation density is high (for instance, the epicentral region of the
Yorba Linda mainshock), this is a reasonable assumption, with maximum
possible errors on the order of 10 km. In contrast, this assumption is inap-
propriate in regions with low station density or regions on the outer
boundaries of the network. In the epicentral region of the Hector Mine
earthquake, the maximum possible error in assuming the event is located at
the first triggered station is 60 km (the maximum epicentral distance con-
sistent with the Voronoi cell geometry).
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Fig. 7.13 In regions with high station density, such as the epicentral region of the
Yorba Linda earthquake, assuming that the earthquake is located at the first trig-
gered station is a valid assumption. The marginal pdfs for the VS magnitude and lo-
cation estimates can be approximated as Gaussian distributions. The relevant infor-
mation about the early warning estimates can be summarized by 6 parameters (3
means, and 3 standard deviations), which can be easily transmitted to subscribers.
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Fig. 7.14 In regions with low station density, such as the epicentral region of the
Hector Mine earthquake, the initial VS estimates are heavily influenced by prior
information. While the marginal pdf for the magnitude estimate can still be ex-
pressed as a Gaussian distribution, the marginal pdfs for the location estimates are
non-Gaussian, due to the influence of previously observed seismicity.
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In less instrumented regions within SCSN, the maximum possible loca-
tion error associated with such an assumption can be as large as 120 km.
When station density is high, the posterior density function can be de-
scribed by 3 Gaussian functions since 1) assuming a location at the first
triggered station is appropriate, and 2) prior information is not necessary,
since there are quickly enough arrivals to properly constrain the location.

=1.1

ratio

=0

thresh

with Y

pred,crit

Y

Opred

Fig. 7.15 The critical predicted level of ground motion above which early warning
subscribers should initiate action, Y),eq.i» as a function of uncertainty on predicted
ground motions G, and C,;,. Depending on the value of C,;,, it may be cost-
effective for an early warning subscriber to initiate action even when the predicted
ground motion levels are below the threshold at which damage occurs, Y e

When station density is low, assuming a location at the first triggered
station can have very large errors. Prior information is important for the
initial estimates in such regions, since large inter-station distances mean
that it takes a while before there are enough observations to properly con-
strain the magnitude and location estimates. Prior information such as pre-
viously observed seismicity and known fault locations make the latitude
and longitude marginal density functions highly irregular and multimodal.
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It is prohibitive in terms of time and communications bandwidth for the
network to transmit the full 3d posterior density function to subscribers.
Nevertheless, it is necessary to provide this information to subscribers. An
attractive alternative is for the network to transmit the likelihood function
to the subscribers, and for the subscribers combine the prior and likelihood
on site. This is alternative provides the subscriber added flexibility in: 1)
defining its own prior (for instance, whether or not to include the Guten-
berg-Richter relationship), 2) determining computational resources (for in-
stance, maximizing the posterior density function could be implemented
on parallel processors).

It is particularly important for subscribers to have a control over
whether or not the Gutenberg-Richter relationship should be included in
the prior. Figure 7.16 shows the evolution of different magnitude estimates
(amplitudes only, VS with Gutenberg-Richter in prior, VS without Guten-
berg-Richter in prior) for 4 Southern California earthquakes. In all cases,
the VS magnitude estimates converge to the magnitudes reported by SCSN
once there are enough observations to properly constrain the estimates, re-
gardless of the choice of prior. When there are trade-offs in the source pa-
rameters unresolved by the observed amplitudes, the VS magnitude esti-
mates without the Gutenberg-Richter relationship have a smaller error
compared to when the Gutenberg-Richter relationship is included. This
seems to indicate that the information provided by the Gutenberg-Richter
relationship is not useful. However, the Gutenberg-Richter relationship has
been observed to hold in general worldwide. This apparent inconsistency is
resolved by taking into account the user considerations. In these 4 cases,
VS magnitude estimates with the Gutenberg-Richter relationship in the
prior are smaller than the actual magnitude. Subscribers basing decisions
on VS estimates with the Gutenberg-Richter relationship will lower their
incidence of false alarms, at the cost of increasing their vulnerability to
missed warnings.

Thus, subscribers with C

Richter relationship in their prior. In contrast, subscribers with C

vatio ~1 should consider using the Gutenberg-

ratio >>1
can exclude the Gutenberg-Richter relationship from their prior, and bene-
fit from the smaller errors in the magnitude estimates. Such subscribers
have relatively high costs for missed warnings. Since they place a pre-
mium on making the appropriate decisions during the large, infrequent
events, they need to accept a certain level of false alarms dictated by

C More studies regarding how VS estimates evolve with time are
necessary.

ratio *
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Fig. 7.16 The evolution of different magnitude estimates (amplitudes only, ampli-
tudes with prior including Gutenberg-Richter relationship, and amplitudes with
prior excluding the Gutenberg-Richter relationship) as a function of duration of
data from the network for selected Southern California earthquake datasets. Esti-
mates with the Gutenberg-Richter relationship in the prior reduce the probability
of false alarms. Subscribers should have the flexibility to decide which type of
magnitude estimates are best suited to their applications, based on their relative
cost of missed to false alarms.
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7.6 Conclusions

The Virtual Seismologist (VS) method is a Bayesian approach that pro-
vides a unified framework for addressing both the real-time source estima-
tion and the user-response problems in earthquake early warning. Dispa-
rate types of information, such as previously observed seismicity, station
locations, and the Gutenberg-Richter relationship, are included in the
source estimation problem via the Bayes prior. The trade-offs in the initial
source estimates that cannot be resolved by the available data are resolved
in favor of the prior information. The evolution of source estimates as a
function of available data is similar to how humans modify their opinions
or judgments in light of new information; prior information is important
when data is sparse, but decreases in influence as additional observations
become available.

What type of information to include in the Bayes prior, and hence, what
type of source estimates to solve for, is dependent on user-specific consid-
erations, in particular, the relative cost of missed to false alarms. Users
with relatively expensive false alarms should include the Gutenberg-
Richter relationship in the prior, at the cost of increasing their vulnerability
to missed warnings. Users with relatively expensive missed alarms should
use source estimates excluding the Gutenberg-Richter relationship. A cer-
tain level of false alarms must be accepted if the aim is to act appropriately
during the large, infrequent earthquakes.
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Abstract

For early-warning applications in particular, the reliability and efficiency
of rapid scenario generation strongly depend on the availability of reliable
strong ground-motion prediction tools. If shake maps are used to represent
patterns of potential damage as a consequence of large earthquakes, at-
tenuation relations are used as a tool for predicting peak ground-motion
parameters and intensities. One of the limitations in the use of attenuation
relations is that these have only rarely been retrieved from data collected in
the same tectonic environment in which the prediction has to be per-
formed. As a consequence, strong ground motion can result in underesti-
mations or overestimations with respect to the recorded data. This also
holds for Italy, and in particular for the Southern Apennines, due to limita-
tions in the available databases, both in terms of distances and magnitude.
Moreover, for “real-time” early-warning applications, it is important to
have attenuation models for which the parameters can be easily upgraded
when new data are collected, whether this has to be done during the earth-
quake rupture occurrence or in the post-event, when all the strong motion
waveforms are available.

Here we present a strong-motion attenuation relation for early-warning
applications in the Campania region (Southern Apennines), Italy. The
model has a classical analytical formulation, and its coefficients were re-
trieved from a synthetic strong-motion database created by using a sto-
chastic approach. The input parameters for the simulation technique were
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obtained through the spectral analysis of waveforms of earthquakes re-
corded by the Istituto Nazionale di Geofisica e Vulcanologia (INGV) net-
work for a magnitude range My (1.5,5.0) in the last fifteen years, and they
have been extrapolated to cover a larger range.

To validate the inferred relation, comparisons with two existing attenua-
tion relations are presented. The results show that the calibration of the at-
tenuation parameters, i.e., geometric spreading, quality factor Q, static
stress drop values along with their uncertainties, are the main concern.

8.1 Introduction

The prediction of strong ground-motion parameters in both the time and
frequency domains is of fundamental importance for seismic hazard analy-
ses and for seismic early-warning applications. The reliability of the pre-
dictions depends mainly on the ability to model all of the aspects that can
affect the radiated energy at the source during its propagation to the sites
of interest.

Although many prediction methods exist (e.g., empirical Green’s func-
tions, semi-empirical, semi-theoretical, stochastic and theoretical), the
most widely used in almost all earthquake-prone regions are those based
on an empirical approach. Empirical models, which are generally referred
to as attenuation relations, are mathematical functions that relate the se-
lected strong ground-motion parameter (peak ground acceleration, velocity
and displacement or spectral ordinates) to parameters characterizing the
source, the medium (in terms of geometric spreading and anelastic absorp-
tion and scattering) and the local site geology (Campbell 1985). Once the
functional form has been selected, the coefficients are retrieved using re-
gression analysis on an existing strong-motion database.

When attenuation relations are used for predicting ground motion, one
of the major prerequisites is that the estimates should be used only for re-
gions in which the data are collected or for regions that based on geophysi-
cal and seismological data, have similar source and propagation character-
istics (Reiter 1990). However, the absence of large and complete
databases, in terms of magnitude, distances and fault mechanisms, repre-
sents a serious problem in such cases. Moreover, the intrinsic limitations of
a point-like description of the seismic source must be considered, in par-
ticular when ground motion due to a large earthquake in the near-source
range has to be estimated. In fact, these motions are strongly affected by
source duration and geometry, which cannot be taken into account in at-
tenuation relations.
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The Campania region is situated in Italy’s Southern Apennine chain,
where there have been several large destructive earthquakes in recent
times. The last of these was the 1980 M 6.9 Irpinia earthquake, which
caused several thousand deaths and resulted in severe economic losses.
This region is now covered by an advanced network that is equipped with
highly dynamic and densely spaced instruments that will allow the regis-
tration of non-saturated time histories from a broad-band spectrum of
magnitude (Weber et al. 2007, this issue). The network is mainly devoted
to early-warning seismic purposes, and due to its geometric characteristics
it is designed to provide rapid damage scenarios through the calculation of
shake maps. These maps are simple or sophisticated representations of the
ground shaking in terms of a selected strong ground-motion parameter that
results from large earthquakes. As a consequence, the formulation of a re-
gional attenuation relation is of great concern.

The present study is aimed at retrieving a strong motion relation for
Campania as a possible alternative to those already existing that were de-
veloped recently for Italy (Sabetta and Pugliese 1987, 1996; Malagnini et
al. 2000). The results presented here refer to the peak ground acceleration
(Pga) and peak ground velocity (Pgv), but they can be extended to other
time or spectral parameters. The major difficulty was the absence of a
strong ground-motion database recorded in the area of interest. Thus, to
partially overcome this difficulty, we analyzed a database of waveforms
recorded from 1988-2003 by the INGV network for a magnitude range My
(1.5,5.0). Although these data do not provide the required strong-motion
database, they do allow the retrieval of local scaling laws (i.e., seismic
moment vs corner frequency; static stress drop vs corner frequency) and
anelastic characteristics that can be extrapolated for larger earthquakes and
the production of a synthetic database using a stochastic simulation proce-
dure. This database can thus be used both to complete existing limited da-
tabases and to directly retrieve local attenuation relations.

8.2 Database and Scaling Laws

One of the main problems to be faced when a local attenuation relation is
to be retrieved is the absence of a large and complete strong-motion data-
base. This can be partially overcome using a simulation technique that is
able to generate waveforms with the spectral and temporal characteristics
of interest. The technique adopted in the present study is the stochastic
simulation method that was proposed by Boore (1983), which requires as
input parameters the static stress drop and corner frequency for a selected
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range of earthquake magnitudes. To infer these parameters for Campania,
local scaling laws were obtained by analysing the earthquake waveforms

recorded by the INGV network from 1988 to 2003 with magnitude

be-

tween 1.5 and 5.0 (Fig. 8.1). We selected only the earthquakes recorded at
least at six seismic stations with a clear P-wave phase. Then, starting from
an original catalogue of 788 earthquakes, we extracted for the following

analyses 2,774 waveforms of earthquakes in the magnitude range

My

(1.8,4.5). We picked the first P- and S-wave arrival times and re-located
the events in a flat-layered velocity model proposed by Bernard and Zollo

(1989).
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Fig. 8.1 Map of the INGV seismic stations (black triangles) and the epicentral dis-

tribution of the earthquakes analysed (black dots).

The classic ®? Brune (1970) spectral model is used to estimate

the

source parameters €, (low-frequency spectral amplitude), f. (corner fre-
quency) and Qp (quality factor) by the inversion of displacement spectra.
Since the seismic stations of the INGV network are, for the most part,
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equipped with single vertical component sensors, only the P-wave spectra
were inverted.

The displacement spectrum was calculated on a 1-s window, around the
first P-wave arrival time (panels a and b of Fig. 8.2). The window width
was chosen taking into account the distance and magnitude ranges covered
in the database. The non-linear inversion technique used is based on the
Simplex optimization method (Nelder and Mead 1965), which requires a
reference starting model. It is a local search method based on the minimi-
zation of a cost function defined as the absolute value of the observed mi-
nus the predicted spectrum, multiplied by the square of the frequency. To
overcome the problem of falling into local minima, several inversions were
performed with different initial model parameters that were chosen ran-
domly in reasonable ranges. This avoided an arbitrary selection criterion
for the starting model. As an example, the initial and final values for €y, f.
and Qp obtained after the P-wave spectral inversion are shown in Fig. 8.3.

The retrieved parameters were finally used to estimate the relations be-
tween seismic moment, stress drop and corner frequency (Fig. 8.4), which
can be used as input parameters for the stochastic simulation technique
when large earthquakes need to be simulated.

For the quality factor Qp, the results of the inversion procedure show a
linear source-to-station distance dependence (Fig. 8.5). This could be as-
cribed to incorrect modeling of the geometric attenuation effect in our
spectral model. To minimize this effect in the simulation of the strong
ground motion, the dependence was introduced into the stochastic ap-
proach, as detailed further in the next section.

8.3 Peak Ground-motion Simulation

To set up a database for the distance and magnitude ranges of interest re-
garding the seismotectonics of the Campania region, the stochastic simula-
tion technique introduced by Boore (1983) was used to generate synthetic
time histories of motion, from which the Pga and Pgv values were calcu-
lated. This technique works in both the time and frequency domains, and it
is based on the generation of a time sequence of filtered and windowed,
band-limited, Gaussian noise with zero expected mean and variance cho-
sen to give unity as spectral amplitude. This spectrum is then multiplied by
a specified spectrum (e.g., Brune 1970) and the transformation back to the
time domain yields the final time series.
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The technique proposed by Boore (1983) allows for the selection of
several acceleration spectrum shapes, taking into account the source, at-
tenuation (geometric, anelastic and superficial) and site effects. In the pre-
sent application, the following formula for the acceleration spectrum A(f)
was used:

_ZR (8.1)
e O
ACS) = M S(f, ) —
where R is the epicentral distance and C is a constant given by:
Ry, - FS-P (8.2)
C=————
4mpps’

Ry, 1s the mean radiation pattern, which is assumed to be 0.63 for shear
waves; FS is the amplification due to the free surface (taken as 2.0 here); P
is the reduction factor that accounts for the partitioning of the energy into

two horizontal components (taken as 1/ \/5 here); and p and f are the den-
sity and shear-wave velocity.

The shape of the source spectrum is the classical ®” Brune (1970)
model with a single corner frequency f;:

f2 (8.3)

1+(fj
fC

For the geometric spreading, due to the aim of the present study, it was
assumed to have a functional form that accounts for the S-wave geometric
spreading up to 300 km, and then for the surface-wave geometric spread-
ing. This is specified through a distance function g(r) that follows the fol-
lowing expression:

S(f,f0) =

pto 1< 7 <300 km (8.4)
g(r)=
p 03 r>300Fkm

The effect of anelastic attenuation was considered by allowing for a fre-
quency dependence of the type:
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on-o(7; ) )

where f) is a reference frequency, and »n is a parameter controlling the dif-
ference in the attenuation of low and high frequency components. Follow-
ing previous studies for the same region (i.e., Rovelli et al. 1988;
Malagnini et al. 2000), f, was assumed to be 1.0 Hz and n was fixed at 1.0
[both of these previous studies assumed f; to be 1.0 Hz, while Malagnini et
al. (2000) assumed n to be 0.1].

The selection of the Q, reference value in Eq. (8.5) was based on the
analysis of the results obtained from the P-wave spectra inversion, as
shown in Fig. 8.5. From Fig. 8.5, a distance dependence of the Q factor
can be seen, which must be taken into account in Eq. (8.5). As mentioned
in the previous section, this result can be ascribed to an intrinsic trade-off
between the implicitly assumed //r geometric spreading and a frequency
independence of the Q factor in the spectrum inversion. As a consequence,
Eq. (8.5) was reformulated to the following expression:

0. f) = (0, + Kr)(%o j | (8.6)

This can simply be introduced into the Boore (1983) simulation tech-
nique. In particular, Q, and K were estimated using linear regression
analysis, and were 77 +13 and 2.10 £0.01 km™, respectively. No kappa fil-
ter (Anderson and Hough 1984) was used to account for attenuation of
ground motion due to surface layers because of the aim of the present
study: to obtain ground motion estimates relative to rock-site conditions.

The last parameters to be specified for the simulation are the seismic
moment M, and static stress drop Ao, which can be considered either mag-
nitude dependent or independent. Based on the results shown in Fig. 8.4a,
a magnitude independence can be assumed for Ao. On the other hand, for
each fixed magnitude, three values of stress drop were used. The median
value and the values corresponding to 1 standard deviation (see Fig. 8.4a)
were selected to take into account uncertainties in the estimated stress drop
values and to introduce further variability into the peak ground-motion
values.

The synthetic database for Pga and Pgv for M 5, 6 and 7 and for dis-
tances ranging between 5 and 150 km is shown in Fig. 8.6a, b, respec-
tively. The values were calculated with reference to rock-site conditions.
To partially verify the correctness of the parameters selected for the sto-
chastic simulation procedure, the same figure includes the Pga and Pgv
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values (black crosses) corresponding to two aftershocks of the 23 Novem-
ber 1980/18:34 M 6.9 Irpinia earthquake: the 01 December 1980/19:04 M
4.6 and 16 January 1981/00:37 M 4.7 earthquakes. As seen from Fig. 8.6,
the simulated peak values are in good agreement with the observed data
for both Pga and Pgv. The generated database allowed us to formulate the
attenuation model and compute the coefficients for predicting strong
ground motion.
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Fig. 8.6 (a, b) Synthetic databases for Pgv and Pga, respectively, as functions of
the epicentral distances for M 5, 6 and 7. The crosses refer to the data of the No-
vember 1980/18:34 M 6.9 Irpinia earthquake and the 01 December 1980/19:04 M
4.6 and 16 January 1981/00:37; M 4.7 aftershocks.
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8.4 Regression Analysis

Once the simulation had been calibrated for the region of interest, in terms
of attenuation (geometric and anelastic) and static stress drop conditions, a
synthetic database for a fixed range of magnitude and distances of interest
was generated. Such synthetic data can be used both to integrate existing
databases and to retrieve ad-hoc regional attenuation relations for strong
motion parameters.

This approach was preferred to those based on attenuation models for
the Fourier spectrum (Toro et al. 1997; Rovelli et al. 1988; Malagnini et al.
2000) due to the aim of the present study. In fact, for early-warning appli-
cations, scenarios that represent parameters which can be correlated to
structural damage need to be provided rapidly to the civil protection au-
thorities. Although the response spectrum provides the most interesting
engineering parameters, Pga and Pgv still remain the most commonly
used.

In the present study, a synthetic database was used to retrieve an ad-hoc
attenuation relation that can be easily upgraded when new data are avail-
able, whether during the earthquake occurrence or in a post-event stage,
for the formulation of shake maps.

A classical attenuation model for the peak ground parameter was as-
sumed (e.g., Joyner and Boore 1981; Campbell 1997; Sabetta and Pugliese
1996; Abrhamson and Silva 1997; Boore et al. 1997), the formulation for
which is as follows:

log,, Pgx =a+bM +clog,, VR’ +h> t &

where Pgx corresponds to both Pga and Pgv; M is magnitude; R is the epi-
central distance in kilometres; 4 is a fictitious depth value in kilometres;
and o is the standard deviation of the logarithm of Pgx. The selected
model assumes an exponential function of the magnitude that comes from
the basic definition of magnitude as the logarithmic measure of the
ground-motion amplitude (Campbell 1985), and a geometric spreading
1/R, and h accounts for the property normally referred to as ‘“saturation
with distance” (Joyner and Boore 1981; Campbell 1985). The model as-
sumed does not account for site effect, in so far as this effect is introduced
a posteriori in the shake maps using particular soil classifications (e.g.,
QTM) and coefficients of amplification for the selected strong ground-
motion parameter (Wald et al. 1999).

To fit the database for each magnitude, the ¢ parameter was fixed during
the inversion, while the a and b parameters were allowed to vary. Using a
trial-and-error procedure, ¢ was found to be -1.4 and /& was found to be 5.5

8.7)
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km for Pga and 5.0 km for Pgv. The difference in the /& values accounts for
the different attenuation when the different ranges of frequencies to which
Pga and Pgv belong are considered.

The best estimates for parameters a and b, with the relative uncertainties
obtained using the ordinary least-squares analysis, are given in Table 8.1,
along with the standard deviation of the logarithm of Pgx.

Table 8.1 Regression coefficients and standard errors of Eq. (8.7) for Pga and
Pgv.

Pgx a b c h c
-0.514 0.347

Pga (m/s?) -14 5.5 0.145
+0.007 +0.001
-3.04 0.552

Pgv (m/s) -1.4 5.0 0.154

+0.01 +0.002

Figures 8.7 and 8.8 show the attenuation relations for M 5, 6 and 7 (con-
tinuous lines) and the databases for Pga and Pgv (grey squares), respec-
tively. For comparison, the other two attenuation laws for the same magni-
tude are given on the same figures. The dotted lines represent the
attenuation curves of Sabetta and Pugliese (1996) (hereinafter: SP96),
while the bold dashed lines represent the attenuation curves of Campbell
(1997) (hereinafter: CA97). The selection of these two attenuation rela-
tions was based on the fact that the SP96 attenuation relation was retrieved
from an Italian strong motion database that contained chiefly normal and
thrust fault mechanisms, while the CA97 attenuation relation was retrieved
from a worldwide database that included different seismotectonic envi-
ronments and a larger number of faulting styles. The comparisons between
the different curves show that the attenuation relation retrieved in the pre-
sent study and in CA97 have similar behaviours for distances greater than
20 km in terms of attenuation, but they provide different ground-motion
estimates. Thus, CA97 provides larger estimates for Pga and Pgv for each
magnitude, except for Pgv and M 7. By contrast, comparison with SP96
shows different behaviours in terms of both the peak ground-motion esti-
mates and the trend of the attenuation. This further stresses the need to re-
trieve attenuation relations from data collected in the same region in which
the estimates are performed.
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Fig. 8.7 (a) Residual analysis for the SP96 (crosses) and CA97 (rhombuses) at-
tenuation relations. (b) Residual analysis for the attenuation relation retrieved in
the present study. (¢) Attenuation curves for Pga for M 5, 6 and 7: The continuous
lines correspond to the attenuation relation retrieved in the present study, the dot-

ted to that of SP96, and the bold dashed to CA97.

Panels b and c of Figs. 8.7 and 8.8 show the residuals (observed minus
predicted Pga values) versus magnitude for each of the attenuation rela-
tions, where the circles in panels b represent the residuals relative to the at-
tenuation relation calculated in the present study, with panels ¢ showing



8 A Strong Motion Attenuation Relation for Early-warning Application...

147

the residuals relative to the SP96 (crosses) and CA97 (diamonds) attenua-
tion relations. The results show that the attenuation relation inferred in the
present study provides estimates that are consistent with those of SP96, but
smaller than those of CA97, in particular, for larger magnitude.
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Fig. 8.8 As for Fig. 8.7, but for Pgv.

To validate the assumed regression model of Eq. (8.7) and the computed
coefficients given in Table 8.1, a further test was performed using the data
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relative to the 23 November 1980/18:34 M 6.9 Irpinia earthquake, where
residuals analysis was re-performed in a two-stage approach. In the first
stage, the estimates obtained using the retrieved regression model in the
present study for magnitude M 6.9 and epicentral distances for which data
are available were compared. The results are shown in Figs. 8.9 and 8.10
for Pga and Pgv, respectively. In panels a of both these figures, the trian-
gles represent the available data and the circles represent the estimates, for
the same distances, obtained with the attenuation relation retrieved in the
present study. On the same panels, the estimates obtained using the at-
tenuation relations of SP97 (crosses) and CA97 (diamonds) are also
shown, while the lines refer to a continuous range of distances and a mag-
nitude M 6.9. The style used for these lines corresponds to that shown in
Fig. 8.7. The corresponding residuals are shown in Figs. 8.9b and 8.10b.

In the second stage of the analysis, the data of the 23 November
1980/18:34 M 6.9 Irpinia earthquake were added to the synthetic database
and the regression analysis re-performed, to have the same starting infor-
mation for the three different attenuation relations. The new retrieved coef-
ficients and relative uncertainties are given in Table 8.2, both for Pga and
Pgv. It can be seen that there are only slight variations in the coefficients,
while the uncertainties remain the same. The corresponding attenuation
curves for Pga and Pgv are shown in Figs. 8.9 and 8.10, respectively
(dashed bold lines). The estimates for each single data point and the re-
siduals are also given (black inverted triangles on panels b of the same fig-
ures). As expected, from the analysis of the residuals, the introduction of
the data relative to the 23 November 1980/18:34 M 6.9 Irpinia earthquake
into the synthetic database partially improved the estimates.

Table 8.2 Regression coefficients and standard errors of Eq. (8.7) for Pga and Pgv
following the addition to the synthetic database of the data from the 23 November
1980/18:34 M 6.9 Irpinia earthquake.

Pgx a b c h c

-0.559 0.383
Pga (m/s’) -1.4 55 0.155
+£0.007  +0.001

-3.13 0.570
Pgv (m/s) -1.4 5.0 0.185
+0.01 +0.002
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Fig. 8.9 Validation test for Pga: (a) Residual analysis for the validation test. Sym-
bols as for panel (b). (b) The triangles represent the observed data of the Novem-
ber 1980/18:34 M 6.9 Irpinia earthquake, the circles represent the estimates of the
attenuation relation retrieved in the present study, the crosses correspond to the es-
timates of the SP96 attenuation relation, and the rhombuses correspond to the es-
timates of the CA97 attenuation relation. The inverted black triangles correspond
to the estimates of the attenuation relation retrieved in the present study when the
observed data of the November 1980/18:34 M 6.9 Irpinia earthquake were added
to the synthetic database. The lines show the continuous ranges of distances; see
legend to Fig. 8.7 for details.
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Fig. 8.10 As for Fig. 8.9, but for Pgv.

8.5 Conclusions

In the present study, an ad-hoc attenuation relation for the Campania re-
gion of the Southern Apennines (Italy) was retrieved. The regression
model is reported in Eq. (8.7) and the coefficients to use for the prediction
are reported in Table 8.2. The aim of the present study was driven by on-
going realization of a dense seismic array in Campania for early warning
and rapid shake map evaluation purposes.

Due to the absence of a large and complete strong motion database,
spectral analysis was performed on earthquake waveforms recorded from
1988-2003 by the INGV network for a magnitude range M, (1.5,5.0). This
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allowed scaling laws to be obtained, i.e., seismic moment vs corner fre-
quency, and static stress drop vs corner frequency, which can be extrapo-
lated for larger magnitude values. The inferred parameters were then used
as the input for the stochastic simulation technique proposed by Boore
(1983), to calculate the synthetic waveforms and the associated Pga and
Pgv values for the magnitude range of interest (M 5, 6 and 7).

Once the database had been built, regression analysis and comparison
tests of the residuals were performed. The estimates obtained by the at-
tenuation relation retrieved in the present study were compared with those
obtained by two other existing relations. The results show that Pga and Pgv
are substantially in agreement, while there are different trends in the at-
tenuation (geometric and anelastic), thus stressing the need to retrieve at-
tenuation relations with data that are collected in the same region in which
the estimates are to be performed.

8.6 Acknowledgments

The figures were prepared with Generic Mapping Tools (Wessel and
Smith 1991).

References

Abrahamson NA, Silva WJ (1997) Empirical response spectral attenuation rela-
tions for shallow crustal earthquakes. Seism Res Lett 68:94-127

Anderson JG, Hough SE (1984) A model for the shape of the Fourier amplitude
spectrum acceleration at high frequencies. Bull Seism Soc Am 74:1969-1993

Bernard P, Zollo A (1989) The Irpinia (Italy) 1980 earthquake: detailed analysis
of a complex normal faulting. J Geophys Res 94:1631-1648

Boore DM (1983) Stochastic simulation of high-frequency ground motion based
on seismological models of the radiated spectra. Bull Seism Soc Am 73:1865-
1893

Boore DM, Joyner WB, Fumal TE (1997) Equations for estimating horizontal re-
sponse spectra and peak acceleration from Western North American earth-
quakes: a summary of recent work. Seism Res Lett 68:128-153

Brune J (1970) Tectonic stress and spectra of seismic shear waves from earth-
quakes. J Geophys Res 75:4997-5009

Campbell KW, Eeri M (1985) Strong Motion Attenuation Relations: A Ten-Years
Perspective. Earthquake Spectra 1(4)

Campbell KW (1997) Empirical Near-Source Attenuation Relationships for Hori-
zontal and Vertical Components of Peak Ground Acceleration, Peak Ground



152  Vincenzo Convertito et al.

Velocity, and Pseudo-Absolute Acceleration Spectra. Seism Res Lett 68;154-
179

Joyner WB, Boore DM (1981) Peak horizontal acceleration and velocity from
strong-motion records including records from the 1979 Imperial Valley, Cali-
fornia earthquake. Bull Seism Soc Am 71:2011-2038

Malagnigni L, Herrmann RB, Di Bona M (2000) Ground-Motion Scaling in the
Apennines (Italy). Bull Seism Soc Am 90:1062-1081

Nelder JA, Mead R (1965) A simplex method for function minimization. Com-
puter Journal 7:308

Reiter L (1990) Earthquake hazard analysis-Issues and Insights. Columbia Univer-
sity Press, New York, 254 pp

Rovelli A, Bonamassa O, Cocco M, Di Bona M, Mazza S (1988) Scaling laws and
spectral parameters of the round motion in active extensional areas in Italy.
Bull Seism Soc Am 78:530-560

Sabetta F, Pugliese A (1987) Attenuation of peak horizontal acceleration and ve-
locity from Italian strong-motion records. Bull Seism Soc Am 77:1491-1513

Sabetta F, Pugliese A (1996) Estimation of Response Spectra and Simulation of
Nonstationary Earthquake Ground Motions. Bull Seism Soc Am 86:337-352

Toro R, Abrahamson NA, Schneider JF (1997) Model of Strong Ground Motions
from Earthquakes in Central and Eastern North America: Best Estimates and
Uncertainties. Seism Res Lett 68:41-57

Wald DJ, Quitoriano V, Heaton TH, Kanamori H, Scrivher CW, Worden BC
(1999) TriNet “ShakeMaps”: Rapid Generation of Peak Ground Motion and
Intensity Maps for Earthquake in Southern California. Earthquake Spectra
15:537-555

Weber E, Iannaccone G, Zollo A, Bobbio A, Cantore L, Corciulo M, Convertito
V, Di Crosta M, Elia L, Emolo A, Martino C, Romeo A, Satriano C (2007)
Development and testing of an advanced monitoring infrastructure (ISNet) for
seismic early-warning applications in the Campania region of southern Italy.
In: Gasparini P, Manfredi G, Zschau J (eds) Earthquake Early Warning Sys-
tems. Springer

Wessel P, Smith WHF (1991) Free software helps map and display data, EOS
Trans. AGU 72(441):445-446



9 Quantitative Seismic Hazard Assessment

.. 1 . 2 .3
Jean Virieux ', Pierre-Yves Bard”, Hormoz Modaressi

! Géosciences Azur, Valbonne, France
2 LGIT — Maison des Géosciences, Saint-Martin-d’Heres, France
3 BRGM, ARN, Orléans, France

Abstract

We analyze the ingredients required for deterministic wave propagation
simulation in order to estimate more accurately ground motion in terms of
amplitude, frequency content and duration. Building maps of expected
ground motion before a catastrophic event for various scenarios may help
design ways to mitigate impacts of ground vibrations as well as fast cali-
bration of these maps once the event occurs. Reconstruction of 3D struc-
tures requires collection of information at two different scales: the regional
one (a few tens of kilometres) and the local (a few tens of metres to hun-
dreds of metres). Different techniques from permanent to temporary de-
ployments of seismic stations and from active to passive source excitations
together with other geophysical and geotechnical investigations will pro-
vide the necessary information. Characterisation of possible seismic
sources is another challenge and requires careful seismotectonic analysis in
the region of interest. Uncertainties may be large provided that one can re-
produce wave propagation from these hypothetical spatially extended
sources. Frequency content of these simulations is more limited by our
knowledge of the medium than by computer resources. In fact, in order to
perform such simulations, the geological structure has to be known within
a resolution scale of one-tenth of the wavelength. Duration and amplitude
are affected by the source mechanism and the mechanical properties of the
underground structure. Variability in these ground motion estimations
should be appreciated and key parameters identified. Designing ap-
proaches to calibrate these simulations with recorded data as well as neces-
sary links with the probabilistic approach should be addressed in the fu-
ture.
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9.1 Introduction

Because building collapse induced by ground vibratory motion during de-
structive earthquakes is the main cause of casualties, correct a priori esti-
mation of this ground motion is therefore a necessary, but in fact not suffi-
cient, element of an efficient risk mitigation policy. Strategies for
quantitative seismic ground estimation go from purely deterministic ones
to more statistical ones.

We tentatively address issues of required observations in order to con-
strain the crustal structure description where waves are propagating and in
order to build appropriate finite-extended source mechanisms. We shall
describe different complementary approaches for better ground-motion es-
timation. Geophysical and geotechnical measurements may be used for
model reconstruction. Both recorded seismograms of significant earth-
quakes and possible extrapolation of recorded seismograms from small
events will provide data that a wave propagation tool might describe in a
first step and might assimilate in a second more ambitious step.

