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What Is a earthquake?

Sudden slip between two blocks of crust along a fault

“Elastic rebound theory”

Deformation Rock stores
elastic strain
energy




Earthquake Waves

“The P-wave carries information and the S-wave carries energy.” -Kanamori

P-wave

~3.5 mi/sec RSN
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S-wave
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Seismogram

(ground motion)
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Earthquake Begins

Bakersfield ¢ SCEC ShakeOut Simulation
-k by R. Graves

-'F W
SC/EC
L {
Barstow an IMGF-+ LGS cerner
Lancaster

ey

4 : Victarville
Santa Barbara®™

-

Ox na rd

N\

Los Angeles olls
' g " SanBernardino

Anaheim Palm Spr;ﬁé'gg

Dceanside
L]

1 mr
LJ-gid

Ground velocity magnitude
—

0.05 1 2 m/s San Diego

M7.8 SOSAFZ Scenario

Mexicali




Stations Sense Shaking

Bakersfield 3 ' SCEC ShakeOut Simulation
-k by R. Graves
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ShakeAlert Detects Event — Issues Alert

Bake stield
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Rupture Moves Up Fault

Bakersfield 3 | SCEC ShakeOut Simulation
: by R. Graves
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Strong Shaking Arrives — Palm Springs

Bakersfield | SCEC ShakeOut Simulation
. by R. Graves
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Strong Shaking Arrives — San Bernardino

Bakersfield . SCEC ShakeOut Simulation
. by R. Graves
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Strong Shaking Arrives — Orange Co.

Bakersfield ' SCEC ShakeOut Simulation
_ by R. Graves
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Strong Shaking Arrives — Los Angeles

Bakersfield o, SCEC ShakeOut Simulation
by R. Graves
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UserDisplay — ShakeOut M7.8

Real-time Finite Fault Solution

—ress bAlert User Display Version 24 beta-201302042035 1
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UserDisplay — ShakeOut M7.8

Real-time Finite Fault Solution

—mpeesc pAiert User Drsplay Version 24 beta-20130204.2035




UserDisplay — ShakeOut M7.8

Real-time Finite Fault Solution
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UserDisplay — ShakeOut M7.8

Real-time Finite Fault Solution
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First proposed
earthquake early

warning system
— San Francisco, 1868

J.D. Cooper, MD, proposed:

e Detectors outside the city

e Telegraph wires to send warning
e Earthquake bell in tower

e Automated (“self-acting”)

e Will work for distant shocks




Brief History of EEW

1868 Hayward, M6.8 (30 killed)
— Dr. J.D. Cooper suggests EEW system

1964 Japan Railroad builds Shinkansen
— EEW for the system

1985 Mexico City M8.0 (~10,000 killed)
— 1991 Mexico’s EEW system goes live

1989 Loma Prieta M6.9 (57 killed)
— USGS rapid-prototype EEW system

1995 Kobe M6.9 (6,400 killed)
— 2007 JMA system (~$500M) goes live

2006 ShakeAlert development begins F‘Lﬁ

— 2012 Demonstration system live




Mexico City Early Warning System (SASMEX)

mcantm de instrumentacién y registro sismico a.c.

Imprirmir - Inicio Cerrar
BOLETIN DEL SISTEMA DE ALERTA SISMICA {SAS)

A —

Fechs Fora| lpc_' de |IF| 29 DE OCTUBRE DE 2009 3 las 22:10:29 hrs. thora locah el SAS detectd un
{ulnd=] WSO - . . -
—ooai038 521028 [5in arena [F12M0 €0 2 de sus 1’2 estapmnes en Guerrero. El SASJND GI_ENER'D senal de

- alerta porgue la energia del sismo en desarrallo no superd los niveles de disparo
2009-10.28 | 19:23:02 [ Sin Alerts tablecidos. El epicentro del sismo detectado par el SAS (Fuente S5M), se
2009-10-24 || 16:08:51 |[Sin Alerta || 002 ’ pice n '
indica en el mapa de abajo.

