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The Great 1906 San Francisco
Earthquake Extended for ~ 350 km
Along the San Andreas Fault in

Northern California.
Horizontal offsets of as much as 8
meters were observed.

Ground rupture

SLIPPAGE ALONG THE
SAN ANDREAS FAULT IN THE
GREAT 1906 EARTHOUAKE

CALIFORNIA

arironfal shppage

at sites afang e feull
is shawn by lhe heighis
of the red lives,

Wayne Thatcher, US Geological Survey

Three coupled spatial scales visible: 1. Fault length (~430 km); 2. Slip (~m); 3. Rupture thickness (~cm)
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Earthquaks Epicenters for M:-G._U in California
From: 1933/03/11 m-m.e;a n: 2014/08/24 10:20:44.06
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The Earthquake “Cycle”

(Courtesy P.B. Rundle)

“Strike-slip” Earthquakes (mainly horizontal motion)



Nl the News That's
Fit to Print.”

- THE WEATHER
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NEW YORK, SUNDAY SEPTEMBER 2,

1923,

Mk 1nd Maguios Bertion.

|ll|ll|lll Avtsgraviry Baetian I8 vy guv—

In Manhattan,

FIVE CENTS Bronx and Brooklyn 'I'E?ftam

GHEATEARTHQUAKE AND FIRE RAVAGE TOKIO AND YOKOHAMA;
MANY PERISH, BUILDINGS COLLAPSE; SURVIVORS FLEE IN PANIC i
TALY SEIZES TWO MORE ISLANDS; LEAGUE TAKES UP THE CASE'

COAL‘STRIKE FRCES
{O0PERCENT. TE-{P,
‘RECESS N PARLEY

All of ISBjQGD Miners, Except
Maintenance Men, Drop
Topls and Quit,
—

 DISPUTANTS CONFER AGAIN
| L4
Meet With Pinchot for Half an

Hour and Then Adjourn
Until Wednesday.

GOVERNOR MORE HOPEFUL

'

1
Expcets Rest to Help His Cause,
and Meanwhlle Asks Expresslon
of Publlc Qpinlon.

Speainl 10 The New Yark Timen

TLAKILSIURA, Pa., Sept. 1.=There {8
a totnl Aunpsnalun of work today In the
anthrnelte enad flelds, Reporta reeelved
heri by unthruelle operntors and minery
Inlleatid Uind wll bt 4,000 of the 154,000
hard gonl miners hud wolkkd oul. Thoun
who remuined to mork are the mainte-
nuned men whose duty 1U fs to Keep the
mingy (r: of wutor snd gus and Lo pre-

ni.
tnliven of the operators and
the milnern pet Governer Tinchot for
half wn hour ladey and declded te recons
yene on Wernestluy at 2 P M, The Guve
arnor exnresped hhmaell e very nwch

Policeman Slain as He

The list of policemen murdered In the
F:rrun;mnce f thelr duty was Increased
Inst night when Fatrolman John E.
Egan of the Weatchester Station was
shot three times and killed ot the north-
west corner of Benson und Tremont
Avenues, the Bronx.

'With the murders of Patrolman Reyn-
olds and Romanella still unsolved and
appnrently nio cluc to the Identlty of lhe
man whe killed ‘them at Sixty-fourth
Street ond  Second  Avenuoy ecverdl
montha ago, the police were spurred Into
‘new activity last night by the news of
Putrolman Egan's murder.

Arrests of the men implicated In the
Tigan murder are expected inomentarily
by the polles. They say they have the
names of two, one of wham did the
killing.

Through the ald of & ‘young. woman
who was pussing when the pollceman
way murdered, detectives of the Sixth
Inepaction Distriet, working under Act-
ing Captaln Henry Bruckman, learned
what occurred. L
[\Dgun was doing bpoelal duty (n plain
clothes, an assignment that carries o
roving commisslon to potrol anywhere
within the preclnct on the watch for
vlew, gambling or disorderly persony,
The patrolman Wes on the goutheast
corner of Heneon and Tremonl Avenues
shorlly after 10 o'clock when he maw
four men slanding on Lhe morthwest
corner.

Ax he potlend them they tarted scuf-
fling among Lhemselves, but wnetl\tr In

notlced which woy they went.