For given specific frequency contents — presently still limited to low
frequencies, i.e., generally below 1 Hz — numerical methods may provide
estimation of ground motion using purely deterministic approaches. We
shall examine the potentials of different methods which seem to lead to
quite realistic seismograms once source and medium are specified at a
given resolution, thanks to the impressive increase in computer efficiency.

Three major questions are still open and will be tentatively addressed in
this paper, and illustrated with a few examples:

e What is the upper frequency limit of this approach, knowing that it de-
pends on our capacity of accurate description of the propagation me-
dium and the seismic source?

e How should such ground motion estimations be validated and what con-
fidence should we associate to them?

e How should these deterministic approaches be combined with more sto-
chastic approaches which seem necessary at higher frequencies where
reconstruction of accurate models is not possible?

9.2 Crustal and Surface Velocity Reconstruction Using
Passive and Active Data Acquisition Systems

Basically, two scales are essential for characterising the medium for
ground shaking estimation: the local scale and the regional scale, respec-
tively from a few tens of metres to a few kilometres.
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Amplitudes of waves from the source up to the ground surface depend
on how waves are travelling in the geological structure at a regional scale.
Variable velocity contrasts with depth may lead to significant variation in
wave path and amplitude. For example, channelling waves at the continen-
tal/margin boundary may change incoming waves impacting a city near a
coastline. Figure 9.1 shows the density of seismic acquisition near the
coast in the Ligurian Sea. Due to limited information at this scale, the re-
construction of 3D crustal structures will still be limited to long wave-
length variations only and will rely on geological as well as geophysical
information like gravity measurements (Truffet et al. 1993) or active and
passive seismic investigations when available (Le Meur et al. 1997, La-
torre et al. 2004, Paul et al. 2001). Consequently, permanent seismic net-
works as well as temporary networks will bring valuable information from
both local seismic activity and teleseismic sources. Receiver function
techniques (Bertrand 1999, Bertrand et al. 2002) will increase our knowl-
edge of regional structures. New methods based on cross-correlation of
noise signals as proposed by Shapiro et al. (2005) will allow reconstruction
at that regional scale without requiring local seismic sources. Of course,
seismic wave excitation will come from generic sources as oceanic storms.

Superficial local propagation and site effects contribute to the complex-
ity of seismograms and require accurate description of tens to a few hun-
dred metres below the surface. The largest mechanical contrasts observed
in the weathered layer and sedimentary cover zone strongly alter the
propagation of elastic waves (focussing, diffraction and so on), modifying
relative amplitude contents of different frequency ranges with respect to
what one expects from simple geometrical propagation with simple dissi-
pative mechanisms. These modulations affect and often increase ground-
motion amplitude for a specific frequency range before the shaking of
buildings. Moreover, as surface soils may behave non-linearly under large
strains (a few tenths of percents to a few percents), precise characterisation
of this layer requires numerous parameters for adequate modelling of its
complex rheological behaviour, especially the very superficial part (upper
20-30 metres). Collecting information from boreholes is usually insuffi-
cient because of the limited sampling and uncertainties associated to spa-
tial data interpolation. Moreover, the standard geotechnical/geophysical
investigations such as cross-hole or down-hole may introduce bias due to
privileged wave paths.
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Fig. 9.1 High spatial sampling of the Ligurian Sea by high-resolution seismic pro-
files (Courtesy of Francoise Sage).

As an alternative, one may consider deriving quantitative properties at
shallow depths from active seismic experiments when available (Zollo et
al. 2005) as well as passive seismic experiments (Tiziana et al. 2005).
Seismic analysis of surface waves (Stokoe 1989, Park 1999, Miller 1999,
Liu 2000) allows reconstruction of vertical profiles. Whatever the recon-
struction technique, this definitely requires very dense instrumentation. In
particular, promising developments are under way to retrieve the shear
wave velocity profile from careful analysis of the microtremor wavefield,
through various techniques, either very simple - but sometimes tricky and
misleading - such as the H/V technique (Nogoshi and Igarashi 1971, Na-
kamura 1989, Kudo 1995, Bard 1998) or more advanced such as array
techniques (Aki 1957, Horike 1985, Matsushima and Okada 1990, Toki-
matsu et al. 1992, Tokimatsu 1997, Cornou 2002, Sebe 2004, Le Bihan
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2001, Schissele 2002, Schissele et al. 2004, Arai and Tokimatsu 2004,
Ohrnberger et al. 2004, Wathelet et al. 2005).

High-resolution seismic profiles allow similarly at sea a precise descrip-
tion of different geological units (Fig. 9.2) which allows a 3D reconstruction
of the shallow subsurface of about a few hundred metres. As the density of
sensors increases, one may extract more information from seismograms
based on lateral coherence and redundancy of converted phases. Sharp local
variations in impedance for velocity may be useful for constraining model
reconstruction. Both migration techniques for active sources in complex
structures (Pratt et al 1998, Operto et al. 2004) and converted phase analysis
(Latorre et al. 2004) will improve the resolution of our reconstruction as is
done for reservoir characterisation and monitoring.
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6-channel seismic line showing the seaward continuation of the alpine structures over
the North Ligurian Margin.

Fig. 9.2 A description of the superficial structure in a time migration section use-
ful for geological unit identification. This information is used for 3D model recon-
struction.
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In whatever way we extract the information for the description of a de-
terministic 3D model, this information must be inserted using a dynamic
updating strategy based on combining different pieces of information from
various origins with different qualities, resolutions and uncertainties (Niv-
let et al. 2002, Caimon et al. 2004, Mallet 2004, Castanié et al. 2005).
These model generators (http://www.geomodeller.com) should be able to
integrate various pieces of information from geological to geophysical
ones and must output what is needed for adequate wave propagation mod-
elling: as an example, heterogeneous medium description is provided for
the Nice city zone (Fig. 9.3). As knowledge increases in the studied area,
one could upgrade the information inside the generator and provide a new
model reconstruction for better modelling.

Fig. 9.3 Model description using a geomodeller of the area of Nice in France
(Courtesy of BRGM).

9.3 Source Description for a Given Seismo-tectonic Zone

Whatever the medium description, we need a quantified estimation of ex-
pected sources for accurate medium excitation and wave propagation
simulation. Both the geometry of the sliding zone as well as the distribu-
tion of the slip should be provided. Model numerical constraints may in-
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duce other specifications such as meshing density or the limited size of the
box for simulation although they could be reduced as improved modelling
is constructed.

Seismo-tectonic description must be set up in such a way as to perform
this estimation of possible sources. Active fault identification is an essen-
tial ingredient in this source definition, and bridges from palaeoseismicity
(Michetti et al. 2005) towards historical seismicity (Lambert and Levret-
Albaret 1995) will certainly be of crucial importance as well as the tec-
tonic framework of the target area. Uncertainties in the geometry of the
faulting source as well as on the slip distribution should be provided as
simulations may partially overcome this knowledge problem by perform-
ing various scenarios. One may estimate ground-motion variability at the
expense of an intensive computer effort. Of course, narrowing this vari-
ability by better constraining possible seismic source scenario in a given
area is of crucial importance because of the economic impact of such esti-
mation for land management.

The current state of the art for direct source modelling is that, while low
frequency seismograms are computed using kinematic or dynamic source
models, high frequencies are modelled using random oscillators. A major
difficulty of these simulations is to predict a physically correct directivity
of the radiation at all frequencies. The threshold frequency limit between
these two modelling issues should be identified but will certainly range
around a few hertz. Therefore, an integrated strategy should find a way to
combine these results in a common framework. This analysis will certainly
put constraints on the seismic source description: small features may un-
necessary for wave propagation simulations and, therefore, could be
avoided.

This frequency limit is related to the insufficient knowledge of the
crustal structure and source kinematics at short wavelength and conse-
quently at high frequencies, leading us to a value around a few hertz. Al-
ternative strategies might be the extrapolation of small events in order to
estimate large hypothetical earthquakes. When recorded, associated seis-
mograms could be used as empirical Green functions where model recon-
struction is impossible as long as seismic sources are correctly described.
For this purpose, tentative accurate description of small earthquakes with
better localisation and an accurate focal mechanism must be performed.
Magnitude estimation is essential and should be accurately estimated for
seismic moment conversion. Studies of small earthquakes when recorded
will help for more precise seismogenic characteristics of the investigated
seismic active zone. Their source characteristics could be reconstructed
from a few unsaturated seismograms (Delouis et al. 2002), providing key
insights into the definition of the expected main event.
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Moreover, these seismograms may help as well for adequate verification
of the ground motion estimations as modelling tools are improved. Of
course, differences in mechanical characteristics and behaviours between
small and significant earthquakes will still be an open question which
could be tackled where great earthquakes are recorded.

What will the feasible strategy be in the future: shall we rely on accurate
kinematic source model where slip distributions are adequately recon-
structed in time on the fault plane (Hartzell and Heaton 1983, Archuleta
1984, Beroza and Spudish 1988, Boatwright et al. 1991, Herrero and Ber-
nard 1994, Hartzell et al. 1995, Cotton and Campillo 1995, Couboulex et
al. 1997, Cocco et al. 1997, Delouis et al. 2002, Vallée and Bouchon 2004,
Emolo and Zollo 2005) or shall we consider dynamic models where fric-
tion laws will be considered as well as cohesion distribution (Andrews
1972, Andrews 1976, Madariaga 1976, Virieux and Madariaga 1982, Day
1982, Harris et al. 1991, Cochard and Madariaga 1994, Olsen et al. 1997,
Fukuyama and Maradiaga 1998, Madariaga et al. 1998, Oglesby et al.
2000, Peyrat et al. 2001, Aochi and Fukuyama 2002, Aochi et al. 2003,
Aochi and Madariaga 2003, Peyrat et al. 2004). Both approaches are used
in the literature for seismic source modelling and imaging although the dy-
namic approach is still computer-demanding for recovering friction and
failure functions on the fault surface.

9.4 Challenging Issues of Seismic Wave Propagation in
3D Heterogeneous Media

Knowledge of crustal structures will increase in the future because new
data will provide us accumulative information, mainly collected at the sur-
face of the Earth. For different specific earthquake scenarios, one may pro-
ceed for accurate and deterministic ground-motion simulation using vari-
ous techniques. Up to now, no specific technique well suited to seismic
ground-motion modelling has yet emerged while climate simulation has
focused on pseudo-spectral methods. These techniques have been proved
to be a fairly reliable, efficient and widespread technique for partial differ-
ential integration over a spherical volume (Eliasen et al. 1970, Foster et al.
1992). Therefore, for seismic wave propagation at a regional scale, we are
still investigating methods and their performances, especially for accurate
implementation of extended sources: for example, Day et al. (2005) inves-
tigate respective performances of Finite-Different techniques and Bound-
ary-element methods.
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As the wave impacts the site zone, one must often consider different
mechanisms of attenuation as well as possible non-linear behaviour of
soils which might substantially modify ground-motion response. Topogra-
phy and heterogeneous subsurface structures do increase the complexity of
seismograms. Modelling should certainly take these points into considera-
tion.

If non-linearity plays an important role, we must cautiously use seismo-
grams of small earthquakes for empirical estimation of the ground motion
for bigger earthquakes. Precise extrapolation methodologies should be
constructed and tested on already available data, although there is little
space to comment further in this direction.

Three standard techniques have been used by different groups for seis-
mic wave propagation simulation. Boundary integral methods are quite
appealing because they reduce by one the dimension of the discretization.
Finite difference and the more versatile finite volume techniques rely on
very simple principles which make these techniques quite efficient. Fi-
nally, finite element approaches handle complex geometries and the spe-
cific spectral element method allows precise simulations. Emerging tech-
niques based on micro-scale description of simple interactions between
discrete elements may mimic wave propagation features and may allow
extension to more complex porous media and non-linear behaviours.

Finally, a possible strategy based on coupling between different numeri-
cal techniques may be recommended in order to benefit from the advan-
tages of each of these techniques and to avoid their disadvantages. For in-
stance, Aochi and co-workers (2003, 2004) model the seismic non-planar
source by boundary elements imbedded in a 3D structure discretised by the
finite difference method. The non-linear shallow sediments are modelled
by a finite element technique where impedance on its boundary is provided
by a large scale finite difference computation (Aochi et al. 2005).

9.4.1 Boundary Integral Equations

Boundary Integral methods require discretization of surfaces delimiting
zones where properties of the medium are such that the Green’s functions
can be computed analytically. How these surfaces are discretized intro-
duces differences between different formulations (Aki and Larner 1970,
Sanchez-Sesma 1983, Bard and Bouchon 1985, Aubry and Clouteau 1991,
Sanchez-Sesma and Luzon 1995). Interactions between points of these sur-
faces lead to singularities when points collapse at the same place. These
singularities must be carefully estimated for accurate modelling (Dangla et
al. 2005).
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9.4.2 Finite Difference-Finite Volume Methods

Finite-difference techniques are very popular because of design simplicity
related to numerical efficiency which is critical for considering 3D geome-
tries [see Moczo et al. (2006) for a review on FD methods]. How to discre-
tize the medium is a key issue, especially when considering density and
elastic parameters: Graves (1996) has suggested a local harmonic average
for better diffraction modelling while Pitarka (1999) among others has in-
troduced spatially irregular grid meshing. Moczo et al. (2004) has carefully
analyzed numerical precision for free surface in a 3D configuration. Inten-
sive simulations have been performed by Olsen (2001). Implementation of
absorbing boundary conditions has been improved dramatically in the last
few years: for example, Marcinkovich and Olsen (2003) have proposed a
practical implementation of the Perfectly Matched Layer (PML) method
for seismic 3D configuration.

Finite-volume methods have been found more difficult to implement
(Dormy and Tarantola 1995) but recent investigations by Kiser and Igel
(2001) have once again raised interest due to the flexibility of such an ap-
proach which has been quite successful in electromagnetism (Piperno et al.
2002).

9.4.3 Finite Element Methods (Spectral Elements Approach)

Finite-element methods have long been applied in seismic wave propaga-
tion modelling (Marfurt 1984, Aubry et al. 1985). Parallelised finite-
element methods are now available for seismic wave propagation at re-
gional scale (Foerster et al. 2005). New interpolation techniques of high-
order based on Gauss-Lobato-Legendre points have shown spectral con-
vergence of solutions while retaining local interpolation [see Chajlub et al.
(2006) for references]. Various extensions at the global scale show how
powerful this variational formulation is (Komatitsch and Vilotte 1998,
Komatitsch and Tromp 2002a, 2002b, Komatitsch et al. 2004). Complex
effects such as gravitational ones have been considered by Chajlub and
Valette (2004), for example. PML boundary conditions have been imple-
mented as well for defining an infinite medium (Komatitsch and Tromp
2003, Festa and Vilotte 2005).
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9.4.4 Discrete Element Methods (Distinct Element/Lattice
Approach)

Coming from fluid flow simulation, the lattice approach is suitable when
considering complex media (Rothman 1988). Few attempts have been per-
formed when considering seismic wave propagation since one must con-
sider two speeds of propagation. Huang and Mora (1994a) have proposed
acoustic formulation with potential complex non-linear behaviour (Huang
and Mora 1994b). More recently, Toomey and Bean (2000) were able to
reproduce elastic propagation features by considering other simple interac-
tions between elements. Huang and Mora (1996) showed that very hetero-
geneous media can be considered. Moreover, Toomey et al. (2002) found
that fractured medium might be considered as well. At the expense of
computer resources, this method seems promising for modelling seismic
wave propagation for complex mechanical behaviours of media.

In summary, as computer resources increase dramatically, performing
accurate simulations of seismic wave propagation in complex heterogene-
ous media including extended seismic sources is a goal which can be
achieved in the near future. Figure 9.4 displays the geometrical configura-
tion for modelling wave propagation inside a layered medium for the
Landers earthquake. The fault surface is a 2D complex vertically strike-
slip surface which fits the rupture traces at the free surface. Figure 9.5 dis-
plays North particle velocity computed on the free surface of the Earth for
the Landers Earthquake. The simulation is performed by a 3D finite-
difference code using boundary conditions as defined by Cruz-Atienza and
Virieux (2004). Dynamic parameters are those defined by Peyrat et al.
(2001). One may see possible shock waves generated as the crack tip
moves at a rupture speed higher than the shear wave speed. Synthetic
seismograms can be computed anywhere in the model. Dynamic interac-
tion between fault rupture zone and medium heterogeneities increases
dramatically the complexity of seismograms.

Unfortunately, ground-motion estimation must combine these simula-
tions and uncertainties in our knowledge of the medium and in our defini-
tion of potential seismic sources. Of crucial importance is the strategy for
variability estimation coming from our limited knowledge and understand-
ing.
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Fig. 9.4 Bloc-diagram of the fault surface of the Landers earthquake embedded in
a layered structure. The red zone is the nucleation zone (Courtesy of Victor Cruz-
Atienza).
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Fig. 9.5 Vertical particle velocity computed at the free surface of the Earth at a
given time after the nucleation starts for the Landers earthquake. Dynamic pa-
rameters are such that shock waves are emitted by the the fault rupture zone
(Courtesy of Victor Cruz-Atienza).
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9.5 Quantification of the Dispersion of Ground Motion
Estimation

These uncertainties are usually classified in two categories: the epistemic
uncertainty is related to our incomplete knowledge (propagation medium
for instance), and should be reduced in the future, while aleatory variabil-
ity is considered to be associated with some quasi-random or stochastic
processes (related, for instance, to unpredictable source heterogeneities,
short wavelength); this distinction may change in the future since it is
hoped that, 100 years from now, knowledge will have increased so much
that some variability now considered as "quasi-random" will be explained
deterministically. Both types result in significant variability in ground mo-
tion estimates, which need to be estimated — though it is a far from easy
task.

9.5.1 Deterministic Modelling Approach and Sensitivity Studies

A significant amount of epistemic variability thus arises from our poor
knowledge of the medium and of the source in the deterministic modelling
approach. "Exact" modelling of the propagation effects would indeed re-
quire the knowledge of the geological structure with a resolution scale of
one tenth of the wavelength. This is unfortunately unachievable in practice
and will probably remain so for decades. Therefore, one has to allow for a
random geological model with known mean properties and average ge-
ometry and large spatial fluctuations. The effect of these fluctuations is es-
sential in the propagation of the wave field since they control the multiple
scattering at high frequency (and thus the attenuation with space and time
of the signal), the location of constructive and destructive interferences,
and also possibly some focusing or defocusing effects, phenomena all with
noticeable consequences for frequencies of engineering interest. Possible
approaches based on direct numerical modelling are usually addressed in
two ways; classical theories of wave propagation in random media usually
consider a reference (often homogeneous) media with a random distribu-
tion of scatterers which often act as single diffractors (Antwerpen et al.
2002), whereas others consider a heterogeneous mean medium with strong
spatial fluctuations (Kriiger et al. 2005). These approaches represent fun-
damentally different physical assumptions and use different simulation
techniques.

A similar comment can also be made for some source parameters where
uncertainties in the location of the nucleation point as well as subsequent
slip time evolution lead to quite different directivity effects for kinematic



166  Jean Virieux, Pierre-Yves Bard, Hormoz Modaressi

sources. Similarly, location of asperities or barriers as well as various fric-
tion laws may allow different radiation pattern for dynamic extended
sources. Estimating the consequences on ground motion parameters pres-
ently requires running many different models to capture the whole vari-
ability of source characteristics, which may rapidly become prohibitive in
terms of computer time cost. Applying this sensitivity approach to the Em-
pirical Green’s Function technique, Pavic et al. (2000) proposed a way to
limit the number of runs through the use of the "Latin Hypercube Sam-
pling" technique for the estimation of "standard" uncertainty in source pa-
rameters, the resulting final variability in ground motion characteristics is
slightly larger than that directly observed in data (for instance in the stan-
dard deviation of "empirical attenuation relationships").

Whatever trends are simulated in synthetic ground motion, they should
mimic the attenuation law deduced from observations, and their variability
as well (standard deviation). As the number of observation points increases
and better constraints are given on fitted attenuation law from recorded
seismograms, one may hope that source and propagation features in at-
tenuation laws may be reproduced using modelling inside the variability
zone.

9.5.2 Variability Estimates in Empirical Approaches

As the knowledge of the medium and the source might be poor, a promis-
ing strategy comes from the use of recorded signals, either on a site-
specific basis (empirical Green's function technique), or in a statistical
way. The latter is indeed the standard engineering practice, and is associ-
ated with now rather well-identified and quantified uncertainties ("attenua-
tion relationships” or "Ground-Motion Prediction Equations" — namely
GMPE - and their standard deviation).

These GMPEs are derived through a least square fit between a few sim-
ple ground motion parameters obtained from a selection of (strong motion)
recordings, and a generic equation accounting for magnitude and distance
dependence, and possibly site conditions. Hundreds of such GMPEs are
presently available in the scientific literature, depending on the original
data set, the generic functional form chosen to capture magnitude and dis-
tance dependence, and the fitting procedure.

In addition to the inherent (aleatory) uncertainty embedded in the stan-
dard deviation, two different GMPEs may lead to largely different ground
estimations for the same values of magnitude, distance and site conditions.

Estimating ground motions with such equations thus requires some cau-
tion and warnings. To begin with, the independent parameters used, i.e. the
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magnitude, style-of-faulting, distance metrics and site classes, should be
consistent with the original data set of each GMPE. This often implies
some parameter conversions (inducing also the appropriate uncertainties
involved in each conversion). Several procedures have been proposed to
undertake these conversions [Douglas et al. (2004) with the computer code
CHEEP or Scherbaum et al. (2005) among others].

Then, in order to truly capture epistemic uncertainties within a GMPE
approach, one should never use one single GMPE, but always use several,
best suited to one's particular case: Cotton et al. (2005) have proposed a
procedure for selecting such "best" GMPEs. The first generation of such
"GMPEs" (Ambraseys et al. 1996) used a magnitude-independent spatial
decay rate, and is therefore appropriate only for a limited magnitude range
[see the review by Douglas et al. (2004), or Ambraseys et al. (2005)]. Tak-
ing into account the theoretical investigations by Anderson (2000), a new
generation of equations has recently emerged (Abrahamson and Silva
1997, Bragato and Slejko 2005, Cotton et al. 2005, Pousse 2005): they de-
finitively show that a magnitude-dependent rate is required to have reliable
ground motion estimations over a broad magnitude range: weak earth-
quakes have a more rapid spatial decay (faster than 1/R* law)? than large
magnitude events (close to 1/R law). An adequate description of site con-
ditions should in principle reduce the data dispersion, but there are two ad-
ditional sources of uncertainty. The first lies in the classification of sites
due to the lack of available information. Secondly, even if the sites are cor-
rectly classified within each class, different site amplifications are possible
due to the intrinsic limitations of the necessarily simple categories used,
and also apparently non-predictable variation in site response (e.g. Boore
2004).

Combining existing deterministic tools used for ground-motion estima-
tion with an optimisation procedure to calibrate the key numerical parame-
ters (e.g. for the constitutive model) and a parametric study, in order to
perform simulations involving many variables and (linear and non-linear)
constraints that reproduce the observed overall dependence and variability
(GMPE), is certainly a direction which has not yet been sufficiently ex-
plored.

9.5.3 Probabilistic Approach

In view of engineering applications, there is undoubtedly a strong tendency
to prefer probabilistic hazard estimates to purely deterministic ones (even
combined with sensitivity studies and assessment of uncertainties): such an
approach indeed allows, when convolved with fragility curves, better as-
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sessment of the final risk level. Basically a probabilistic seismic hazard
analysis leads to "hazard curves" representing the annual probability of a
ground-motion parameter (e.g., PGA) to exceed a given level at a given
site.

Accounting for uncertainties in PSHA studies implies both automatic
accounting for GMPE dispersion, and epistemic uncertainties through
logic trees with different branches corresponding to different "plausible”
assumptions, which are assigned different weights, which may in addition
vary from one expert to another.

Such approaches, which seem appealing and convincing, actually face a
number of difficulties that will have to be solved as soon as possible:

e The separation between epistemic uncertainties and aleatory variability
is not so clear in practical applications, and there are risks of "double
counting" some uncertainties — which in the end result in too pessimistic
estimates.

e The application to very low probability levels (down to 10, or even 107)
may result in apparently completely unrealistic values (for instance, up
to 5g for pga, up to 10g for spectral acceleration). This is intimately re-
lated with the exact shape of the tail distribution of residuals in GMPE,
which is still unknown with the presently available data set (see Bom-
mer et al. 2004). Another direction of future effort is to seek physical
upper bounds of seismic ground motion.

e Another challenge is to develop a way to "calibrate" PSHA studies on
available data, i.e., instrumental recordings over a very short duration
(no more than a few decades), (fuzzy) intensities over a few centuries: is
it possible to have a model valid both at short and long return periods
that can be calibrated only on one side and used at the other side ?
Finally, one of the most difficult issues is to match and to reconcile if

possible viewpoints of earth scientists and engineers: the former are very

pleased and proud if they can predict the observations within a factor of 2,

while economic constraints force the latter to "optimize" their design,

which leads them to ask (to urge ?) seismologists to predict ground motion
within 10-20% ...

9.6 Discussion and Conclusions

As observations of small and moderate earthquakes become available in
many different zones, estimations of ground motion, defined as the seismic
hazard prediction, may be performed with increasing accuracy for better
economic appraisal. One must be aware, however, that there will still exist
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for decades a very large level of uncertainty, and that it is also the duty of
seismologists to provide the engineering community with a way to quan-
tify this uncertainty and allow for it in engineering applications.

Different strategies have to be investigated and we should identify on
what frequency range we may rely for a deterministic approach for prob-
abilistic estimation of ground motion. Above this frequency range, we
need to consider more statistical characteristics and information for prob-
abilistic estimation and we should design ways to bridge these two differ-
ent approaches.

One area to be considered with attention is how to narrow ground-
motion prediction as soon as an event has occurred. As information be-
comes increasingly precise for a specific event, could we use estimations
performed by deterministic and probabilistic procedures for better ground
estimations of the specific event? If the answer is affirmative, there may be
major implications for seismic early warning.
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Abstract

Earthquake Early Warning Systems (EWS) potentially allow mitigation
measures to be carried out from the moment in which a seismic event is
detected, depending on the amount of warning time available. Examples of
such measures are evacuation of buildings, shut-down of critical systems
(nuclear reactors, industrial chemical processes, etc.) and stopping of high-
speed trains.

In areas close to faults, where seismic EWS are especially relevant, only
tens of seconds of warning are available. Such short warning times mean
that to be effective a seismic EWS must depend on automated procedures,
including those for decision making about whether to activate mitigation
measures; the time is too short to require human intervention when the
event is first detected. As a result of the automation, careful attention must
be paid to the design of the local seismic EWS for each critical facility; in
particular, a means of controlling the trade-off between false alarms and
missed alarms is desirable.

To investigate this trade-off, the consequences of the two alternatives of
taking mitigation actions or not acting must be analyzed, accounting for
significant uncertainty in the predictions.

A feasibility assessment of any proposed regional EWS is of critical im-
portance, and it should involve an examination of whether the require-
ments, in terms of warning time available and the probability of making
wrong decisions, are met. A methodology is presented for estimating the
probabilities of making wrong decisions that can be incorporated in a fea-
sibility assessment of proposed EWS. To illustrate the methodology we
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consider the case of feasibility assessment of a seismic EWS for Southern
California.

We, also, present a decision-making procedure based on the real-time
evaluation of the consequences of taking no action and of activating miti-
gation measures which is based on the probabilities of false and missed
alerts. The threshold at which mitigating actions should be taken is quanti-
fied based on a cost-benefit analysis. The method is applied to the M 4.75
Yorba Linda seismic event occurred on 3 September 2002, in Orange
County, California.

10.1 Introduction

The high social and economic vulnerability of urbanized areas to seismic
risk has become evident in recent years due to severe losses as a conse-
quence of catastrophic earthquakes. The extent of structural damage and
economic loss due to these catastrophic events underlines the strong neces-
sity of social, political and scientific cooperation for disaster prevention.

It is clear that timely warnings can mitigate the effects of natural disas-
ters. Such warnings are commonly given for floods, hurricanes, tornados
and tsunamis, but still under development for earthquakes. Effective early
warning technologies for earthquakes are much more challenging to de-
velop because warning times range from only a few seconds to a minute or
so (Allen and Kanamori 2003). In areas close to faults, where seismic early
warning systems (EWS) are especially relevant, only tens of seconds of
warning are available. Such short warning times mean that to be effective a
seismic EWS must depend on automated procedures, including those for
decision making about whether to activate mitigation measures; the time is
too short to require human intervention when the event is first detected. As
a result of the automation, careful attention must be paid to the design of
the local seismic EWS for each critical facility; in particular, a means of
controlling the trade-off between false alarms and missed alarms is desir-
able.

Of course, as an essential part of a seismic EWS, an infrastructure must
be in place that consists of a seismic sensor network with high-speed
communication to some data-processing center, along with a broadcasting
system to disseminate the early warning information to the local automated
system that can activate the mitigation measures designed for a specific fa-
cility.

Historical lessons come of some help to appreciate the EWS potentiali-
ties. In the Indian Ocean tsunami disaster of 26 December 2004, a tsunami
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EWS was in place for the Pacific Ocean that detected the large Sumatran
subduction zone event but there was an inadequate broadcasting system to
disseminate the early warning information to the countries at risk sur-
rounding the Indian Ocean. Many thousands of lives could have been
saved if a preventive alarm had been broadcasted to warn people in the
coastal regions about the tsunami. In this case, for those locations suffi-
ciently far from the ruptured segment of the Sumatran subduction zone,
warning times of several hours were possible, so that before the tsunami
arrived, many people might have been able to escape from the low-lying
coastal areas to higher elevations. This mitigation action would have been
enhanced by the availability of predicted inundation and damage maps to
direct people to safer locations.

Although early warning technologies have been developed to provide
natural hazard mitigation for many types of hazards, attention here is fo-
cused on seismic risk mitigation because the technologies for this applica-
tion are not yet fully developed.

10.1.1 Potential Benefits of Seismic Early Warning Systems

The main goal of an EWS for earthquakes is the reduction or prevention of
loss of life and mitigation of structural damage and economic loss. The
benefits of EWS are due to the measures that can be carried out from the
moment in which a seismic event is detected at a certain place until the
moment in which the seismic waves arrive at a location of interest. These
measures, for prevention or emergency response, can be categorized by
considering the phases of the seismic event (Wieland 2001).

After event detection but before the earthquake arrives at a site, the
warning provided by EWS with pre-arrival times of up to perhaps 90 sec-
onds, could be used to evacuate buildings, shut-down critical systems
(such as nuclear and chemical reactors), put vulnerable machines and in-
dustrial robots into a safe position, stop high-speed trains, activate struc-
tural control systems (Kanda et al. 1994; Occhiuzzi et al. 2004), and so on.

During an earthquake, the alarm generated by EWS could still enable
such mitigation processes to be activated if there was insufficient time to
do so prior to the arrival of the earthquake at the site. Within seconds after
an earthquake, the information provided by EWS could be used to produce
damage and loss maps based on the ground shaking intensity and could be
the basis for more effective emergency response and rescue operations.

Evacuation of at-risk buildings and facilities is only feasible if the warn-
ing time is around 1 minute before the arrival of the strong shaking, which
is possible only in the case where the seismic source zone is sufficiently
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far away. This is the situation, for example, for the threat to Mexico City
from earthquakes occurring in the subduction zone along the Pacific Coast
(e.g. Lee and Espinosa-Aranda 1998), where the time available is suffi-
cient to alert large segments of the population by commercial radio and
television, and for evacuation of strategic buildings, such as schools,
crowded facilities, and so on.

In the case of a few seconds warning time before the shaking, it is still
possible to slow down trains (e.g. Saita and Nakamura 1998), to switch
traffic lights to red (as for the Lions Gate bridge EWS, Vancouver), to
close valves in gas and oil pipelines, to release control rods in nuclear
power plants (e.g. Wieland et al. 2000), activate structural control systems,
and so on. In addition, secondary hazards can be mitigated that are trig-
gered by earthquakes but which take more time to develop, such as land-
slides, tsunamis, fires, etc., by predicting the ground motion parameters for
the incoming seismic waves. This could be used, for example, to initiate
the evacuation of endangered areas.

Given that an appropriate EWS is in place for a local area or critical fa-
cility, its impact or effectiveness is dependent on the warning time avail-
able and the quality and reliability of the information that is provided,
since these influence and constrain the utilization of the information. In
most EWS applications, the available warning time is likely to be no more
than tens of seconds, enabling the possibility of activating mitigation
measures but meaning that automated activation is essential to fully utilize
the available warning time.

10.1.2 Limitations of Effectiveness of Seismic Early Warning
Systems

The benefits of an EWS for earthquakes are often not fulfilled due to limi-
tations that depend on:

e the amount of warning time
e the probability of making wrong decisions (false alarms and missed
alarms)

These parameters strongly influence EWS impact and effectiveness on
seismic risk reduction. Each of these is discussed in turn.

To examine the available warning time for activation of seismic mitiga-
tion measures, the main principle on which an EWS is based is first de-
scribed. This principle is that seismic waves travel through the Earth with a
velocity that is much less than the velocity of the electromagnetic signals
transmitted by telephone or radio to provide seismic information about the
incoming event. In addition, seismic body waves can be identified as com-



10 Seismic Early Warning Systems: Procedure for Automated Decision... 183

pression waves (primary waves or P-waves) and shear waves (secondary
waves or S-waves) (Occhiuzzi et al. 2004), where the P-waves are charac-
terized by a propagation velocity that is almost twice that of S-waves; the
latter are stronger and give almost horizontal ground motion at the base of
a structure, in contrast to P-waves, so S-waves tend to be more damaging.
The time interval from the detection of P-waves in the epicentral area, and
the arrival of S-waves in the area where the structure or facility is located,
may be utilized to activate mitigation measures. The feasible warning time
is given by:

T,=T.-T. (10.1)

T,=T+T, (10.2)

where the origin of time is the P-wave detection time; 7, is the reporting
time comprised of the time 7, needed by the system to trigger and record a
sufficient length of waveforms and the time 7, to process the data; 7} is
the S-wave travel time and 7, is the early warning time. For the warning
time to be considered adequate for the activation of a mitigation measure,
it has to be greater than the time necessary for activation of the measure.

