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What is early warning m 1 m m7

Ch rOnO|Ogy As of 1 October 2007, the Japan Meteorological Agency (JMA)
will start the Earthquake Early Warning,

a new service that advises of strong tremors before they arrive.

Different flavors of early
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by detecting the quake (i.e. the P-wave, or the preliminary tremor) near its focus.
An Earthquake Early Warning is then given a matter of seconds (i.e. a few seconds
to a few tens of seconds) before the arrival of strong tremors (i.e. the S-wave, or
principal motion).

® Earthquake Early Warnings will be provided through various media outlets such as
TV and radio.

¥ Please note that strong tremors may arrive at the same time as the Earthquake
Early Warning in areas that are close to the focus of the earthquake.

2007
Japan Meteorological Agency
Ministry of Land, Infrastructure and Transport

from http://www.jma.go.jp




Earthquake hazard information at different time scales

decades

*

Long term seismic hazard maps
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Euro-Med Seismic Hazard Map (Giardini et al, 2003)



Earthquake hazard information at different time scales

decades Intermediate-term forecasts

years
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Earthquake hazard information at different time scales

decades

years

hours

short-term forecasts

Forecast for 04/18/2007 11:00 AM PDS
rough 4/19/2007 11:00 AM PDT

www.pasadena.wr.usgs.gov/step
Gerstenberger et al, 2003
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Earthquake hazard information at different time scales

minutes

*

Real-time seismology

- goal: provide timely information to assist
In post-earthquake mitigation, response,
recovery efforts

« early warning (earthquakes, tsunamis)

* rapid source characterization
 ShakeMaps

* human impact, casualty estimates (PAGER,
Quakeloss)

« economic loss estimates



Information traveling at ~300,000 km/s
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City /_\ Alert by Telegraph

Wave Propagation
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Fig. 1 Concept of the Front Alarm by Dr. J. D. Cooper.

from J. D. Cooper, 1868
courtesy of H. Negishi, NIED



Chronology

1868: Cooper proposes setting up seismic detectors near Hayward
fault, ring a bell in central San Francisco

1960s: Japan Railway starts developing early warning system to slow
or stop high-speed trains (currently UrEDAS)

1989: Loma Prieta aftershock sequence - temporary seismic
deployment provides constructions workers ~20 seconds of warning
(Bakun, 1994)

1991: Mexico Seismic Alert System provides up to 70 seconds of
warning to Mexico City from earthquakes nucleating in the Guerrero
region, about 300 km away

1991: Taiwan Central Weather Bureau begins widespread deployment
of strong motion instruments with goal of providing early warning

2006: Implementation of early warning systems are funded in EU and
United States (in reaction to 2004 Sumatra earthquake and tsunami)

2007: Japanese Meteorological Agency (JMA) starts releasing early
warning information in Japan via radio, television

Kanamori, 2005



larger warning times,

increasing complexity

In tens of seconds, you could (possibly)...

duck and cover

save data, stop elevators

shut down gas valves, secure equipment, hazardous materials
slow trains, abort airplane landings, direct traffic

initiate shutdown procedures in manufacturing facilities
protect emergency response facilities (hospitals, fire stations)
In general, reduce injuries, prevent secondary hazards,
increase effectiveness of emergency response;

larger warning times better

Structural control applications (Grasso, 2005)

most of the time, “Light shaking in X seconds, just enjoy the ride”
messages over mobile phones
JMA website, 2007

Goltz, 2002



P-wave frequency content

onset
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Figure S The wave [orms of the beginning of close-in displacement records of earthquakes
with magnitudes from 2.8 1o 8. The amplitudes are in arbitrary scale. The first 3 s is indicated
by two dash-dot lines.

Kanamori, 2004



Are earthquakes deterministic or not?
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Different flavors of early warning

« Single station approach
— Tau-C approach (Wu and Kanamori, 2004)

 “Front detection”

— known source region (eg. Mexico City, Bucharest)

 Network-based approach
— Many possible source regions

— Elarms (Allen and Kanamori, 2003), Virtual Seismologist (Cua and Heaton,
2006), Nowcast (Japan)

— Same ingredients as non-real time seismic hazard analysis

Source

Path

Site effects

Predicted
ground motions,
onset times,

uncertaintie



Virtual Seismologist (VS) method for
seismic early warning

Bayesian approach to seismic early warning designed for
regions with distributed seismic hazard/risk

Modeled on “back of the envelope” methods of human
seismologists for examining waveform data
= Shape of envelopes, relative frequency content

Capacity to assimilate different types of information
= Previously observed seismicity
= State of health of seismic network
= Known fault locations
= Gutenberg-Richter recurrence relationship



Bayes' Theorem: a review

Given available waveform observations Y ,., what are the most

probable estimates of magnitude and location, M, R?

