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-  (Kvioroe, AnoHns)
[Zrzll] \/J fand Tlwo archetypes in the psychielogy ofi Mian. Nonlinear Sci. Today 1 (1991), no. 4, 11

- —

2 tis fiightening that In our technocratic times
_:.—; paseline principles are not subjected to
= 'gliestioning, so that when they built the basis of

—t TVIa| Or, conversely, delicately-designed model, it
' considered as a full replacement of natural
phenomena. This made the better model, it is

worse for its applications — you know that
pressure of snatched "baseline principles” brings
the model even further beyond its applicability.
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® \/\/rr are eanthguakes and how to size them?
SMEBIto get basic information on earthquakes?
- U fcertalntles and Catalog errors

== nified Scaling Law for Earthquakes

it __-._-i—ll--"

-l—'"_--"_

= Selsmlc dynamics prior to and after recent
earthguakes of magnitude 8.0 or larger
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Whiai'are eanthguakesy s

_T}I _'arthquakes are sudden fractures of the
B Earih's crust that radiate seismic waves
- :-"'- and cause ground shaking.
Although historical records on earthquakes
are known from 2100 B.C., most of them

before the middle of the 18! century are
generally lacking a reliable description.
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IIhe extreme catastrophic nature of
earthquakes s known for

centﬁgfs'd‘ue o resulted"
devastation' in many of them.
Ifhe abruptness along with
apparent irregularity. and
Hfrequency or'earthquake
occurrences facilitate formation
of a common; perception that

earthguakes are random
unpredictable phenomena.

The challenging questions remain
pressing:

What happens during an
earthquake?

How to size earthquakes?

Why, Where and When do
earthquakes occur?

The basic difficulty in answering
these questions comes from the
fact that no earthquake has
been ever observed directly.
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ZUSGS

M&.4 and 7.9 Southern Sumatra Earthquakes of 12 September 2007
02 104*
~7 LA

Southern Sumaira

12 September 2007 23:49:01 UTC
2.525° 5., 100.964° E. B
Depth 10 km { |
Mw = 7.9 (GCMT) /
12 September 2007 11:10:26 UTC

451475, 101.382°E. -
Depth 20 kmi

Mw = 8.4 (GCMT)

-
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'f,.\( Main Shock 5.4

() Aftershocks of M8.4

* Main Shack 7.9

() Aftershocks of M7.9
Earthquake Magnitude

-~ 400-599
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O 700-7.99

) 800-9.99
Earthquake Depth
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/oY t:c‘;g"e'f INfo about earthguakes,z

Ch]neé seientists created therfirst.earthguake detector 2000 years ago

_Jd

The Abdus Salam ICTP
Miramare ¢ 28/09/2009 Advanced School on Non-linear Dynamics and Earthquake Prediction




RECONUING ealnthguakess

hElie70s the Enllsh geoelogistidenniViine deS|gned a fererunner of
HEEERFSEISITOaraP!

Assimple pendulum and a needle suspended above a smoked-
¢lels plate allewed to distinguish primary and secondary earthquake
el r and;, vasing oni their timing, to derive an accurate statement

z19¢1 itlocation of an earthquake source.

e modern  seismograph was invented in the early 20™ century by
Stie Russian Prince Boris Golitzyn, who improved similar instruments

__-}-—=*~+ " 0f the 1890's.

—"_H'E— -

e ‘-vﬁf present, the classic image of a
= pen that writes a seismogram has
' been replaced by enhanced digital
systems, but the principle remains

the same.

0455
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VIEZSUrNg size, off anreantiiquake”

SNWas only in the 1930's that Charles F. Richter, a
Callfornla seismologist, introduced the concept of
= earthquake magnitude.

S Hisioriginal definition held only for California
& earthquakes occurring within 600 km of a particular
= [ype of seismograph (i.e., the Woods-Anderson
torsion; iInstrument).

Richter's original magnitude scale (M, ) was then
extended to observations of earthquakes of any
distance and of focal depths ranging between 0 and
700 km.

The Abdus Salam ICTP
Miramare ¢ 28/09/2009 Advanced School on Non-linear Dynamics and Earthquake Prediction 13




. .
Xichter magnitude scaile

——

[he diagram
demonstrates how
to use Richter's
original method to
measure a
seismogram for a
magnitude
estimate In
Southern
California.