Suppose that the EWS works by setting an alarm if a critical shaking in-
tensity threshold is predicted to be exceeded at a site, where the choice of
critical threshold depends on the vulnerability of the system to be protected
at the site. Assuming that the warning time provided by the EWS is suffi-
cient for activation of the mitigation measure, then based on the predic-
tions from the first few seconds of P-wave observation, a decision has to
be made of whether to activate the alarm or not. In making this decision,
two kinds of errors may be committed (Wald 1947):

e Type I error: the alarm is not activated when it should have been.
e Type Il error: the alarm is activated when it should not have been.

We call Type I errors missed alarms and type Il errors false alarms. The
probability of each of these wrong decisions is denoted by:

e P,.,= probability of missed alarm, that is, the probability of having criti-
cal threshold exceedance but no alarm activation.

e P, = probability of false alarm, that is, the probability of having no
threshold exceedance but alarm activation.

The tolerance of a type I or II error is related to a trade-off between the
benefits of a correct decision and the costs of a wrong decision and it could
vary substantially, depending on the relative consequences of possible
missed and false alarms. For example, the automated opening of a fire sta-
tion door has minimal impact if the door is opened for a false alarm. On
the contrary, an automated shutdown of a power plant because of a false
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alarm could cause problems over an entire city and involve expensive pro-
cedures to restore to full-operational status. In this latter case, the EWS
must be designed to keep the probability of false alarms very low. In gen-
eral, the automated decision process has to be designed with attention fo-
cused on the probability of false and missed alarms along with a cost-
benefit analysis. Some mitigation measures could be unacceptable to oper-
ate as a result of the false or missed alarm rate being too high.

The probability of a wrong decision is due to having only partial knowl-
edge of the phenomenon and so any prediction, as a consequence, is af-
fected by uncertainty. A key element of an EWS is a better understanding
of the parameters that play a fundamental role in this uncertainty, and
hence a better understanding of the quality of the predictions on which de-
cision making is based.

10.2 Ground Motion Prediction Process in Seismic EWS

10.2.1 Basic Idea of EWS Operation

The EWS is composed of a network of seismic stations, a dedicated real-
time data communication system, central processing system, broadcasting
system and information receivers at the user’s end. In some cases, this
network may be a dedicated local one placed at some distance around a
structure to provide data about incoming seismic waves. When a seismic
event occurs, the stations close to the epicentral area are triggered by P-
waves, then the ground motion data is recorded and sent by the communi-
cation system to the central processor, where, based on predictive models,
an evaluation is made in real-time to predict the earthquake source parame-
ters of the event.

This information is provided to the user by a distribution network, and
based on this early information, the user predicts a ground motion or struc-
tural performance parameter of interest for a facility. This parameter repre-
sents the predictor on which the decision whether to raise the alarm or not
is based. In this report, the predictor is taken to be an intensity measure IM,
which is a ground motion parameter that represents the shaking intensity at
the site of the facility. Two common intensity measures are peak ground
acceleration (PGA) and response spectral acceleration (S,). The IM is to be
predicted based on the first few seconds of data registered by some of the
seismic stations in a regional network that are near the earthquake source.
The parameter of interest for a facility could also be taken as some critical
engineering demand parameter, such as inter-story drift in a building or
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floor acceleration at the location of vulnerable equipment, or even eco-
nomic loss.

The prediction model for the ground motion parameters can be repre-
sented as a sequential multi-compartment model (Bates et al. 2003), com-
posed of two sub-models, M; and M, (Grasso et al. 2005b), as illustrated in
Fig. 10.1.

(=~ (e

Fig. 10.1 The multi-component model representing EWS. M, is the earthquake
prediction model and M, is the ground motion attenuation model

The earthquake prediction model, M, estimates earthquake source pa-
rameters (magnitude, M; epicentral distance, R), based on parameters, /,
extracted from real-time measurements of the first few seconds of P-
waves, e.g., I is the predominant period in Allen and Kanamori (2003);
while [ is the observed ground motion ratio for the Virtual Seismologist
method in Cua and Heaton (2004).

The ground motion attenuation model, M,, predicts ground motion pa-
rameters (intensity measures /M), based on the magnitude and epicentral
distance predicted by M;. The parameter /M, which could be the final out-
come of the EWS prediction process, represents the predicted ground mo-
tion intensity (e.g. PGA, PGV or S,) that will occur at the site where a stra-
tegic facility of interest is located. It is assumed in this work that /M is the
predictor on which the decision to take some protective action is based.

10.2.2 Sources of Uncertainty

Uncertainty in the predictor IM is a result of the uncertain prediction errors
produced by the models M; and M,. The uncertainties for each model are
represented in Fig. 10.2, where gy, €r and epy denote the prediction errors
for the magnitude and location and the attenuation model, respectively.
Uncertainties of each sub-model propagate through the output, so each un-
certainty plays an important role in the definition of the final quality of the
intensity measure, IM.
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Fig. 10.2 The multi-component model for EWS uncertainty propagation.

A Gaussian probability distribution model is chosen for ey and g to
model the magnitude and attenuation model uncertainties. The uncertainty
in the predicted magnitude can be well modeled as a Gaussian distribution,
as shown by Cua and Heaton (2004), with standard deviation dependent on
the prediction model. The magnitude error has zero-mean and a standard
deviation of about 0.4 magnitude units for the Heaton-Cua relation and it
decreases with increasing number of data. According to the Allen-
Kanamori method, the uncertainty of magnitude prediction is related to the
number of stations considered and to the elapsed time, and it assumes a
value of 0.7 magnitude units considering only one station, 0.6 for three sta-
tions, 0.45 for five stations, and it drops to 0.35 if ten stations are consid-
ered (Allen 2003). The errors related to the ground motion parameter con-
ditional on M and R being given are modeled well by a lognormal
distribution, so if the intensity measure /M is the logarithm of the ground
motion parameter, then /M can be assumed to be Gaussian. This assump-
tion is supported by the analysis done by Cua and Heaton (2004) in which
the errors were analyzed based on a large number of data from ground mo-
tions recorded by the seismic network in Southern California over 4 years.

In this work, the uncertainty &,,, in the natural logarithm log, R of

the epicentral distance prediction is modeled as Gaussian, which means
that R has a lognormal distribution. It also means that for small prediction

errors, &, ~ Ré,,,, is approximately Gaussian. It has been suggested that

a more complex distribution for eg might be appropriate based on the ob-
servation that in the case of large-magnitude teleseismic events, the prob-
ability of a large prediction error based on the first few seconds of data is
likely; in fact, in this case, the network could erroneously locate the epi-
center inside the instrumented area (Kanamori and Heaton 2004, personal
communication).
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10.2.3 Uncertainty propagation

The quality of the predictions for the ground motion parameter of interest
is fundamental for optimization of the decision-making process. This qual-
ity is influenced by the errors of the sub-models that propagate through to
the output and influence the effectiveness of the EWS application. In par-
ticular, it is necessary to estimate the total prediction error in order to
quantify the performance of the EWS prediction process in terms of the
probability of false and missed alarms. For this purpose, all the prediction
errors influencing the intensity measure have to be considered, as shown in
Fig. 10.2, along with their corresponding probability distributions.

The total prediction error is given by comparing the predicted intensity

measure, IM , to the actual IM:

£y =IM —IM (10.3)

tot

where IM is a function of the predicted values M and R, which can be
expressed in terms of the actual M and R and the uncertain prediction er-
rors ey and €jogr:

IM = f(M,log, R)= f(M ~&,,,1l0g, R~ &) (10.4)

where the function f represents the ground motion attenuation model as
follows:

f(M,log,R)=a+ M +ylog,R. (10.5)

Most published attenuation models have this form if /M denotes log,
PGA or log. S, (Seismological Research Letters 1997); in the examples
later, IM is taken to be log. PGA. The actual intensity measure, IM, is rep-
resented by:

IM = f(M,log, R)+ &y, (10.6)

where gy is the prediction error in the ground motion attenuation model,
given M and R.

Under previous assumptions about gy, Elogr and gy, the total prediction
error &,, also follows a Gaussian distribution with a mean and variance

that depends on the means and variances of these contributing prediction
€errors, since:
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&

tot

=IM —IM = f(M,log, R)+&,, — f(M —¢&,,,log, R—&,,;) (10.7)
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Under the assumption of independence of errors, the variance of ¢, is:

(10.8)
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and the mean of ¢,

Hior = Bl + Vliogr + My - (10.9)

If the empirically-derived models M; and M, (Figs. 10.1 and 10.2) are
unbiased, then the mean g, =0. In fact, z, , does have a value close to

zero in the Virtual Seismologist method (Cua and Heaton 2004). If more
complex attenuation models, or more complex probability models for ey,
Egr and e, are used, this analytical approach may be not applicable and

then a Monte Carlo method is suggested to quantify the uncertainty in &
(Grasso et al. 2005a).

tot

10.3 Probability of Wrong Decisions: Pre-installation
Analysis

10.3.1 Probabilities of False and Missed Alarms: Pre-
installation Analysis

When examining the feasibility of installing an EWS for a facility, it is
important to have a mechanism to control the probabilities of false and
missed alarms. Since the decision to activate the alarm is based on a pre-
dictor, IM, false alarms can be caused by the predictor exceeding the

warning threshold even though the actual intensity measure, /M, that oc-
curs at the site does not reach the critical value. Similarly, missed alarms
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can be caused by the predictor not exceeding the warning threshold even
though the actual intensity measure reaches its critical value.

For a given facility, the critical threshold, a, of IM must be chosen by
the user based on a vulnerability analysis of the system to be protected; for
example, it could be chosen as the value of IM for which there is a high
probability that damage (or significant economic losses) will occur. To
control the probability of wrong decisions, the warning threshold is chosen
as the product of the critical threshold a and a parameter, c, to be specified
during the design process. The critical threshold depends on the facility,
structure or equipment to be protected, but the warning threshold c-a de-
pends on the design process chosen to optimize the automated alarm acti-
vation system. The design parameter ¢ provides a mechanism to control
the incidence of false and missed alarms. It is not possible to simultane-
ously reduce both of these but the design parameter ¢ can be used to con-
trol the trade-off between them.

A false alarm occurs when the EWS predicts a value, IM , that exceeds

the warning threshold, c¢-a, while the actual value, IM, of the intensity
measure at the site turns out to be less than the value of the critical thresh-
old, a. For a pre-installation analysis, the probability of a false alarm is
therefore given by:

P, =P[IM <a|IM >c-a]. (10.10)
Similarly, the probability of a missed alarm is given by:
P =P[IM>a|IM<c-a]. (10.11)

The values of the probabilities of false and missed alarms, Py, and P,
are an important tool for the decision-making process during pre-
installation design and during operation in a seismic event.

During design, the anticipated rate of missed and false alarms represents
a guideline for EWS feasibility. The realization of EWS could be feasible
or not, depending on whether the requirements in terms of warning time
available and the probability of wrong decisions can be met. A useful tool
to evaluate an EWS may be constructed by using a seismic hazard map to
provide the probability of exceedance of ground shaking intensity, given a
site and time interval of interest, to produce a map of probability of wrong
decisions. Such a map would help when performing a territorial feasibility
assessment of EWS applications.

During a seismic event, the (automated) decision to activate protective
measures may be done either by comparing the requirements in terms of

warning time needed and the tolerable level of P, (or B,,) based on the
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information made available by the EWS, or by monitoring a time-varying
threshold c(t) -a . This case is examined later in Sect. 10.5.

The main reason for evaluating the probability of wrong decisions using
a pre-installation analysis is to design the EWS application, which can be
based on the probabilities of false and missed alarms that are tolerable to
the owner or manager of the facility to be protected. By estimating the
probability of false and missed alarms during design of the EWS applica-
tion, we are primarily trying to answer to the question: How would an
EWS perform during earthquakes that might occur in the area of interest,
in terms of a false and missed alarm rates?

The probabilities of false and missed alarms in a pre-installation analy-
sis are evaluated as a time-independent variable based on the seismicity of
the area of interest. Time dependence can be neglected as a first approxi-
mation. A more refined analysis is presented later in Sect. 10.5 for the op-
eration of an EWS application during a seismic event, where the changes
in estimated magnitude and location coming from the EWS are taken into
account. In any case, the prediction uncertainty stabilizes after some time
following the first triggering. In some special cases, such as Mexico City,
the location of the fault area and the configuration of the seismic stations
lead to stabilization of the uncertainty of the prediction after the first few
seconds.

10.3.2 Prior Information: Hazard Function

Prior information can be expressed by using the hazard (rate) function
(Kramer 1996) that gives the mean annual rate of events with intensity
measure exceeding a certain critical value, given a site of interest. The
hazard function for a site comes from a PSHA (probabilistic seismic haz-
ard analysis). It directly provides information related to the expected fre-
quency of occurrence of the intensity measure IM for a given site and time
period of interest; on the other hand, the EWS gives the predicted intensity

measure, M , based on data from triggered stations and this will differ

from the actual IM by the prediction error, & This error depends on the
errors related to the prediction of magnitude, M, and epicentral distance, R,
and the prediction error of the ground motion attenuation model. Figure

10.3 shows the relation between IM and IM given by g, which depends
on gy, g and gy as in Eq. 10.7.

The goal of the analysis that follows is to describe the EWS behaviour
in terms of the probabilities of having false and missed alarms, based on a
given seismic hazard environment represented by the intensity measure



10 Seismic Early Warning Systems: Procedure for Automated Decision... 191

hazard function, A(/M). Considering all the possible events, the probabil-

ity of a wrong decision is determined for a given site and a given period of
time (e.g. one year). The key to forecasting the behaviour of the EWS is
the prior knowledge about the errors that are committed when predicting
the intensity measure. This prior knowledge comes from an analysis of the
uncertainty propagation of the errors, as described in Sect. 10.2.

()—=—()
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Fig. 10.3 Simulation of the EWS process of prediction in a pre-installation analy-
sis.

The hazard function defines the mean annual rate of exceedance of a
critical value of the ground motion intensity measure; from this mean rate,
the probability of exceedance of a critical value, given that an earthquake
of interest has occurred, can be determined as follows, which is based on a
Poisson process model for the temporal occurrence of earthquakes:

A(IM )= A(IM ) - P[IM > IM, | IM > IM ] (10.12)

where IM  is the minimum value of the intensity measure that is of interest
(cut-off value) and it is used to define the earthquakes of interest.

An exponential model is assumed for the hazard function for a site (but re-
call that the choice of IM used in the examples is log. PGA so this corre-
sponds to a power law on PGA):

A(IM ) =k, 107 (10.13)
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where k, and k; can be obtained by fitting the hazard function from a
PSHA for the site. This model implies from Eq. 10.12 that:

P[IM > IM | IM > IM ] =107, (10.14)
The cumulative distribution function is then:
P[IM <IM_|IM > IM,]=1-107""10) (10.15)

and the expression for the PDF (probability density function) is derived by
differentiating this cumulative distribution function:

p(lM | IM >]MO) =k, -log, 1010741 — 7.1 kM (10.16)

where ¢ =k, -log, 10-10™"

In this work, the parameter k; is estimated from a hazard function for the
site of interest by using a minimum entropy criterion in which the relative
entropy E is minimized with respect to k;:

E=) p, log£&}

q;

(10.17)

where p; represents the discrete probability distribution function derived
from p([M | IM > IM 0) and ¢; is the discrete probability distribution

function derived from the given hazard function A(/M) using Eq. 10.12,
S0 g; is obtained by numerically differentiating the cumulative distribution
function in the same way as p (IM | IM > IM 0) was derived above.
Therefore, p; is a function of the parameter k; but g; is not. By minimizing
the relative entropy, we determine the parameter k; so that the model PDF

is the best fit in an information-theoretic sense to the PDF implied by the
hazard function for the site.

10.3.3 Probability of False Alarm: Pre-installation Analysis

The probability of false alarms, as defined in Eq. 10.10, can be expressed
using Bayes rule as:
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P,=P|[IM<a|IM >c-a,iM > IM,] (10.18)

P[IM<aniM >c-a|IM > 1M, |
PlIM >c-a|IM > IM,]

where it is assumed that an earthquake of interest, i.e. /M > IM ,, has oc-

curred and that a > IM ;.
Eq. 10.18 can be expressed as (Grasso et al. 2005a):

aw . (10.19)
[ [ptna |y p(av | 1M > 1M, )diVtdIM
P _ IM ca
fa T o « R R
[ [ptna | ). p(av | IM > 1M, )dIMdIM
IM ca

where p(]M|IM >IM0) is given by Eq. 10.16 and p([M | IM) is a
Gaussian distribution with IM representing the mean value (if g, has zero
mean) and standard deviation G, given by Eq. 10.8. In the case that the
prediction, IM , is affected by a significant bias error (i.e. mean L, Of €q
is not close to zero), then the mean of the Gaussian distribution
p(IM | IM) is (IM - po) (see Eq. 10.3).

The integral of the Gaussian distribution over IM can be expressed in

terms of the standard Gaussian cumulative distribution function @, so Eq.
10.19 can be cast in a simpler form:

a _ (10.20)
[ CD( ca—IM j-lokl’M dIM
p =M Stot
fa T :
[ CD(_ ca—IM )mW dIM
M, Stot

The integrals in the denominator and numerator here can be evaluated
numerically for different values of ¢, given the value of a; then curves of
Py, versus ¢ can be plotted for different critical thresholds a. Examples are
given later in Sect. 10.6.
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10.3.4 Probability of missed alarm: pre-installation analysis

The probability of missed alarms, as defined in Eq. 10.11, can be written
using Bayes rule as:

P[IM >anIM <c-a|IM > IMOJ (10.21)

P, =P[IM>a|IM <c-a,IM > IM, | = P[I <c-a| M > 1M, ]
= 0

where once again it is assumed that an earthquake of interest has occurred
and that a > IM . Eq. 10.21 can be expressed as (Grasso et al. 2005a):

wea . (10.22)
[ | a1 | 1) p(IM | IM > IM ) dIMAIM
Pma = Z}_Ocoa
j j p(IM | IM)- p(IM | IM > IM ,)dIMdIM
IM —0

where p(IM | IM >IM0) is given by Eq. 10.16 and p(IM | IM) is a
Gaussian distribution as before (see after Eq. 10.19). Substituting in Eq.

10.22 and expressing the integral of the Gaussian distribution over IM in
terms of the standard Gaussian cumulative distribution function @, gives:

P, =-

Otot

ICD[“”M].lokl’MdJM

Stot

IM

10.4 Threshold Design Based on Cost-Benefit
Considerations

Instead of directly specifying tolerable probabilities of wrong decisions to
represent the design parameters for setting the threshold, it may be more
natural to derive them by examining the consequences of wrong decisions
using a cost-benefit analysis. In this case, the decision criterion may be
taken to be the minimization of the expected consequences over the two
possible actions of raising the alarm or doing nothing. A cost benefit
analysis is based on the details shown in Table 10.1.
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Table 10.1 Cost benefit analysis for threshold design

Action Cost for case: IM<a Cost for case: IM>a
Raise Alarm False alarm: Good Alarm:
Cfa Cga
No Alarm Good Missed Alarm: Missed Alarm:
Com Cina
where:
Cga = Ceq - Ccave Cma = Ceq Cgm =0 (1024)
])ga:l_Pfa ])gmzl_ljma

Here, C,, represents the expected costs due to the earthquake, Cy, is the
cost of a false alarm and Cy,, is the expected savings as a consequence of
the activation of the protective measure. If the alarm is raised, the expected
cost is given by:

E[cost | alarm] = Cfa -Pfa + Cga -Pga (10.25)
=C P +(Cy=C ) (1-P4)

save

On the other hand, if the alarm is not raised, the expected cost is given
by:
E[cost | no-alarm|=C,, - P, +C,,, - (10.26)

gm ma

:Cma 'Pma

The decision criterion for deciding between the options, raising the
alarm or not, is represented by the minimum cost rule: Raise the alarm if
and only if

E [cost | no-alarm]| > E[cost | alarm] (10.27)

that is,
Ceq P> Cfa -Pfa +(Ceq -C )-(I—Pfa) (10.28)

save

= (Csave + Cﬁz - Ceq) ) I)ﬁl + (Ceq - Csave) ‘

Since the probabilities of false and missed alarms, Py, and P, are given
by Egs. 10.20 and 10.23, respectively, and so may be evaluated as a func-
tion of the warning threshold parameter ¢, Eq. 10.28 can be taken as an
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equality to select an appropriate value of c¢. The tolerable value of P, and
P,,, may then be determined from Eq. 10.20 and 23 for this value of c.
The above approach assumes that oy, in Egs. 10.20 and 10.23 is time in-

variant so that the alarm threshold value c-a for IM can be set prior to
operation of the EWS, where the value of critical threshold, a, is specified
by the user. During a seismic event, however, more and more information
becomes available to the EWS and so o, will decrease with time. A re-
fined analysis using a time-dependent warning threshold, c(t)a, would then
be more appropriate. Alternatively, the probability of false and missed
alarms could be monitored as a function of time and then the alarm would
be raised when the tolerable level of probability of Py(f) or P,.(f) is ex-
ceeded.

In the next section, we consider a refined decision-making procedure
that is appropriate during a seismic event and which takes into account that
the quality of the IM prediction improves as more and more information is
obtained by the EWS. It is shown in Sect. 10.5.1 that in this case: Pp(?) +
P,.(t) =1, so Eq. 10.28 implies that the probability of a false alarm is toler-
able if and only if:

C (10.29)
Pv t S — save .
fa( ) ﬂ Cﬁl + Csave
Similarly, since the alarm is not raised if and only if:
Ceq ) Rﬂa < (Cmve + Cfa - Ceq) ' Pfa + (Ceq - Cvave) (1030)

it follows that the probability of a missed alarm is tolerable if and only if:

C, (10.31)
P (H<a=—"—.
Cfa + Csave

It is clear from Eqgs. 10.29 and 10.31 that in this case, where the decision

criterion is based on a cost-benefit analysis, & + =1, which directly ex-

hibits the trade-off between the threshold probabilities that are tolerable for

false and missed alarms. If the threshold f is reduced to make false alarms

less likely, then the threshold o for missed alarms becomes correspond-
ingly larger.
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10.5 Decision Making in EWS during a Seismic Event

10.5.1 Real-time Uncertainty Analysis during an Event

During a seismic event, the probability of false and missed alarms will be
updated with time as more stations are triggered by the seismic waves and
more data comes in from those that have already been triggered. This in-
crease in data available will produce a decrease with time in the uncer-
tainty in the predicted earthquake location and magnitude. Therefore, the
prediction of the intensity measure can be updated with time and the char-
acterization of its uncertainty, G,,(t), will vary with time. As a conse-
quence, it is important to update the probability of false and missed alarms
as the seismic event evolves.

Recall that the predicted intensity measure, IM, is estimated from the

attenuation model based on the predictions of earthquake magnitude and
location provided by EWS and so it can be updated as a function of time
during the event. On the other hand, the actual intensity measure value,
IM, that will occur at the site is unknown. The predicted and actual values
of the intensity measure differ by g,(t) as in Eq. 10.3:

IM = IM(t)+¢,,(1). (10.32)

As shown in Fig. 10.4, the total error g (t) is related to ey(t), er(t) and
€, Which can be continually updated as additional information becomes
available by using Bayesian updating, as in the Virtual Seismologist

method (Cua and Heaton 2004). Given the predicted value of IM at time t,
the uncertainty in /M can be modeled by a Gaussian distribution with mean

equal to the prediction IM (#) and standard deviation equal to G(t),

which can be evaluated by an analysis of the uncertainty propagation of
the error, as was done to derive Eq. 10.8.
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Fig. 10.4 Simulation of the EWS prediction process, during the seismic event.

The potential probability of a false alarm is estimated as the probability
of IM being less than the critical threshold, a, given the predicted value

M (¢) (f the alarm is raised, it becomes an actual probability of false
alarm):

P,(1)=P[IM <a|IM(1)]. (10.33)

Since the uncertainty in /M is modeled as a Gaussian distribution with
mean equal to the predicted IM (¢) (if there is a known bias in the predic-
tion, it should be added to this mean) and with standard deviation o, (t),

evaluated as a function of the updated uncertainties for the earthquake
magnitude and location, it follows that:

a

1 M TN (2 a-IM(t)
P.()= exp| “UM=IMO) |gppg = | =2
fa( ) —;[ O-tot (t)\/g |: 2o-t0t(t)2 O-tut (t)

where @ is the standard Gaussian cumulative distribution function. The
potential probability of a missed alarm is equal to the probability of IM be-
ing greater than the critical threshold (if the alarm is not raised, it becomes
the probability of a missed alarm):

P, (1)=P[IM >a|IM(1)] (10.35)

J (10.34)
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and

0

(M — I (02 N7y (10.36)
P, ()= j 1 exp o IM(Z’)) dIM =1-d a-IM@) |,
a Oror (t)\/g 2O-l‘ot (o) Ot (t)

Since the two conditions (/M < a and IM > a) are mutually exclusive
and exhaustive, the probabilities P,(f) and P,,.(f) always sum to one.

10.5.2 Decision Making during the Seismic Event

The potential probabilities of false and missed alarms in Eqgs. 10.34 and
10.36 provide fundamental guidelines for the user’s decision making dur-
ing the seismic event, since they quantify the reliability of the information
provided by the EWS. While the event is occurring, the decision to raise
the alarm can be based on real-time monitoring of the probability of wrong
decisions, focusing on the situation (false alarm or missed alarm) that the
user is more concerned about. It will be demonstrated in this section that
this can be done by monitoring whether the predicted intensity measure
exceeds a time-varying warning threshold, ¢(¢) a.

The proposed procedure is as follows. Using Eqgs. 10.34 and 10.36, the
value of the probabilities P(f) and P,,(f) are evaluated as time goes by
during an event and they are compared to the tolerable values, which may
be established based on cost-benefit considerations (see Sect. 10.4). The
alarm is raised when either Py,(f) or P,,(t) reaches its tolerable value, § and
a, respectively. This assumes that the time available is sufficient for activa-
tion of the protective measures. If the time available reaches the minimum
time necessary for activation of the protective measure, the alarm will be
raised only if the probability of a wrong decision, evaluated at that time,
can be accepted.

For the case of a missed alarm, the condition P,,,>a and Eq. 10.36 give
the time-varying expression for the warning threshold as follows:

. 11— (10.37)
Rna(f)>0!<:>[M(t)> a[l-am(t)q) (1 a)}zcma (t)-a.
a

Therefore, the setting of the alarm based on the probability of a missed

alarm becoming unacceptable occurs if M (t)>c,,(t)-a where:

o, (1)@ (1-a) (10.38)

a

Cra (t) =1-
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The alarm is also set if the probability of a false alarm falls below the
tolerable level  and based on Eq. 10.34:

A o (10.39)
P, ()< B < IM (1)> a{lw} —c,()-a
that is, the alarm is set if IM (1) >c,(#)-a where:
o, (t) P! (ﬂ) (10.40)

Ch (t):l—

Notice that if f<l-a, then c,,(¢) <c,(¢#) and so the concern about

a

missing an alarm will control the setting of the alarm; on the other hand, if
B>1-a, then concern about causing a false alarm will control the setting of
the alarm. Of course, making an alarm decision based on the exceedance of
the predictor above the time-varying warning threshold is equivalent to
monitoring the probability of P(f) and P,.(f) and raising the alarm based
on exceedance of the tolerable level B and a, respectively.

It was pointed out in Sect. 10.4 that when the tolerable probabilities 3
and o to use during operation are based on cost-benefit considerations,
they are related by: £ =1—«. Therefore, since both the alarm probabili-
ties and their tolerable values sum up to one, the alarm probabilities will
reach their critical thresholds at the same time, so one can choose to moni-

tor either Py, (t) and P,,(f). Similarly, if the predictor IM (¢) is monitored,
the critical thresholds, ¢, (f)a and c, (¢)a, are equal and so are reached

at the same time.

10.6 Application of EWS

10.6.1 Pre-installation Analysis: Southern California

We suppose the future realization of a seismic EWS for the protection of
facilities in Southern California and examine the question of the feasibility
of applications of interest to the potential end-user. In particular, we ad-
dress the question: How would an EWS perform during earthquakes that
might occur in the area, viewed in terms of false and missed alarms? We
can quantify the effectiveness of the EWS application by providing to the
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end-user the probabilities of wrong decisions to see whether they are ac-
ceptable and we can also set the warning threshold in order to match the
user’s requirements.

To illustrate the process, we choose a hazard function appropriate for
the Los Angeles area to evaluate the probabilities of wrong decisions as a
function of the warning threshold c.a and demonstrate that it can be set
based on the tolerable level of probabilities of wrong decisions that come
from a cost-benefit analysis. We assume that the critical threshold, a, has
been selected by the user based on the EWS application of interest.

The Virtual Seismologist method (Cua and Heaton 2004; Cua 2004) is
chosen to give the earthquake predictive model (M; in Fig. 10.1) and the
attenuation model (M, in Fig. 10.1) which in the VS method (Cua and
Heaton 2004) is defined as:

IM =log, PGA=aM —b[R, + C(M)]-dlog,[R +C(M)]+e+¢ (10.41)

where M is the magnitude; R; depends on R, which is the epicentral dis-
tance; C(M) is a correction factor depending on magnitude; the residual
term ¢ is a zero-mean error term representing the prediction uncertainty
and e is a constant error which includes station corrections; the parameters
a, b, d, e were estimated by Cua and Heaton during the calibration of the
model from data for different soil types and for rock, they are: a = 0.779, b
=2.55-107, d = 1.352, ¢ = -0.645; and ¢ is Gaussian (0, 0.243), i.e. with
zero mean and standard deviation 0.243.

The intensity measure IM is the peak ground acceleration (PGA) on a
logyo scale. The chosen hazard function for the Los Angeles area is shown
in Fig. 10.5 and it represents the mean rate of exceedance versus PGA in g
units. The hazard function is fitted, as described previously, by minimizing
the relative entropy in order to estimate the coefficient k; to describe the
probability distribution for /M and a value of k,=1.06 is obtained.

To simulate the behaviour of the EWS from IM to the predicted value,

IM , we need to know the total error associated with this process, as de-
fined in the earlier uncertainty propagation analysis. It is assumed that the
errors associated with the magnitude and location estimation and the at-
tenuation model (Cua and Heaton 2004) are described by:

e &\ : Gaussian (0, 0.5)

e ¢y :ignored at this stage

e g - Gaussian (0, 0.243)

Therefore, the total error associated with the predicted IM , as given by
Egs. 10.8 and 10.9, is:

e g, : Gaussian (0, 0.44)
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The probabilities of false and missed alarms are evaluated based on Egs.
10.20 and 10.23 and are shown in Figs. 10.6 and 10.7 as a function of the
warning threshold factor ¢ for different values of the critical threshold a.
Notice that for Py, in the approximate range of 0.05 to 0.4, the choice of ¢
is insensitive to a. If it is false alarms that the user is more concerned
about, the warning threshold can be set so that the tolerable level of prob-
ability of a false alarm is not exceeded. For example, if this tolerable level
is Py, = 0.4, then the warning threshold ca will be set equal to 2.22, as
shown in Fig. 10.8. Based on this warning threshold, the probability of a
missed alarm that has to be accepted can then be evaluated as P,,, = 0.05,
as shown in Fig. 10.9 by the point on the curve corresponding to ca=2.22.

08
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Fig. 10.5 Fitting the hazard function for Los Angeles area with a power-law in
PGA
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Fig. 10.6 Probability of false alarm as a function of warning threshold factor ¢ for
different critical thresholds, a, expressed in g’s.
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Fig. 10.7 Probability of missed alarm as a function of warning threshold factor ¢
for different critical thresholds, a, expressed in g’s.
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Fig. 10.8 Probability of false alarm for a given critical threshold a’ as a function of
the warning threshold.
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Fig. 10.9 Probability of missed alarm for a given critical threshold a’ as a function
of the warning threshold.
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10.6.2 Yorba Linda Earthquake: M1=4.75

On 3 September 2002, the Yorba Linda earthquake occurred in Orange
County, California, with magnitude 4.75. The epicenter has been located at
33.9173° N and 117.7758° W with a depth of 12.92 Km. The area of the
main shock is densely instrumented and the first station that was triggered
by the event was the Serrano station at 9.9 Km from the epicenter. To
simulate how the decision process would operate during a seismic event,
the Virtual Seismologist magnitude and location estimates are used (Cua
and Heaton 2004; Cua 2004).

The Virtual Seismologist method is based on continual Bayesian updat-
ing of the predictions of magnitude and location as an increasing amount
of data arrives from newly triggered stations and from continued recording
of data from the stations already triggered. Different prior information can
be considered in the method, including the Gutenberg-Richter law for a
prior probability density (PDF) on magnitude, Voronoi cells to define the
most likely locations, and recently observed seismicity to take into account
any foreshocks that may have occurred in the area of interest in the 24
hours before the main shock.

As the first station is triggered, the Voronoi cell related to this station
gives an area of possible locations since the cell is defined as all epicentral
points that would give an event that is first recorded at the station. As a
consequence, it is possible to define the prior PDF of most likely locations;
the successive P arrivals that trigger other stations then provide additional
information for the Bayesian updating of the prediction of epicentral dis-
tance. The most likely predictions of magnitude and location are those that
maximize the joint posterior PDF given by:

p(M,R|data) o p(data| M,R)- p(M,R). (10.42)

The predictions from the Virtual Seismologist method for the magnitude
and epicentral distance are available at 5, 10, 15, 20 and 50 seconds after
the first station was triggered by the Yorba Linda earthquake. The epicen-
tral distance prediction is considered time invariant, but the magnitude un-

certainty is assumed to decrease as 1/ \/ﬁ where N is the number of sta-
tions contributing information (Cua and Heaton 2004). The updating of
magnitude uncertainty is continued because the error associated with mag-
nitude is more influential in the IM prediction process than the error asso-
ciated with epicentral distance.