Orders Four to Mol)e,'

Eyewitness Gives Names of Two Assailants

He walked over to them and ordered
them to leave. As he did so, one of the
men, Whose name was given to the po-
lice, struck the patroiman 2 blow In
the face withrhis fist. As the four men
sprang at him Egan threw off his cout

und fought back. He shouted to the|

men that they wers under arrest and
drew his plstol. One of the four men,
whose name also was glven to detectives
by the young woman, snatehed the re-
volver away from him and Clred,

As the patrolman turned toward him
the man fired again and Egan sank to
the ground, As he collapsed the man
with the platol fired agaln. IEgan, fall-
Ing, had turned siightly away from the
men and the third bullet, the one which
la belleved to have kifled him, struck
him In the left alde of the back.

Ag the patrolman fell the four men
turned and ran, the man with the patrol-
man's platol stiil holding the weapon.
In the excltement that followed no one
it s
belleved they run a short distance and

then hired o tdxicab.

Putrolman Egan hud heen o pollceman
tor a llitle more than o yeur. About
three months ugo he recelved commen-
dation for n spectacular bit of palfce
work when while rldln§ u Pollce De-
nirlmnnl horse he-chased & runaway
horse for almost flve miles through
Bronx streels and was Injured while
bringlng the runaway lo o halt. He
was M yenrs old and lived at )22
DBoynton Avenue, the Bronx, with his
. wife and two children,

PRESCANS DENY
HYLAN HAS CANCER

Dr. John 1. McGrath, President

of Bellevue Hosnital Visils

ALERS O FOUR 1S
100 OON 0 ENTE

Most of 1,896 Who Arrived Be-
fore Instead of After Mid-

OREGREEK SLANDS SEZED

Itafian - Forces Uccupy
Paxos and Antipaxos,
Strateglc Pomts

GREEK STEkM'iiH FIRED ON|

Channe! Is Under Blockade, |
Italian Submarine Comrr_land-*

er Te!ls Merchantman,

NO MORE SEIZURES LIKELY

But Rome Orders Other Naval
. Units to Lower Adriatic
Roady for Action.

ROME, Sept. 1 (Assoclated Pross).—
The small Isiinds of Paxos and Antl-
paxos, part of the Ionlan group, In the
vielnlty of Corfu, have been occupled by
the Itallans.

The Government here has offlclally
announesd thut the scoupatlon of Corfu
prodably will be the linalt of Iallan ad-
vihees for the emMqreement of nnctiona
anil thal consequently therw probably
wlll be w shorl breathing wpell.

A message recelved by way of Corfu
wnys the Greelt ghipe gt F'haleron have
been moved |to Bulumls,

Tallun naviel units: which had been
atntloned at §peziu wnd Venles, however,
now ure sleaming for Southern Adrlulie
waters In rull wnr atatus, und clght
trinaports wre held n rendiness In edye

AREA OF EARTHQUAKE DAMAGE IN JAPAN,

NAGASAKI

Coolidge Cables Sympathy to Emperor of Japan;
Navy Orders Vessels to Yohohama for Relief

WASHINGTON, Sept. 1.—President Coolidge tonight addresged
to Emperor Yoshihito of Japan 8 message of sympathy on the part
of himaself and the American peoplu for the sufferers from the
earthquake in Japan.

The President's message read:

At the moment when the news of the great disaster which has
hefallen the people of Japan Is being received, I am nicved to offer
you In my own name and that of the American people the most heart-
felt sympathy, and to express to your Majesty my sincere deslre to be
of any possible mssistance In alleviating the terrible sutferlng to your
people, L]

Orders were given tonight to the American Asiatic syuadron to
rush ships to Yokohama to assist in relief measures.

Admical Anderson, commanding the fleet, was instructed to use
al) possible speed in dispatching the vessels and their commanders
to render every aid possible.