S&RIFLITY E'J--‘?E ey

RAGNITUDE
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Vig@ittderscales

IR i —

2 3~ alise earthquakes excite both body waves, which
travelinterand through the Earth, and surface waves,
yﬁ iEhiare constrained to follow the Earth’s uppermost
ayers iwermagnitude scales evolved - the m, and Vg
The standard body-wave magnitude formula is

= log,,(A/T) + Q(D,h) ,

-;"'*:*'ANhere A Is the amplltude of ground motion; T is the corresponding
= period; and Q(D,h) is an empirical function of distance, D,
between epicenter and station and focal depth, h.

* The standard surface-wave formula is
M = log., (A/T) + 1.66 log,, (D) + 3.30 .
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Sgismic Moment, Mg~

- —

2 __*e Sejsmic moment Is related to fundamental
oaliameters of the faulting process.

- MO = IJS(d),
B Where i is the shear strength of the faulted rock,

J-: S IS the area of the fault, and «d> is the average
~displacement on the fault.

~* These parameters are determined from waveform

analysis of the seismograms produced by an
earthquake.
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—
Viagnitude scale M,

IR i —

agnltude scale mtroduced recently
SAGO) puted from seismic moment as

M, = 2/3 log,,(M,) - 10.7

~ The largest reported moments are
2.5%103% dyn-cm for the 1960 Chile earthquake (M48.5; M,,9.6),
1.0%10°° dyn-cm for the 2004 Sumatra-Andaman earthquake (M8.8; M,,9.3),

7.5x102° dyn-ecm for the 1964 Alaska earthquake (M8.3; M,,,9.2).
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iermatonren,earthquakes

IR i —

SUlsingitne Internet for Earthquake Data
(provided by Steve Malone in 2004)

= ;md the known Internet type connections where

..---"-‘:h-_ﬂl—l— x
_,...

= 'taﬁglnal seismic data or seismic research
Information is available at
iR/ Www.geophys.washington.edu/seismosurfing.html
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" The US GS/NEIC_

lobal HypocenterDa’ta Base

IR i —

This ezlie pase avallable from ne US Geological Survey/
N, ional Earthquake Information Center at Denver,
rado lt'consists of the data on CD-ROM and its
ue dates with Preliminary Determinations of Epicenters,

== PDE- -monthly and PDE-weekly, and Quick Earthquake
= EBetermlnatlons QED.

-F_ =

- PN Shebalin, using pattern recognition technique merged more than
forty source catalogs of the NEIC GHDB into a composite one.

We shall use the updated version of this composite catalog in course the
computer exercises of our School.
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| ihe first determinations by USGS,Earthquake Hazards Program:
26| December 2004 Sumatra-Andameznrearthguaike

Because of the size (M 9.0) of this OFF | COAST OF NORTHERN SUVATRA

. Epicenter: 3.298 95.778
earthquake, point-source methods that use W 8.2

USGS MOMENT TENSOR SOLUTION

only the body-wave portion of the —epth 7 No. of sta: 31

Moment Tensor; Scale 10**21 Nm

seismogram are inadequate for measuring urr= 0.91 \Et=-0.89

MfF=-0.02 Mrt= 1.78
M Mrf=-1.55 Mtf= 0.47
the true magnltUde- Principal axes:
T Val= 2.53 PIlg=55 Azm= 50
I\ 0.09 8 308
7 -2.61 34 21LSs

Best Double Couple:Mo=2.6*10**21
NP1:Strike=274 Dip=13 Slip= 55
NP2: 130 79 98
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CENTROID, MOMENT TENSOR SOLUTION

[ E HARVARD EVENT-FILE NAME M122604A
VISEDisoelution for

s Jra Jfa
LNIS IS €

. MANTLE WAVES:  73S,202C, T=300
ijgda‘v S earthquake Neal CENTROID LOCATION:
NN Th | t. Ei‘:’elg -OI-SI)MEO O4'L081:8411:22|-50006§
Durf@e A e SOolu IO _ DEP 28.6 1.3:HALF-DURATION 95.0

MOMENT TENSOR; SCALE 10**29 D-CM
MRR= 1.04 0.01; MTT=-0.43 0.01

]rJ (AJLJ CJ ‘- * . proxma e y MPP=-0.61 0.01; MRT= 2.98 0.16
HSEYNIoUrES of data recorded NRP=—2.40 016 WTP= 0.43 0.00