Using the temporal sequence of updated magnitude and location predic-
tions given by Cua and Heaton (2004) for the Yorba Linda earthquake, we
estimate the peak ground acceleration in log; scale based on their attenua-
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tion relationship. The total uncertainty is updated every second as a func-
tion of the magnitude uncertainty and attenuation model uncertainty using
Eq. 10.8 (neglecting location uncertainty, as mentioned above, because it
is not as influential as the other two sources of uncertainty). The potential
probabilities of wrong decisions are then evaluated at each second from
Egs. 10.34 and 10.36. The results as a function of time are presented in

Fig. 10.10, which shows the PGA prediction IM () (most probable value

of IM =log;(PGA at time ¢), the standard deviation o, of the total error as-
sociated with the prediction and the potential probabilities of wrong deci-
sions that were evaluated assuming the critical threshold for PGA is
a=0.025g (corresponding to a=1.4 in log;, scale in cm\s\s). These potential
probabilities of wrong decisions may be used to make a decision during
the event of whether to raise the alarm or do nothing, based on tolerable
values of Py, or P,, derived from a cost-benefit analysis. For example, Fig.
10.11 shows the plot of Py, as a function of time and at about 28 seconds
after the first station is triggered by the event, the tolerable value, 3 = 0.4,
is reached and so the alarm would have then been raised (assuming that the
minimum warning time for activation of the protective measure had not
been reached before then).

187

IM

ma

L(s)

Fig. 10.10 Yorba Linda 2002: Evolution of the prediction of IM, the standard de-
viation of magnitude prediction and the probabilities of wrong decisions (false and
missed alarms) with time.
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Fig. 10.11 Yorba Linda 2002: Decision making based on tolerable probability of
false alarm.

Alternatively, the threshold level ¢, (t) in Eq. 10.40 can be determined

and the alarm raised when IM (¢) exceeds ¢, (#)a, which, of course, also

occurs at about 28 seconds.

10.7 Concluding Remarks

The theory presented here using the ground motion intensity as the predic-
tor could be readily extended to consider other quantities of interest that
more closely represent the consequences of concern to the user, such as in
terms of structural response (for example, interstory drift), non-structural
and structural damage, safety or economic losses. These consequences can
be predicted based on facility-specific loss estimation methods, such as the
performance-based earthquake engineering (PBEE) framework (Porter et
al. 2002, 2004).

The setting of the alarm during real-time operation of the EWS could
then be based on monitoring the probabilities that specified engineering or
economic parameters of interest would exceed their critical thresholds. The
analysis is a natural extension of the previous theory; for example, to ex-
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tend the probability of a missed alarm based on IM to that for an engineer-
ing demand parameter (EDP):

P, (1)=P[EDP > e| IM(1)] (10.43)

ZOT[P(EDP >e| IM)p(IM | IM (1)) dIM

where e is the critical threshold value of the EDP, p(IM | M (1)), is a
Gaussian PDF as before (see the integrand in Eq. 10.36) and
P(EDP > e|IM) comes from a seismic vulnerability analysis for the fa-

cility (Porter et al. 2002, 2004). Similarly, the probability of a missed
alarm can be extended to damage or loss estimation:

P (1)=P[DV >d | IM(1)] (10.44)

= IP(DV >d | EDP)p(EDP| IM)p(IM | IM(t))d[MdEDP
-0 0

where DV is a decision variable quantifying the damage or loss and d is the
critical threshold value.
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Abstract

Earthquake early warning systems (EEWS), based on real-time prediction
of ground motion or structural response measures, may play a role in re-
ducing vulnerability and/or exposure of buildings and lifelines. Indeed,
seismologists have recently developed efficient methods for real-time es-
timation of an event’s magnitude and location based on limited informa-
tion of the P-waves. Therefore, when an event occurs, estimates of magni-
tude and source-to-site distance are available, and the prediction of the
structural demand at the site may be performed by Probabilistic Seismic
Hazard Analysis (PSHA) and then by Probabilistic Seismic Demand
Analysis (PSDA) depending upon EEWS measures. Such an approach
contains a higher level of information with respect to traditional seismic
risk analysis and may be used for real-time risk management. However,
this kind of prediction is performed in very uncertain conditions which
may affect the effectiveness of the system and therefore have to be taken
into due account. In the present study the performance of the EWWS under
development in the Campania region (southern Italy) is assessed by simu-
lation. The earthquake localization is formulated in a Voronoi cells ap-
proach, while a Bayesian method is used for magnitude estimation. Simu-
lation has an empirical basis but requires no recorded signals. Our results,
in terms of hazard analysis and false/missed alarm probabilities, lead us to
conclude that the PSHA depending upon the EEWS significantly improves
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seismic risk prediction at the site and is close to what could be produced if
magnitude and distance were deterministically known.

11.1 Introduction

Seismic risk management consists of: (1) Risk mitigation by vulnerability
or exposure reduction; (2) Emergency rapid response. Emergency prepar-
edness is a near-real-time issue; risk mitigation strategies are typically
mid-term (i.e. seismic retrofit of structures and infrastructures) or long-
term actions (e.g. land use planning or development of appropriate design
standards). An earthquake early warning and rapid response system can
provide the critical information needed: (i) to minimize loss of lives and
property, and (ii) to direct rescue operations (Wieland 2001). Therefore
early warning systems may play a role in both of the risk management is-
sues (Iervolino et al. 2007, this issue). In particular, in near-real-time ap-
plications shake maps, which are territorial distributions of ground shak-
ing, are provided by a regional seismic network and already used for
emergency management (Wald et al. 1999, Kanamori 2005, Convertito et
al. 2007, this issue). On the other hand, seismic early warning systems are
now capable of providing, from a few seconds to a few tens of seconds be-
fore the arrival of strong ground shaking, a prediction of the ground mo-
tion or the seismic demand on structures caused by a large earthquake.
Therefore they may be used to take real time action for vulnerability or ex-
posure reduction in the light of seismic risk management.

Earthquake early warning systems (EEWS) may simplistic be classified
as regional or site-specific. Regional EEWS consist of wide seismic net-
works covering a portion of the area threatened by quake strike. Such sys-
tems are designed to provide real-time, or near-real-time information suit-
able for spreading the alarm to the community or inferring data (i.e. shake
maps). Site-specific EEWS also enhance the safety margin of specific
critical engineered systems such as nuclear power plants (Wieland 2000)
or lifelines. The networks devoted to site specific EEW are much smaller
than those of the regional type, only covering the surroundings of the sys-
tem. The location of the sensors depends on the lead time needed to acti-
vate the safety procedures before the arrival of the more energetic seismic
phase (i.e. S or superficial waves). Typically the alarm is issued when the
ground motion at one or more sensors exceeds a given threshold; uncer-
tainty, in this case, is often neglected since the path between the network
and the site is limited.
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Due to a large and rapid development of regional networks in recent
years worldwide (see SAFER 2005 for example) the question of using
EEWS for structure-specific applications is being raised (Iervolino et al.
2005). EEWS predictions may be used for the real time set-up of active or
semi-active structural control, in order to achieve a safer structural re-
sponse to ground motion. The “early” information provided by the regional
EEWS in the first seconds of the event can be still used, in case of alarm,
to activate different types of security measures, such as the shutdown of
critical systems, evacuation of buildings, stopping of high speed trains
(Veneziano and Papadimitriou 1998) and shut-off of valves in gas and oil
pipelines.

Whether a structure-specific application of a regional EEWS is feasible
is the topic of the study presented herein. In this case the ground motion
Intensity Measure (IM) or the Engineering Demand Parameter (EDP) of
interest has to be estimated far from the sensor network’s recordings and
cannot be measured at the site. A scheme of the hybrid application of a re-
gional network for structure-specific earthquake early warning is shown in
Fig. 11.1.
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Fig. 11.1 Regional EWWS for structure-specific applications.

While the system captures the earthquake's features and then predicts
IM and/or EDP at the site of interest to give additional lead time, this also
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entails significant uncertainty1 which may lead to false and missed alarms.
Alerting or not alerting both have a cost; in the case of not alerting the loss
is associated to an earthquake striking without any countermeasure being
taken; in the case of alarm, preparing interventions has a cost (social
and/or economic) which may transform into loss if the actual ground mo-
tion does not require such action. Therefore, a key issue in assessing
EEWS performance is the estimation of missed and false alarm (MA and
FA respectively) probabilities associated to the adopted decisional rule
(Pate-Cornell 1986). Computation of MA and FA rates of occurrence on
an empirical basis should consist of post-event analysis of EEWS predic-
tions and would require a large strong-motion waveforms database both
for the network and the site where the structure is located. Since such da-
tabases are very rarely available, especially for large earthquakes, the I and
II type error probabilities related to MA and FA may be estimated in a
simulation framework using appropriate characterizations of the uncertain-
ties involved in the prediction. This approach requires virtually no records
other than those used to calibrate the method adopted for the estimation of
Magnitude (M) and source-to-site distance (R).

11.2 Seismic Risk Analysis Conditioned to the Earthquake
Early Warning System

Recently seismologists have developed several methods to estimate an
event’s magnitude based on limited information of the P-waves (e.g. first
few seconds of velocity recording) for real-time applications (Allen and
Kanamori 2003). Similarly, as briefly described below, the source-to-site
distance may be predicted by a sequence of network stations triggered by
the developing earthquake (Satriano et al. 2007, this issue). Therefore,
since it may be assumed that at a given instant estimates of M and R are
available, the prediction of the ground motion at the site can be performed
in analogy with Probabilistic Seismic Hazard Analysis (PSHA) (Cornell
1968, McGuire 1995). This results in a seismic hazard analysis condi-
tioned (in a probabilistic sense) by the real-time information given by the
EEWS. Consequently, the distribution of the structural response may also
be computed by Probabilistic Seismic Demand Analysis or PSDA (Car-
ballo and Cornell 2000, Cornell et al. 2002) provided there is an IM-EDP
relationship for the structure of interest. It is easy to recognize that the

! It is worth noting that the site-specific EEWS reads IM directly while the regional predicts
IM/EDP which is a more uncertain process.
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probability density function of the structural response at the site when an
event is occurring contains the highest level of information available and
therefore is the best tool for real-time decision making.

11.2.1 EWWS-conditioned PSHA and PSDA

Let us assume that at a given time t from the earthquake’s origin time, the
seismic network can provide estimates of M and R. These probability den-
sity functions (PDFs) are intrinsically conditioned to a vector of measures,
say {11,1:2,...,rv} where v is the number of instruments at which the meas-

ure of interest is available. Then the PDF of M has to be indicated as
futie oy..e, (M1 717257, ) 5 similarly the PDF of R, which for the method

used only depends on the sequence of stations triggered, will be referred to
as frp s, s, (1]81,5,.,8,) where {s,s,,...,s,} is such a sequence. Thus it

is possible to compute the probabilistic distribution (or hazard curve) of a
ground motion Intensity Measure (i.e. Peak Ground Acceleration or PGA)
at the site, in analogy with the seismic hazard integral reported in Eq.
(11.1), repeating it for several values of IM.

folim)= [ [ rtomme) figmn e, (1700207, (11.1)

MR

SRl 2, (r13),85,..8, ) drdm  ime [O, +:f:]

where the PDF, f(im|m,r), is given by an attenuation relationship as in

the ordinary PSHA. The subscript v indicates that the computed hazard
curve refers to a particular set of triggered stations and changes when a
large amount of data is included in the process (e.g. more stations are trig-
gered as time flows).

For structural applications of the EEWS the prediction of the structural
response in terms of an Engineering Demand Parameter (EDP), rather than
in terms of a ground motion IM, may be of prime concern. This requires a
further integration to get the PDF of EDP as reported in Eq. (11.2).

fo (edp) = j f(edp | im) 1o (zm) dim edp e [0,+oo] (11.2)
IM
where the PDF, f(edp|im), is the required probabilistic relationship be-

tween IM and EDP. If a Moment Resisting Frame (MRF) structure is con-
cerned, for example, the PSDA procedure allows to obtain the relation ex-
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pressed in Eq. (11.3) between the Maximum Inter-storey Drift Ratio
(MIDR) and Sa(T};) (first mode spectral acceleration), which are the IM
and EDP respectively.

MIDR = a(Sa(T)) (11.3)

where the log of € is a normal random variable with zero-mean and vari-
ance equal to the variance of the logs of MIDR, and the coefficients a and
b are obtained via non-linear incremental dynamic analysis (Vamvakistos
and Cornell 2000). Barroso and Winterstein (2002) have proposed a simi-
lar relationship for controlled structures.

For the sake of simplicity it will be assumed in the following that the pa-
rameter of interest is IM. This keeps the presentation of the method clear
and ensures the results of the application are easier to interpret. Since EPD
is only a probabilistic transformation of IM this choice does not affect the
generality of the discussion.

11.2.2 Magnitude Estimate

The integral given in Eq. (11.1) requires the distribution of magnitude es-
timated on the basis of data provided by the network at a given time. Allen
and Kanamori (2003) provide the relationship between the magnitude of
the event and the log of the predominant period tp ,,, (simply t herein) of

the first four seconds of the P-waves for the TriNet network. It has been
assumed that the distributions of 1, conditioned to the magnitude of the

event f (t|m), are lognormal. The mean of the logs and variance, re-
trieved from the data in the homoscedasticity hypothesis (Fontanella
2005), are reported in Eq. (11.4).
(M -5.9) (11.4)
“log(t) - 7
Glog(r) =0.16

These distributions enable us to compute the estimation of magnitude,
e e, (m|7},75,...7, ), using a Bayesian approach. In fact, if at a given
time only one station is triggered measuring t, from the first four seconds

of the signal, the sought distribution of magnitude, conditioned to such
measurement, fy, . (m|x,), is the posterior of Eq. (11.5).
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i (11.5)
Jurs, (m | Tl)z MMAXfl‘M (Tl |M)fM (m)
I fr]\M (1'1 \m)fM (m)dm
MMI’V

where fy; (M) is the a priori PDF of the magnitude, Eq. (11.6), from the

Gutenberg-Richter recurrence relationship and the denominator is the mar-
ginal distribution of <, f_ (7).

Be (11.6)

f ()] e =g Mo S Mo

0 m¢ [Mmin’Mmax]

As time elapses, the number of stations which may be included in the
magnitude estimation increases, new data are therefore available, and the
posterior distribution may then be updated. At the time when a number v
of stations have measured 1, Eq. (11.5) can be generalized as Eq. (11.7).

‘ A (7,350 7, | m) £ (m) (11.7)
fM\ﬁ.rz,...,r‘, (m | D505 Ty ) = Myix '
J‘ f‘Tlsz---vTv‘M (TI,TZ,...,TV |m)fz‘\/1 (m)dm
MrV’r’\'

Assuming that, conditionally upon M, the t measurements are stochas-
tically independent, then f, . . (7,7, [m)=][£. (t,Im) which is
i=l1

the product of known terms. Therefore Eq. (11.7) may be rewritten as Eq.
(11.8) which, applied for all the values of me[M,;,, M. ], gives the full

magnitude PDF to be plugged into the PSHA integral.

(ﬁf’t (z-i m)ij (m)
fM\rl,rz,...,rv (m | T15Tyseens T, ) = ( i=1

max ]

(11.8)

MMAX

J

M MIN

14

Hfr (Ti m)JfM (m)dm ‘

i=1

It is possible to recognize that the distribution of magnitude (the same
applies for distance) is indirectly dependent on time because, if at two dif-
ferent instants two different sets of triggered stations and measurements
correspond, they will lead to two distributions of magnitude. Therefore the
hazard integral in Eq. (11.1) may be re-computed at every time new sta-
tions perform measurements of t. It will be shown in simulation how the
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prediction improves with time as the number of triggered stations in-
creases.

11.2.3 Real-time Location and Distance PDF

The real-time location methodology is that of Satriano et al. (2007, this is-
sue) which is based on the equal differential-time formulation (EDT). For
a detailed discussion the reader should refer to the above author’s paper in
this same book and only a brief description of the main features of the pro-
cedure are given in this section for readability purposes.

The hypocentral location technique follows an evolutionary and full
probabilistic approach. It relies on the stacking of EDT surfaces; this is ro-
bust in respect to outlier data (e.g. wrong signal picking in the case of con-
current events). With just one recorded arrival, hypocentral position can be
already constrained by the Voronoi cell associated to the triggered station.
As time flows and more triggers become available, the evolutionary loca-
tion converges to a standard EDT location.

The algorithm defines a dense grid of points (e.g. 1 km spaced) in the
space below the network. At each time step, based only on the information
on which stations are triggered and which are not yet triggered, it is possi-
ble to assign, to any the of the grid points, the probability of that point be-
ing the hypocenter. This leads to the definition of a time-dependent spatial
PDF for the location. Therefore, at any time t, the distance estimate in
terms of fpy o o (r]sy,8;.....s, ) may be retrieved by a geometric trans-

formation which associates to any particular distance a probability which
is the sum of the probabilities of all points of the grid with the same dis-
tance to the site.

11.3 Decisional Rule, False and Missed Alarms

Once the EWWS provides a distribution of the ground motion intensity
measure or seismic demand for the structure of interest, a decisional condi-
tion has to occur to issue the alarm. Several options are available to formu-
late a decisional rule, for example: (a) the alarm may be launched if the
expected value (E [IM]) of the variable exceeds a threshold (IM.); (b) al-

ternatively, in a more sophisticated way, the alarm may be issued when the
probability of the variable exceeding the threshold crosses a reference
value (P.). These decisional rules are given in Egs. (11.9) and (11.10) re-

spectively.
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w2 (11.9)
Alarm: E [IM] = J'im £, (im) dim > IM.
0

g (11.10)
Alarm: PUM > Mc1=1= [ f, (im)dim > P,
0

It is worth noting that the decisional rule (a) does not require the full
computation of the hazard integral, Eq. (11.1). In fact, the expected value
of IM may be well approximated by a First Order Second Moment
(FOSM) method (Pinto et al. 2004), thereby reducing the computational
effort. However, this decisional rule has the disadvantage of not consider-
ing the variance of IM nor the shape of its PDF. In the case of option (b)
the P. value has to be set in relation to an appropriate loss function. This

second approach is more consistent with a full probabilistic approach to
earthquake early warning for seismic risk management.

While performance of the early warning system may be tested to verify
whether it correctly predicts the distribution of IM at the site, the effi-
ciency of the decisional rule depends on I and II type errors which are re-
lated to the assessment of the false and missed alarm probabilities, P,

and Py, respectivelyz. Referring to Egs. (11.9) and (11.10) the false alarm

occurs when the EEWS issues the alarm while the intensity measure at the
site IMr (T subscript means “true” indicating the realization of the random
variable to distinguish it from the prediction of the EEWS) is lower than
the threshold IM . Probabilities of these events, Eq. (11.11), will be esti-

mated in simulating (e.g. by a Montecarlo approach) the Campania EEWS
for the decisional rules considered.

Missed Alarm:{no Alarm ~IMy > IM .} (11.11)
False Alarm :{ Alarm ~IM < IM .}

It has been discussed how the information and hence the uncertainty in-
volved are dependent on the number of stations triggered at a certain time.
Therefore, in principle, the decisional condition may be verified at any
time from the triggering of the first station, and consequently the false and
missed alarm probabilities are, also indirectly, a function of time. From
this point of view the decisional process is again time-dependent, and one

2 Of course the underlying hypothesis of EEWS is that it is more important to reduce
missed alarms rather than false alarms, otherwise the system would be unnecessary.
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may decide to alert when the trade-off between the available lead time and
the losses related to a missed or false alarm is at its optimum.

11.4 Simulation of the SAMS Earthquake Early Warning
System

The Campania early warning system (SAMS - Seismic Alert Management
System) is based on the developing seismic network in the Apennines,
spanning the regions of Campania and Basilicata (Weber et al. 2007, this
issue). This network operates in the seismically most active area for Cam-
pania (100 km x 80 km wide) and is designed to acquire non-saturated data
for earthquakes larger than 4 [M,,]. In Fig. 4.1 (see Chap. 4) the stations of
the EW network (dark squares); the M > 2 events recorded from 1981 to
2002 and the faulting system of the Irpinia 1980 earthquake are given,
showing how the network covers the most hazardous area in the region.
Light squares represent additional stations which will be used to calibrate
local attenuation relationships (Convertito et al. 2007, this issue).

To assess the performance of the EEWS on an empirical basis a large
number of recordings should be available. In principle, to simulate the pre-
diction of the IM at the site and comparing it with the actual value experi-
enced by the structure, for any event, a set of recordings in each station
and at the site should be available. However, it is possible to compute the
false and missed alarm probabilities without data but still on an empirical
basis by simulation (e.g. Montecarlo). The procedure has been imple-
mented in a computer code and it takes advantage of empirical methods for
the estimation of magnitude and distance calibrated by seismologists off-
line.

Each run simulates a specific seismic event occurring in the area of in-
terest and consists of three steps: (1) Simulation of the event’s features
(e.g. assignment of the event’s magnitude; location and true IM at the site);
(2) Simulation of the measurements and predictions (e.g. real-time PSHA)
made by the network at any instant up to the triggering of all the stations;
(3) Verification the decisional condition and of the false/missed alarm; (4)
Count of the number of false/missed alarms to compute their frequency of
occurrence. The flow chart of the simulation procedure is given in Fig.
11.2.

The site considered in the simulation is assumed to be in the city of
Naples which is approximately 110km from the center of the network. In
Fig. 11.3a the relative position of the network and the site are given as in
the scheme in Fig. 11.1.
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Fig. 11.2 Simulation flow chart.

11.4.1 Event and Ground Motion Feature Generation

Each run in the Montecarlo simulation starts with the generation of the
geophysical features the EEWS will try to estimate. These values will
completely define the earthquake of that run. In other words, since to com-
pute the PSHA dependent on the EEW information the distributions of M
and R are required, we need to establish the true value of those which will
be called M; and R; (true magnitude and true source-to-site-distance re-

spectively). Moreover, the ground motion intensity measure at the site
(M7 ) has to be fixed; it is needed to verify the decisional condition and

see whether a false or missed alarm has occurred.
The true magnitude of the event (M) may be sampled according to the

Gutenberg-Richter recurrence relationship for the Campania region [in Eq.
(11.6); B =1.69, M, ,, =4, M,., =7]. On the other hand, one may be in-

terested in evaluation the EEWS performance with respect to a specific
magnitude; hence M, for the all runs in the simulation has to be set at the

same value. This is useful in the light of assessing the EEWS’s perform-
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ance in the case of high magnitude events which are the most threatening.
Below, this second option will be followed for sake of clarity and readabil-
ity of results.

The location of the epicenter is randomly chosen by sampling its coor-

dinates {xepi , yepi} from two s-independent uniform distributions defined in
the area covered by the network. Once the epicentral coordinates are set
the distance Ry to the site of interest (e.g. Naples) is readily obtained. (In

Fig. 11.3b the simulated event locations in 1000 runs are given.) Again, for
some purposes one may want to set the location of the epicenter at the
same point for all the simulations. Therefore, in this case, the value of Ry
is fixed for all the simulations.

41° 30 —
Seismic Network
(30 Stations)
41700 | naples 140

{Site)
120
E 100
40° 30
80
60
147000 14730 157000 15730 16700 80 100 120 140 160
Xepi
(a) (b)

Fig. 11.3 The EEWS-site Campania scheme (a); the sampled epicentral locations
in 1000 runs (b).

The generation (or assignment) of a “true” magnitude and “true” dis-
tance in each Montecarlo run allows us to get reference values for the pre-
diction of the EEWS. However, the “true” ground motion at the site (IMr)
should also be set. It is required to verify the decisional condition: for ex-
ample, it has to be compared to the expected value of IM computed by the
EEWS, Eq. (11.9), to establish whether the decision adopted produced, in
that run, a missed or false alarm. The value of IM; at the site, consistent

with the values of M; and Ry, is obtained by sampling the attenuation re-
lationship which, by definition, provides the PDF of the ground motion in-
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tensity measure conditioned to {My,R} . Herein the Sabetta and Pugliese

(1996) attenuation is considered in its epicentral formulation to be consis-
tent with the location estimation method. The considered IM is the PGA;
hence, in each run the value of PGA; is sampled from a completely speci-

. . 3
fied lognormal random variable .

Finally the event is completely defined for EEWS purposes since
{My,R,PGA} of the generic run are set; the next step consists in simu-

lating the measurements at the stations consistently with the event’s fea-
tures.

11.4.2 Station Measurements and M,R Real-time Distributions

In the simulation process, at any given time, the number of stations trig-
gered is computed. This is carried out assuming a homogeneous and iso-
tropic propagation model with P- and S-waves velocities of 5.5km/s (V)
and 3.5km/s (Vg ) respectively. This allows, for any epicentral location, de-
termination of which stations are triggered at any time. Similarly the lead
time, defined as the time required for the S-waves to hit the site, may be
computed at each instant of time.

Once the event is defined by {MT,RT,PGAT}, the response and predic-

tions of the seismic network should be simulated (e.g. the measurement of
7) without any recording but consistently with the measures that would be
performed in the real case. For example, let first consider the case when
only one station is triggered4. It is possible to simulate the station’s meas-
urement by sampling the empirical distribution of the parameter to be
measured conditioned to the true magnitude of the event, fyy (t|My).
Real t values measured from recorded signals would be distributed as
e (t/M7) by definition, and therefore such sampling is appropriate in a
simulation approach.

To generate 1 for more than one station it is assumed that measurements

performed by different stations are s-independent conditionally upon the
event’s magnitude (M ). Therefore, at a given time t when v stations are

triggered, all the v component of the {r,7,,...,7,} vector are obtained by

by

3 If many recorded signals were available at the site for a given magnitude, the empirical
distribution of the IM as retrieved by the records should be the same as that provided by
the attenuation law.

4 Again, due to the magnitude estimation method adopted, four seconds have to elapse after
the triggering of the station to include it in the estimation process.
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sampling v times the same f\(t|M;) PDF. Since data by Allen and

Kanamori (2003) are based on T measurements on four seconds of re-
cording, herein the working hypothesis is that any station’s measurement is
considered in the process if four seconds have elapsed from its triggering.
Moreover, no evolution in time of the t measure is considered.

Once the measurement vector {t,,t,,..,7,} is available, the Bayesian

Yy
method of section 2.2 may be applied to compute the distribution of mag-
nitude. In Fig. 11.4 the resulting magnitude distributions for a simulated M
6 event are given, clearly showing that, when few stations are triggered,
the distributions underestimate the magnitude.

2p T T T T T

1.8F

1.6f

1.4}

1.2F

s 75 5
Fig. 11.4 Magnitude distribution as the number of triggered stations increases

(M =6, Ry =91km).

Indeed, when few data are available, the dominating information is that
a priori of Eq. (11.6) which naturally tends to give larger occurrence prob-
ability to low magnitude events. More precisely, the Bayesian approach
will tend to produce overestimates of magnitude when it is below the a
priori mean and it will tend to underestimate it when it is greater than the
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mean. This effect is directly proportional to the difference in the expected
value of the a priori and M and inversely proportional to the size of

measurement vector. Then, as more measurements became available, the
prediction centers on the real value with a relatively small uncertainty. An
estimator with these features is said to be biased by classic statisticians and
other methods can be considered to obtain an unbiased estimator (i.e.
maximum likelihood). However, the Bayesian approach was preferred
since, albeit slightly biased, it gives, on average, significantly smaller es-
timation errors due to the use of the a priori information.

A similar observation applies to the distribution of the source-to-site dis-
tance. As earthquake location is only dependent on the sequence of sta-
tions triggered, no measurements have to be simulated to compute
fris,s,..s, (T181,S5,...,S,) once the arrival time (t,;=R;/V, where R; is

the distance of the j-th station from the epicenter) has been computed for
all the stations in the network.

The estimation process for the magnitude starts four seconds after the
triggering of the first station. At that time it is assumed that the location
(and therefore the distance) is known. This is not a limiting hypothesis:
simulations show that the localization method after a few seconds (e.g. 3s)
reduces the uncertainty on the location to about 1 km, which is negligible
in respect to other uncertainties involved in the process.

11.4.3 Seismic Risk Analysis

The estimated distributions of M and R, along with the attenuation law,
in the hazard integral allow us to compute the exceeding probability of
PGA at the site as the event evolves and the stations trigger. The hazard
curves corresponding to the event simulated in Fig. 11.4 are given in Fig.
11.5. It is possible to see the evolution of hazard which stabilizes when a
large number of stations provide information about the T measurements.
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Fig. 11.5 EWWS-conditioned seismic hazard as the number of stations increases
(M =6, Ry =91km).

To better understand whether the hazard computed with EEWS informa-
tion is correct, it is worth comparing it to the “maximum knowledge
status” of the hazard by adopting the true value of magnitude and distance
(as if they were deterministically known). This corresponds to the exceed-
ing probability of PGA when M and R are fixed. This comparison is
shown in Fig. 11.6: a thick curve represents the complementary Cumula-
tive Density Function (CDF) for the PGA when M (7) and Ry (110km)

are known; the black curves are the results of 200 simulations. (In the fig-
ure only the hazard curves corresponding to the case when all stations trig-
gered (v = 30) are reported.) The EEWS hazard may be seen to correctly
approximate the maximum knowledge condition.

To reduce the variability of the hazard curves, a strategy would be to in-
crease the number of stations. Indeed, the estimation procedure of the
magnitude distribution would benefit from the larger vector of informa-
tion.
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Fig. 11.6 EWWS-conditioned seismic hazard in 200 simulations compared to the

maximum knowledge condition (M} =7, Ry = 110km).

11.4.4 False and Missed Alarm Probabilities

The simulation (Fig. 11.2) also allows the frequency of false and missed
alarms, Eq. (11.11), to be computed according to the decisional rule cho-
sen. For example, according to Eq. (11.9) these probabilities are estimated
as in Eq. (11.12).

_ N[ E[PGA]< PGA: N PGAy > PGA | (11.12)
M4 =

NTO?'

_ N[E[PGA]> PGA: N PGAp < PGA. |
F4 =

NTOT

where N is the number of occurrences of MA or FA and Ny is the num-

ber of simulated events. Analogously, for the decisional rule of Eq. (11.10)
the probabilities are estimated as in Eq. (11.13).
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, N[ P[PGA > PGA:| < Pe " PGAy > PGA | (11.13)
MA =
NT{)?'
. N[ P[PGA> PGA.)> P- N PGAp < PGA, |
Fa =
NTOT

In Fig. 11.7 such estimations are given for M 7 (10* simulations) events
with an epicentral distance of 110km. The PGA is arbitrarily set at

0.3m/s” and the critical probability of exceedance (P-)is 0.2.

The real-time PSHA is performed at each second from the nucleation of
the event and hence a prediction of the PGA at the site is evolving with
time. Consequently; the false and missed alarm occurrence also changes
with time, which has implications for the risk management strategy. For
example, since the false alarm probability is decreasing for all decisional
rules, alerting at a certain time means accepting some greater error prob-
ability than if the alarm were issued later, although this implies additional
lead time.

To better understand the results of Fig. 11.7 it is useful to discuss the
given curves. In particular we will focus on the decisional rule of Eq.
(11.10). The critical value of PGA (PGA() is 0.3m/s%, the true value of

magnitude and distance are My = 7 and R; = 110km respectively. The
chosen attenuation relationship, conditioned by M; and R, gives
P[PGA> PGA.|= 0.81. Hence if P is equal to 0.2, the right decision
would be to alert at every run. As a consequence, the probability of a

missed alarm is zero because the alarm should always be issued and the
probability of a false alarm is P[PGA< PGA.| or 1-0.81 = 0.19. These

probabilities are intrinsic to the decisional rule and the thresholds set.
However, as discussed, the EEWS cannot perfectly estimate the hazard
curve with M and R; known (thick curve). In fact, due to the variability
in the estimated hazard, the value P[PGA > PGA.] is sometimes underes-

timated and sometimes overestimated. For example the underestimation of
P[PGA > PGA.] leads to the alarm not being given even if required and

therefore the missed alarm curve is not zero. In particular, when there are
few triggered stations this underestimation effect is strong and the missed
alarm probability is relatively high because when the alarm is not launched
(incorrectly) it will most likely result is a missed alarm. As time elapses,
the estimation improves, P[PGA > PGAC] tends to its correct value (0.81)

and the missed alarm probability also tends to its correct value (0). On the
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other hand the false alarm tends to 0.19. This means that, when all stations
are triggered, the systems will work according to what has been designed.
The shape of the curves depends on both the chosen values of PGA.
and P. and may thus be very different from those discussed in this exam-
ple if other values of the thresholds are concerned. Nevertheless, given the
missed and false alarm reference values calculated by means of the hazard
conditioned by M; and R;, the system may be calibrated by setting

PGA( and P appropriately.
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Fig. 11.7 False and missed alarm probabilities for 10* events (Mr=7, Rp=
110km, PGA_ = 0.3m/s?).

11.5 Conclusions

The discussed method aims to assess whether it is possible to use real-time
information provided by an EEWS to estimate the seismic performance of
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a structural or infrastructural system of interest. Magnitude and source-to-
site distance probabilistic distributions are plugged into the hazard analy-
sis, which may be further processed to obtain a prediction of the structural
response for the event occurring. Real-time seismic risk analysis seems the
way to use all the information provided by the earthquake early warning
system for real-time decision making. However, since the site is most
likely far from the network, the uncertainty related to the prediction cannot
be neglected.

The approach was tested by simulating the Campania early warning sys-
tem. Results indicate that the PSHA, conditioned to the EEWS measures,
correctly approximates the hazard computed if the magnitude and distance
were deterministically known, which is the maximum level of knowledge
possible. A significant reduction in the dispersion of the hazard curves
would be obtained by increasing the number of sensors in the area.

The approach is also used to test possible decisional rules to issue the
alarm. Decisional rules and alarm thresholds have intrinsic (by design)
missed and false alarm probabilities which may be changed according to
appropriate loss functions. Simulation shows how the missed and false
alarm probabilities estimated by the EEWS are evolving with time, ap-
proaching their design values as the number of stations increases. Such
curves may be used for risk management, optimizing the trade-off between
the probability of wrong decisions and the available lead time for risk re-
duction action.
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Abstract

The foreseeable future of Earthquake Early Warning Systems (EEWS) is
their use as a tool for real-time seismic risk management and mitigation.
The applicability potential of EEWS seems to be more related to the im-
mediate activation of safety measures for critical systems rather than as a
massive alert to the public. Evacuation of buildings requires warning times
which are unlikely to be available in many urbanized areas threatened by
seismic hazard, whereas the protection of critical systems may still signifi-
cantly help to reduce the losses subsequent to a catastrophic event and to
increase the resiliency of communities to earthquakes.