The Asintic fleet is now near Port Arthur, and Admiral Eberle,
Chief of Naval Operations, said it was probeble that Admiral An-
derson had already dispatehed o squadron of destrayers to Yohohama,
whero an American naval hospital is located. He added, however,
that in order to assure the presence bf Amcrican relief ships there,
spociflc orders were dispatched. -
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Al Yokohama Burnlng and Neighborlng;
Towns Are liwolved as Water Systems
Are Wrecked--Business Suspended; i:
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700 Are Killed in the Asakusa Tower--People Flee !
to Ships-~Earthquake Centres in the Extinct
Volcano of Fuji--Cables Interrupted,

|
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i1 (Assochted Press) ~Tokio i}{
aﬂire, many buildings of the city have ollapsed.‘the water ay
tem is destroyed, the loss of life is pe vy, all traffic has bee'a.
suspended and the flames are sprendmg to surrounding towns,
following a terrific earthqu: ake, according to a message received
here tonight by the Radiol Cnrporatlon of America from| th’ :
superintendent of the coany s, statwn at Tomioka:

SN FRANC]SGO,I Sep

i

[Other messages report|that the whole city of Yokcham,n i .
burning and that great 1gss of life and property hs,s heen
canged.] fy |

The Radio Corporatmn 3| superintendent gaid he obtained hll‘ |
information from a morning paper a} Sendai, g large ge&nm;‘
town about 200 miles north of Tokio. Tommkn is. nhout IM
miles north of Tokio. 2 !

; ‘lﬁ it

i Casualtjes Very Hglavy. |

The o read:
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Farthquakes in Nankai Trough, Japan

M Ando, Tectonophysics, v27, p112 (1975)

Data from historic writings in
Japan

Basic ideas of the earthquake
‘cycle” essentially started
here
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Fault Stress /ﬂ

Fault Slip

|dealized Model of Elastic Rebound on a Fault
Report of the 1906 Earthquake Investigation (1910)
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1 L Harry Fielding Reid (1859-1944)



Gutenberg-Richter Relation
(1942)(Frequency-Magnitude Relation)

Beno Gutenberg (1889-1960) Charles Richter (1900-1985)



Gutenberg-Richter Relation

Statistics Before and After 3/11/2011

Radius of 1000 km Around Tokyo (Accessed July 1, 2015)
b=1.01 +/- 0.01

Gutenberg—Richter Relation Gutenberg—Richter Relation
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(“Normal” statistics) (Deficit of large events)



On Earthquake Forecasting

« Why forecast? (A vocal minority of our community says we
shouldn” torcan’ t)

— |Insurance rates
— Safety
— Building codes

 Fact: Every country in the world has an earthquake forecast
(it rr;ay be an assumption of zero events, but they all have
one

« Premise: Any forecast made by the seismology community is
bound to be at least as good as, and probably better than,
any forecast made by:

— Politicians
— Lawyers
— Agency bureaucrats
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Natural Time Weibull Forecast
JBR et al,, Physical Review E, 86, 021106 (2012)
Data from ANSS catalog + other real time feeds

Based on “filling in” the Gutenberg-Richter magnitude-
frequency relation

Example: for every ~1000 M>3 earthquakes there is 1 M>6
earthquake

Weibull statistics are used to convert large-earthquake
deficit to a probability

Fully automated
Backtested and self-consistent
Updated in real time (at least nightly)

Accounts for statistical correlations of earthquake
Interactions
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QuakeWorks Mobile App (iOS)
(Courtesy D.E. Rundle)

[ 1 Ialals] AT&T "E."" B:UE PM

Earthquake Forecaster

The probablility you will see an earthquake of at
least 7.0 magnitude within 3 years within 50
miles of this location is 5.35%.
Refresh Map More Information

San Francisco, CA

Home Forecast Damage FAQs

sseee ATAT = 12:51 PM

Damage Viewer

Map Viewer House Info

Damage Report

Calculate estimated damage to your home due to
strong earthquakes. To start: enter address and
click 'Go'. More=

Refresh Map ® ® ® Nore Information

1 Infinite Loop, Cupertino

Home Forecast Damage FAQs



Now(Casting

Natural hazards tend to occur in cycles of activity
— Earthquakes

— EI Nino Southern Oscillation (ENSO)

— Pacific Decadal Oscillation (PDO)

Forecasting is a probability of future activity in the
hazard cycle

Nowcasting describes the current state of the hazard
cycle

The term  “Nowecasting” was first used to describe the
current state of the economic/business cycle



ENSO: El Nino and La Nina

http://www.climate.gov

El Nino




ENSO: Time Series

http://en.wikipedia.org/wiki/El_Nino
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PDO

http://cses.washington.edu

Pacific Decadal Oscillation

positive phase negative phase




PDO Index
(sum of May-Sept)

PDO Time Series

http://www.nwfsc.noaa.gov
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|dealized Model of the Earthquake Cycle