“posterior” “likelihood” “prior”
prob(M, R|Y ) o< prob(Y, .| M, R) x prob(M, R)

“the answer”

= Prior = beliefs regarding M, R before considering observations Y,
= Likelihood = how observations Y_,. modify beliefs about M, R

= Posterior = current state of belief, combination of priorand Y,
" maxima of posterior = most probable estimates of M, R given Y,
= spread of posterior = variances on estimates of M, R
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= 1-sec envelopes

= 9 channels (horizontal and vertical
acceleration, velocity, and filtered
displacement)

= 1 observed envelope => 11
envelope parameters
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= 70 events, 2 <M <7.3, R<200 km

= Non-linear model estimation (inversion) to
characterize waveform envelopes for these events

-118°

= ~30,000 time histories
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How do peak P- and S-wave amplitudes
depend on magnitude, distance, frequency,

site?

log,, A=aM +b(R, + @ +dlog, (R, +@) re

Rl =\ R+ 9 C(M)=( arctan (M-5) + 1.4) c. exp( ¢, (M-5) )

200
c,=3.0

150+
£
< 100+
— the range of possible values of
;2:; C, is limited to be close to 1

50+ c,=1.0
0 ¢,=0.001
5 6 7 8

Magnitude
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Acceleration amplification relative to average rock station



Average Rock and Soil envelopes as functions of M, R

RMS horizontal acceleration

— rock at 0 km at 30 km at 150 km
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Estimating M from ratios of ground motion

Linear Discriminant Analysis of P-wave Amplitude Ratios

Magnitude
F=N

8 : e = P-wave frequency content scales
: 50<M<6.0 with M (Allen and Kanamori, 2003,
il & 40<M<50 Nakamura, 1988)
@ " 30€sM<40
@& * M<30
6- ’ = Find the linear combination of log(acc) and
i log(disp) that minimizes the variance within
2 magnitude-based groups while maximizing
St 4 separation between groups (eigenvalue
, problem)
| 5 Z ,=0.36log(acc)—0.93log(disp)
E : acc 0.36
2r : @ seme o — log
; ' disp””
=Estimating M from Z_,

; ~ J[ = —1. 62{Zad+894 U\[P_O-ltj
PVA().B()
Zobx=log(w]zO.36log(PVA)—O.93log(PVD) Me = —1. 4592ad + 8.05 , OO0 = 0.41

~’




Distinguishing between P- and S-waves

P/S discriminant using vert. and hor. acc. and vel.
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Bayes' Theorem (again)

prob(M, R|Y s) o<(prob(Y . X prob(M, R)

M, R)

How are observed quantities (ground motion envelopes) related
to magnitude and location?

= shape of envelopes as functions of M, R
= estimating M from ground motion ratio

= distinguishing between P- and S-wave
= station corrections
stations P,S

L(M,lat,lon) = Z ZL(M Jlat,lon),

i=1 j=1

(ZAD,—Z (M))’ .\ i Y, i — Yy (M, lat,lon)
k=1

2
2 Cyijk

L(M ,lat,lon), =

26,

J



Bayes' Theorem (again)

prob(M, R|Y..) o prob(Yay,

M, R)

What else do we know about earthquakes?
About the network monitoring the region?

= fault locations
= Gutenberg-Richter relationship

log N(M)=a—bM

= previously observed seismicity

= station locations
= not yet arrived data (Horiuchi, 2003, Rydelek and Pujol, 2003))



H|gh StatiOn denSity Station Voronoi Area

3 Sept 2002 M=4.75 Yorba Linda, California earthquake (km?2)
4 SRN 436
CPP 556
WLT 269
PLS 710
345+ " -
STG 1591
LLS 1027
O
©
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08}
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prob(Rgp, | arrivals)
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longitude % 5 10 15

Epicentral distance, R\, in km
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= Polygons are voronoi cells (nearest neighbor regions)
= 1st arrival at SRN implies EQ location within SRN voronoi cell
= Green circles seismicity in preceding 24 hrs




Evolution of VS magnitude estimates with time
7.5 I I T

-©~ amplitudes only
7t - VS w/ G-R
- VS w/o G-R
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3 5 8 13 38 78
VS update times, in sec after initial P detection



16 October 1999 M=7.1 Hector Mine, Califoria, Earthquake

36

35¢

latitude

A

=8

A

ADAN

33
19

-117.5

longitude

=Previously observed seismicity within
HEC’s voronoi cell are related to mainshock