Real-Time Seismology (RTS), which consists of methods and proce-
dures for the rapid estimation of earthquake and ensuing ground motion
features based on measurements made on the first few seconds of the P-
waves, is the focus of a great deal of research. In principle, it may boost
the potential of regional seismic sensor networks for site-specific applica-
tions, in other words: hybrid EEW. Thus the next challenge of early warn-
ing and earthquake engineering is geographically distributed seismic net-
works for the protection of several critical systems and lifelines at the
same time. The key issue is related to uncertainty in the estimation of the
event’s features. Therefore, the performance target and feasibility factor of
such an EEWS is no longer only to maximize the warning time but also
calibrate, in a full probabilistic approach, the alarm thresholds and the de-
cisional rules in order to maximize loss reduction following the decision.
This paper reviews and discusses some issues raised for hybrid EEWS in
the light of performance-based earthquake engineering (PBEE) for risk re-
duction applications.
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12.1 Specific vs. Regional EEWS

The basic elements of an Earthquake Early Warning System (EEWS) are a
network of seismic instruments, a station (local or central) processing the
data measured by the sensors and a transmission infrastructure spreading
the alarm to end users (Heaton 1985) to initiate personal or automatic se-
curity measures. An EEWS is considered to be an attractive and moder-
ately costly solution for risk mitigation, the attractiveness being related to
the reduction in total losses produced in a large region or for very critical
facilities.

EEWS may be distinguished by the configuration of their seismic net-
work as regional or site-specific (Kanamori 2005). Regional EEWS con-
sist of wide seismic networks covering a portion of the area which is likely
to be the source of a catastrophic earthquake and/or the urbanized area ex-
posed to the strike. Data recorded by the seismic instruments are further
processed to retrieve information such as magnitude and/or location, fault-
ing mechanism or spectral response. This information may be used to es-
timate the level of shaking in the affected area. Such processing may re-
quire significant time and, in a possibly large portion of the region, called
the blind zone (Kanamori 2005), the alarm may rarely be issued before the
ground motion hits. Regional systems are mainly devoted to applications
such as shake maps (Wald et al. 1999), which are territorial distributions of
ground shaking available immediately after the event for emergency man-
agement for example, aiding in directing rescue teams in the zones which
are expected to be subjected to the largest shaking and are therefore ex-
pected to suffer the highest losses. In this case the system works in near-
real-time as a Rapid Response System (Wieland 2001) introducing another
classification of the EEWS by operating time-scale.

When the system can spread the alarm during the event, before the
ground motion hits some sites of interest, it is operating in real-time for
seismic alert purposes. In only a few cases will regional systems have
enough time to process the data and spread the evacuation alarm. This is
the case for the early warning system of Mexico City where the seismic
source zone is clearly known and sufficiently far away, such that large
segments of the population can be warned by the media. In Mexico City,
public schools and government agencies are directly connected with the
alarm system. The seismic alert system is an EEWS for large earthquakes
which have their source in the subduction zone of the Pacific coast. The
seismic sensors network consists of 12 digital strong motion field stations
located along a 300 km stretch of the Guerrero coast. Each field station in-
cludes a computer that continually processes seismic activity which occurs
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within a 100 km radial area around each station. The transmission infra-
structure consists of a central radio relay station and three relay stations lo-
cated between the coast and Mexico City. Two seconds are required for the
information on an event to reach Mexico City. Data received are processed
automatically to estimate the magnitude of the event and to issue a public
alert (4.4 million people are potentially covered by the system). The sys-
tem disseminates the warnings to the public and to specific entities via
commercial radio stations and audio alerting mechanisms via specially de-
signed receivers.

While regional systems directly improve the resiliency of communities
to earthquakes, site-specific EEWS are devoted to enhancing in real-time
the safety margin of specific critical engineered systems such as nuclear
power plants, lifelines or transportation infrastructures, mitigating the
seismic risk by reducing the exposure of the facility by automated safety
actions. The networks for specific EEW are much smaller than those of the
regional type, only covering the surroundings of the system creating like a
barrier for the seismic waves. The location of the sensors depends on the
lead time needed to activate the safety procedures before the arrival of the
more energetic seismic phase at the site. In these Seismic Alert Systems the
alarm is typically issued when the S-phase ground motion at one or more
sensors exceeds a given threshold and there is no attempt to estimate the
event’s features. Although, the knowledge of the seismic parameters is de-
sirable it is not essential for issuing the alarm in critical facilities. This is
because the latter is time-consuming and also because the uncertainty re-
lated to the propagation of seismic waves is generally moderate since the
path between the network and the site is limited. Errors in the alerting de-
cision are not considered much of an issue since the risk of system failure
is always assumed to be greater than the losses related to a false alarm. In-
cidentally, it is worth recalling that if an EEWS is required intrinsically
this means that the missed alarms are more important than the false alarms.

Among site-specific systems a paradigmatic example is that of the Ig-
nalina nuclear power plant in Lithuania (Wieland et al. 2000). The system
is designed to detect potentially damaging earthquakes and to provide an
alarm before the arrival of the shear waves at the reactor. The seismic net-
work is made up of six stations that are installed at a distance of 30 km
from the power plant (Fig. 12.1). An earthquake with an epicenter outside
the fence of stations may trigger an alarm about 4 to 8 seconds before the
ground motion reaches the reactor. As the required time to insert the con-
trol rods is 2 seconds, the reactor could be secured before the earthquake
arrives.
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Fig. 12.1 Ignalina EEWS schematics (Wieland et al. 2000).

The alarm threshold is set at an acceleration value of 0.025 g. The deci-
sion to alert is taken by a “two out of three” logic which in statistical terms
is a partial parallel system giving the same protection level against missed
and false alarms. As discussed below, any threshold carries intrinsic false
and missed alarm rates, which have to be assessed for calibration of the
threshold before the seismic alert system can be used to initiate safety pro-
cedures such as control rod activation. Aspects to be considered in this re-
spect are the acceptable losses related to both possible decisional errors.
For the case of the false alarm, for example, they may be associated to the
downtime of the facility.

Another example of a specific EEWS is that protecting the Thoku
Shinkanzen high speed train in Japan. The fence of seismic stations is
placed along the coast to protect the systems from off-shore events (Fig.
12.2). A second set of instruments, located along the track, protects the
trains from inland earthquakes.
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Morioka

Fig. 12.2 Tohoku Shinkanzen schematics (Veneziano and Papadimitriou 1998).

The system prevents the train from running on viaducts or in tunnels po-
tentially damaged by the earthquake, which may cause catastrophic de-
railment. Originally the system was designed, as for the Ignalina power-
plant, to issue the alarm when the S-waves acceleration recorded at the
coastal stations exceeded a threshold; the train can then be stopped and,
eventually, the railway inspected for damage. The available lead time is
about 20 seconds.

The EEWS for the Tokio-Morioka Shinkanzen required extensive study
for its optimization (Veneziano and Papadimitriou 1998). The original sys-
tem caused frequent delays and train cancellations due to false alarms. The
study shows how an engineering approach can improve the performance of
the system: optimizing the alarm thresholds by considering the seismic
fragility of the track which may suffer damage during an earthquake could
reduce the annual rate of false alarms by several orders of magnitude.

12.2 Real-Time Seismology and Hybrid Systems

State-of-the-art site-specific EEWS, working as seismic alarm systems, re-
quire a dedicated seismic network around the facility to protect, while re-
gional networks monitoring a potential seismic source zone, due to the
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computational effort needed, are mostly used as rapid response systems,
producing shake maps for emergency preparedness. Due to the consider-
able development of regional networks worldwide in recent years the ques-
tion of using EEWS for site-specific applications is rising. A major step for
the EEWS may be the use of regional networks to protect multiple critical
systems and/or the community and then a hybrid use of regional and on-
site warning methods (Kanamori 2005).

Early warning is the current focus of considerable research effort. Re-
cently seismologists have developed several methods to estimate the
event’s magnitude (M) based on limited information of the P-waves, such
as the first few seconds of velocity recording (Allen and Kanamori 2003).
Similarly the location, and then source-to-site distance (R), may be esti-
mated by the sequence of network stations triggered during the developing
earthquake with negligible uncertainty after only some instants (Satriano et
al. 2007, this issue). Therefore, it is possible to assume that real-time esti-
mates of M and R are available. This may improve the traditional function-
ing of EEWS, giving additional warning time and reducing the blind zone.
However, this information may also be used to design EEW engineering
applications. For example, the M and R estimates can provide a prediction
of the ground motion at the site, which can be performed in analogy with
common Probabilistic Seismic Hazard Analysis (PSHA). It results in seis-
mic hazard analysis reflecting real-time information.

Computing the seismic hazard conditionally (in a probabilistic sense)
upon the EEWS allows it to account properly for all uncertainties related
to both the estimates of the seismic networks and also the propagation of
the seismic waves from the source zone to the sites of interest by an ap-
propriate attenuation law. Consequently, the performance or even the
losses related to a structure or engineered system of interest may be com-
puted. Most such types of analyses may be optimized so as not to require
significant additional processing time (lervolino et al. 2007, this issue). A
scheme of the hybrid application of a regional network for structure-
specific earthquake early warning is shown in Fig. 12.3.

Employing Real-Time Seismology in an earthquake engineering frame-
work means updating the knowledge of the seismic hazard from the data
gathered by the network. This allows re-evaluation of the seismic risk con-
ditioned to the measures of the network for risk management purposes. In-
deed, virtually all the knowledge and decision-making approaches devel-
oped in the framework of Performance-Based Earthquake Engineering
(PEER 2004) may be applied to early warning, helping to design such sys-
tems on a quantitative and consistent basis.



12 Earthquake Early Warning and Engineering Application Prospects 239

|Structural

|Response Seismic
network

1_—EDP (i.e. Maximum
H r, Interstory Dvift Ratio) %

Source-to-site

$ ,__I;lm i.e. PGA) distance $ X "ﬁ \ll\ k*

e, Ao
\Ground | YV
motion at .
: Signal at
the site the network

stations

Epicenter

Fig. 12.3 Regional EWWS for structure-specific applications.

Obviously, the probability density function of the structural response
and/or consequent expected losses, conditioned to the measures of the
seismic instruments, when an event is occurring contains the highest level
of information available. Real-time risk analysis in the case of hybrid
EEWS, in principle, allows application of regional networks to multiple
specific systems at the same time as critical systems and lifelines and pos-
sibly gives a quantitative basis for automated decision making. Contrasting
with the current EEWS calibration approach, adjusting the alarm threshold
by predicting the consequences is more consistent with an engineering ap-
proach to the seismic risk management.

Hybrid systems designed in this way may also overcome an intrinsic
limit of existing EEWS. The latter currently help reduce the loss related to
exposure (e.g. casualties in case of evacuation) but they do not help to de-
crease economic losses due to structural damage in buildings, infrastruc-
tures and other engineered systems. Now it seems possible to take real-
time action to reduce the structural vulnerability of specific systems (to
follow). For example, if real-time hazard analysis allows the response
spectra at the site to be estimated before the ground motion hits, semi-
active control devices, which need milliseconds to seconds to set, may
change the vibrating characteristics of the structure accordingly.
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12.3 Applicability Potential of EEWS

Seismic risk may be defined, whilst separating causes and effects, as the
combination of: hazard, vulnerability and exposure. Risk management
consists of: (1) Risk mitigation by vulnerability or exposure reduction; and
(2) Emergency preparedness (Fig. 12.4). The latter is a near-real time is-
sue; the former consists of strategies which are typically mid-term (i.e.
seismic retrofit of structures and infrastructures) or long-term actions (i.e.
urban land use planning or development of appropriate design standards).
From the brief review given in the previous sections, it is clear that EEWS
may play a role in both policies, whether in minimizing loss of lives and
property or directing rescue operations (Wieland 2001).

Monitoring of the Planning of
Built Environment Mitigation Actions
Hazard

1

Vulnerability Exposition |

-

Emergency
Management

Fig. 12.4 Risk factors and risk mitigation strategies.

The traditional approach to risk mitigation by EEW deals with those fa-
cilities and processes where rapid response can contribute to the reduction
in the value exposed. For example, operations of critical facilities and
processes are stopped, trains are slowed down, traffic lights are switched to
red on critical infrastructure tracks such as bridges, valves in gas and oil
pipelines in hazardous industrial facilities are closed, and power plants are
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secured. Personal protective measures are undertaken at home and in the
workplace, including getting under desks and moving away from danger-
ous equipment or materials. All the listed actions following an EEW re-
duce losses following damage (exposure) of the engineered systems but do
not prevent such damage (vulnerability). However, EEWS are now capable
of providing, from a few seconds to a few tens of seconds before the arri-
val of strong ground shaking, a prediction of the ground motion or the
seismic demand on structures caused by a large earthquake in a fully prob-
abilistic way. Therefore the question raised now is how such early warning
information may be used to take real-time action for vulnerability reduc-
tion in the light of real-time seismic risk management and effective dam-
age mitigation.

Several studies discussed, as an engineering application of EEWS, the
semi-active control of structures (Grasso et al. 2005) such that the building
can change its dynamic properties within a few seconds to better withstand
the predicted ground motion features. A semi-active control device is a
passive system which has controllable properties which may change the
dynamic properties of the structures it is applied to. For example, the mag-
neto-rtheological dampers use fluids which contain micro-sized iron parti-
cles that, if a magnetic field is applied, form chains increasing the viscos-
ity. The intensity of the magnetic field may be regulated to adjust the
viscosity; this may change the structural damping. How to change the
damping in the semi-active control strategies is dependent on the response
spectra which reflect the hazard at the site. Then, although EEWS devel-
opment for such applications will require a dedicated and reliable infra-
structure that can utilize the information and operate very rapidly and
automatically, integration with an EEWS in the light of real-time structural
control now seems feasible since it is possible to have the expected, or the
full probabilistic distribution, of the spectral ordinates in real time. On the
other hand, it seems harder to integrate the EEW with active control strate-
gies requiring the full waveform prediction to operate.

An application of semi-active control implementing some of these con-
cepts, albeit for a traditional site-specific EEWS, is that under develop-
ment by ENEA in Italy to protect Michelangelo’s David displayed at the
Uffizi museum (Florence). The system is made of a seismically isolated
stand, which in non-earthquake conditions is tightly secured to the floor to
prevent accidental movement, while in the case of an early warning alarm
the locks are automatically released, isolating the statue from the floor mo-
tion.

Although interaction of EEW and semi-active control is a real-time ap-
plication and quite innovative, there is another engineering application
which has received considerable attention, namely integration with struc-
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tural monitoring systems. Structural health monitoring is used to represent
the evolution of structural conditions during service life. By contrast, per-
formance-based earthquake engineering methodologies employ structural-
response information to estimate probabilistic losses related to seismic per-
formance. It seems quite straightforward to combine these capabilities to
automatically estimate in near-real-time the probabilistic performance of
an instrumented building after the hit of the strong motion (Porter et al.
2004). This application of EEW may enhance the potential of the system in
the light of the rapid response to catastrophic events. Indeed, in the case of
critical systems, which have to be operable for emergency management
purposes such as hospitals, fire stations or even lifelines, rapid damage as-
sessment may provide a useful picture of the situation of such important
resources available during the emergency.

Finally, another possible evolution of near-real-time applications of
EEW for the implementation of a rapid response system is the evolution of
shake maps into damage maps. Research is being conducted on the fragil-
ity functions for classes of buildings, which are probabilistic distributions
of structural damage conditioned to a seismic intensity measure (spectral
acceleration for instance) retrieved on an analytical or empirical basis.
Then, if the spatial distribution of the inventory of any category of build-
ings is available, it is possible to retrieve in near-real-time maps of the
structural damage, which is more informative for emergency management
rather than the distribution of the shaking level. This holds particularly for
those countries where the building stock is very heterogeneous and struc-
tures in the same region may be old masonry constructions, reinforced
concrete frames whether seismically designed or pre-code, pre-cast and
even steel structures. Thid happens, for example, in Europe and in Medi-
terranean countries, where the shaking maps are not the best proxy for
damage since the listed categories are very differently sensitive to the
ground motion level.

12.4 Beyond the False Alarms: the Loss Estimation
Approach to Early Warning

In hybrid EEWS the warning time is not the only parameter to optimize:
estimation of event features by real time seismology is a process based on
empirical relationships and carries significant uncertainty. Moreover,
ground motion prediction, structural response, damage and loss relation-
ships further introduce uncertainty in the prediction at the site. The uncer-
tainty may lead to errors in alerting decisions. Alerting or not alerting both
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have a cost: in the case of not alerting the loss is associated to an earth-
quake striking without any countermeasure taken; in the case of alerting,
preparedness interventions have a cost (social and/or economic) which
may transform into loss if the actual ground motion does not require such
action. As discussed by Goltz (2002), false alarms are important for alerts
to the community because they can result in a reduction of credibility (the
“cry wolf”) with even legal liability. In automated decision making for en-
gineering applications costly risk reduction measures must not be taken if
not strictly needed. For example, the downtime of lifelines may be costly
and has to be limited. It has to be kept in mind that the real-time actions
featuring the larger risk mitigation potential often also require the larger
warning time. Also, the cry wolf phenomenon does not have the same im-
portance for every intervention category: its impact depends on the extent
of the systems the alarm affects, and on the cost of downtime (Fig. 12.5).

Lead Time
Shut Down of
Facilities and
Lifelines
Q
i Stop of
Transportation
Systems
Q
Low impact actions
(e.q. lifter control,
Traffic lights)
Q
_______L_________:_{: ____________ R ok Acceptance of

the “Cry Wolf"

_____________________

Expected Loss
Reduction

Fig. 12.5 Impact of missed/false alarms for categories of EEW applications.

Any decisional rule and alarm threshold have intrinsic false and missed
alarm probabilities which constitute a trade-off. Indeed, the reduction in
false alarms by adopting high warning thresholds is dangerous since it
would intrinsically increase the chance of a missed alarm. These error rates
may be effectively adjusted only by improving the estimation method of
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the parameters the decision is based on (acceleration, for example). More-
over, the false and missed alarm rates also change with time, therefore the
decision of issuing the alarm may be taken in advance with some probabil-
ity of errors which may change if more data are available. This is another
crucial trade-off in the design of seismic early warning applications be-
cause the uncertainty only decreases when more information is collected
by the seismic instruments, and then only when the available lead-time is
reduced. Estimation of missed and false alarm probabilities associated to
an alarm threshold is one way to understand the implications of a decision
based on that threshold. Computation on an empirical basis should consist
of post-event analysis of EEWS predictions and would require a large
strong-motion waveform database both for the network and the site where
the structure is located. Since such databases are very rarely available, es-
pecially for large earthquakes, the I and II type errors may be approxi-
mated in a simulation framework using appropriate characterizations of the
uncertainties involved in the prediction.

Estimation of false missed alarm rates is a first approach to test per-
formance of a hybrid early warning system. A more sophisticated way to
calibrate design of an EEWS for automated decision making may be based
on the minimization of expected losses. Let us say that two actions are
possible, based on the data from the seismic instruments: (1) alarm; (2) no
alarm. Consider that the decision to alert should be made if a statistic of
the measures (decision variable) made by the network exceeds a given
threshold. To establish which threshold should be set, the expected losses
following action (1) or (2) have to be computed conditionally upon any
value of the decision variable. The decision associated to the lower ex-
pected cost indicates which action should be taken for that value of the de-
cision variable. This approach also leads to the definition of the threshold
value.

For example, in the case of the methodology suggested by Allen and
Kanamori (2003) the alarm threshold could be set at the predominant pe-
riod of the first few seconds of the P-waves (1.) because this parameter is
correlated to the magnitude of the event and, together with an estimation of
source location, it may be used to predict ground motion, structural per-
formance or economic losses for a system of interest. Considering no risk
mitigation action, it is possible to compute the expected value of losses in
the case of not issuing the alarm. Similarly, in the case of a protective ac-
tion being taken, the expected losses may be computed if the alarm is is-
sued. Estimating these two losses conditionally upon any possible value of
1. will lead to sub-divide the space of 1. into two regions: (1) the region
where the expected losses in the case of no alarm is lower than the ex-
pected losses if any action is taken; (2) the region where there are expected
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losses if the alarm is issued are lower than if the alarm is not issued. The
limiting value of 1. separating these two regions is the optimal threshold to
set. This approach overcomes the false and missed alarm approaches to es-
tablishing the alarm threshold since the decision always minimizes the ex-
pected loss (Iervolino et al. 2006).

12.5 Concluding Remarks: Future Prospects of Seismic
Early Warning Engineering

EEWS may be regional or site-specific. Currently the regional warning
method using a network of stations can provide more detailed but less
rapid information about the ground motion. In contrast, the on-site method
provides a more rapid warning, but the information coming from the on-
site warning is limited to relatively simple parameters. A hybrid use of a
regional and on-site warning may enhance the usefulness and reliability of
an EEWS.

Real-Time Seismology may help to overcome some of the limitations of
the EEWS developed or implemented so far which only provide warnings
regarding the severity of impending earthquakes. Now information regard-
ing the characteristics of the ground motion, at least on the response spec-
trum, may be given from the first few seconds of the event. The integration
of real-time seismology with performance-based earthquake engineering
allows the EEWS to be capable of providing the real-time predictions of
those information which are useful for design of engineering applications
with a quantification of the uncertainty related as a function of time.

Current EEW projects worldwide are chiefly of the regional type, since
they rely on the development of national or regional seismic networks.
Hence the question of using such EEWS for engineering applications has
arisen. Indeed, several countries are developing regional seismic networks
aiming to have RTS capabilities. For example, Japan, Turkey, Romania,
Greece, United States (California) and Italy have several earthquake early
warning projects (see also www.seismolab.caltech.edu/early.html). How-
ever, few of them are ready to implement a prototypal system of real-time
earthquake engineering, even though all the projects set this as a major
goal.

All the projects and current EEWS tend to reduce exposure of critical
systems. However, it seems a natural development of EEWS to reduce
damage, i.e. to mitigate seismic risk by reducing structural vulnerability. It
seems possible with the application of real-time seismology as an input to
semi-active structural control. To this aim the interaction of real-time en-
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gineering seismology and real-time earthquake engineering is required to
develop design guidelines for engineering EEWS applications.

This is the foreseeable future of EEWS. Whether this kind of application
is feasible depends on the lead time provided but also on the failure rate of
the prediction. There is extensive discussion on early warning systems as
to how the alarm threshold should be set. In many EEWS, typically site-
specific but also regional, in some cases, this threshold is set on a ground
motion level, i.e. the acceleration recorded by the seismic network. In gen-
eral, the threshold should be set on the parameter the seismic stations re-
cord as a proxy for the features of the event. Although false/missed alarm
rates may now be estimated, calibration of the seismic early warning sys-
tem and set-up of an alarm threshold should be done in a loss estimation
approach, i.e. the action to be taken to reduce the risk is that which mini-
mizes the expected losses.

Among its requisites, EEWS for real-time engineering applications
should have a network able to measure parameters of use for RTS, rapid
processing capabilities and a reliable, then redundant, dedicated transmis-
sion infrastructure. In the case of real-time vulnerability reduction, as for
semi-active structural control, the system to protect should also be supplied
with an automatic system able to operate the devices or initiate any other
security measure in case of an alarm. These kinds of applications most
likely will require the development of new technologies specific to real-
time earthquake engineering, which may be a critical issue for the devel-
opment of hybrid EEWS.
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Abstract

The most important countermeasure against earthquake risk is to have all
structures vulnerable enough for the possible earthquake load. In this re-
gard, an early warning system should be installed to reduce the possibility
of earthquake disaster. An early warning system is required mainly to issue
an alarm to have a time margin for evacuating or shutting down key facili-
ties, and not to determine exact earthquake parameters. Thus the early
warning system must be realized independently and the government and
other public authorities must release accurate earthquake information im-
mediately.

The necessary qualities for early warning systems may be summarized
as follows:

e Fully Automated: As the time margin is limited, the facility should be
directly controlled without human judgment.

e Quick and Reliable: As there is limited time to respond to earthquake
motion, this kind of system is required to be quick and reliable.

e Small and Cheap: To install easily, the system must be small and
cheap.

e Independence: To issue fail-safe alarms, the system must be independ-
ent of other systems.

e Easy to Connect Network: To deliver the earthquake information, the
system must be easy to connect network.

e Accuracy is Better: For the alarm, accuracy of the information is not
such a serious problem.

UrEDAS, Urgent Earthquake Detection and Alarm System, is the first
real-time P-wave alarm system in practical use in the world. It is able to
process digitized waveforms step by step without storing the waveform
data. As the amount of processing does not differ whether or not an earth-
quake occurs, system failure due to overload will not occur.

Here, the present condition of the P-wave early detection system UrE-
DAS is viewed under working conditions and the results of test observa-



250  Yutaka Nakamura, Jun Saita

tions where faults exist are also reported. Then a new real-time data proc-
essing system for new generation will be considered.

13.1 Introduction

The most important countermeasure against earthquake risk is to have all
structures vulnerable enough for the possible earthquake load. In this re-
gard, an early warning system should be installed to reduce the possibility
of earthquake disaster. An early warning system is required mainly to issue
an alarm to have a time margin for evacuating or shutting down key facili-
ties, and not to determine exact earthquake parameters. Thus the early
warning system must be realized independently and the government and

other public authorities must release accurate earthquake information im-

mediately.

It is considered that an early warning system should have the following
functions:

1. Rapid earthquake detection. Installing seismometers far from the target
(e.g. urban area) is the easiest way to create enough time to escape. The
time is caused by the difference in velocity between telecommunications
(300,000 km/sec) and the seismic wave (8 km/sec). This type of early
warning is called a “Front-detection system”. Moreover if the system
can detect P waves and determine the earthquake parameters or estimate
the dangerousness of the earthquake motion, the time margin will be
greater. In the event of P-wave detection, even near the target the warn-
ing system can obtain a time margin based on the difference between the
P wave and S wave. This type of early warning system is called an “On-
site system”.

2. Automatic management. All procedures for early warning and alarm
must be carried out automatically, because human judgment may need
time and can cause misjudgment.

3. Education and training in the system. It is necessary to educate the pub-
lic with regard the meaning of the information or alarm from the early
warning system. Also it is important to train staff how to behave in case
of early warning and to promote manuals for the earthquake counter-
measures.

4. That the possibility of false alarm and information error be recognized.
Since there is always a possibility of issuing a false alarm, organizations
that use the alarm system should understand taking risk. Obviously, at-
tempts should be made to reduce the possibility of false alarms.
UrEDAS, Urgent Earthquake Detection and Alarm System, is the first

real-time P-wave alarm system in practical use in the world. It is able to

process digitized waveforms step by step without storing the waveform
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data. As the amount of processing does not differ whether or not an earth-
quake occurs, system failure due to overload will not occur.

Here, the present condition of the P-wave early detection system UrE-
DAS is viewed under working conditions and the results of test observa-
tions where faults exist are also reported. Then a new real-time data proc-
essing system for new generation will be considered. Table 13.1 shows the
practice of early warning systems.

Table 13.1 Practice of early warning systems.

P-wave Alarm

S-wave Alarm

On-Site
Detection/Alarm

Front
Detection/Alarm

Shinkansen lines since
1998 and Tokyo Metro since
2001 using Compact UrE-
DAS with One Second
Alarm after P-wave Detec-
tion

FREQL:
Sub-Seconds  Alarm

Tokaido
Shinkansen since
1964 using Me-
chanical Detector

AcCo: more than

after P-wave Detection 500 Users at the end
as On-Site system for of 2005 mainly for
Hyper Rescue Teams (o _site S-wave
since 2005 and for To- Ajgrm

kyo Metropolitan Subway
since 2007

One Second Alarm/
Information after P-wave
Detection as Front sys-
tem for Nuclear Power

Plant since 2006
Tokaido Shinkansen
since 1992, Sanyo

Shinkansen since 1996, for
Wakayama Tsunami Warn-
ing System since 2001 us-
ing UrEDAS with Three
Seconds Alarm/ Information
after P-wave Detection as
Front system

Coast Line De-
tection System for
Tohoku Shinkan-
sen since 1982
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13.2 The History of Early Warning

13.2.1 The First Concept of Early Warning

The main concept of the early warning system was introduced by Dr. Coo-
per in the San Francisco Daily Evening Bulletin of 3rd November 1868
(see Appendix). This report explained the concept as follows:

“A very simple mechanical contrivance can be arranged at various
points from 10 to 100 miles from San Francisco, by which a wave of the
earth high enough to do damage, will start an electric current over the
wires now radiating from this city, and almost instantaneously ring an
alarm bell, ... This bell should be very large, of peculiar sound, and known
to everybody as the earthquake bell. Of course nothing but the distant un-
dulation of the surface of the earth should ring it. This machinery would be
self-acting and not dependent on the telegraph operators.”

At that time, no system could realize this idea. Figure 13.1 shows the
concept of Dr. Cooper’s idea of the front detection system.

San Francisco
Daily Evening
Bulletin, 3
November 1868

Fig. 13.1 The concept of the first detection system by Dr. Cooper.

13.2.2 Earthquake Alarm for Railways

Earthquake detectors for the railway system were developed and spread
from the second half of 1950s in Japan. It was started by the strong motion
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observation with SMAC, the first strong-motion seismograph in Japan de-
veloped in 1953. The 1964 Niigata earthquake (M7.5) triggered debate on
an earthquake warning system for Shinkansen under construction.

However, in April 1965, the year after starting operation of Tokaido
Shinkansen (bullet train), an M6.1 earthquake occurred in Shizuoka pre-
fecture and some structures in Shinkansen were damaged. Subsequently,
JNR, Japanese National Railways, decided to construct a new earthquake
warning system with ordinary alarm seismometers and waveform re-
cording seismometers. These seismometers were installed every 20 to 25
km along the Shinkansen line to issue an alarm if the acceleration of hori-
zontal ground motion exceeds 40 Gal (= cm/sec’). This preset level, 40
Gal, was determined as a level to detect earthquakes exactly, so as not to
issue alarms in the event of small earthquakes, and not to issue errors with
passing trains or other environmental noise. Figure 13.2 shows the exam-
ples of these historical earthquake detectors.

Fig. 13.2 Historical earthquake detectors. (A) The first earthquake detector in an-
cient China (model). (B) SMAC type strong motion detector (appearance). (C)
Earthquake detector for Shinkansen (inside).
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In 1972, researchers in earthquake disaster prevention in Japan advo-
cated the "Strong earthquake alarm system 10 seconds before". Although
this was an idea similar to Dr. Cooper's front detection system in 1868, no-
body had put it into practical use until then. The world's first front detec-
tion system, "a coastline detection system" with the simple triggering
seismograph, began operations at the time of the completion of the Tohoku
Shinkansen in 1982. This is the first example which carried through Dr.
Cooper's idea into practice, followed by the Mexico-based SAS (Sistema
de Alerta Sismica) installed in 1991 similar to this coastline detection sys-
tem. Figure 13.3 shows the coast line detection systems for the Tohoku
Shinkansen line and so on.
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\ Wave Propagation
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. .
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Fig. 13.3 Coastline detection systems. (A) Dr. Cooper’s idea (1868). (B) Coastline
detection system for Tohoku Shinkansen (1982). (C) SAS, Sistema de Alerta Sis-
mica, of Mexico (1991).
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13.2.3 Birth of UrEDAS

Since earthquake detection with a simple trigger is required to set the
threshold level high, earthquake detection tends to be late after S-wave ar-
rival. If it is possible to detect a P wave, the duration of the preliminary
tremor can be used for countermeasures. If a front detection system with P-
wave detection can be created, then the time margin may be expected to
increase. Thus P-wave detection and an alarm system were developed as
an indispensable system for a high-speed train. This system was completed
as a UrEDAS which can estimate the earthquake parameters and issue an
alarm in three seconds after P-wave detection. The prototype UrEDAS
started observations in 1984. Since 1988, UrEDAS has been used in prac-
tice as part of an earthquake disaster prevention system for the Seikan un-
dersea tunnel (see Fig. 13.4). For the Shinkansen lines, after trial operation
started in 1990, UrEDAS started operating with 14 stations for the Tokaido
Shinkansen line in 1992. This is the first front P-wave detection alarm sys-
tem in practical use as an automatic train controlling system.

‘1}.- _Elzs
0

- — 1 X T3 T T b p— T T T
Water Flow O Strain hiete
Neter

Fig. 13.4 Earthquake disaster detection system for Seikan undersea tunnel.

13.2.4 After the Kobe earthquake

The 1995 Kobe Earthquake (M7.2) caused extensive and severe damage to
viaducts and other structures. This time along-the-railroad alarm seis-
mometers issued the alarm immediately since the station was close to the
epicenter. This earthquake led to a plan to install the Sanyo Shinkansen
UrEDAS. The system was completed and operation was started with five
stations in 1996. In 2000, a UrEDAS was installed in Kushimoto, the
southern end of Honshu Main Island, as a tsunami warning system by Wa-
kayama prefecture, and observations have continued since then.
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The Kobe Earthquake also provided the motivation for Compact-
UrEDAS development. In the VTR shown in Fig. 13.5, initial P-wave mo-
tion was detected as something happening, and then severe motion started.
In an interview with victims, although there were only a few seconds be-
tween detection of something happening to earthquake recognition, there
was anxiety and fear because they could not understand what was happen-
ing during this period and felt relieved after recognition of earthquake oc-
currence. To counter this kind of feeling, earlier earthquake alarm was re-
quired: Compact UrEDAS was developed to issue the alarm within one
second of P-wave arrival.

Belore event
(payment)

Severe motion
L]
-w (turning over)

Fig. 13.5 VTR at the time of the Kobe earthquake.

After the Kobe earthquake, there was a plan to update and renew the
alarm system for the Shinkansen lines of East Japan Railways in the north-
ern part of Japan. A compact UrEDAS was chosen for this plan, which can
issue the alarm immediately - at almost one second after P-wave detection
- based on the dangerousness of the detected earthquake motion, and also
issue the alarm with an S wave. 56 sets of Compact UrEDAS were in-
stalled for Shinkansen lines of East Japan Railways and started operation
only with an S-wave alarm in 1997. After adjustment for the P-wave
alarm, this system started full operations in 1998 as an along-the-railroad
on-site P-wave detection system.
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For the subway network in the Tokyo metropolitan area, six sets of
Compact UrEDAS were installed in 1998 and started operation immedi-
ately with only S-wave alarms. In 2001, this subway Compact UrEDAS
was in practical use as an automatic train control system with a P-wave
alarm system. This subway Compact UrEDAS was replaced to FREQL,
the next generation of UrEDAS and Compact UrEDAS, in 2007.

