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 Basic ideas and worldwide developments

J Network-based (regional) and stand-alone
(on-site) systems

(] Real-Time Location and magnitude estimation
d Example of implementation in southern ltaly
] New developments: Integrated regional /on-
site approach



Earthquake risk mitigation actions

Observation

| * Advanced seismic monitoring and
control infrastructure

Modelling

* Simulation of realistic earthquake
scenarios and ground motion
prediction
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Earthquake engineering

* Design, construct and mantain
structures to resist at earthquake
actions

Education o .
Seismic hazard map of the Mediterranean

* Information and awareness activities region (Jimenez et al., 2003
addressed to population in high

seismic risk areas



Time scales of seismic risk mitigation
strategies
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Early Warning

Redrawn after Snieder & Van eck, 1997



European Projects Related to Early
Warning

Wulnarability &

Earthquake
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ly_ Warning: the basic idea

TARGET

Light Speed:
around 3x105 km /sec

A S-wave velocity;
' dround 3.5 km /sec

* As a function of the distance from the source area of a strong earthquake, the
information about its location and magnitude can reach a site that is “potentially at
risk” from a few seconds to tens of seconds before the arrival of the largest
amplitude seismic waves.




The pioneering idea of Early Warning
by Dr.Cooper, 1868

When an earthquake

triggered the detectors,

WSS T an electric signal would

: 1 be sent by telegraph to

R, “_\ /  San Francisco. This signal
20

Y. Alarm SeiSmometer would then ring a big

,i} Sy 22 bell in City Hall to warn

l/ ‘J‘

\llf iy => < citizens that an
b - A1 earthquake had
| occurred.
Fig. 13.1 The concept of the first detection system by Dr. Cooper. Unfo r’runq’rely, Cooper’s

scheme was never
implemented.



Japan Railways Company, Japan,
late sixties

In late sixties, the B Tokaido Shinkansen, UrEDAS, since 1992

Japan Railways . _
B Sanyo Shinkansen, UrEDAS, since 1996
® Tohoku, Joetsu and Nagano Shinkansens,
Compact UrEDAS, since 1998

@ Teito Rapid Transit Authority (Subway),
Compact UrEDAS, since 2001 AHachinohe

Q Kushimoto Tsunami Alert System, orioke
UrEDAS, under testing iy giken-Oki Eq.

company started to
operate an EW
system, based on the

acceleration
threshold

In 1984, UrEDAS,
Urgent Earthquake
Detection and Alarm
System slows down
or stop train before d
seismic shaking

Kushimoto

( Nakamura,1988).

Figurel The distribution of UrEDAS and Compact UrEDAS in Japan



Worldwide Early Warning Systems

California
!
Pacific
Tsunami

Warning
Center

Earthquakeearly M  Providing warnings ¥ =
warning systems ®&.~ Real-time testing May 2009
o DR o e o v . e’ P o7 = o
0 0408 16 24 32 40 48 70 10.0

Earthquake Hazard: Peak ground acceleration (ms) with 109% probability of exceedance in 50 years

From Allen et al., 2009



The Japan Meteorological Agency

Early Warning System in Japan

1.6 18000

iVagi-Ken Hokubu EQ
- 38.5N,141.2E,10km, M.

10 seconds 15 seconds
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Window me fron:the announ
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until the arrival of the main tremor

......

Information cannot b | Imformation can be provided before strong tremors begin
provided in time (those further from the seismic focus will have more time to
el Drepare for the quake)




Early-Warning broadcast

- has started in JqEqn on October,2007

Carlirate carlp Wrilig

[ October 2007 to March 2009: 11
earthquakes for which a public
warning was issued and/or shaking

intensity 5-lower or greater was ¥ "RARERR | dektye Joil i) © e

observed.

—t i, o Ateancs Earihousios Sert

/%
Two missed alarms when the maximum 1 m
predicted intensity was 4 but 5-lower

was observed. Three false alarms .

when intensity 5-lower was predicted ol 1“:3&“%%,?”

but only 4 was observed 8 PEw service that achises of strang fremers befare they arrive.