Buscar Awisos Recientes I
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103" —108° 401" -100° T ) -96

Hora Tipo de
Local Alerta

20090427 || 11:46:458 ||Preventiva @ ALERTAPLELICA
2009-03-27 || 02:48:32 ||Preventiva) ,o | B ALERTAPREVENTVA
2002-11-11 || 05:02:28 ||Prevantiva ® ESTACIONES SAS

Busczar Alertas Recientes

T
—103° —-102°

Est=cidn Baoletin . Estacion . Estacion Bl etin
Fapanoa Hao Detectd Fénjama Mo Detectd Laz Wigas Detectd
El \einta Mo Detectd El Jardin Mo Detectd El Carrizo Detectd
Tetitlan Mo Detectd San Fadro Mo Detectd harquelia Ha Detectd
Cacalutla Mo Detectd El Cortés Mo Detectd Huehuetan Ha Detectd

http://www.cires.org.mx/




Mexico City
April 18, 2014
M7.2

* Built following the

1985 earthquake
killed 10,000

» Operational since

1992

e ~70 sec warning in

Mexico City




Japanese EEW system

* Spent ~$600M on EEW after the M7.2
1995 Kobe earthquake killed 6,400

Public warnings since Nov. 2007
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Tohoku M9.0 — JMA EEW Alert

The good.:
« Alert was sent in ~9 sec
 Millions of people got
5 —40 sec warning

Estimated intensity

The not-so-good:

Underestimated
magnitude (8.1)

No finite fault solution
Miscalculated intensity
of area affected

Missed aftershocks




JMA Survey of the Public

on balance,
useful

Tohoku

Useful, or

: . On balance, useful
Nationwide

Data provided by Hoshiba
http://www.jma.go.jp/jma/press/1203/22c/manzokudo201203.html




Pacific
Tsunami
Warning

" Center

Earthquake early
warning systems

Providing warnings

S Real-time testing February 2013
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Earthquake Hazard: Peak ground acceleration (ms %) with 10% probability of exceedance in 50 years

Public notifications < > Richard Allan, UCB




<

cience for a changing world

USGS - Earthquake Hazard Program

 USGS/EHP Mission: reduce deaths,
Injuries, and property damage from
earthquakes

e USGS uniquely qualified to
characterize hazard and warn for
earthquake, volcano, and landslide

« Earthquake Hazards Reduction Act of
1977,42 U.S.C. 88 7701 (NEHRP)

NEHRP Activities

NEHRP
Agencies

National Earthquake Hazards Reduction Program




ANSS — Advanced National Seismic System

Alaska

s ANSS|

ANSS Regions (Cbnterminous U.8. )

Pacific

Northwest \1 v

: P
™ ! H?ﬁ %
e H

-'I ol |H
,;:)ﬂt 1Y {‘\ -,
! |Inter-Mounta|n
West S :
v 3 ~ Mid-America

California

5%120¢

-.T-’ °
Hawaii 2 110 105 -100° -95 '90 "85 "80 "'75 -70




CISN Post-earthquake Products
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ShakeAlert Technical
Implementation Plan

Goal: build & operate
a West Coast EEW
system to...

Issue public warnings for large
earthquakes and...

Send warning parameters to
government and private sector
users...

...as soon as ShakeAlert meets
quality and reliability standards
on a region by region basis

USGS Open-File Report 2014-1097

jon Plan for the Shakelest
niation P:mq\nke Earty Waming

Technical impleme!
of the United States

: _An Ea
Production System
ystem for the West Coast

National Earthquake
Hazard Map (USGS)




Large Scale System

Architecture

ShakeAlert is built on ANSS
regional networks

Leverages ANSS
Stations
Telecomm
Hardened centers
Software (Ew, AQMS)
Expertise
Management structures

Extension of ANSS Tier 1
center operations (AQMS) 34

“A new ANSS product”
32
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Progress Toward a  giigh e
Public EEW System B

Evolutionary Approach

Receiving alerts today:
>2006-now — R & D phase ;iljc'e”t'“s

: CalEMA
—Jan. 2012 — Demonstration e .01

System Live LA Metro
Metrolink
- 2014 — Production Prototype Amgen

So Cal Edison - -
- ?* — Limited Regional Rollout  SFDEM [ [y,

MANAGEMENT

LA C|ty DEPARTMENT

->?* — Full Operation gy &

VoA CIEYAOI=AME TROILINIK

more...