Cumulative Number
of Small Earthquakes
between Large
Earthquakes

e |If we count the number of small earthquakes since the
last large earthquake, we expect it to increase with
time (Gutenberg-Richter relation)

e So the count of small earthquakes can be viewed as a
marker for the increase of stress and consequently the
hazard level



Method

Select a standard-sized region, either rectangular or circle, in
an area where there have been many “large” earthquakes

III

Consider only the “small” earthquakes M. that occur between
the “large” earthquakes M,

Define the fault system state or Earthquake Potential Score as
the cumulative probability for the number of “small”
earthquakes since the last “large” earthquake

The Gutenberg-Richter law assures that as more “small”
earthquakes occur, a “large” earthquake becomes more likely



Examples

To compare global cities, we select a standard set of
parameters

We construct a 100 km radius circle around a city of interest
For cities, we consider “large” earthquakes having M >6

The “small” earthquakes for city hazards are determined by
the catalog completeness level:

— For Global cities: 4<M;<6

— For California cities: 3 <Mg<6



Earthquakes M>6.0 in Japan (Blue Circle = 100.0 km Radius)
0 km

Small: 4 < M <6
Large: 6 < M_



Number of Earthquake Intervals

EPS for M>6.0 Earthquakes within 100.0 km of Tokyo
After M6.00 on 2014/05/04 at 20:18:24.68

— — — e
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Todays Small EQ Count: 108
On: 2016/07/11 at: 05:10:46.23

Todays EPS Value: 80.6% 75
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Earthquakes M>6.0 in Japan (Blue Circle = 100.0 km Radius)
0 km

Small: 4 < M <6
Large: 6 < M_



Number of Earthquake Intervals

EPS for M>6.0 Earthquakes within 100.0 km of Sendai
After M6.00 on 2013/05/18 at 05:47:59.50
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Earthquakes M>6.0 in Japan (Blue Circle = 100.0 km Radius)
0 km

Small: 4 < M <6
Large: 6 < M,



Number of Earthquake Intervals
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Earthquakes M>6.0 in Philippines (Blue Circle = 100.0 km Radius)
From: 1964/03/01 12:54:37.30 To: 2016/04/13 18:21:52.73 at Depths <50.0 km
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EPS for M>6.0 Earthquakes within 100.0 km of Manila
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arthquakes M>6.0 in Chile (Blue Circle = 100.0 km Radius)
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Number of Earthquake Intervals
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rthquake Epicenters for M>6.0 in California
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Earthquakes M>6.0 in California (Blue Circle = 100.0 km Radius)
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Number of Earthquake Intervals

EPS for M>6.0 Earthquakes within 100.0 km of LosAngeles
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Earthquakes M>6.0 in California (Blue Circle = 100.0 km Radius)
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Number of Earthquake Intervals

EPS for M>6.0 Earthquakes within 100.0 km of SanFrancisco
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Summary so Far

* Forecasting: Computing the probability of
future activity

 Nowcasting: Determining the current state of
progress through the hazard cycle

 Now: Brief discussion of Global Navigation
Satellite System Tsunami Early Warning
System



. Japan, March 11, 2011
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Current Tsunami Warning System

Earthquake-Magnitude-Based Tsunami Warnings
(NOAA's PTWC)

Proposed DART Buoy System

Mw less than 6.5 Earthquake
(Mw: Moment Magnitude) Message Only
Mw 6.5to 7.5 Tsunami
Information
Bulletin

Confirmed Pacific-Wide
Teletsunami Warning __
[ ] mplace [ Proposed {’@2‘*
Unfortunately, u’”

1. Earthquake magnitude is not a good indicator of a resulting tsunami;
2. DART system has inherent delays.
3. Seismic Mw estimates require at 20 minutes or more



Indo-Pacific GNSS Disaster Early Warning Network

Pacific Basin Earthquakes and Volcanic Eruptions pose regional
hazards that do not obey national boundaries.

The Pacific Basin is ringed by subduction zones and violent
volcanoes with demonstrated ability to generate large
earthquakes and devastating tsunamis that propagate basin wide.

Dense GNSS regional networks are being deployed within the
circum-Pacific and on Pacific Islands.

Communication infrastructure is available for near real time GNSS
data distribution either continuous or event responsive.