PRINCIPAL AXES:

u’ter IEleanthquake. Owing to 3 IR e T
fl

1

-3.89; 38; 222

> Jfﬁ 'r ge SIZG Of the BST DOUBLE COUPLE:MOS 0+10%49

NP1:STRIKE=329;DIP= 8;SLIP= 110

EJ quake the Short penod NP2:STRIKE=129;DIP=83;SLIP= 87
== CUloff for the analysis was set
= 16:500's. December 26, 2004,

—— MR B - —
O F F W C O AST O F ------ HUHHHHHEHEE T HHRRH - —
-------- HUHHHEHEHE B -

N O RT H E R N S U M AT R A ----------- U R —

A - HHHHEH R -

= R = =L = o — HHHHHEH R -

M W — 9 : O ------------------ HHHHHEHH A -

(Meredith Nettles, Goran Ekstrom) [ .

t—i- ad
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IREEniainties and errors .

Epicenter distance vs. Station magnitude
pitet B8

September 2002 earthquake NEAR

NORTH COAST OF NEW GUINEA, P.N.G.

43.0 435 44.0 44.5 45.0 45.5

Fast determinations of the epicenter for
the 14 September 2003 earthquake in
Northern Italy by different seismological
agencies to European-Mediterranean
Seismological Centre (EMSC) Maanitude MS
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The distiiubeeisiie difference between average magnitudesiin

P epicenterand antipodaliiEniSpheres

NIVCHIEPRNCCO=2000) all events that-havethree of more stationmagnitildes in each hemlsphere)

Tre ﬂr ciclivercorresponds to MSZ (4560 differences, Average = -0.147, o = 0.198), while the
blue one - to mb (8175 differences, Average = 0.074, c = 0.274).

01 , . _ . .
FY'S R S i SR S
008 4. e T,
007 4o |
= R
&= o5

' 0.04 :
003
L 0.02 4
001
0
-3.00

-2.00 -1.00
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-

erternriternal distribution of the difference betweenithe two
EVETegesiestimated . over the stations, fremepiCERter and™
2ptipodal hemispheres,(iier MSZ magnitudes).

TS N A X, "'
\\h . [l oy 5

u
)
Iy
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Ca:_ﬁ: Erress

All SaleIo0s Nave enrors, which may render invalid
eoNclUsions derived in a study based on a
| talog Of earthguakes.

= Ways toiavoid the errors —

- Postpone the analysis until the data are refined;
*- Use robust methods within the limits of their applicability.

“Undue precision of computations is the first symptom of
mathematical illiteracy”

Alexel N.Krylov, famous Russian mathematician,
T naval engineer, specialist in non-linear mechanics
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m—
Wigatiean wWe leann from 2. caialogieis

= eaﬂhquakes?

IMENErare tWo extrieme opinions on the subject —

:SSImIStIC In the case of seismic data, most

T the observed variations are, |n fact, related to

reportlng earthquakes and not to actual changes
in the Earth.”

E Optimistic: Among existing data seismic catalogs
remain the most reliable record on distribution of
earthquakes of different size in space and time.

The Abdus Salam ICTP
Miramare ¢ 28/09/2009 Advanced School on Non-linear Dynamics and Earthquake Prediction 26




-
(

The Abdus Salam ICTP
Miramare ¢ 28/09/2009 Advanced School on Non-linear Dynamics and Earthquake Prediction 27




utlon of earthquakes nsime:
bal Number e Eanthguakes vs. lime
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2.5E+28

Seismic moment release

mEm Annual Mo

-O=3-year average

2.0E+28

-

1.5E+28

==z
= 0B+ -

5.0E+28196 0 | b

0.0E+00
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release:

2000

o€l
22-years average
9
6E+28
5E+28
4E+28
-
B 3E+28
1930 1940 1950 1960 1970 1980 1990

2E+28
1900 1910 1920
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Distribution of earthquake size:

am————

S GutenbergeRichter relation

2 AVEragedioveRalange
[errtery and time the
10000 number ofi earthguakes

\/% equal or above certain
magnitude, N(M) scales as
\ log,,N(M) = A + Bx(8 — M)
\ This general law of similarity
establishes the scaling of

1000 -

100 -

AL\

o earthquake sizes in a given
space time volume ...but gives no
N explanation to the question how

the number, N, changes when
you zoom the analysis to a
6.0 | | | smaller size part of this volume.