Figure 13.6 shows the distribution map of the stations for UrEDAS and
Compact UrEDAS after the Kobe earthquake.
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Fig. 13.6 Distribution of UrEDAS and Compact UrEDAS.
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13.3 UrEDAS

13.3.1 UrEDAS Functions

Main UrEDAS functions are estimation of magnitude and location, vulner-
ability assessment and warning within a few seconds of initial P wave mo-
tion at a single station. Unlike the existing automatic seismic observation
systems, UrEDAS does not have to transmit the observed waveform in real
time to a remote processing or centralized system and thus the system can
be considerably simplified.

UrEDAS calculates parameters such as back azimuth, predominant fre-
quency and vertical to horizontal ratio, using amplitude level for each
sampling in real time. These calculations are basically processed in real
time without storing waveform data. UrEDAS calculates these values con-
tinuously regardless of whether or not an earthquake occurs, and calculates
just like filtering, so the number of procedures is not increased in the event
of an earthquake. UrEDAS can detect earthquakes in P-wave triggering
with the amplitude level, and then estimates earthquake parameters such as
magnitude, epicentral and hypocentral distance, depth and back azimuth
from the result of real-time calculation in a fixed period. Moreover UrE-
DAS can support restarting operation based on the detailed earthquake pa-
rameters.

13.3.2 Estimation of Magnitude and Location

(1) P-wave Recognition and Estimation of Azimuth Using Single Sta-
tion Information

Figure 13.7 shows the methods for P-wave recognition and estimation of
azimuth using single station information, seismic wave recognition and
epicentral azimuth estimation using three components of the single station.
If the vertical component is larger than the horizontal component, the wave
will be a P wave. Figure 13.8 shows a comparison between the initial mo-
tion periods automatically read by the UrEDAS and the magnitudes given
by JMA. The magnitude estimated by UrEDAS seems to be within almost
0.5 of its JMA counterpart.

(2) Magnitude

The magnitude of an earthquake relates to the size of a seismic fault: the
larger the fault, the greater the magnitude. Also the duration and the pre-
dominant period of the motion are proportional to earthquake magnitude.
Therefore, the magnitude of an earthquake can be predicted from the pre-
dominant period of the initial motion as in Fig. 13.9.
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Fig. 13.7 Estimation of P wave recognition.
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Fig. 13.8 Estimation of back azimuth.
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Fig. 13.9 Relationship between the period of initial motion and magnitude.

UrEDAS uses both acceleration and velocity of the earthquake motion
for continuous estimation of the predominant frequency in real time. Am-
plitude level of the motion is calculated continuously with exponential
smoothing and then the predominant frequency is estimated from the ratio
of acceleration level to velocity level. This corresponds to the frequency of
the gravity center of velocity spectrum. Figure 13.10 shows the change in
the predominant frequency of actual earthquake motion, and shows it is
possible to grasp the change of the predominant frequency.
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Fig. 13.10 Estimation of the predominant frequency.
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Figure 13.11 shows the performance of continuous estimation of the
predominant frequency based on the proposed technique. The first exam-
ple shows the result of inputting a sine curve with various amplitudes and
frequencies. Amplitude does not affect the estimation result but the change
in predominant frequency is immediately detected. In the case of real
earthquake motion, since amplitude increases drastically with P-wave arri-
val, detection of the change in predominant frequency is extremely rapid.
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Fig. 13.11 Performance of continuous estimation of predominant frequency.

Figure 13.12 shows a comparison between the initial motion periods
automatically read by the UrEDAS and the magnitudes given by JMA. The
magnitude estimated by UrEDAS seems to be almost within +0.5 that of
JMA. Figure 13.13 shows the comparison between the official magnitude
of JIMA and the UrEDAS magnitude estimated in real time with the initial
P wave. Estimated magnitude is a little larger but the scatter is in +1. It is
not a serious problem for the alarm system to estimate slightly large be-
cause of the view of the safety side.

Additionally magnitude of distant and deep earthquakes are estimated
smaller but this constitutes no problem in terms of alarm, as in general
deep earthquakes do not cause serious damage.
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(3) Epicentral Distance and Depth

In general, the magnitude of an earthquake is predicted from the amplitude
of the initial motion and the distance from the epicenter. As the amplitude
of an initial motion can be automatically measured and the magnitude of
the earthquake can be estimated from the period of the initial motion, the
epicentral distance can be estimated from this information. The depth can
be estimated statistically using a parameter, the ratio of the vertical initial
motion to the horizontal initial motion as a kind of the angle of seismic
wave incidence. Although the accuracy of estimating the epicentral dis-
tance in this way is not so high (half to twice the distance), more accurate
estimation by using the duration of preliminary tremors is possible after
the arrival of the principal motion.

13.3.3 Vulnerability Assessment and Warning Based on M-A
Relation

Past earthquake damage for railway structures is plotted in this M-A dia-
gram, with earthquake magnitude on the x axis and epicentral distance on
the y axis as in Fig. 13.14.

No Damage
o Embankment Damage

A Bridge Damage

100

Epicentral Distance in km

6
Magnitude M

Fig. 13.14 M-A diagram

It clearly shows damage occurs for M>5.5, and damaged areas are con-
fined within a certain distance range around the epicenter. For example,
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earthquakes with M6, M7 and M8 give damage 12 km, 60 km and 300 km
within epicentral distances, respectively. If we could rapidly estimate the
earthquake magnitude and epicenter location with depth, the area to be
alerted is clearly shown by the M-A diagram and a reasonable alarm can be
issued immediately after earthquake detection. This new alarm is referred
to as an M-A Alarm.

13.4 Compact UrEDAS

13.4.1 Assessment Index for Vulnerability of Strong Motion

Compact UrEDAS estimates the expected destructiveness of the earth-
quake immediately from the earthquake motion directly, not from the
earthquake parameters as UrEDAS, and then issues the alarm if needed. To
estimate earthquake dangerousness, the power of the earthquake motion is
calculated from the inner product of acceleration vector and velocity vec-
tor, but this value will be large. Hence Destructive Intensity (DI) is defined
as the logarithm of absolute value of this inner product as in Fig. 13.15.

Figure 13.16 shows the change in DI as a function of time. When the P
wave arrives, DI increases drastically. PI value is defined as maximum DI
within t seconds after P-wave detection. This value is suggested to be used
for P-wave alarm. Subsequently, DI continues to increase slowly until the
S-wave arrival, after which it reaches its maximum value which is called
the DI value. This value relates to earthquake damage and is similar to the
Instrumental Intensity scale of JIMA or Modified Mercalli Intensity (MMI).

Instrumental JMA seismic intensity can be determined only after the
earthquake has terminated. On the other hand, DI has a very important
practical advantage, because it can be calculated in real time soon after the
P-wave arrival with physical meaning. In other words, with the continuous
observations of DI, an earthquake alarm can be issued efficiently and dam-
age can be estimated precisely.

Figure 13.17 shows the relationship between the DI value, PI value and
maximum acceleration. Common alarm seismometers are triggered 40Gal
and 80Gal of acceleration. These trigger levels correspond to 2.0 and 2.5
of PI value, respectively. The actual Compact UrEDAS are set 2.5 to 3.0
of PI value.
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Fig. 13.17 Relationship between DI value, PI value and maximum acceleration.
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13.4.2 Alarms of Compact UrEDAS Based on Destructive
Intensity and Acceleration Level

Figure 13.18 is a schematic diagram for alarms of Compact UrEDAS.
Compact UrEDAS issues alarms not only on P-wave arrival but also S-
wave arrival. Thus Compact UrEDAS achieves both rapidity and reliabil-
ity by combining P-wave and S-wave alarms.

Degipliciiys
Iniizraity

— DI, Acceleration

Improvement of Quick and Reliable
. 21449+ | on Alarm Issue by Combination P-
wave Alarm and S-wave Alarm

—time

Fig. 13.18 Schematic diagram for Compact UrEDAS alarm.

13.5 Operating Conditions

13.5.1 Overview of the Operating Conditions

Table 13.2 shows the result of UrEDAS operations on Tokaido Shinkansen
for approximately 14 years. Initially, the UrEDAS alarm threshold level
was set at M4.5 for adjustment. As a result, the UrEDAS alarm was issued
more than the ordinary alarm. But after adjustment, the number of UrE-
DAS alarms decreased, which shows the system has achieved a rational
alarm.
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Table 13.2 An example of UrEDAS operation result.

UrEDAS Alarm

5 -
Period Total M>55 EN DBE

Num.

3-12, 11 7" 2 1
1992

1-12, 7 2 0 2
1993

1-12, 4 1 0 0
1994

1-12, 7 2 0 0
1995

1-12, 3 0 0 0
1996

1-12, 5 1 0 0
1997

1-12, 2 1 0 0
1998

1-12, 1 0 0 0
1999

1-12, 5 2 0 1
2000

1-12, 4 0 0 0
2001

1-12, 0 0 0 0
2002

1-12, 1 0 0 0
2003

1-12, 2 2 0 0
2004

1-12, 2 1 0 0
2005

Common
Alarm

0
0

1

1™

Ordinary
Alarm
(5HzPGA>
40Gal)

1

3

4

*1 EN: Electrical Noise.

*2 DBE: Distance Big Earthquake.

*3 M>4.5.

*4 The 1995 Kobe earthquake (Mjma7.2, Mw6.8).
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13.5.2 Practical Use

(1) The 1994 Northridge earthquake

During the first 24 hours after the Northridge earthquake, UrEDAS de-
tected about 700 aftershocks whose magnitude and hypocenter locations
were automatically estimated as in Fig. 13.19.

Ur EDAS PRGADENA (Uer, 1.818)

S

i N RN
' \-. Nk

o hY
\-\.IIHI"'\ \\\

= N<3e M4 @ B<5 @ D=6

Fig. 13.19 The 1994 Northridge earthquake and after shocks observed by Caltech
UrEDAS.

(2) The 1995 Kobe earthquake

Figure 13.20 shows the results of monitoring the Kobe Earthquake se-
quence during the two weeks after the main shock. Although these figures
are based on the data from only one UrEDAS station, aftershock activity
was almost correctly traced. At the time of the earthquake, an onsite alarm
seismometer issued an alarm instantaneously due to the distance from the
epicenter, but also UrEDAS issued an alarm at the same time or a little
later. Unfortunately, the alarm did not arrive at the target area due to the
transmission system failure. This is a typical example showing the diffi-
culty of controlling the remote target.
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Fig. 13.20 The result of monitoring the 1995 Kobe earthquake.

(3) The 2003 Miyagiken-OKki earthquake

At the time of the Miyagiken-Oki Earthquake, Kitagami plain, situated in
the northern part of Honshu Island, was hit by large earthquake motion and
damage was caused. The Tohoku Shinkansen line runs along the eastern
edge of this plain and suffered damage to the columns of viaducts. The
Coastline Compact UrEDAS for front detection issued a P-wave alarm for
the damaged section three seconds after P-wave detection, and the alarm
reached there before the P-wave arrival at the section. The on-site Com-
pact UrEDAS then issued the P-wave alarm one second after P-wave de-
tection. After that, the on-site Compact UrEDAS re-issued the 40 Gal
alarm before S-wave arrival.

Figure 13.21 is a schematic illustration showing the relationship be-
tween the wave propagation and the P-wave alarm. The times shown in
Fig. 13.21 are based on the origin time. Observed acceleration along the
Shinkansen line was high, ranging from 300 Gal to 600 Gal.

At the time of this earthquake, there were trains stopping at stations or
running at low speeds near the station at the early warning section. Only
one train (Hayate #26) was running at full speed on the new section out-
side the early warning section. Although Hayate #26 failed to notice the
earthquake due to the train’s speed, around the train about 300 Gal was ob-
served on the ground.
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Fig. 13.21 Train operation at the time of the 2003 Miyagiken-Oki earthquake.

On this occasion, there was no train near the damaged area. If the earth-
quake had occurred a few minutes after or before, the train might have de-
railed as it was traveling along the section displaced by earthquake dam-
age. On this section, viaducts were actually damaged and it was just a
fortunate nothing more than to lead the hazard because of no train.
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The first P-wave alarm was issued from the Coastline Compact UrE-
DAS, and P-wave alarms were then issued from three Compact UrEDAS
along the Shinkansen line. This earthquake caused damage to the Shinkan-
sen viaducts. The damaged area is located in the first warned area and the
alarm was issued prior to the arrival of the destructive strong motion.
Three Compact UrEDAS issued P-wave alarms located near the damaged
area. The Compact UrEDAS showed very good performance as the typical
merit of the early warning system during this earthquake.

(4) The 2004 Niigataken Chuetsu earthquake

At the time of the Niigataken Chuetsu Earthquake, there were four trains
running in the focal area. There are four observatories called Oshikiri SP,
Nagaoka SSP, Kawaguchi SS and Muikamachi SP, from north to south. Of
these stations, Kawaguchi and Nagaoka issued both P-wave and S-wave
alarms, and the others issued only an S-wave alarm. Every station issued
an alarm for the section to the next station (see Fig. 13.22). At first Kawa-
guchi and then Nagaoka issued the P-wave alarm. Subsequently, Oshikiri
and Muikamachi issued a 40 Gal alarm. As a result, trains Toki #325 and
#332 received the alarm 3.6 seconds after the earthquake, Toki #406 4.5
seconds after and Toki #361 11.2 seconds. The section damaged was be-
tween Muikamachi and Nagaoka. Trains traveling on this section received
the alarm immediately, proving that the alarm system settings were appro-
priate.

The UD component of earthquake motion predominate the high fre-
quency more than 10 Hz. The Shinkansen line runs from north to south
and the EW component seems to effect derailment. In the case of the EW
component, there is a peak at 1.5 Hz and the range of 1 to 2.5 Hz predomi-
nates. The natural frequency of the Shinkansen vehicle is included this fre-
quency range.

The Kawaguchi observatory detected the P wave 2.9 seconds after the
earthquake occurred, and one second after that, or 3.9 seconds after the
event, issued a P-wave alarm. When the derailed train, Toki #325, encoun-
tered the earthquake motion when traveling at 75 m from the Takitani tun-
nel end, it was three seconds after earthquake occurrence. 3.9 seconds after
the earthquake, the train received the alarm from the Compact UrEDAS
and the power supply was interrupted. The Shinkansen train situated auto-
matically to apply the break immediately at the interruption of power sup-
ply. The driver put on the emergency brake after recognizing the Compact
UrEDAS alarm. The S-wave hit the train 2.5 seconds after the alarm and
more one second later a large shock hit the train, which continued for
about five seconds. Figure 13.23 shows the schematic diagram for this
earthquake.
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Fig. 13.22 Overview of the 2004 Niigataken Chuetsu earthquake.
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Fig. 13.23 Schematic diagram of the 2004 Niigataken Chuetsu earthquake.
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As the result of simulation using the strong-motion records at Kawagu-
chi and Nagaoka, real-time intensity (RI) rose sharply with the earthquake
motion arrival and immediately reached the P-wave alarm level. This RI is
a real-time value and the maximum value fits the instrumental intensity of
JMA. Because FREQL, the new generation of Compact UrEDAS, im-
proves the reliability of P-wave distinction, FREQL can issue the alarm
immediately after the P-wave alarm threshold is exceeded. If FREQL had
been installed instead of Compact UrEDAS, both Kawaguchi and Nagaoka
observatory would issued the P-wave alarm 0.2 and 0.6 seconds after P-
wave detection, respectively. Table 13.3 summarizes the simulation re-
sults. In this case, the P-wave alarm reached the derailed section before P-
wave arrival. Accordingly, FREQL minimizes the process time for alarm.

Table 13.3 The result of the simulation for Niigataken Chuetsu Earthquake.

Alarm and Accident Site Kawaguchi Tunnel Nagaoka
Exit
SHzPGA(Gal) 864 434
RImax(MMI) 6.6 (10.9) 5.8(9.6)
Origin Time 17:56:00 17:56:00 17:56:00
Recorded Detection Time 03 04
Estimated P wave Arrival 2.9 33 35
Time

Time of RI>2 3.1 4.1
P wave Alarm Time 3.9 39 4.5
Time of Acc>10Gal 34 4.7
Time of Acc>40Gal 42 5.9
Time of Max 5Hz PGA 7.7 9.4
Time of Max RI 8.1 9.5

Figure 13.24 shows the details of the derailment. The derailed train,
Toki #325, consisted of 10 cars, from car 10 to car 1 along the traveling di-
rection. The number of derailed axles is 22 out of a total of 40 axles. The
last car, #1, fell down the drain besides the track and tilted by about 30 de-
grees. The open circle indicates the location of broken window glass. The
quantity of broken grass appears greater on the left due to the something
bounce from the sound barrier, and tends to break one or two cars after the
derailed car. The amount of broken glass from car 1 is exceeded by that of
car #2.

If it is assumed that the glass broken of car #2 was caused by the de-
railment of cars #4 and #3, the paucity of broken glasses from car #1 sug-
gests that car #2 did not derail during the earthquake motion. It is esti-
mated that the frictional heat between the vehicle and the rails caused
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elongation and large displacement at the joints, and car #1 derailed, mak-
ing car #2 derail.

J For Niigata
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Fig. 13.24 Detailed situation of the derailment.

Deformation performance of viaducts is specified within one cm from
the seismic design code. Although the designed natural frequency corre-
sponding to the deformation performance is 2.5 Hz, in practice it is 3.5 Hz.
The viaduct may thus be considered to behave statically against the earth-
quake motion less than around 1.5 Hz. Figure 13.25 shows the relative de-
formation derived from the dimension of the viaduct columns. The heavy
line shows the averaged deformation for each viaduct block, and it is esti-
mated that the relative large occurred at the area farther from the tunnel
exit. Taking into account the timing of earthquake occurrence, this is the
point of derailment.
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Fig. 13.25 Performance of the deformation (photo is mirror image).

Figure 13.26 outlines the circumstances of the derailment. It seems that
the derailed cars were on the large displacement section by chance. The
later the alarm reached, the more the number of derailed car, because of
the risk of running the large displacement section. As a result, if the fric-
tion heat release value were higher, the derailment situation were more se-
vere. On the other hand, the early warning slows the train down, which
means that the main shock hits the train before the large displacement sec-
tion and decreases while the train travels the section. The number of the
derailed cars is thus expected to decrease and the derailment damage must
be minor. In this regard, the P-wave alarm of the Compact UrEDAS dem-
onstrates its effectiveness at making the derailment non-catastrophic.
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Fig. 13.26 Outline of the situation of the derailment.

13.5.3 Research UrEDAS Worldwide

Other than UrEDAS in practical use, more than five sets of UrEDAS have
been installed for our research on high accuracy and shortening estimation
times. Figure 13.27 shows the distribution map of the systems. Currently,
Istanbul and Mexico City UrEDAS have been stopped but both the Caltech
and UC Berkeley systems are working, and send an e-mail on the details of
the detected earthquake.

Caltech Pasadena and Berkeley UrEDAS started observations in July
2000 and February 2001, respectively. These observations are supported
by Caltech and UC Berkeley, respectively. After earthquake detection,
these UrEDAS sends an e-mail in real time. A formaer type of Pasadena
UrEDAS was at work from September 1993 to August 1999, and observed
the 1994 Northridge Earthquake.

The Berkeley UrEDAS is located just above the Hayward fault while
the Pasadena UrEDAS is surrounded by faults, like Fig. 13.28. Despite the
influence of faults, the Pasadena UrEDAS shows higher-accuracy estima-
tion of focal parameters than Berkeley UrEDAS, and performance of
earthquake detection is effective at both stations.
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Fig. 13.28 Location of Pasadena and Berkeley UrEDAS.

13.6 Challenges for Earlier Estimation with High Accuracy

Figure 13.29 shows comparisons between UrEDAS real-time estimation
results and USGS results. The three figures on the left are the results esti-
mated by using three seconds of initial motion; the right-hand side shows
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the results of estimation by using one-second data of initial motion. From
these figures, the accuracies of three-second estimations are not so good
for the epicentral azimuth, within 0.5 for magnitude, half to twice as great
for hypocentral distance, albeit excluding earthquakes over several hun-
dreds km away. Contrasting with this, the accuracies of one-second esti-
mations are within 30 degrees for epicentral azimuth, within 0.5 for magni-
tude, and half to twice as great for hypocentral distance, including distant
earthquakes over 1000km. These results are interesting.

13.7 Conclusion

It is necessary that the measuring and processing functions of an earth-
quake disaster prevention information system be constructed in fully
automated fashion and operated automatically.

The alarm in the expected damage area is of prime importance. The in-
dependent on-site warning system should be constructed with the aware-
ness that network information from the source region is useful if it comes.
Sometimes a robust, inexpensive and reliable system for disaster preven-
tion should be built for early warning and indicating dangerousness even if
rack of some accuracy. Efforts have been made to develop and disseminate
small, low-cost on-site earthquake alarm instrumentation as a supporting
tool for independent disaster prevention. It is expected to distribute many
of this kind of equipments cooperating with existing information systems
to reduce damage by disaster.

The necessary qualities for early warning systems may be summarized
as follows:

e Fully Automated: As the time margin is limited, the facility should be
directly controlled without human judgment.

¢ Quick and Reliable: As there is limited time to respond to earthquake
motion, this kind of system is required to be quick and reliable.

e Small and Cheap: To install easily, the system must be small and
cheap.

¢ Independence: To issue fail-safe alarms, the system must be independ-
ent of other systems.

e Easy to Connect Network: To deliver the earthquake information, the
system must be easy to connect network.

e Accuracy is Better: For the alarm, accuracy of the information is not
such a serious problem.
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Fig. 13.29 UrEDAS simulation for next generation.
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Appendix

San Francisco Daily Evening Bulletin of 3rd November 1868
Earthquake Indicator

EDITOR BULLETIN. Since the Japanese magnet indicator has proved a
failure, we are now obliged to look for some other means of prognosticat-
ing these fearful convulsions, and I wish to suggest the following mode by
which we may make electricity the means, perhaps, of saving thousands of
lives in case of the occurrence of more severe shocks than we have yet ex-
perienced. It is well known that these shocks are produced by a wave-
motion of the surface of the earth, the waves radiating from a center just as
they do in water when a stone is thrown in. If this center happens to be far
enough from this city, we may be easily notified of the coming wave in
time for all to escape from dangerous buildings before it reaches us. The
rate of velocity, as observed and recorded in Dr. J. B. Trask's work on
Earthquakes in California from 1800 to 1864, is 61.5 (six and one fifth)
miles per minute, or a little less per hour (40 miles) than the tidal wave is
reported to have traveled across the ocean to this port from the Sandwich
Islands or Japan.

A very simple mechanical contrivance can be arranged at various points
from 10 to 100 miles from San Francisco, by which a wave of the earth
high enough to do damage, will start an electric current over the wires now
radiating from this city, and almost instantaneously ring an alarm bell,
which should be hung in a high tower near the center of the city. This bell
should be very large, of peculiar sound, and known to everybody as the
earthquake bell. Of course nothing but the distant undulation of the surface
of the earth should ring it. This machinery would be self-acting, and not
dependent on the telegraph operators, who might not always retain pres-
ence of mind enough to telegraph at the moment, or might sound the alarm
too often. As some shocks appear to come from the west, a cable might be
laid to the Farallone Islands, 25 miles distant, and warnings thus given of
any danger from that direction.

Of course there might be shocks, the central force of which was too near
this city to be thus protected, but that is not likely to occur once in a hun-
dred times.

J.D. COOPER, M.D.
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Abstract

We report here the recent progress and future development of real-time
seismic monitoring in Taiwan, especially on earthquake early warning sys-
tem (EWS) developed at the Central Weather Bureau (CWB), using the
telemetered signals from strong-motion instruments. Utilizing a quick
magnitude determination based on the first 10 sec of signals from a virtual
and sub-network which is configured automatically, we were able to re-
duce the earthquake rapid reporting time to about 30 sec or less. This
represents a significant step towards a more realistic earthquake early
warning capability. This early warning system has been in operation at
CWB since 2002. Comprehensive earthquake reports have been issued
mostly in less than 30 sec, with an average of about 22 sec from the origin
time. At 3 km/sec for a typical crustal shear-wave velocity, the present op-
eration is not useful if an earthquake occurs less than about 70 km from a
city, but the lead time will increase to more than 10 sec for cities at dis-
tances greater than 100 km from the earthquake source. In the latter case, a
lead time of several seconds will allow pre-programmed emergency re-
sponse to take place prior to the arrival of strong ground shaking. In order
to offer earlier warning within an epicentral distance of less than 70 km, a
1. and Pd method was experimented. We used the Taiwan Strong-Motion
Instrumentation Program (TSMIP) accelerograms recorded within epicen-
tral distances of less than 30 km from Mw > 5.0 crustal earthquakes. This
method uses the first 3-sec length records from the onset of P-waves and
could issue an on-site early warning within 10 sec after the event origin
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time, reducing the radius of the blind zone from 70 to 25 km from the epi-
center.

14.1 Introduction

Located on the western circum-Pacific seismic belt with a plate conver-
gence rate of 8 cm/year (Yu et al. 1999), Taiwan has experienced many
destructive earthquakes with severe casualties and property losses. For ex-
amples, on March 17, 1906 a damaging earthquake (M=7.1) occurred in
Chiayi (Hsu 2003), in 1935, a disastrous earthquake (M=7.1) in the
Hsinchu-Taichung area (Hsu 2003), and the 1999 Chi-Chi earthquake (Mw
= 7.6) occurred in Nantou County (Teng et al. 2001, Shin and Teng 2001).
The potential earthquake hazard will continue to increase along with popu-
lation growth. Therefore, it is essential for Taiwan to seek means through
scientific research to reduce future earthquake hazards.

Due to the extreme complexity involved in the earthquake processes, re-
liable earthquake prediction is not currently possible (Kanamori 2003).
Present technological advances in seismic instrumentation and in digital
communication and processing permit implementation of a real-time
earthquake monitoring system (Lee 1995). In terms of seismic hazards
mitigation, an early warning system (EWS) is a practical and promising
tool to reduce loss caused by a damaging earthquake (Nakamura 1988,
Espinosa-Aranda et al. 1995, Lee et al. 1996, Kanamori et al. 1997, Teng
et al. 1997, United States Geological Survey 1998, Wu et al. 1998, Wu and
Teng 2002, Allen and Kanamori 2003, Lee and Espinosa-Aranda 2003).

The main purpose of this paper is to summarize the state of the art and
progress in the earthquake early warning system in Taiwan. In a recent
workshop on earthquake warning systems held on July 13-15, 2005 at the
California Institute of Technology, Pasadena, Teng et al. (2005) summa-
rized the development of earthquake rapid reporting and early warning
systems in Taiwan; Hsiao et al. (2005) presented the current status of
earthquake rapid reporting and early warning systems at the Central
Weather Bureau (CWB) in Taiwan; and Lee et al. (2005) proposed a plan
to the CWB to integrate tsunami warning with earthquake rapid reporting
and early warning.
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14.2 Physical Basis for Earthquake Early Warning and its
Benefits

The physical basis for an earthquake early warning system is simple: (1)
strong ground shaking from a damaging earthquake is caused by shear (S)
waves and the following surface waves, (2) typical crustal P-wave velocity
is about 6-8 km/sec, whereas S- and surface waves travel at about half the
speed of the P-waves, and (3) the seismic wave velocities are much slower
than electromagnetic signals transmitted by telegraph, telephone, or radio
at about 300,000 km/sec.

Cooper (1868) was the first to propose an earthquake early warning sys-
tem more than one hundred years ago. In the mid-nineteenth century, there
were frequent earthquakes near Hollister, California, about 120 km southeast
of San Francisco. Cooper proposed setting up seismic detectors near Hollis-
ter and when an earthquake triggered them, an electric signal would be sent
by telegraph to San Francisco. This signal would then ring a big bell in the
City Hall to warn citizens that an earthquake had occurred. Unfortunately,
Cooper’s scheme was never implemented. More than 100 years later,
Heaton (1985) proposed a seismic computerized alert network for southern
California. Nakamura (1988) implemented the single-station urgent earth-
quake detection and alarm system (UrEDAS) for the “bullet” train system in
Japan. Espinosa-Aranda et al. (1995) established the first earthquake early
warning system for large events in the Oaxaca coastal region several hun-
dred km away; the system should broadcast to the public in the Mexico City.
Subsequently, earthquake early warning systems have been implemented,
experimented, and commented upon by several different groups as reported
in Chapters 5.2 to 5.14 in Zschau and Kuppers (2003). More recently, an in-
ternational workshop on earthquake early warning was held on July 13-15,
2005 at the California Institute of Technology, Pasadena (website address:
http://www .seismolab.caltech.edu/early.html).

An EWS forewarns an urban area of forthcoming strong shaking, nor-
mally with a few seconds to a few tens of seconds of early warning time,
i.e., before the arrival of the destructive S- and surface waves of a damag-
ing earthquake. Even a few seconds of advanced warning time will be use-
ful for pre-programmed emergency measures for various critical facilities,
such as the deceleration of rapid-transit vehicles and high-speed trains to
avoid potential derailment, the orderly shutoff of gas pipelines to minimize
fire hazards, the controlled shutdown of high-technological manufacturing
operations to reduce potential losses, and the safe-guarding of computer
facilities to avoid the loss of vital data.
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14.3 Progress in Earthquake Early Warning in Taiwan

Progress has been made towards earthquake early warning, for example, in
Japan, Mexico, and Taiwan (see e.g., Nakamura 1988, Espinosa-Aranda et
al. 1995, Lee et al. 1996, Wu and Teng 2002). Two approaches have been
tried: (1) using an array of seismic stations for regional warning, and (2)
using a single seismic station for individual onsite warning. In (1), there
are two variants: (a) detect an earthquake and decide if it is “large” enough
to issue a warning message to the public, and (b) detect and locate an
earthquake, and estimate its magnitude and the expected ground motions in
the monitored region, then issue a more informative warning message to
the public. In (2), the beginning of the ground motion (mainly P-waves)
observed at a site is used to predict the ensuing ground motion (mainly by
S- and surface waves) at the same site; either an attempt is made for a sin-
gle-station event location and magnitude estimation, or no attempt is made
to locate the event and estimate the magnitude. The first approach is more
comprehensive, but takes a longer time and cannot be used for early warn-
ing purposes at short epicentral distances. It has been used, for example, in
Mexico and Taiwan. In contrast, the second approach is very fast, can pro-
vide useful early warning to sites even at very short epicentral distances
where an early warning is most needed, and has been used, for example, in
Japan and United States.

The approach of the EWS in Taiwan was motivated by the experience of
the 15 November, 1986 Hualien, Taiwan, earthquake of My 6.8 (or Mw
7.3). Although the epicenter of that earthquake was located near Hualien,
the most severe damage occurred in the Taipei metropolitan area, about
120 km away (Fig. 14.1). According to the travel times of past earthquakes
in Taiwan, shear waves traveling over this distance should take more than
30 sec. Thus, if a seismic monitoring system can reliably estimate the loca-
tion and magnitude within 30 sec of a large earthquake that could threaten
a metropolitan area, then several or more seconds of advanced warning
will be available for emergency response.

A continuous telemetered strong-motion network was installed in Tai-
wan, and a Rapid Earthquake Information Release System (RTD) was im-
plemented by the CWB for monitoring earthquakes in real time since 1995
(Wu et al. 1997). In order to maximize the use of the data from this net-
work, the CWB utilized its RTD system as a basis for the development of
EWS capabilities.

This RTD system uses a real-time strong-motion accelerograph network
that currently consists of 97 telemetered strong-motion stations distributed
over Taiwan (Fig. 14.1), an area of 100 km x 300 km. Each station has 3-
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component force-balanced accelerometers with signals being digitized
continuously at 200 samples per sec per channel at 16-bit resolution, but
telemetered at 50 samples per sec per channel using 4800-baud telemetry.
The full recording dynamic range is £2g, and has a sensitivity sufficient to
record M > 4.0 events at distances of 100 km or more. Currently, RTD sys-
tem can offer useful information about one minute after an earthquake oc-
curs (Teng et al. 1997, Wu et al. 1997). Information includes earthquake
location, its magnitude, and a shake map of Taiwan. Rapid damage as-
sessment can also be determined and issued by the RTD system a minute
or so later (Wu et al. 2002). By applying the sub-network approach (Wu et
al. 1999, Wu and Teng 2002) and the Mp ;, method (Wu et al. 1998), the
RTD system can achieve an earthquake reporting time of about 20 sec.
Therefore, it can offer earthquake early warning for metropolitan areas lo-
cated at 70 km from the epicenter and beyond.
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Fig. 14.1 Distribution of the 97 real-time and 680 free-field strong-motion stations
in Taiwan.
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The RTD system is a typical regional warning system for EWS. Re-
cently, onsite EWS methods were also experimented in Taiwan (Wu and
Kanamori 2005a, 2005b). It is possible to shorten the reporting time to
about 10 sec. Therefore, this onsite method will play an important role for
the future development of EWS in Taiwan.

14.4 Current Regional Warning System

The RTD system can routinely broadcast the location and magnitude of a
strong earthquake as well as the intensity distribution in about 60 sec after
the origin time of the earthquake. However, the 60-sec time lapse is too
long to be practical for earthquake early warning purposes. Therefore,
shortening of the reporting time of the RTD system is required in order to
achieve early warning functions. Many studies include rapid event loca-
tion, magnitude determination, sub-network, and virtual sub-network ap-
proaches were developed by the CWB in recent years (Lee et al. 1996, Wu
et al. 1998, 1999, Wu and Teng 2002).