The largest event was the onshore 14 i Shaling
June 2008 M 7.2 earthquake. The @.‘ """" F=y ﬁ_

first public warning was issued 4.5 s | ’

after the first detection and was "g -"ff_ "d

updated 18 s later.

http:/ /www.jma.go.jp/ima/en/Activities /eew.html




Current applications

Utilities

Power (fire prevention), gas
Industry

Hazardous chemicals, chip manufacturers,

eye surgeons

v

Construction

Site safety, (active control buildings)

Transportation

0

N

ul

Airports, rail and subway, bridges

Response community

Fire departments, rescue teams,
government

Personal protection

Schools, housing complexes (evacuation),
hosing unit (preparation)



Earthquake Early Warning Systems

Objective: To estimate in a fast and reliable way
the earthquake’s damage potential

Network Based (or Regional) Approach

geismic
Network Detection and Location

A A

Peak Ground Motion
TEERRTERY = Prediction

Magnitude Estimation

Lead-time:
(S-arrival time at the target)- (first-P at the network )

Lead-time
(S-arrival time at the target)- (P-arrival at the target)

(. . .
Sels_m|c Early Ground Motion
Station
Measurement
Peak Ground Motion
Z S Prediction
\L

Single Station (or On Site) Approach



Warning- and Lead-times for regional

and on-site systems

The expected
lead-time of

“Regional“system

° 4 Onsite lead-time at
s increases with 00

distance and it is

about twice than N A0e

. W)
for “On-site” _ First regional o™

systems. warning

Regional lead-time at

First onsite
On-site systems warning
can provide fast Regional warning time
warning to
targets close to

the epicenter .
40 60 80

Epicentral Distance (km)




Lead-Times vs Mitigation Actions
—

Required
Three classes of 9
actions: Lead-Time Actions Actions on
. on critical lifelines

1/ low impact (stop O industrial  and .
elevators, children | plants transportah

! on systems
under the desk,..) ' and y

' facilities O
2/ medium impact: i i ::““;::P“"
actions on lifelines E ': 0
(shut-off gas/electric : : : .
supply, stop or slow f A R A
d pp);, : . v L False Alarm

own frain, (S 4R A S .pe
; " acceptability

3 /high impact: shut- || sl ”

off large industrial The lead-time should be designed

according to the impact of the

plants, as nuclear, Intensity of the risk

electro-thermal, mitigation action/ mitigation action and false alert
increase of the acceptability

system resilience lervolino et al., 2007

chemical




Output of a Regional Early Warning System

Location

* A conceptually simple problem, with techniques that are standard or are
being developed; high precision

Magnitude

* A conceptually difficult problem; empirical regressions on complex
observational measures; low accuracy

Peak ground motion at the target site

* Well established problem; critically dependent on accuracy of
attenuation law; simplified assumptions about the source and
propagation models

Alert notification

* Critically depends on uncertainties related to source parameter and
peak motion estimation,.It must be designed according to the target
application, probabilistic evaluation of missed /false alarms




Observed Physical Quantities for EW
—

The parameters used for
real-time earthquake

Displacement Peak

size determination :

period parameters (e.g. Predominant

T, and T_, mainl 1 Velocity )
B o ! = period

measured on velocity

and displacement

records , respectively), ] ]
peak measurements ( 3 | VeorlA|
e.g. Pd, on displacement ]
signals), integral - Integral
quantities (e.g. CAV and ] ]

IntV2 or CAV
IV2, measured on
acceleration or velocity ]
records) and peak levels
(e.g. Va, measured on Acceleration Average peak

the acceleration).




Real-time location

Basic concepts

Information from the stations that have not yet
recorded the event

Tracing and intersections of the isocrone
surfaces

Probabilistic estimation of the earthquake
location as a function of time (evolutionary
approach)



Real time egk location: Different

approaches

* Initial epicenter is fixed at the first triggered station

* As first-P is recorded at other stations the epicenter is fixed at
the baricenter of the recording stations

* No depth information

Horiuchi (Horiuchi et al, 2005)

* Minimum two stations
| * Trace the equal differential time surface between stations
| * Intersect with the volume defined by not-yet recorded stations

Use Hi-net (NIED)

RTLOC (Satriano et al.,2008)

* Use 1 station, evolutionary, probabilistic
e Define Voronoi volumes for location with 1 station

* As the time increases use information from not-yet —arrived
data to constrain the voronoi volume shape




RTLOC - Synthetic Simulation
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Real Time Magnitude

Basic Concepts

Use of information carried out by early P- and S-waves
recorded at a dense, high dynamics network deployed in
the source area of earthquakes

Determine empirical regression laws between real-time
measured ground motion parameters (dominant period,
peak displacement) and magnitude

At each time step after first P, evaluate the magnitude
using an evolutionary approach and combining P and S
information at all recording stations