*Rollout schedule depends on funding levels




— Speed and Accuracy

 First hazard estimate 0.1 sec after P-wave detection
* Network approach: Requires 2 or 4 station triggers for alert
« Speed of alert is a choice based on alert thresholds

09:09:42.3 Origin time
09:09:43.3 (+1.0s) 1stP-wave CI.OLI (T F) i
09:09:46.3 (+4.0s) 1stAlert ‘E;ﬁ*m%

o
.a' F, L)
File o

e S E_. o
1st alert 4.3 sec after origin time A CEAES |\ Sanme Anag tl
AT




Investments in EEW Development

(Through FY14)

USGS 'éU N Moore Foundation MOORE

(2002_2015) cience for a changing world (2012_2014, no renewal)

» External coop agreements for R&D for EEW
> Phase | & Il (2002-2012) $2,093,851 > Caltech $1,996,888
» Phase Il (2012-2015) $1,575,000
» UC Berkeley $2,040,889

» ARRA California (2009-2011) $4,426,110 _ :
> Network equipment upgrades » Univ. of Washington $1,848,351

) : > 594,406
» MultiHazards Project (2008-2014) $2,342,150 > é

» San Andreas sensors, station upgrades,
production computers, personnel

TOTAL $10,437,111 TOTAL $6,480,534

FY14 — Federal Omnibus Budget Bill City of Los Angeles — UASI funding

>
>

$850,000 for EEW » To Caltech $5,600,000
“The Committees support efforts to continue » 125 new & upgraded stations

developing an earthquake early warning prototype » 40 RT-GPS stations

system on the West Coast." » System infrastructure upgrades




Est. Cost to Complete & Operate
ShakeAlert

Pacific |West Coast
Northwest Total

Construction $23.1M $15.2M $38.3M
Annual M&O $11.4M $4.7M $16.1M

California

New and upgrades seismic stations & GPS stations
Significant field telemetry upgrades

Support personnel
— to bring ANSS (CISN) network staffing up to robust levels
— EEW implementation and testing
— EEW operation and user outreach

Support for continued R & D U8 CISNSImc etwore

K*_ : ShakE‘Alert




Ground Motion Sensors

e ANSS seismic networks < Geodetic Networks
(CISN + partners) (CISN + partners)
— Optimum density ~20km — Real-time, high precision
— Add & upgrade stations — Collocate with seismic

— High quality — Continued work on RT
— Low latency data processing

California Pacific Total: West Coast
Instrument Type (CISN) Northwest

Seismic: Type Al 191

Seismic: Type B2 524

Total Seismic 715

GPS

1 ANSS station; broadband plus strong motion instrumentation
2 Only strong motion accelerometer

SIS Field telemetr Processing
Networks y Alert Creation




Network Telemetry
Path Diversity

Commercial Telecomm
 Cellular (Verizon & Sprint)
» Leased circuits
 DSL, cable

IP Radio

Digital microwave
(Freq. sale upgrade)

Satellite

Public Internet
Private Intranets
Partner systems

SENsor Field telemet
Networks gy

r_" < |‘-\| Galiforma Inlegrated o
L L Semmic Nehwork i,

Processing
Alert Creation




.. [

Estimated magnitude + uncertainty
Estimated location + uncertainty
Estimated origin time + uncertainty

\4

Algorithm

Decision Module
_ (Weighted averages and

Algorithms? uncertainties)

.4

User Notification Stream

KeAlert System Architecture

1

(VS)