14.4.1 Rapid Local Magnitude Determination — M., Method

Two major requirements for an earthquake early warning system are the
near real-time estimation of the earthquake location and of its magnitude.
The first requirement on rapid location can be achieved readily in the 10-
sec time window immediately following the first P-arrival. On the other
hand, the second requirement of rapid determination of earthquake magni-
tude would be more difficult because the shear-wave trains may not be re-
corded completely within this time window, and, more importantly, since a
moment magnitude (My,) or its equivalence must be developed for large
earthquakes. Thus, a method for quick My, magnitude determination for
large events needs to be developed. Although many researchers (e.g., Na-
kamura 1988, Grecksch and Kumpel 1997, Allen and Kanamori 2003,
Kanamori 2005, Wu and Kanamori 2005a, Wu et al. 2006a, 2006b, Wu
and Zhao 2006) have also tried to estimate magnitude from the initial por-
tion of the seismograms, large uncertainties in magnitude are inevitable in
these methods. Based on the current configuration of the RTD system and
its monitoring area, we developed an empirical method to reliably deter-
mine earthquake magnitude within 20 sec after the first P-wave arrives at
the nearest stations.

Twenty-three sets of strong-motion data from moderate earthquakes (M
> 5.0) in the Taiwan area are used to achieve this goal. For earthquakes
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larger than My 5, epicenters can be reliably determined in about 15 sec af-
ter the arrival of the P-waves from the nearest stations. Figure 14.2 shows
simulated Wood-Anderson seismograms from the 25 June, 1995 earth-
quake (M 6.5). In the first 10 sec, there are seven P phases and two S
phases that can be used to locate the earthquake. The earthquake magni-
tude M. cannot be determined in the same time frame due to the incom-
plete recording of shear waves at some stations. However, the magnitude
based on the first 10 sec of the signals (My ;o) can be found to correlate
with My, (Fig. 14.3) as follows:

My =128 * Mp10-0.85 £ 0.13. (14.1)

By applying this method for magnitude determination, the CWB system
can determine hypocenter and magnitude with tolerable uncertainty in
about 30 sec after the occurrence of an earthquake, and early warning is
thus possible in Taiwan.

14.4.2 Sub-network Approach

In order to explore the feasibility of an earthquake early warning system
for Taipei, a prototype early warning system was implemented in Hualien
about 120 km away. Through previous studies (Wu et al. 1997), we con-
cluded that using a dense sub-network under the RTD system is a good ap-
proach to shorten the reporting time, and thus gaining some earthquake
early warning capabilities. Thus, a dense, real-time monitoring system
with high-density station coverage in the Hualien area, and lesser density
outside the Hualien area (Fig. 14.4) was developed for testing early warn-
ing capability from earthquake sources in the Hualien area. The high-
density station coverage in the Hualien area was designed for recording
shear waves to enhance magnitude determination, and the stations outside
the Hualien area were designed to provide more P-arrivals to improve lo-
cation quality.

For the 43 earthquakes with M, > 4.5 that occurred from August 1998 to
June 2005, this system successfully reported earthquake information in
about 19 sec (Fig. 14.5) after the origin time with the location uncertainty
under 10 km and the magnitude uncertainty below 0.3. Therefore, it pro-
vides about 15 sec of early warning time before shear-waves arrive in the
Taipei urban area for earthquakes occurring in the Hualien area.
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Fig. 14.2 Simulated Wood-Anderson seismograms showing peak readings in the
first 10 sec (open circle) and 50 sec (open diamond) after the arrival of the P-wave
at the nearest station.
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14.4.3 Virtual Sub-Network (VSN) Approach

In the above experiment in Hualien, Taiwan, we demonstrated that earth-
quake reporting time can be significantly shortened by using a smaller
network (Wu et al. 1997, 1999). This leads to the design and configuration
of a VSN within the hardware system of the ongoing RTD network. The
VSN, automatically configured by the monitoring system, is event-
dependent and its configuration varies with time. By working with the
VSN, we can substantially reduce the reporting time such that an effective
earthquake early warning capability is feasible to cover the entire Taiwan
region.

In hypocenter and magnitude determinations, only stations close to the
epicenter (less than 60 km away) contribute the crucial information.
Within the framework of the RTD network, we chose to process only sig-
nals from a subset of the RTD stations that form a VSN network surround-
ing an event. As soon as the RTD is triggered by an event, the system
automatically extracts a subset of the RTD input signal channels and con-
figures a VSN with a 60-km radius centered on that event. Figure 14.6 also
gives a number of possible VSN configurations; each normally consists of
about a dozen stations. The extracted data stream for this event forms the
basic VSN input data for the subsequent EWS work.

Signals of all stations within a 60-km radius are grouped and extracted
through a Multi-IO-Board to form the VSN input, which will then be proc-
essed in parallel through the VSN software in a dedicated computer. We
conducted a series of experiments to determine the optimum recording
time for a 60-km radius network. Our results show that 10 sec is about the
optimum. As soon as the 10-sec waveforms are presented at the VSN sys-
tem, they will be immediately processed to give simulated Wood-
Anderson seismograms for magnitude determinations that, in turn, will
generate an equivalent moment magnitude. Further reduction of this re-
cording time will cause a significant reduction in the reliability and stabil-
ity of the magnitude determinations, since insufficient numbers of large S-
wave amplitudes are available. An increase in the recording time, on the
other hand, will severely cut into earthquake early warning time without
significantly improving the magnitude determination. The VSN system is
programmed to continue the recording of the waveforms up to 10 sec after
the first P-arrival, after which hypocenter and magnitude determinations
will be carried out. The results are disseminated automatically to the users.
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Fig. 14.6 Station distribution of the RTD system and sample VSN networks of 60-
km radius configured by software from the RTD system. Each VSN network is
centered at a hypothetical event in Taiwan.

We implemented the above VSN operation on the existing RTD net-
work. During the period from December 2000 to June 2005, a total of 125
earthquakes of magnitude M; ranging from 4.5 to 6.8 were detected, proc-
essed, and reported in real time. If we assume that the off-line manual
measurements give the correct values, our VSN results give an average er-
ror of 6 + 8 km in epicenter (Fig. 14.7) and an uncertainty of 0. £ 0.3 units
in local magnitude. The reporting time is 30 sec or less, with an average of
about 22 sec. Records of the CWB earthquake early warning system are
given in Table 1.
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Fig. 14.7 Location differences between the results of the VSN network and those
from manual locations.

The Chengkung earthquake (Mw=6.8) occurred on December 10, 2003
with a focal depth of 10.0 km reported by the Central Weather Bureau. The
main shock occurred at 23.10°N and 121.34°E along the eastern coast of
Taiwan near the town of Chengkung (Fig. 14.8). The EWS of the CWB
reported this earthquake information for the same location and magnitude
6.6 at 22 sec after the occurrence. This is a representative case for the
CWB early warning system.

For regional warning, the CWB achieved a short earthquake reporting
time of about 20 sec (Wu et al. 1998, 1999, Wu and Teng 2002). This can
offer earthquake early warning for metropolitan areas located 70 km from
the epicenter and beyond. For an event with the same location as the Sep-
tember 20, 1999 Chi-Chi, Taiwan, earthquake, the Taipei metropolitan
area is 145 km away, and would have more than 20 sec of early warning
time. Figure 14.9 shows the expected early warning times for an event like
the Chi-Chi earthquake for all parts of Taiwan. The small triangles in Fig.
14.9 give the locations of elementary schools, which essentially reflect the
population density.
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Table 14.1 Part of the typical record of the CWB Earthquake Early Warning Sys-
tem.

Auto-picking Manual-picking

Date Origin Lat. Lon. Depth M} Lat. Lon. Depth M| Reporting
time N) (E) (km) ™N)  (E) (km) time

10/23/04 14:04:27 25.01 121.58 10.0 4.0 25.02 121.57 9.2 4.1 15
10/26/04 08:20:45 22.88 121.32 23.9 4.6 22.91 121.25 219 43 17
10/28/04 02:05:32 23.93 121.50 53.5 4.7 23.89 121.64 49.5 4.2 21
10/30/04 01:31:52 24.51 121.82 64.7 4.8 24.53 121.80 60.8 3.7 22
11/03/04 14:11:06 23.39 12048 7.4 3.723.39 12045 8.8 3.9 13
11/07/04 02:47:52 23.96 121.42 13.7 4.0 23.94 121.44 14.5 39 29
11/07/04 14:57:55 23.79 121.08 26.6 4.2 23.78 121.06 29.5 4.2 32
11/09/04 01:07:47 24.58 122.00 56.9 4.9 24.58 121.89 54.3 4.0 22
11/10/04 11:00:32 23.08 121.76 12.1 4.222.95121.74 11.7 4.3 24
11/11/04 02:16:44 24.36 122.18 20.7 5.7 24.31 122.16 27.1 6.1 21
11/12/04 07:06:46 24.19 121.69 9.6 3.9 24.19 121.68 4.9 4.1 16
11/12/04 08:35:14 24.47 121.88 16.6 4.2 24.46 121.89 15.6 4.0 20
11/13/04 15:22:04 24.00 121.70 33.8 4.4 24.00 121.68 29.2 4.2 16
11/19/04 06:24:48 24.06 121.41 2.5 3.6 24.02 121.48 18.8 3.7 16
11/27/04 19:27:28 24.00 121.67 21.0 3.9 24.01 121.67 19.7 3.7 15
12/08/04 11:32:34 22.85121.44 20.5 4.9 22.89 121.39 19.3 4.6 21
12/22/04 00:18:07 23.38 121.48 28.6 4.8 23.38 121.47 30.4 4.9 18
12/22/04 00:28:47 23.36 121.51 23.5 4.523.37 121.46 299 43 20
12/24/04 20:56:48 24.04 121.57 109 3.6 24.03 121.62 8.6 3.7 13
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Fig. 14.8 Expected early warning times of the December 10, 2003 Chengkung,
Taiwan, earthquake.
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Fig. 14.9 Expected EWS early warning times (indicated by circles) in Taiwan with
respect to the occurrence of an event similar to the Chi-Chi earthquake of 20 Sep-
tember 1999. Small circle (dashed) with a radius of 21 km to indicate the bound-
ary of the blind zone of on-site warning method. Triangles give the location of
elementary schools, which can be regarded as the population density of Taiwan.

14.5 Onsite Warning Methods

Any earthquake warning system will have a “blind zone” that receives no
warning from an earthquake closer than a certain distance. The Taiwan
EWS has its “blind zone” defined by a circle with a radius of approxi-
mately 70 km. To provide early warning to areas close to the source, a
complementary use of an on-site EWS is desirable. Recently, Kanamori
(2005) extended the method of Nakamura (1988) and Allen and Kanamori

(2003) to determine a parameter, called 7, that reflects the size of an
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earthquake from the initial 3 sec of the P-waves. Results of Wu and
Kanamori (2005b) showed that Pd (the peak amplitude of displacement
during the first 3 sec of P-waves) correlates well with the peak ground-
motion velocity (PGV) at the same location. By using the Pd information,
we can predict the expected shaking intensity for earthquake early warning

purposes. We explored the use of 7, and Pd methods to complement the

front-detection Taiwan EWS system.
A total of 208 strong-motion records from 26 Mw > 5.0 events in

Taiwan are used for this study. The selection criteria are: M > 5.0

and focal depth < 35 km listed in the Harvard CMT catalog
(http://www.seismology.harvard.edu/CMTsearch.html). All the events
were well recorded by the Taiwan Strong-Motion Instrumentation
Program (TSMIP) Network (Fig. 14.1). These events occurred during
the period from 1993 to 2003 and were widely felt in Taiwan.

The vertical-component records of the closest eight stations within the
epicentral distance of less than 30 km are used. The acceleration signals
are integrated to velocity and displacement. We apply a 0.075 Hz high-
pass recursive Butterworth filter to remove the low frequency drift after
the last integration. Figure 14.10 shows the relation between PGV and Pd
for the data set. The solid symbols indicate the average for each event. For
the average values, we obtain a regression relation:

log(PGV) = 0.832 log(Pd) + 1.481 (14.2)

where PGV is in cm/sec and Pd in cm.
Wau et al. (2003) obtained the following relation between the Taiwan In-
tensity I;and PGV.

I =2.138 log(PGV) + 1.890. (14.3)
Combining Eq. 14.2 and Eq. 14.3, we can estimate I; from Pd as
I, =1.779 log(Pd) + 5.056 (14.4)

where Pd in cm.
The parameter 7, is determined by

T, = 272/\/; (14.5)

r =H a}l(r)dr}[f’uz(t)df} (14.6)

where
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where u(¢) and u(r) are the ground-motion displacement and velocity, re-
spectively; 7, is the duration of record used, usually 3 sec, and 7, can be
computed from the incoming data sequentially. 7, reflects the size of an
earthquake and in principle is independent of the distance at least to the
first order. Figure 14.11 shows 7, for all events (open symbols) and the
average 7, (solid symbols) as a function of Mw. The 7_values generally

increase with Mw and are useful for magnitude determinations (Kanamori
2005).

Each records

e Average of each event
100 o

11 1 1111
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fa Linear regression over 26 events
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Fig. 14.10 Relationship between peak initial displacement amplitude (Pd) meas-
urements and peak ground velocity (PGV) for the twenty-six events. Solid line
shows the least square fit and two dashed lines show the range of one standard de-
viation.
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Fig. 14.11 Relationship between period parameter (7, ) for the twenty-six events

and moment magnitude (Mw).

Although log 7, increases approximately linearly with magnitude, the

scatter is large for events with M < 5.5. The large scatter is primarily due
to the low signal-to-noise (S/N) ratio when the amplitude during the first 3
sec is very small. Thus, we removed all the data with Pd < 0.1 cm and used

only the first 8 stations within A < 30 km to determine 7. Figure 14.12

shows the results for which the first 8 records with Pd > 0.1 cm are used.
Determinations were made for the 12 events for which such data are avail-

able. The relationship between the average 7, and M  is given by,

logz, =0.221M, —1.113 (14.7)

or, conversely,

M, =4.525logr, +5.036. (14.8)

By using the 7, and Pd methods we can estimate the magnitude and

shaking intensity from the initial three seconds of the P waves.
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Fig. 14.12 Relationship between the averaged 7, and Mw for the twelve events
from the closest eight records with Pd > 0.1 cm.

Figure 14.13 shows the travel time of P- and S-waves for a reference fo-
cal depth at 10 km. Currently the Taiwan EWS can provide rapid reporting
at 22 sec after the event origin time by using the VSN method. The current
VSN method EWS provides a warning to areas at distances less than about
70 km from the epicenter (i.e., the radius of the blind zone is 70 km). In

our experiment on the 7, method, we used P-waves from the strong-

motion records within 30 km from the epicenter. Figure 14.13 shows that
P-waves need about 6 sec to reach 30 km. As this method needs only 3 sec
of waveform data, the total procedure needs about 9 sec. At that time, S-
waves have just propagated to about 25 km from the epicenter and we can
ultimately reduce the radius of the blind zone to 25 km (Fig. 14.8).
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14.6. Prospects

Currently, EWS of the CWB is a reliable regional earthquake warning sys-
tem. It can report information at about 20 sec after the occurrence of a

large earthquake. In the future, by applying the 7, and Pd method it is pos-

sible to shorten the reporting time to about 10 sec with necessary hardware
improvement. The 7, and Pd method is an onsite warning approach. Since

it estimates earthquake parameters from the initial portion of P-waves,
large uncertainties in the estimates are inevitable. Thus, a hybrid of both
onsite and regional warning approaches should be built into a future sys-
tem. Because of the disastrous Sumatra earthquake and tsunami, Lee et al.
(2005) proposed a plan to CWB to integrate tsunami warning with earth-
quake warning. This integration plan is being studied for implementation
in the near future.
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Abstract

There are two kinds of earthquake alarm. One is an “On-site Alarm” which
is based on observations at the site of the objects under threat. The other is
a “Front Alarm” which is the alarm based on observations near the epicen-
tral area to spread the warning to potentially damaged areas. For each,
there are two further kinds of alarm; one being the alarm exceeding a pre-
set level (S-wave Alarm or Triggered Alarm), the other being the alarm
during the preliminary motion (P-wave Alarm).

For P-wave Alarm, the new small instrument FREQL has been devel-
oped to shorten the processing time for issuing the alarm and combine the
functions of UrEDAS and Compact UrEDAS. After P-wave detection,
FREQL can issue the alarm within one second and estimate the earthquake
parameters in one second. In 2005, FREQL was adopted for the hyper res-
cue team of the Tokyo Fire Department to protect the staff from the effects
of large after shocks during their operation.

On the other hand, it is necessary for local facilities to capture immedi-
ately their “own” strong motion index for quick response. For this purpose,
a simple seismometer was developed, known as “AcCo”, Acceleration
Collector. This unique palmtop seismometer has a bright indicator, mem-
ory, alarm buzzer and relay connecter.

Recently, seismometers have been installed in many locations and
earthquake information is more easily obtained. Nevertheless, warning
systems must issue alarms at their own risk, and the public information
from authorities is only for the response after the earthquake. In this re-
gard, FREQL and AcCo are surveyed for use in disaster prevention.
FREQL is the fastest early warning system in the world to detect the P
wave and issue the alarm: a single seismometer can issue four kinds of
alarms; P wave alarms based on dangerousness and on earthquake parame-
ters, and S wave alarms triggered by acceleration and real time intensity,
RI. AcCo is a simple palmtop size seismometer to measure acceleration
and intensity in real time. These instruments combined can achieve an ef-
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fective warning system and indicate countermeasures for earthquake disas-
ter.

15.1 Introduction

There are two kinds of earthquake alarm. One is an “On-site Alarm” which
is based on observations at the site of the objects under threat. The other is
a “Front Alarm” which is the alarm based on observations near the epicen-
tral area to spread the warning to potentially damaged areas. For each,
there are two further kinds of alarm; one being the alarm exceeding a pre-
set level (S-wave Alarm or Triggered Alarm), the other being the alarm
during the preliminary motion (P-wave Alarm).

As the first stage of an earthquake alarm program, a simple triggered
alarm seismometer was only installed. This is the alarm seismometer, ob-
serving the strong motion just near the target of the alarm. When the
ground motion exceeds a preset level, the alarm seismometer issues the
alarm. In order to maintain the probability of false alarms as low as possi-
ble, the alarm level is kept quite high so that the alarm is issued almost at
the same time as the severe strong motion. Nevertheless, the alarm seis-
mometer is useful to shut down the gas supply or other systems automati-
cally.

In order to extend the lead time before large motion arrival, some way
of monitoring the earthquake near the focal area had to be considered. This
idea was originally put forward in 1868 by Dr. J.D. Cooper in 1868 in
California. Cooper proposed setting up seismic detectors near the earth-
quake source area. When an earthquake was triggered by the detectors, an
electric signal would be sent by telegraph to San Francisco to ring a bell in
the Town Hall to advise the citizens that an earthquake was to occur. More
than 100 years after this original idea, the first system realizing Cooper’s
idea of “Front Alarm” was developed to protect the Tohoku Shinkansen
railway line in 1982. Subsequently, SAS, Sistema de Alerta Sismica,
started operations for Mexico City in 1991.

A new system was then devised based on the detection of the initial part
of the earthquake motion to issue an alarm based on the risk of earthquake
damage. The first P-wave detection system for practical use, U'EDAS, was
created as the front alarm system for the Tokaido Shinkansen line in 1992,
and then almost the same system was installed for the Sanyo Shinkansen
line in 1996.

The Great Hanshin disaster stimulated the development of an earlier P-
wave alarm system as it was felt necessary to issue an on-site P-wave
alarm. The Compact UrEDAS was thereby developed, being installed for
the Tohoku, Joetsu and Nagano Shinkansen lines and the Tokyo metropoli-
tan subway. Subsequently, the Wakayama Prefecture decided to install



15 FREQL and AcCo for a Quick Response to Earthquakes 309

UrEDAS for their own tsunami disaster prevention system and started test
operations in 2000.

Every 0.5sec. .
Instrumental Modified Acceleration
Mercalli Intensiry Level in Gal

B -
7 Y E

Fig. 15.1 UrEDAS, Compact UrEDAS, FREQL and AcCo. (A) UrEDAS. (B)
Compact UrEDAS. (C) FREQL, Installation type. (D) FREQL, Portable type. (E)
AcCo.
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As the next generation of UrEDAS and Compact UrEDAS, the new
small instrument FREQL has been developed to shorten the processing
time for issuing the alarm and combine the functions of UrEDAS and
Compact UrEDAS. After P-wave detection, FREQL can issue the alarm
within one second and estimate the earthquake parameters in one second.
In 2005, FREQL was adopted for the hyper rescue team of the Tokyo Fire
Department to protect the staff from the effects of large after shocks during
their operation. Famous for rescuing children from the landslide after the
2004 Niigataken Chuetsu Earthquake, the hyper rescue teams were afraid
of the hazard caused by the aftershocks at that time.

On the other hand, it is necessary for local facilities to capture immedi-
ately their “own” strong motion index for quick response. For this purpose,
a simple seismometer was developed, known as “AcCo”, Acceleration
Collector. This unique palmtop seismometer has a bright indicator, mem-
ory and alarm buzzer and relay connecter.

An on-site alarm is more important than a network alarm, because a
network alarm is sometime missed during data communication. Hence it is
not enough to receive information like the Earthquake Early Warning In-
formation (EEWI) from JMA, the Japan Meteorological Agency. By con-
trast, FREQL has both functions of UrEDAS and Compact UrEDAS for
on-site and network alarms. AcCo also has simple alarm functions for an
on-site alarm. UrEDAS, Compact UrEDAS, FREQL and AcCo are shown
in Fig. 15.1.

15.2 Real-time Seismology and Real-time Earthquake
Engineering as a Disaster Prevention Tool

The difference between real-time seismology (RTS) and real-time earth-
quake engineering (RTEE) appears to consist in how they contribute indi-
rectly or directly for practical uses, just like the difference between science
and engineering. The former makes the countermeasure soon after the
earthquake rational and prompt by sending useful information to the public
at large. The latter sends information to certain customers as a trigger for
the countermeasures against the earthquake disaster. In terms of the time
domain, the former is required for rational action after the earthquake has
terminated and the latter is necessary for immediate response just after
earthquake occurrence or earthquake motion arrival.

RTS is required highly accurate but not immediate information, so it is
possible to utilize effectively the knowledge and experience in seismology,
as well as infrastructures such as observation networks. The challenge is to
make the information on the earthquake observation as accurate as possi-
ble and to convey it rapidly to everyone concerned.
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By contrast, as the most important aim of RTEE is to reduce the degree
of the disaster or the possibility of disaster occurrence, it is necessary to is-
sue the alarm rapidly and assuredly. For this purpose, the first concern
must be to install one’s own observation system for the alarm, without re-
lying on information from other authorities. It is then possible to use other
information if it can be received. How the alarm is issued and used neces-
sarily depends on the situation for each company and field. Again, it is
risky to rely on information from other authorities alone, using the data
transmission network in the earthquake situation.

In Japan, the Japan Meteorological Agency (JMA) has started delivering
the Earthquake Early Warning Information, EEWI, on trial. It is clear that
EEWI belongs to RTS. Hence it is only an outcome of earthquake observa-
tion and must be delivered to the public across the board with no restric-
tion on reception. Although for some cases it may be used the information
as an alarm, generally EEWI is mainly for undertaking sound countermea-
sures after earthquake termination. It must be used for canceling the alarm
quickly if the alarm is not needed. In this regard, the most important aspect
is accuracy and the delay for a few seconds is not a problem, since the er-
ror in this kind of information may cause serious confusion. It is enough if
accurate information is delivered within one or two minutes after the
event. The alarm must be quitted rationally and EEWI may play an impor-
tant role as one of the useful tools for this.

It is necessary to capture the distribution of earthquake motion at an
early stage. The earthquake disaster prevention is expected to evolutes
with the combination of rather late public information and locally dense,
rapid information.

15.3 Proposal for a Reasonable Earthquake Index for the
Alarm

15.3.1 DI Value and the Other Strong Motion Indices

Here the strong motion indices such as the DI value will be surveyed. The
concept of DI was proposed in 1998 (Nakamura 1985). The P-wave alarm
system based on the PI value, the maximum DI of the P-wave part, was
operative for Tohoku Shinkansen in the same year.

The inner product of the seismic force and velocity is the power of the
earthquake motion. Thus the inner product of a response acceleration vec-
tor a and a response velocity vector v can be considered to the generated
power of the earthquake motion. Therefore, a way to calculate the power
in direct was derived from using the acceleration record. Preventing the
value from becoming high, DI was defined by taking the logarithm of
power as below:
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DI =log(X(a-v)))

The DI value is defined as the maximum value of DI. On analyzing DI
changes in time and the DI value, DI increases when the seismic wave ar-
rives and shows a good relation between the DI value and Ijma, seismic in-
tensity of JMA, with a constant shift. The amount of the shift is 0.6 when
DI is calculated with the acceleration of earthquake motion in Gal (cm/s/s)
and velocity in 0.001cm/s within a frequency range of between 0.1Hz and
S5Hz.

The influence of vertical motion to calculate DI was considered with the
dataset of 314 sites including the 2003 Miyagiken-Oki Earthquake (M7.0),
the 2003 Miyagiken-Hokubu Earthquakes (M6.2), and the 2003 Tokachi-
Oki Earthquake (M8.0). Between the DI value calculated from three com-
ponents, and omitting the vertical motion component, the average only dif-
fers by 0.013 and standard deviation by 0.035. Therefore the DI value is
calculated by two horizontal components in this paper.

Nowadays, maximum acceleration observed at ground surface is widely
publicized, but frequency range is not defined. Maximum acceleration
tends to increase in the case of wide frequency range observations. Due to
the recent improvement in observation techniques, the observed frequency
range is spreading to higher frequencies. Hence the observed large maxi-
mum acceleration does not cause damage, as would have been expected
from previous experience. By contrast, JR has already limited the fre-
quency range to between 0.1 Hz and 5Hz for acceleration to alarm.

The datasets in this article are waveforms observed by K-NET, KiK-net
and also by the Taiwan Meteorological Agency. The dataset range for
magnitude and Ijma are M3.8~8.0 and 0.6~6.6, respectively. The main
samples of earthquakes are the 1995 Hyogoken-Nanbu earthquake (M7.2),
the 2000 Tottori earthquake (M7.3), the 2001 Geiyo earthquake (M6.7),
the 2003 Miyagiken-Oki earthquake (M7.0), the 2003 Miyagiken-Hokubu
earthquakes (M5.4-M6.2), the 2003 Tokachi-Oki earthquake (M8.0), the
2004 Niigataken-Chuetsu earthquake (M6.8) and the 1999 Chi-Chi earth-
quake of Taiwan(M7.6). The published peak ground acceleration (PGA)
based on these data is calculated by two horizontal components or three
waveform components without filtering and including up to 30Hz. To dis-
tinguish PGA from maximum acceleration with a JR alarm characteristic,
“SHzPGA”, 5 Hz low passed peak ground acceleration, will be used.

Ijma is calculated by each organization based on the definition of JMA.
The SI value has several variations, but here the definition of the Tokyo
Gas Company, acknowledged as the SI sensor, is adopted. This SI value is
slightly smaller than the SI value defined by Incorporated Administrative
Agency Public Works Research Institute (PWRI).
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15.3.2 Relationship between Ijma, Sl Value and 5HzPGA

In this section, three types of practical major indices, Ijma, SI value and
5HzPGA will be mutually compared. Figures 15.2 and 15.3 show relation-
ships between Ijma and SHzZPGA and between Ijma and SI value, respec-
tively. According to these figures, the range of dispersion of SI value cor-
responding to Ijma shows almost same as SHzPGA. Figure 15.4 shows
wide dispersion on the relationship [jma and PGA. These figures show that
acceleration generally does not have good relations with damage, but
5SHzPGA filtering high frequency component shows conformity with SI
value which shows good relation with damage. Here, to discuss on same
frequency range are proposed because maximum acceleration depends on
it.

1000 =

100

5HzPGA em/s/s

o

Ijma

Fig. 15.2 Relationship between Ijma and SHzPGA.
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Fig. 15.3 Relationship between Ijma and SI.
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Fig. 15.4 Relationship between Ijma and PGA.
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15.3.3 Proposal of Rl Value and Relationship with ljma

The RI value corresponding to Ijma will be defined as below. In the event
of using the unit cm/s* and cm/s for acceleration and velocity, respectively:

RI =DI+24

and using the unit cm/s* and 1/100 cm/s for acceleration and velocity, re-
spectively:

RI =DI-0.6

Figure 15.5 shows the relationship between the RI value, maximum RI
and Ijma. The dataset used here has a magnitude range of M3.8 to M8.0
and Ijma range of 0.6 to 6.6. The number of strong motion data is 910, the
average difference between Ijma and the RI value is 0.050, and the stan-
dard deviation 0.134. Thus it may be stated that both the RI value and Ijma
are, in practice, the same. Figure 15.6 shows the relationship between the
RI value and Ijma for magnitude. The RI value tends to be a little smaller
than Ijma when M<7, a little larger than Ijma when M>7. Since the pre-
dominant frequency becomes smaller for large magnitudes, the RI value
becomes smaller than Ijma when the predominant frequency is high, and
when the predominant frequency becomes lower it becomes larger than
Ijma. From a trend of recent relations between earthquake damage and
earthquake motion, this RI characteristic seems to be better for the strong
motion index.

ljma

Rl value

Fig. 15.5 Relationship between RI and Ijma.
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Fig. 15.6 Relationship between magnitude, RI and Ijma.

15.3.4 Proposal of Instrumental MMI

In the previous section, the RI value related to [jma was defined on the ba-
sis of DI. In this section, instrumental MMI will be proposed. Scales of
Ijma and MMI are O to 7 and 1 to 12, respectively. At first the RI value
corresponding to Ijma is uniformly increased to MMI, and then the validity
is verified by comparison with maximum acceleration and maximum ve-
locity. The proposed formula is: "

MMI = 17—1RI+0.50 :7DI+4.27

Figure 15.7 shows the comparison between the MMI calculated by the
formula above and PGA. In this figure, the relationship between MMI and
PGA proposed by Richter (1958), Bolt (1993) and Wald (1999) are shown.
After Richter’s definition, PGA corresponding to MMI increases and the
relationship between instrumental MMI and PGA is including the deffer-
ence of definitions of Richter, Bolt and Wald.

Figure 15.8 shows the relationship between instrumental MMI and
SHzPGA, and this relationship shows good matches except for the newest
relationship. These figures can be interpreted as follows; the maximum ac-
celeration is able to measure for high frequency range with new instru-
ments, since high frequency does not contribute to damage, PGA including
a high frequency range deviated from seismic intensity. Generally, strong
motion higher than 5SHz is not effective for structural damage. In the past,
the observation range was lower than SHz, so the relationship between the
instrumental MMI and SHzPGA is expected to be similar to the relation-
ship between MMI and PGA in original.

Figure 15.9 shows that the relationship between instrumental MMI and
maximum velocity PGV almost agrees with the relationship found by Bolt.
Therefore, it is possible to say that the proposed instrumental MMI in real
time is verified.
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Fig. 15.9 Relationship between MMI and PGV.

15.4 AcCo

15.4.1 Overview of AcCo

Because the usual seismometers are expensive and required an installation
and maintenance expert, they were installed for limited facilities. After the
Kobe earthquake, the number of seismometers was increased but at most
there are thousands of sets for the whole of Japan. This is not such a large
figure, as it means one set per several tens of km” or per several ten thou-
sand people. Nevertheless, there are many seismometers in Japan in com-
parison to other high-risk countries which have only a few seismometers.
For such countries, it is difficult to take exact countermeasures against
earthquake disasters because it is impossible to capture and analyze the
damage based on strong motion records and to draw a plan of the city with
a certain strategy.

AcCo, Acceleration Collector, is developed to realize a simple seis-
mometer to issue alarms and record the strong motion at low cost. Since
AcCo is just a palmtop size instrument, it can indicate not only accelera-
tion but also the world's first real-time intensity. AcCo can thus issue an
alarm with the trigger of both acceleration and intensity. AcCo indicates
acceleration and intensity if the SHZPGA (5 Hz low passed peak ground
acceleration) exceeds 5 Gal. Intensity can be chosen from RI, MMI or
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PEIS, Philippine Earthquake Intensity Scale. AcCo can output the digitized
waveform via serial port and also record the waveform for the two largest
events with delay memory. AcCo can work with AC power supply and
backup battery for seven hours.

Because AcCo indicates acceleration as inertial force and RI as the
power of the earthquake motion, it is useful to learn the meaning of accel-
eration and intensity from experience. This sense is required for the exact
image against the earthquake motion. Table 15.1 shows the specification
of AcCo.

AcCo is applied in many fields as a warning system, such as different
school types, factories, railways and so on. Moreover, AcCo is used not
only in Japan but also in the Philippines and Taiwan. Moreover, Tokyo
Metropolitan Subway adopted AcCo as “Area Seismometer”, for efficient
re-operation after the earthquake alarm. More than 30 AcCo were in-
stalled in every 3 km mesh.

Table 15.1 Specification of AcCo.

Physical Specifications

17cm(W) x 12em(H) x 6.5cm(D) (not including projec-
tions)
Weight 0.8 kg (not including a battery)
AC100V-240V, 50/60Hz, and 4VA (AC adapter at-
Power Supply tached)

Dimension

Battery back up (*1)

Operating tem- 0-50°C
perature

Operating R 1 oo than 80% (not dew)
midity

Sensor type Acceleration 2 direction

Measurement Each direction up to 2g (2 x 980Gal)
range

Noise level Less than 1Gal-rms

Resolution Approximately 1/6Gal

Sampling rate 1/100 seconds

Frequency range DC-10Hz

Event Memory Record length 108 sec within pre-event memory 30 sec
(option) for max and next events

Display
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Frequency range 0.1-5Hz for PGA and intensity

. Contents of a The maximum acceleration, RT or MMI(option)
display

Display type i ;ldzharacters of high luminosity 7 segment Light Emitting

Alarm output

Frequency range 0.1-5Hz

Alarm — condi- Exceeding preset level (*2)

tions
Output method Red LED luminescence, buzzer, relay and output via RS-
232C
Output

Communication RS-232C (D-SUB 9 pin socket).
Contents of an Waveform and other information
output
The original protocol using RS-232C (D-SUB 9 pin
Output method socket). (Separately optional software and optional cable

are required to communication with PC.)

The characteristics above mentioned changes not with a guaranteed value but with
observation conditions.