Voronoi cells from Hector

Station [Voronoi Area | Epi.dist Fault dist. P arrival
(km”2) (km) (km) (sec)
HEC 5804 26.7 10.7 6
BKR 8021 771 68.6 13.7
DEV 3322 78.8 62 13.9
DAN 9299 81.8 77.6 14.5
FLS 2933 81.8 67.9 14.5
GSC 4523 925 77.6 16.2
SVD 1513 934 88.2 16.3
VTV 2198 97.2 89.2 16.9

Voronoi cells from Yorba Linda

Station Voronoi Area Epi. Dist P arrival
(km*2) (km) (sec)
SRN 436 9.9 2.2
CPP 556 17.1 3.1
WLT 269 19.1 3.65
PLS 710 20.5 3.95
MLS 612 22.1 4.05
STG 1591 28.1 4.9
LLS 1027 30.1 5.9




(a) P arrival at HEC
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Constraints on location
from arrivals and
non-arrivals 3 sec after
initial P detection at HEC
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5.5 sec after initial P at HEC (1 station, no GR)

Evolution of single
station (HEC) estimates

3 sec after initial P detection at HEC (1 station, no GR)
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e //
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Est. time M (no GR) M (GR)
3 6.2 (0.5) 5.7 (0.52) 34c
9.5 7.2 (0.42) 6.6 (0.55)
7 7.1(0.33) 6.9 (041




Evolution of VS magnitude estimates with time
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VS update times, in sec after initial P detection



Marginal pdfs for Hector Mine,
3 sec after initial P detection

latitude estimates 3 sec after initial P at HEC
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3 sec afterinitial P detection at HEC (1 station)

ampl. only
VS (w GR) o Iy

VS (w/o GR) ey,

Magnitude

=Prior information is important for regions
with relatively low station density

*Magnitude estimate can be described by
by Gaussian pdfs; location estimates
cannot

=Possibly large errors (~60 km) in

assuming the epicenter is at the

18t triggered station




Cost-benefit analysis for early warning users

a = actual peak ground motion level at user site (we don’t know this)
ayresn = ground motion level above which damage occurs

a,eq = predicted ground motion level from EWS
Opreg = Uncertainty on predicted ground motion level

Assume for now that user initiates actions when a, ., > a;, .,

when 8pred < ihresh when Apred = Bthresh
P_ =probability of missed alarm 1-P,,=probability of false alarm

12} 12}
2 0.9 © 0.9f
g g
—E‘O.G' —g‘o-e'
§0.3 §0.3

0 = 0 =

apred az‘hresh az‘hresh apred



$Cgamage = cost of damage if no action was taken and a > a, .,

$C,.; = cost of initiating action; also the cost of false alarm
$Cratio = $Cdamage / $Cact
state of prob. of state of nature cost of cost of
nature given apred "Do nothing" "Act”
a > Ainresh Pex $Cdamage $Cact
a < Aresh 1-P,, free! $Cact

It is cost-effective to act when P, =P_,;= 1/Cratio=Cact/Cdamage

user threshold

V 2ﬂ-o.precl
Cratio

o e
Apred,crit — Qthresh — Opi'eci\/§ €1 f 1 —

/ ] \

predicted ground _ _ _
uncertainty on predicted error function

motion level at _
which user should act ground motion



— \/5 L1 1 Vv 2ﬂ-()-p1'c’¢'l
aP7'€d~C7‘it — Qthresh — 0pred Z |€er f —

Cratio

C =11

rg"tio_ : ! — Cdamag/
/ rafio ~
Cacf
?L
£ Cratiof__z__..— =Applications with C,_, < 7 should
T O =—— — not use early warning information
3 AN — - ) c s *C,.ir, ~ 1 means false alarms
& T ratio relatively expensive
1} *C,.ir, >> 1 means missed warnings
are relatively expensive; initiate
T actions even when a_,__<a )
| | Crati'd""5gx_ pred “thresh
0 0.2 0.4 0.6 038 1
opred

need to accept false alarms

=Simple applications with C,_, >> 1
stopping elevators at closest floor,
ensuring fire station doors open,

saving data



From the user’s perspective, it is optimal to wait
whenever possible (the real reason we procrastinate)

—
ra

later estimate
(high density)

probability of missed warning
X Pria=a_thr| a_pr < a_thr)

prob( a | early warning estimates)

~.. , —Initial estimate
Tl _(low density)

a_pr a_thr
a, actual peak motions at site A



JMA Implementation

JMA releasing warning information
via TV, radio as of Oct 2007

Criteria for releasing warning:

more than 2 stations recording
event, and predicted JMA intensity >
5

* Type of information: regions to
experience JMA intensity 5 or
greater, epicenter location