Post Processing of regional geodetic data taken on December 262004 Demonstrated the
Value of a
Global Regional GNSS Real Time Network

A Dense Global Real Time GPS Network would have warned of the Indian Ocean Tsunami within minutes- hours
before the seismic analysis-

THURAM TrRAVEL TIAF (hears:

Before Earthquake
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{
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GPS station displacements on 26 December, 2004 observed by the International GNSS Service
Network (IGS/GGOS). The largest arrow (SAMP) has been scaled down by a factor of two for clarity.
Ref. Blewitt, Hammond, Kreemer, Plag, Stein, Okal, 2009,J. Geodesy.



February 27, 2010: Chile M8.8 Earthquake Demonstrated First Real Time GPS

based Tsunami Prediction using GDGPS
with NASA Applied Sciences funding to The GREAT Alert Project

(a) Realtime GPS

(a): NASA's Global

20 : : {b) GP3-Predicted Tsunami(Feb 27 Chile M8.8)
. 1 Differential GPS (GDGPS)
- ét;?"‘fgilz:-th measures the Chile M8.8
5 P earthquake displacement
ST T SRR TR N ) .......... R in real tlme at Santiago.
O S S O (b): JPL GREAT alert team
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predicts a moderate sized
tsunami using the real-
time GPS and the Song

6o 1A ‘ tsunami generation
= model.
. . |
£ S Vs (c): NASA/CNES satellites
& ol Jason-1& 2-medsured Jason-1 and Jason-2

L_ GPS model-predicted

6035 503 408 308 2035 105

Latitude

Tony Song , Yoaz Bar-Sever, et al. /JJPL

-

70°W

confirm the tsunami
amplitude prediction of
the GPS-based model
prediction.

(d): Next steps:
Strengthen real time

Song Y.T., 2007, Detecting tsunami genesis and scales GDPS network, automate
directly from coastal GPS Stations, Geophys Res. Ltts. models.



The 2011 Tohoku-Oki Tsunami

(&) Horizontal

There are about 1,200 GPS stations (GeoNet) on Japanese
Islands. Study shows that they were capable of predicting
the tsunami and could have saved more lives if were used
(Song et al., GRL, 2012).
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March 11, 2011:The GSI GEONET GPS Array

e Demonstrated Capability to Predict a Tsunami
* First use of GPS to Predict
* First Observe the Resulting Tsunami

Horizontal Displacement : Vertical and Horizontal Displacement

05:40:00 UTC

1 m=— o . Geophysical Institute, Univ. Alaska Fairbanks 0.5m 200 km "
Preliminary GPS time series provided by the ARIA team at JPL and Caltech. All original GEONET RINEX datd Tbrqvidedl to Caltech by the Geospatial Information Authority (GSI) of Japan. ) :

http://gps.alaska.edu/ronni/sendai2011.html: Ronni Grapenthin



http://gps.alaska.edu/ronni/sendai2011.html

The Tsunami Generated Displacement of the Ocean
Surface Couples to the lonosphere

; &
. altitude &,;»
c’:’

~350 km: maximum of ionization / / iouosphere
TEC = [N, dl )

Vi ~200m s~
Vi ~50ms™!
=~ Amplification ~ 10*
--> amplitude ~ 100 m
Gravity
wave

Sea level v :
o < Tsunami

V~200-250m s~}
From Artru et al., 2005




GSl’s GEONET Also Captured the lonospheric Coupled Waves and Imaged the
Tsunami Generation and Propagation-For the First Time
UT Time: 11-Mar-2011 05:30:45 T

1 50° N e J
- 40.8
- 106 : A 4
L

04 : ..ﬁ‘t&.i E
e -
D) 0.2 - 102 O
O o LLI
L L
o
3 0 L 0 o
7 5
@ =
o -0.2 - 4-0.2 o
2 2

30 N F a

-0.4 -0.4 ©

-0.6 -0.6

-0.8 . -0.8

[+ B :".“ - =
120" ¢ .
-1 130ﬂE 1400 E 1.'50 E -1

lonospheric Response to Mw9.0 Tohoku Earthquake and Tsunami in Japan on March 11, 2011, A.Komjathy, D.A.Galvan, M.P
Hickey, P.Stephens, Mark Butala, and A.Mannucci, (http://visibleearth.nasa.gov/view.php?id=77377)
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