(*1) 006P(9V) battery are required for back up.

(*2) selectable from 12 stages of 10, 15, 20, 25, 30, 40, 50, 80,100,120,150 and
200Gal.

15.4.2 Alarm Timing by a Simple Trigger Method

In the case of the system requiring earlier warning with no error or acci-
dental warning, it is necessary to install a system with high reliability and
sophisticated such as FREQL. However, in general, merely the simple
warning system appears useful in cases where there are several alarms per
year, even in the higher seismic activity areas of Japan. AcCo 10 Gal alarm
or RI 2.0 alarm can play the role of this simple early warning. Figure 15.10
shows the relationship between the alarm timings.

Although the AcCo 10 Gal alarm or RI 2.0 alarm is triggered a little
later than the P-wave alarm of FREQL, it is considerably earlier than the
ordinary triggered S-wave alarm.
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earthquake. (B) The 2001 Geiyo earthquake.



322 Yutaka Nakamura, Jun Saita

15.5 FREQL

15.5.1 Overview of FREQL

FREQL, Fast Response Equipment against Quake Load, integrates the
functions of UrEDAS, Compact UrEDAS and AcCo. This means that
FREQL can estimate the earthquake parameters one second after P-wave
detection faster than UrEDAS, can judge the dangerousness of the earth-
quake motion one second after P-wave detection faster than Compact
UrEDAS, and can output the information and alarm based on both accel-
eration and RI in real time in the same way as AcCo.

All the components of the seismometer (sensors, A/D converter, ampli-
fier, CPU and so on) are put together in a small aluminum die cast 5 inches
cube vessel, and the system is electrically isolated. Thus the FREQL is
easy to install and the structure of FREQL is noise-proof. See Table 15.2
for the specifications of FREQL.

Table 15.2 Specification of FREQL.

12cm(W) x 10cm(H) x 12em(D) (not including projec-

Dimension tions)
Weight 2 2ke
Power Supply AClOOV—24.10V. 50/60Hz
(Battery unit with UPS for 3 hours)
Water-proof splash-proof
tiofarthquake detec- P wave detection and S wave detection
Observation Acceleration and velocity
Output Acceleration, RI and alarm kind
Observed compo- Two horizontal components and one vertical compo-
nent nent
Sampling rate 1/100 seconds
P wave Based on the dangerousness
Alarm Based on the estimated earthquake pa-
alarm
rameters
S wave Triggered by acceleration level
alarm Triggered by intensity level
Communication RS422
Environment 0-40°C

FREQL also has functions to omit the influence of electrical thunder
noise and to detect the P-wave after a rather small pre-shock. Thus it can
be stated that FREQL has solved the known problems of ordinary earth-
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quake early warning systems. It is known that there was a pre-shock at the
time the 1994 Northridge earthquake hit Los Angeles and the 1995 Kobe
earthquake hit the greater Hanshin area. One drawback of the early warn-
ing system is that it is not possible to issue the alarm for large earthquake
motion if there is a pre-shock just before the destructive earthquake be-
cause the pre-shock is recognized as a small event. It also seems difficult
for the huge system to keep running perfectly under destructive earthquake
motion. It is uncertain only with such remote systems due to the lack of in-
formation. This must be taken into consideration on installing the onsite
warning system for an important facility.

15.5.2 Application of FREQL

FREQL is toward to the new field for the early warning system. Hyper
rescue teams of Tokyo Fire Department decided to use FREQL for their
activity under high risk of aftershocks (see Fig. 15.11).

Fig. 15.11 Rescue activities with FREQL.

Although the hyper rescue teams performed miraculously, their activity
was always at risk of large aftershocks. After their activity at the damaged
area of the Niigataken Chuetsu Earthquake, the Tokyo fire department ap-
proached us to adopt FREQL as a support system for rescue activity, tak-
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ing note of the portability, rapidness and accuracy of the warning. FREQL
for the Tokyo fire department consists of the FREQL main body, a power
unit with backup battery for three hours, a central monitoring system and
the portable alarm instrument with a loud alarm (>105dB) and rotary light.
The Tokyo Fire Department equipped the FREQL unit for two hyper
rescue teams as from Spring 2005. At the time of their rescue activity after
the 2005 Pakistan earthquake, they reported that FREQL worked soundly.
This portable FREQL is spreading for many fire departments in Japan.

15.6 Conclusion

Recently, seismometers have been installed in many locations and earth-
quake information is more easily obtained. Nevertheless, warning systems
must issue alarms at their own risk, and the public information from au-
thorities is only for the response after the earthquake. In this regard,
FREQL and AcCo are surveyed for use in disaster prevention. FREQL is
the fastest early warning system in the world to detect the P wave and is-
sue the alarm: a single seismometer can issue four kinds of alarms; P wave
alarms based on dangerousness and on earthquake parameters, and S wave
alarms triggered by acceleration and real time intensity, RI. AcCo is a
simple palmtop size seismometer to measure acceleration and intensity in
real time. These instruments combined can achieve an effective warning
system and indicate countermeasures for earthquake disaster.
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Abstract

In the framework of an ongoing project financed by the Campania Region,
a prototype system for seismic early and post-event warning is being de-
veloped and tested, based on a dense, wide dynamic seismic network (IS-
Net) and under installation in the Apennine belt region.

This paper reports the characteristics of the seismic network, focussing
on the required technological innovation of the different seismic network
components (data-logger, sensors and data communication).

To ensure a highly dynamic recording range, each station is equipped
with two types of sensors: a strong-motion accelerometer and a velocime-
ter.

Data acquisition at the seismic stations is performed using Osiris-6
model data-loggers made by Agecodagis. Each station is supplied with two
(120 W) solar panels and two 130 Ah gel cell batteries, ensuring 72-h
autonomy for the seismic and radio communication equipment. The site is
also equipped with a GSM/GPRS programmable control/alarm system
connected to several environmental sensors (door forcing, solar panel con-
troller, battery, fire, etc) and through which the site status is known in real
time.

The data are stored locally on the hard-disk and, at the same time, con-
tinuously transmitted by the SeedLink protocol to local acquisi-
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tion/analysis nodes (Local Control Center) via Wireless LAN bridge. At
each LCC site runs a linux Earthworm system which stores and manages
the acquired data stream.

The real-time analysis system will perform event detection and localiza-
tion based on triggers coming from data-loggers and parametric informa-
tion coming from the other LCCs. Once an event is detected, the system
will performs automatic magnitude and focal mechanism estimations. In
the immediate post-event period, the RISSC performs shaking map calcu-
lations using parameters from the LCCs and/or data from the event data-
base. The recorded earthquake data are stored into an event database, to be
available for distribution and visualization for further off-line analyses.

The seismic network will be completed in two stages:

e Deployment of 30 seismic stations along the southern Apennine chain
(to date almost completed)

e Setting up a carrier-class radio communication system for fast and reli-
able data transmission, and installation of 10 additional seismic stations.

16.1 Introduction

The Irpinia Seismic Network (ISNet) was designed in 2002 as an advanced
research seismic network, and following its development, it is now in the
phases of completion by the RISSC research group (a joint research group
between the Physics Department of the “Federico II” University of Naples
and the INGV-Osservatorio Vesuviano, Naples). It has been financially
supported by the Campania Regional Center of Competence — Analysis
and Monitoring of Environmental Risk. ISNet has a complete new com-
munication and site infrastructure, and its fully digital and fast acquisition
communication system renders it ideal for early-warning application stud-
ies.

ISNet is a highly dynamic, high density seismographic network under
development in the southern Apennine chain. It is deployed across an area
that has been struck by several destructive earthquakes over the last few
centuries. The last of these occurred on November 23, 1980, with M=6.9,
and it resulted in more than 3,000 casualties, and huge and widespread
damage to the buildings and infrastructure of the whole region. In its final
configuration, the network will consist of more than 40 highly dynamic
seismic stations that are divided into physical sub-networks interconnected
by a robust data transmission system.

In the early stages of the design of ISNet, it was conceived to monitor
and analyze the background seismic activity produced by the regional fault
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system for purely research purposes. However, due to its high performance
capabilities and within the framework of an ongoing project that is being
financed by the Regional Department of Civil Protection, in 2006 the net-
work will also become a prototype system for seismic early- and post-
event warning which will be used to protect public buildings and infra-
structure of strategic importance.

Implementation of a modern seismic network involves many different
research and technology disciplines because of the sophisticated data man-
agement/processing and communication systems required to rapidly gener-
ate useful information. Due to this complexity, this paper provides a gen-
eral technical overview of the ISNet architecture and implementation.

16.2 ISNet Architecture and Site Installation

ISNet covers an area of approximately 100 km x 70 km along the Cam-
pania-Lucania Apennine chain, and is deployed around and over the
known active seismic system faults generating the 1980 Irpinia earthquake.
ISNet does not follow a central site communication model for the trans-
mission of seismic waveforms from a remote site, but an extended star to-
pology that is designed to ensure fast and robust data analysis. The signals
are acquired and processed at different locations in the network, and this
leads to four fundamental network elements: the seismic stations, the local
control centers (LCC), the central network Control Center (RISSC), and
the data communication systems. Figure 16.1 illustrates the locations that
comprise ISNet.

The stations are positioned along two imaginary concentric ellipses,
with the major axis parallel to the Apennine chain. The average distance
between pairs of stations on the outer ellipse is about 20 km, while the dis-
tance between the two ellipses is around 10 km. The inner ellipse is also
filled homogeneously with seismic stations that have average inter-station
distances of less than 10 km. Each seismic station is connected via radio
bridge to a Local Control Center (LCC) (Fig. 16.1), which is itself linked
to the RISSC Control Center by an E1 digital broadband (HDSL) wire line
over frame relay. Through the use of permanent virtual circuits (PVCs),
the frame relay allows the central site to use a single phone circuit to
communicate with the multiple remote sites (the LCCs). The whole data
transmission system is fully digital over TCP/IP, from the data-logger,
through the LCC, to the control room in Naples.
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Fig. 16.1 Station map of Irpinia Seismic Network (ISNet). Symbols as given in the
figure.
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16.2.1 Seismic Stations and the Local Control Centers

ISNet consists of 30 seismic stations, each of which is connected with
real-time communication to an LCC that is generally located in an urban
area with a major communication backbone. The seismic stations are
placed in 2 m x 2 m x 2 m shelters that are located inside 6 m x 4 m fenced
areas. Each station is supplied with two (120 W) solar panels, two 130 Ah
gel cell batteries (which avoids freezing damage) and a custom switching
circuit board between the batteries. With this configuration, 72-h auton-
omy is ensured for the seismic and radio communication equipment. Each
site is also equipped with a GSM/GPRS programmable control/alarm sys-
tem connected to several environmental sensors (door forcing, solar panel
controller, battery, fire, etc) and through which the site status is known in
real time. This alarm system has standby power for at least three weeks.
The GSM modem is connected to the data-logger and can be used as a
backup data communication line. With an SMS (short message), and
through the programmable GSM controller, the seismic equipment can be
completely reset with a power shutdown. The GSM also controls the de-
vice start/stop release procedure when the battery goes over/below a prede-
fined level.

The six LCCs collect and store the incoming data from the seismic sta-
tions to which they are connected via digital radio. The LCCs are posi-
tioned near small towns (in a shelter) or in existing buildings with an AC
power supply and fast communication connections. In some sites, the LCC
is also a seismic station. In this case, the sensors are outside in a shallow
well, at a depth of 1 m to 1.5 m. The data-logger and other equipment are
located inside an adjacent building. Each LCC has gel batteries for 320
Ah, a GSM remote-control system, a Cisco router, and an HP Proliant
server with a 320 Gbyte hard-disk. All the instruments are connected to the
batteries and 72-h standby power is guaranteed. Today, all the LCCs use
the Earthworm (Johnson et al. 1995) linux version for data collection and
processing, and event detection. The LCCs are connected to each other
through the frame relay PVCs.

16.2.2 Sensors and Data-logger

Within each seismic site, all the sensors are installed on a 1 m’ reinforced
concrete base at least 0.8 m inside the soil. To ensure a highly dynamic re-
cording range, each station is equipped with two types of sensors: a strong-
motion accelerometer and a velocimeter. Twenty-five sites are equipped
with the Guralp CMGS5-T and the short period (T = 1 s) Geotech S13-J.
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The remaining five sites have Guralp CMGS5-T and the broad-band
Nanometrics Trillium (0.033-50 Hz band). After the first site installations,
we noted a strong temperature dependency of the Guralp accelerometer.
To minimize the thermal noise in the last sites to be built, a 30-cm hole
was made in the concrete base. The hole contains the accelerometer and it
is filled with sand to isolate the sensor. Before installation, the sensor/data-
logger pairs are fully calibrated for single-channel responses by an auto-
mated process. This covers the entire frequency spectrum using an origi-
nally developed LabVIEW/MatLab software package that provides the
transfer function in graphical mode and in terms of poles and zero.

Data acquisition at the seismic stations is performed using Osiris-6
model data-loggers made by Agecodagis (www.agecodagis.com). Some of
the specifics of the Osiris include a X-A 24 bit A/D converter, a 100 MHz
ARM processor with embedded Linux and open source software, on-site
data storage (through one removable 5 Gbyte microdrive), serial and
TCP/IP connectivity, GPS time tagging, an integrated SeedLink server,
and simple/flexible configuration via a web interface (HTTP). The data-
loggers have six physical and up to 24 logical channels, and each wave-
form can be analyzed with different sampling rates at the same time, for
different purposes. An overview of the Osiris-6 data-logger has been pro-
vided by Romano and Martino (2005).

The external GPS receiver (NMEA/RS-232) guarantees a tagging accu-
racy that is better than 1 pus. A complete health status is available and helps
in the diagnosis of station component failure or data-logger malfunction.
The data-logger is remotely controlled from the IP configuration, sampling
rate, gain, application of calibration signal to the resets of disks, GPS, etc.
The data-loggers store the data locally on their microdrives or send it via
SeedLink to Earthworm in the nearest LCC in 1 s packets. The real-time
analysis system performs event detection and location based on triggers
coming from the data-loggers, and parametric information provided by the
other LCCs.

A PostgreSQL developed data-base tracks the network general configu-
ration such as recorded channels, sampling rates for each channel, gain,
sensor type, data-logger and other network devices, IP addresses, station
position and serial number for each installed device.

At present, ISNet records real-time data from 33 stations with six chan-
nels, and in the near future we plan to add another 10 seismic stations.
Twenty-eight of the stations installed have an infrastructure as described
above, two are located in affiliated university buildings, and one is outside
near a dam in the southern part of the Campania region. All the sites have
the same sensors and data-loggers.
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16.2.3 Current Data Communication Configuration

ISNet has a distributed star topology and at present it uses several different
transmission systems. The seismic stations are connected via spread spec-
trum radio bridges to the LCCs (Fig. 16.1). To transmit waveforms in real
time from the seismic sites to the LCCs, two outdoor 1310 G Cisco Wire-
less LAN bridges, operating in the 2.4-GHz ISM band, are used for each
link. Each LCC is connected through different technology and media type
to the Control Center in Naples, as shown in Table 16.1.

Table 16.1 Specifications of the data communication links between the LCCs and
the Control Center in Naples.

Fre- Band- # Number of
Type quency width Sta- Comments
(GHz) (Mbps) tion
Throughput around
20-24 Mbps for links
Spread between 10-15 km
spectrum 245 >4 30 (based on Ethernet
packets with an aver-
age size of 512 bytes).
From outside to the
nearest building
through WI-FI bridge,
Satellite Ku band 0.512 1 then via satellite with a
shared broadband
internet  solution to
RISSC Control Center.
Internet — 1.024 1
At the central site
(RISSC) the CIR' has a
maximum of 1.6 Mbps,
depending upogl the
number of PVCs”.
S\I/—gr)SL At the remote sites
Frame Re- — 2.048 — (tbe LCCS), the band-
lay width is 640/256 kbps

with a CIR of 64kbps
for upload and
download, over ADSL
with ATM ABR ser-
vice class.
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Nera Networks car-
rier-class  microwave
link. Connecting LCC

xge"éDH 7 54 — 2 pairs. Truly full band-
width available. Soft-
ware upgradable to 155
Mbps (STM-1).
Micro- The true usable
wave 57 54 . 1 maximum throughput
Hyper- ’ of HiperLAN/2 is 42
LAN/2 Mbps.
Shared  broadband
Satellite  Kuband 0512 — | inernet solution (o

RISSC Control Center
(512/256 kbps).

" CIR: committed information rate.
> PVCs: permanent virtual circuits.

The two primary backbone data communication systems of the central
site use Symmetrical High-speed Digital Subscriber Line (SHDSL) tech-
nology over a frame-relay protocol. Frame relay offers a number of sig-
nificant benefits over analog and digital point-to-point leased lines. With
the latter, each LCC requires a dedicated circuit between the LCC and the
RISSC Control Center. Instead, the SHDSL frame relay is a packet-
switched network, which allows a site to use a single frame relay phone
circuit to communicate with multiple remote sites through the use perma-
nent virtual circuits. The frame-relay network uses digital phone circuits
that can support up to 1.5 Mbit/second throughput for each single twisted-
copper wire pair. In the present SHDSL configuration, two twisted-copper
wire pairs are used to ensure 2 Mbps transfer. The monthly costs of long-
distance digital packet-switched technology for fast data communication
are much lower than for leased phone lines. With virtual circuits, each re-
mote site is seen as part of a single private LAN, simplifying IP address
scheme maintenance and station monitoring.

Several seismic sites, located well away from the earthquake source
zone and outside the core of ISNet, use the Internet to transmit data di-
rectly to the Control Center site (RISSC). These sites are located inside af-
filiated university buildings in the main city of the region.

The satellite and SHDSL backbone are provided by commercial service
providers who are regrettably unaccustomed to meeting the exacting de-
mands of research teams involved in network infrastructures that require
high reliability and complete data communication line control. There are
thus short daily outages that require troubleshooting by our technical staff
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for failure detection. In this initial phase of the ISNet startup, and for fur-
ther development towards new, fast, real-time applications, we test mainly
the backbone links. These tests include line delay, system latency, avail-
ability and reliability. After this initial development, we are confident that
we can reach 99.99% (53 min outage per year) of network availability. To
date, we have never had radio link failure due to adverse weather condi-
tions. Snow and heavy rain during the winter only have a slight effect on
radio communication, without interrupting it.

Each seismic site has a real-time data flow of 18.0 kbps (at 125 Hz sam-
pling rate for each physical channel), and the overall data communication
bandwidth that is needed is around 540 kbps for 30 stations. ISNet sup-
ports this throughput under the worst conditions and it has been designed
to guarantee further developments, such as the adding of further seismic or
environmental sensors, without needing a larger economic and technologi-
cal investment. The currently used data transmission protocol is TCP/IP,
but for early-warning-application data acquisition, we intend to adopt the
connectionless UDP/IP protocol to avoid unwanted overheads and hand-
shaking between sending and receiving transport-layer entities before
sending data segments. In early-warning waveform analysis, where single-
packet error/missing does not critically affect decisions, this protocol is
much faster and simpler to handle than TCP/IP.

16.2.4 RISSC Network Control Center

The seismic waveforms are stored locally on the data-logger and in real
time at the nearest LCC. In its present condition, only selected signals are
transmitted to the RISSC Control Center in Naples, and this is done manu-
ally and only for research purposes. We are developing a storage system at
the Control Center that acts after the triggering of an LCC Earthworm or a
station, which will have fully automated capabilities. We are also consider-
ing the data storage at RISSC, for redundancy of the whole datasets com-
ing from each station, following a central site model. Hence we plan to in-
stall a large storage cluster at the Control Center on which all incoming
waveforms can be loaded. The Network Control Center tracks the seismic
events and monitors the entire network, including the data-loggers and ra-
dio links, through commercial network and bandwidth monitoring soft-
ware.
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16.3 Early-warning Prototype

Increased data processing capabilities and, above all, very fast reliable data
communication systems today allow the warning of parts of the region that
strong ground motion has been measured elsewhere in the region and that
seismic waves may arrive shortly. The warnings include estimations of the
earthquake origin and magnitude, and other source parameters, which must
be continuously updated to improve data reliability while the earthquake is
ongoing.

ISNet has been developed with modern communication, data acquisition
and processing technology to be able to perform early warning and to have
regional post-event capabilities, although it will need some infrastructure
additions.

ISNet will have three new infrastructures integrated into it (Fig. 16.2):

1. an integrated seismic network which covers the Campania region out-
side the source area;

2. a proprietary data communication system connecting the LCCs to each
other;

3. a second proprietary data transmission system that connects some LCCs
to the Control Center in Naples.

16.3.1 New Seismic Stations

The function of additional seismic network stations will be to supply the
data required for rapid building of regional shaking maps after large earth-
quakes. These stations will be located in urban and rural zones, but outside
the earthquake source area (along the Apennine chain of southern Italy),
and therefore will not be used for real-time localization and magnitude es-
timations. The 10 new seismic installations will have the Osiris data-logger
with a strong-motion accelerometer and velocimeter. They will be de-
ployed in buildings that will cover, in a wide mesh structure, the rest of
Campania. The idea is also to record data close enough to urban conglom-
erations so that the waveforms observed can be correlated to eventual
damage to structures. The data will be retrieved from these sites through a
GPRS/UMTS communication system that will be provided by commercial
service providers, and will be automatically downloaded and processed
only after triggering from ISNet.
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Fig. 16.2 Map showing the radio connections used in ISNet.
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16.3.2 Data Communication Enhancements for Early-warning
Purposes

The data communications system for early-warning applications is one of
the fundamental points of this whole system. Based on the troubleshooting
and experience of ISNet development, we are convinced that the complete
control and management of the telecommunication systems, from the data-
loggers to the Control Center, is one of the goals that must be achieved
during experimentation of early-warning applications.

To understand latency, delay, failure and weak points in complex data
communications structures gives quickly answers where can be earned
fundamental time and give indications on future technological evolutions
of the entire early warning system.

To avoid losing the entire network in the case of failure of one or more
of the links, and to control the whole communication system without the
need for commercial service-provider links, ISNet will be upgraded with a
multiple radio-path data communication network. The redundancy in path
determination and the percentage of unavailability acceptable for the sys-
tem (outage) are fundamental parameters to be considered when the net-
work enhancements are planned. Two rings have been created in the net-
work: the first interconnects the six LCCs and the second connects the first
to the Control Center in Naples. We are convinced that by selecting suit-
able technology and radio devices, we can achieve an overall system avail-
ability of 99.99% in the first development step, and 99.999% (five min
outage/year) when the network is fully up and running. To reach this high
availability rate, we have selected a carrier-class telecommunications de-
vice for the radio link. The first link is still being completed and will be
used for the first main test purposes (Fig. 16.2). The radio device has the
capability of an ethernet mapped over Synchronous Digital Hierarchy
(SDH) device, with 155 Mbps (STM-1) throughput in a licensed 7 GHz
frequency band.

Combining different technologies, such as satellite, radio and digital
wire lines, will make it easier and faster to accomplish these high availabil-
ity rates, and we will evaluate the use of this multiple communication
technology in three LCCs. We have planned the new data communication
system also taking the following constraints into account: system reliabil-
ity and redundancy, low or no system damage during a strong earthquake,
overall transmission delays of less than 100-200 ms, and data security.
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16.3.3 General Overview of Network Management

As shown in Figs. 16.3 and 16.4, the ISNet data and information flow can
be managed on three different levels:

— data-logger at the recording site;
— at the LCCs;
— at the network Control Center in Naples.

Offline Data Seismic Shake
Processing Presentation Warning Maps

NCC

Parameters In
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Parameters Out

]
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P —
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DATA LOGGER

Fig. 16.3 Representation of the data flow in ISNet.
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work to the LCCs using the SeedLink protocol. The LCCs run the Earth-
worm real-time seismic processing system and they each keep a complete
local database of waveforms from the seismic stations directly connected
to them. The real-time analysis system performs event detection and local-
ization based on triggers from data-loggers and parametric information
from the other LCCs. Once an event is detected, the system performs
automatic magnitude and focal mechanism estimations. The results of
these analyses are used to build a local event database, and at the same
time, they are sent to the other LCCs and to the RISSC Control Center. In
the immediate post-event period, the RISSC performs shaking map calcu-
lations using parameters from the LCCs and/or data from the event data-
base. The recorded earthquake data are stored in an event database, to be
available for distribution and visualization for further off-line analyses.

As indicated in the previous section, ISNet has a complex infrastructure
and needs to be accurately managed for proper real-time functionality. The
most important information is the station and transmission network avail-
ability. To check the availability status of the network, a real-time cross-
correlation between different information sources is needed. A large net-
work is made up of many vendor devices for which the health status can-
not necessarily be monitored by commercial software. To overcome these
limitations, we are developing the ISNet Manager (ISNM). The ISNM will
be a complete real-time monitoring suite with a notification system in the
event of failure or critical status of any of the network elements (Fig.
16.5). The collected data from each device will be stored in a database.
Considering the network complexity, various information sources will be
used: SMS, E-mail, SMNP, ICMP (Ethernet), proprietary commands
(Osiris), netflow (Cisco network flow-control protocol).

Today, in the first development step, the network manager is only static
and serves as a devices data-base for the seismic network. It is made up of
two fundamental design blocks:

— a database, managed by a server running PostgreSQL that is designed to
store information related to sites, installed loggers, sensors, and generic
and network hardware, along with their configuration and mutual con-
nections.

— a user interface through a web application based on JavaServer Pages.
The web server is powered by open-source standard Apache/Tomcat. A
specific library of tags has been implemented to ease the interfacing of
the web server with the database server.

The ISNM will have a server/client architecture. The data are collected
at each of the LCCs and sent in parameterized form to the server, which
analyzes the incoming information from all of the network elements.
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Data- and network-security-related issues must be better investigated
because of the sociological and psychological impacts of real-time alarms,
especially if the general public is to have direct access to real-time shake
maps. The network must be strongly protected against intrusion, which
could intercept incomplete information that produce social panic, and/or
generate false alarms.
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Abstract

Nowadays natural disasters phenomena as hurricanes, volcanic eruptions,
tsunamis or earthquakes, are still difficult to prevent. Based on signaling of
the phenomenon appearance in the destructive area, important human
losses and material damages are avoided. For that reason, WARNING
turns into a key objective, both in theoretical and practical research.

For the earthquakes, warning intervals are nevertheless very short — sec-
onds to maximum one minute (Mexico City case). Even if the time win-
dow is reduced, automated decision measures are possible in case of a well
organized system like important facilities.

In Romania, the major seismic risk zone is located in Vrancea region.
The earthquakes occurring in this area are the main sources for the seismic
hazard on Romanian territory. Seismotectonic characteristics of the
Vrancea region offers the opportunity to create and develop a rapid seismic
warning system. This system is simple, reasonably low-priced, robust and
allows warning in an approximately 25 seconds time window for Bucha-
rest. Warning signal obtained is sent to the responsible factors and specific
users in order to control automated blocking of the installations and to
carry out the required protection actions.

Romania is an earthquake prone area and it is of crucial importance to ob-
tain quantitative information required for seismic risk mitigation and re-
lated public policies and seismic safety measures. The most damaging
earthquakes in Romania concentrate in the Vrancea region, located at the
sharp bend of the Eastern Carpathian Arc (Figs. 1a, 1b) in a well-confined
focal volume at intermediate depths between 60 km and 200 km. Vrancea
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earthquakes have been documented for at least a millennium (since 985
AD) and present very peculiar characteristics. They are a permanent threat
for large urban areas in Romanian territory and extended areas in Europe.

The Romanian capital Bucharest faces a significant earthquake hazard
with a 50% chance of an event in excess of 7.6 moment magnitude every
50 years. Within the last 60 years Romania has experienced four strong
earthquakes originating in Vrancea:

Nov. 10, 1940 Mw =7.7, 160 km deep);

March 4, 1977 Mw =7.5, 100 km deep);

Aug. 30, 1986 (Mw =7.2, 140 km deep);

May 30, 1990 (Mw =6.9, 80 km deep).

The 1977 event was catastrophic, producing the collapse of 35 high
buildings and 1500 casualties, mostly in Bucharest.

The epicenters of the instrumentally well-located 60-200 km deep
earthquakes are confined within a 30 x 70 km wide area (Oncescu and
Bonjer 1997). The average epicentral distance to Bucharest is about 130
km. This concentrated location of earthquakes within a small source vol-
ume at a relatively fixed distance from Bucharest allows the design of an
Early Warning System with a lead time of about 25 s for all the potentially
dangerous intermediate depth earthquakes.

Therefore in Romania an Early Warning System could be developed
similar to that implemented in Mexico, where strong earthquakes are lo-
cated at the boundary of converging plates, off the Pacific coast, at a sig-
nificant distance from Mexico City. A fairly constant warning time can be
made available for both cities, although Bucharest has only one third of the
time available to Mexico City.

—  150km —

47

" Bucuresti

-
100-150 km

3
Hipocentrul

Fig. 17.1 The Vrancea epicenter seismic area and distance to Bucharest.
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A group of civil engineers and seismologists from the National Institute
for Earth Physics (NIEP)-Romania and Karlsruhe University-Germany has
developed an earthquake Early Warning System (EWS) for the city of Bu-
charest and for industrial facilities. Simplicity and robustness of the system
were sought in order to reduce the risk of false alarms, which is crucial for
making the system cost-beneficial.

The design of a simple and robust Early Warning System to protect Bu-
charest from the Vrancea earthquakes is facilitated by the stationary epi-
centers, by the stability of the radiation patterns, and by the line-of-sight
connection between the epicentral area and the capital city (Fig. 1).

In fact, besides the small focal volume, Vrancea earthquakes are char-
acterized by extremely stable source mechanisms for larger and smaller
events, such that a prediction of the level of ground motion to be expected
in Bucharest can be based on the amplitude of the P wave in epicenter
(Baresnev and Atkinson 1977, Wenzel et al. 1999) rather than on the
cumbersome determination of magnitude and depth.

Real-time detection of the dangerous seismic waves from the Vrancea
area is used as an Early Warning System. The EWS uses the time interval
(that is about 25 seconds) between the moment when the earthquake is de-
tected at the surface in the epicentre area (Vrancea) and the moment of ar-
rival at the protected sites. This time interval depends on the earthquake
depth and propagation conditions between focus and site (Fig. 2).

TheS(()Jretical traveltimes for P- and S-arrivals

S

Fig. 17.2 Theoretical traveltime for P detected by borehole seismometer-and S-
arrivals to user.
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The EWS operates according to the following steps:

e detection of the P waves;

e processing of first arrivals (power spectra, fast Fourier analysis and co-
incidence on more than one accelerometer);

e alert generation;

o distribution of the alert to users (utilizing both SMS and e-mail).

The detection of the P waves in the epicentral area is the first step in the
process. Triaxial strong motion accelerometers monitor ground motion at
two different sites in the Vrancea epicentral area. The first site is situated
at Vrancioaia Seismic Observatory (VRI) and uses an EpiSensor triaxial
accelerometer installed in a vault. The other site is at Plostina (PLOR). It is
equipped with two accelerometers: one is installed in a 50 m depth bore-
hole (FBA23DH) and one on a vault at ground level (Fig. 3 left site). The
distance between the two sites is about 8 km. These three strong-motion
sensors form a small seismic network. The goal of this configuration is to
reduce the false alarms generated by any accidental high noise (sonic
bangs, explosions or dropping of heavy objects near accelerometers).

DATA FLOW for Vrancea REWS

NPP
Vrincioaia
Observatory | i ﬂ
_s%;‘ 5 civil
7~ | Radio link| = A
| ' | : w;ﬁg
) )
5 o P ; 2
| Bucharest RO_NDC
| L —Gas electro valve
Elevator

Fig. 17.3 Data flow chart for Vrancea real earthquake warning system.

The second step in the process is data processing.

The data provided by the accelerometers installed in the two sites are
stored locally. The data stream is sent to the Vrancioaia Observatory where
dedicated software performs real-time analysis.
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One-second-interval data samples are processed by digital filters. Fou-
rier spectra and power spectra are automatically computed in real time. Us-
ing the first seconds of the recording, preliminary estimation of the magni-
tude of the earthquake may be obtained. A special software module
performs the analysis using a time window for all three accelerometers.
The occurrence of an event is validated only when it is detected on more
than one station. Eight levels of alarm are associated to acceleration values
inferred from P waves. When an earthquake early warning alert is trig-
gered, the following parameters are provided: time, peak acceleration
value and level of triggering. An interactive processing module can modify
the parameters of the alarm if in the next seconds the acceleration of the
seismic waves is increased. Figure 4 shows the typical result of the early
warning software analysis.

Fig. 17.4 Typical result of the early warning software analysis.

Distribution to users is the last step in the early warning process. At pre-
sent this is ensured using dedicated connections. A special device designed
by the NIEP staff connected to the Early Warning System’s PC computer
(by using TCP/IP communication) is the interface between a Central Sta-
tion in Bucharest and the user’s critical process. This device can be con-
figured to trigger at eight different levels following the user’s requirements
(Fig. 5).
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Fig. 17.5 Device configured to trigger at eight different levels following the user’s
requirements.

Communication is one of the most important parts of the Early Warning
System. Redundant radio links ensure the communication between epicen-
tral area (Vrancioaia and Plostina sites) and the Central Station in Bucha-
rest.

At present the EWS is in the testing phase. It is however utilized at a
nuclear installation by the Horia Hulubei National Institute of Physics and
Nuclear Engineering (http://www.nipne.ro/) (Fig. 6) in order to place the
nuclear source in a safe position prior to arrival of dangerous waves from
the Vrancea area.

Shutdown Cobalt-60 nuclear radiation source
in safe position at IFIN-HH Bucharest

.
E PLOR

et |
&

VRI
Electrical contact | | k

Fig. 17.6 EWS for an irradiator nuclear installation from Bucharest-Magurele.
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An EWS can be interpreted narrowly as a technological instrument for
detecting and forecasting impending hazard events and for issuing alerts.
The Romanian EWS is one of the 20 Nominees for “THE EUROPEAN
IST PRIZE” in 2005 (http://www.ist-prize.org).

The intention of NIEP is to start a project for installing, at the end of
2006, the early warning device at different users. The first EWSs will im-
plemented at the surgery rooms of hospitals in Bucharest, chemical facto-
ries and railway companies.
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