Updates are
sent every
second

Models

Updates are
sent every

Location, Magnitude, Origin Time, Uncertainty second

SIS Field telemetr Processing
Networks y Alert Creation




Processing & Alert Creation

Building Engineered

Production Prototype

Standardized, robust, sustainable
computer environment

Best practices software
engineering & code management
Design for redundancy

Rigorous testing with playback of
archived and synthetic data sets

Continuing tuning & testing

Continuing R&D

Integrating GPS methods

System performance Code Managamen
monitoring Schematic

SIS Field telemetr Processing
Networks € y Alert Creation




System Standards

e System infrastructure < Incoming data
— Station density — Sensor/logger hardware
— Telemetry latency — Algorithms, parameters
— Security (FISMA) — Data formats

o System performance < Outgoing notifications

goals and metrics — Latency, reliability
— Latency — Data formats (CAP, XML)

— Missed events  Computer & code
— False events management practices

— Mislocations o Testing & certification

SISO Field telemetr Processing
Networks y Alert Creation




Reliable Notification

Internet e Mass notification
Direct radio, VSAT, etc. companies

Private partner systems Partner redistribution

FEMA-IPAWS (TV, radio, cell) Cloud services, phone app

“alert authority” e
RBDS - FM radio project oogle, lwitter:

] lmm ] ah Paople

EE ‘jk" l“'

Processing

Field telemetry Alert Creation

NEWIS




Education = User Actions

The Public Institutions (automated)

* Drop, cover, hold on « Complex data stream

« Integrate hazards  Private partners to
education develop user-specific
applications

e Japanese created a
non-profit (REIC)

e Soclal science on:
— Effective messaging

— Alert content, sounds :

Processing

Field telemetry Alert Creation

NEWIS




EEW System Limitations

Always a trade off between speed and accuracy
— Event information improves with time

False alarms
— Alarm, no quake (noise, glitch, equipment failure)
Bad alarm

— Miscalculated location or magnitude
Missed events

— Damaging quake, no alarm “Blind Zone (no warning)
“Blind zone” — near the epicenter . ©
“So what” zone — far from epicenter . -




Summary

e USGS is dedicated to
Implementing a public EEW
system for the West Coast

The State of California Is also
committed to a system

ShakeAlert demo system is

running in California now

Completing public EEW will
require further investment &
partner participation

BB CISN Sifors negted
3 b ShakeAl ert
http://shakealert.org







* Why not use Japan’s system?
— Do use same/improved algorithms
— Expensive field deployment
— Japanese are guarded
— Had issues in Tohoku

« Why not use Mexico’s system?
— Simple algorithms
— City/source topology

0 20 40 60 80 100

100 km
— i




Ken Hudnut:
r- hudnut@usgs gov
(626)583 27232

-+ ZUSGS

science for a changing world

USGS “Z|pper afré | a :ng San..Andreas for early Warnlng




The Value of GPS Data

« Earthquake Early Warning
— Determination of large magnitudes -
— Fault modeling

— Slip detection X

Strong Shaking Expected

static

r Ddynamic




Issues: Magnitude estimation

WES/P494 North
Mw7.2 El Mayor-Cucapah Earthquake
(1]

20 40

Qeal_tlme’ ::. WES.BHN (vel)
nigh precision GPS can

> { WES.HNN (acc)

nelp get large
magnitudes right

o5 | WES.HNN to vel

0.5
050 1 WES.HNN to dis

Seismic = e

025 | P494.N (dis)

GPS - i

Seismic + GPS 2

Static displacement







Collocated Seismic/GPS Sites
24 In SCSN (41 soon)




Summary

e USGS is dedicated to
Implementing a public EEW
system for the West Coast

ShakeAlert demo system is
running in California now

e This complements Cal OES

mandate for EEW

« Completing public EEW will
require further investment &
partner participation

BB CISN Sifors negted
3 b ShakeAl ert
http://shakealert.org




Do Big Events Start Big? Yes!

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 Marino, M, =28 F




"Tc Scales with Magnitude
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Kanamori, 2004