Peak displacement & Period

Tokachi-Oki, M,,=8.0

Chi-Chi, M,,=7.6
Miyagi-Oki, M,,=7.0
Miyagi, M,,=6.0

N. Hollywood, M,=4.2

Compton, M,=4.0

San Marine, M,=2.8
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Standard Approach
N

mmm P-phase detection (use only P)

Measurement of T and/or Pd on a 3(4)
sec window after the first-P arrival

Magnitude estimation through empirical
relationships

Average estimation using at least 4
stations

Evolutionary estimation adding new data




A Bayesian, evolutionary approach

Lancieri & Zollo, JGR, 2008

f (d |m)f (m) Probability density function (PDF) of
f (m|Q): e magnitude given the observed P-, S-
I f (d |m)f (m)dl\/l peak data vector d={d,,d,,...,d\}
Mmin at time T
Prior PDF of magnitude derived ( pe’"
“AML M Muin <M< M,
from the Gutenberg-Richter law f (m)2< g 7 min — g max
0 |: min ? max]

1 (100(0h) sty PDF of observed data given M:
i 0g
_QL Clog(d) J Hypotheses on data:

f(d|m e
( | ) H«/ Glog(d) ® are stochastically independent
= follow a log-normal distribution with

mean M and st.dev O



Offline application: The1995 Kobe Egk

Amplitude VNS2+EW?2+ UD?
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Lancieri & Zollo, JGR, 2008
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Prediction of Peak Ground motion at
the target site

Noto-Hanto (M=6.9) . Kobe (M=7.3)

predicted observed

Predicted PGA cm/s2
3,

Predicted PGA cm/s’
3,

T T T T T T T T T
2 4 6 B 10 12 14 16 18 20
Time (s)

2&551'01214151820\
Time (s) 60 km

10° 10’ 10° 10' 10
Distance (Km) Distance (Km)

O Attenuation relationships are used to predict the Peak Ground Acceleration at any time

step after first-P detection.
U Reliable predictions of peak ground motion can be obtained few seconds after the first

P arrival at the network, despite of a significant uncertainty in the initial magnitude
estimates.

Lancieri & Zollo , JGR,2008



Momant Rate

Paradox of the real-time estimate
of magnitude

How is it possible to have in
3 seconds of signal

. information about the size
of an earthquake for which
. the rupture lasts ten seconds
. or more?

From Kanamori,Ann.Rev.Earth Pla.Sc2005



Debates: saturation effect at M~6-6.5

Japanese eqgks
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The saturation effect

Fault surface

Rupture front

r

*/

)

Isochrone front

I’:r/vl’

Tiso = 1.r + 1.p

[ The fault area spanned by X seconds of P/S
records (isochrone front) is generally larger than the
fractured area in X seconds (rupture front).

U The area imaged by X sec of S-waves is larger
than for X sec of P-waves

O The saturation is due to an under-sampling of
fault surface by 2sec of P-waves. It disappear for an
enlarged P-window of 4sec



The scaling of peak displacement with
magnitude

A
Log (PD)

Cut-off
magnitude

Total rupture Partial rupture
ared area

M=6-6.5 Magnitude

2-sec of P-waves at near-source distances map
almost entirely the rupture area for M< 6-6.5

events. For larger events only a portion of the
rupture area is sampled in the same time
window.




A Bayesian Approach to overcome

the saturation effec

The saturation effect on P_2 sec data is
taken into account by defining an ‘ad hoc’
PDF which assigns an uniform probability to
events with M>6.5. This means that for
M=6.5 the magnitude PDF is controlled by
the Gutenberg-Richter relationship.

0.7 T

06

0.5

Lognormal behavior

04r
" oaf \ Constant behavior

0.2

P(dIm)

PI( m | d[)

0 L - N \ Y
5 5.5 6 6.5 7 7.5 8

Magnitude

01

0

5 5.5 6 6.5 7 7.5 8
Magnitude

At each time step, after the first P-wave is
detected at the network, the magnitude PDF is
estimated using P and S displacement peaks

available at that time window , including
P(2sec), P(4sec) and S(2sec).

Lancieri & Zollo , JGR,2008



An EEW system in Southern Italy

FITETTEE & S TR | 3™ U TS, CHLA, PR o | OS] LV, 15, LS )
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A real-time — Py
seismic alert

management
system is under
testing in
southern ltaly. It
is based on a . <
dense, wide \ , _ =y -

dynamics seismic
network | B e ey
monitoring one | I S =
of the highest
earthquake

hazardous ‘
areas in ltaly.
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The Irpinia Seismic Network (ISNet)
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PRESTo

(Probabilistic & evolutionaRy Early warning SysTem)

Automatic procedures for the

probabilistic and evolutionary
estimation of source parameters
and prediction of ground motion

shaking.