« Method: Odaka 2003, Horiuchi 2005

« http://www.eqgh.dpri.kyoto-
u.ac.jp/~masumi/eqg/ews.htm

(Masumi Yamada website)
http://www.jma.go.jp

At Home
Fratect your head and sheker under a table
Dont rush outsice
Dont warry about b

In Public Buildings

Faliow the attencart’s Irstnuctions
Remain calm

ming off the gas n the kitchen Dot rush to the exit

Earthquake Early Warning: Dos & Don‘ts

Remain calm, and
secure your personal safety
based on your surroundings!

When Driving Outdoors

= Dot slow dawn
sucdenty
TUm an your "Nazarc
lights to alkert cther

After seaing or hearing 2n Earthouake Early

drivers, then siow down
_.,.:,tl,, ST \Waming, you hawe only @ matter of secods
= IF you are Uil mavirg

‘ . YOU neoc to act guicidy o protect yoursaif,
when you feel the

earthouake, pul safely
over 1o the left and <top

- Lock out for colepsing concreate-blo
-B:_..ru'.x:. LR
= Take sheller in & Lurdy building if there 8
ore dose ercugh

f falling signs and o

Near Mountains/Cliffs
Watch out for rocitalis
ang @ndsides

In Elevators
Stop the ekvator at the
nearest fioar ang get off
immediately

On Buses or Trains

Hald on Lol to & <irap or
a handral

For more information adoct the Earthguaiie Early Waming system,
PIoase CoNtaCE the Mo lomng deprtment of vist the d3ency’s mebsite

The Earthgeaiie Early Waming systom has
toen made possitie through joint technological
Adminatration Oatsion, Sessoog cal and Vokanologcal Cepartment ¢ m'b:m-r' Sy the Japan Metencologcal

J2pan Meteomiog el AGency Agen

Acdress: 1-3-4 Otermactl, Chivodds-hy, Toxyo 100-8122
s, P PhOne 03-3212834L
l@: Wetrdtes Bitp/faeaw Jme 9o o )ma’ ndeos Stm

and the Radwdy Teohncal Research
lns.‘n e, o5 well s theoug ach everments In
techrological developr mt.n e Nationa
Resrarch nattute for Larts Scenoe and
Desyster Prevertion



G5

(x2. 4E—2)m /"

acceleration

2000.10.6 M7.3 A=%m

0 20 40 60 80 100 120 140

A=18km

o N & O

0 20 40 60 80 100 120 140
time

Btexp(—At)

Odaka, 2003

18
16
14
12
10

o N A

10

0
0

JMA methodology

1997.3.26 M6.5 A=13km

______
L.
-

20 40 60 80 100 120 140

A=19%m

20 40 60 80 100 120 140
(x0. 01) seconds

Vv
Vv
V et %\

v Y

Wave front at TE'

V[V

Horiuchi, 2005

/

/

V
YV

Vv



CISN early warning implementation

Implementation

Realtime systems

event web archive
processing: and display:
waveform statewide statewide

seismic processing:

network hubs output parameters
networks Onsite FEEF
Q warning e predicted ground
— shaking onsite
Caltech
"’/ website
EEW
Caltech/USGS ‘Virtual . event
Seismologist “"1 database
-Q‘ " Caltech/ETH graphical
E: Onsite iy
/ ElarmS
Berkeley/ USGS |
Berkeley USC/SCEC

CISN early warning half-yearly progress report Oct 2007



European implementation

SAFER (Seismic Early wArning for Europe)
Elarms in INGV Rome

Virtual Seismologist in Switzerland
RT-mag, RT-loc in Naples

All focused on off-line implementation

Farly Warning Farthquake 'gorpy Warning

Components | Jecurence Objectives
% Source
! Parsneters
Real-Time wWP2 - -
Harard ) Alert Maps
Asscssment WP4 - -
WP4 Shake Maps
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Conclusions

Bayesian framework allows integration of many types of information to
produce most probable solution and uncertainty estimates

Robustness of source estimates is proportional to station density. Prior
information is useful in regions with low station density, but increases
complexity of information

Need to carry out Bayesian approach from source estimation through
user response. Gutenberg-Richter relationship can reduce false alarms
at cost of increasing vulnerability to missed alarms

Need dialogue between seismologists developing warning systems,
and potential user community

Certain level of false alarms must be tolerated if user wants to ensure
proper actions are taken during the infrequent, damaging event



Thank you