Automatic ©
Picking .-

RT
Earthquake
location

X(km)
o

RT

Magnitude

estimation

T [sc]
0Gg1a 3t

PGX
prediction &
target sites [EEEEPERENEE

An integrated software
platform for the real
data processing and
seismic alert notification.

Satriano et al., SDEE, 2010



Off-line application of PRESTo: The
example of 2009 Mw 6.3, L'Aquila eqgk

Y2 Restart 01:32:40 s [aq ACC_RAN_6.2]
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Issuing an EW alert: Can we by-pass

the Magnitude estimation?
—

Observed correlation

between PD and PGV Simple Early Warning Concept (at a given site)
(Wu & Kanamori)

=
Large event
Large peak amp.

— Warning
J

For moderate to strong
egks PGV is related to
seismic intensity

<
Small event Small. near
Large, distant :

Using PD and Tau for
Seﬂ'ing Up an Cllerf Figure 8 A simple scheme for on-site early warning.

J

decision tabl
ble From Kanamori, 2005



An alternative approach: seismic

intensity

Yamamoto et al.,GRL, 2008
P-wave window

V, is the level at
which the
acceleration stays

Acceleration

higher for more than
0.3 seconds

i)

Seismic intensity:
|1=2log,,(V,) + 0.94

Intensity magnitude:
M=1/2 +log,,(r) + Tt

y=a-hx _ _
a=0,842;0,=00168 . H 1

b=0,976;0,=0,0080(
3 r=0.681 TR TR T

Intensity (S-wave)

-2 - 0 1 2
Intensity (P-wave)

. f1/(2.3Q)+b+ log,(C)

Needs estimates of:

r=hypocentral distance,
Q=attenuation parameter
Cj=site amplification effect




A Threshold-Based Early Warning

< 4 Initial P-peak displacement (Pd) correlates with whole-
record Peak Ground Velocity.

I [ 108®GV) = 0.74 ¢+ 0.02) log(Pdy+ 1.40 ¢+ 0.02) .~
i ® A A A‘. 7
1009 sqv - 0.36

£ Pd>0.2 cm > PGV > 16 cm/sec = I,,,,> VIl : DAMAGING
> . EQK!
- " < Initial P-period parameter (t.) correlates with final
[A4A9755 | Taiwan f » magnitude. T.> 0.6 sec > M> 6
0.1.:':,{;{: _‘. Central ltaly s ‘ ‘
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New Developments: Threshold-based
—

Alert level

P-wave fron
The local measurement of ave front

P, and T_can be used to:

0 define the alert level for
that site

0 define the potential
damaged /not damaged
areas

0 send an alert to distant
sites

Potential Damage Zone
0 make a decision based epicenter B

on the regional information

and the local measurement The extent of the potential damage zone (PDZ) is mapped from the
of ground motion geographical distribution of recorded alert levels and updated averages of T,
as new measurements are available at the network.




Off-line application to the 2009, Mw

6.3 U'Aquila earthquake
-h

Space and
time evolution
of the
recorded
alert levels .
The figure
shows how
they can be
used to
rapidly
estimate the
extent of the
potential
damage
Zzone.
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Off-line application to the 2009, Mw

6.3 U'Aquila earthquake
-h

43°00'H-

Space and
time evolution
of the
recorded
alert levels .
The figure
shows how
they can be
used to
rapidly
estimate the
extent of the
potential
damage
Zzone.

IMCS Intensity



Off-line application to the 2009, Mw

6.3 U'Aquila earthquake
-h

43°00'f

Space and
time evolution
of the
recorded
alert levels .
The figure
shows how
they can be
used to
rapidly
estimate the
extent of the
potential
damage
Zzone.

IMCS Intensity



Conclusions & Perspectives

The Earthquake Early Warning is feasible, despite of the limited alert
times (seconds to tens of seconds), and usable for both automatic and
individual actions for mitigation of earthquake effects

Applications and Control systems: Targets and mitigation actions must be
defined according to available lead-times. Need to develop control
mechanisms able to take automatic decisions and interfaces, end-user
oriented (civil protection, industrial plants security, transport networks,...)

The legal issue of Early Warning: Need for specific laws regulating the
experimentation and practice of Early Warning (the Japan example)

Diffusion of knowledge and information about Early Warning: The system
implementation must be accompanied by an adequate education and
training of end-users



Thanks for your attention |
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