The answer is not obvious at all.

0.1

4.0 5.0
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SENE .allzatlon of the G:Rerelation

.-|—

- —

B5G;GNI= A + B-(5 - M) + Clog L

.
-

_:"'*—-* “Where N = N(M, L) is the expected annual number of
. earthquakes with magnitude M in a seismic prone
area of linear dimension L.

The Abdus Salam ICTP
Miramare ¢ 28/09/2009 Advanced School on Non-linear Dynamics and Earthquake Prediction 32




The ﬂTSt reSUItS (Kessobokov and Mazhkenev,1988)

ceUnting method tested successiully.enantiicialfcatalogsawiti
lied to a dozen of'Selected seismic regions

SASITIPIENIO)
r)ren ed A, B, and C, then app

\the hemlspheres ofi the Earthi(glolbal scale) down ter a certain

-

14

'_ = intersection of seismically active faultsi (local scale).

KOSOBOKOV AND MAZHKENOV: SIMILARITY IN SPATIAL DISTRIBUTION OF SEISMICITY

12 KOSOBOKOV AND MAZHKENOV: SIMILARITY IN SPATIAL DISTRIBUTION OF SEISMICITY
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Fig. 2. Examples of spatial distribution of epicentets from catalogs of mainshocks. (a) Eastern Hemisphere, {b) Lake Baikal
area. (¢} Southern California. (d) The Cape Mendodine vicinity.
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Fig. 3. Esxamples of log N(M, L) graphe. (a) Enstern Hemisphere. (b) Lake Baikal area. (c) Southern Culrﬂumm {d) The
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fle Gismic Hazand map: Cogfiicient A

S
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The Glcﬂdﬁlisejsmic Hazarnd map: Coefficient:B

',

B TITTIYT (oonitude

, unit)
¢ = 8§ = 1

Magnitude balance relation
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e Glopal'Seismic Hazard map: Coeflicient'C

Fractal dimension c - [BEEN [ EEe

of seismic locus n B 9 "

dimensionless
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S _
istograms of A, BJ___(__Z‘:and G.S-

e
R
an i

<15 -10- 085

= =
S
F - p— S =

¥ o—e W

“sNote: The histograms of the coefficient value errors, c’s,

“(given in logarithmic scales here) suggest high degree of
overall agreement with the assumption of self-similarity

used in the computations.
Thus, confirming the Unified Scaling Law for earthquakes.

The Abdus Salam ICTP
Miramare ¢ 28/09/2009 Advanced School on Non-linear Dynamics and Earthquake Prediction 37




—
Recurrence of earthauakess

The [ECilrence of earthguakes inia seismic.region, for a2 wide range of
HEGMIOES and sizes, canlbe characterized with the following law:

& [ogN(M,L)=A +B-(5- M)+ C-Log L,

wnere } (M [D)iis the expected annual number of main shocks of
fo)e Jrr JeesViswithin an area of liner size L.

ror | WiclShgelglefe Ofi seismic activity, A, the balance between magnitude
Sienges; B, varies mainly from 0.6 to 1.1, while the fractal dimension, C,
: anges from under 1 to above 1.4.

_ﬂriies’umate of earthquake recurrence rate per square km depends on the size
= ol the territory that is used for averaging and may differ from the real one
dramatically’ when rescaled in traditional way to the area of interest.

The Unified Scaling Law for Earthquakes has serious implications for
estimation of seismic hazard, for the Global Seismic Risk Assessment,
as well as for earthquake prediction.
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"“'---‘---lh
Jerd mplications for assessingrseismic
fIE1Z -at a givenriocation (e.g., in a mega city)

11 ates for Los Angeles (SCSN data, '1984-2001) -

-1.28; B =0.95; C=1.21 (5, = 0.035)

_ y a traditional assessment of recurrence of a large
jE i uake in Los Angeles, ie., an area with L about 40 km,
-—ﬁ‘bm data on the entire southern California, i.e., an area with L

“about 400 km, being underestimated by a factor of

102 / 101.21 = 100.79 > 6 |

Similarly, underestimation is about a factor of 8 for Petropavlovsk (Kamchatka; A =

0.12, B = 0.86, C =1.26, o, = 0.04), about a factor of 10 for Irkutsk (Lake Baikal;

A=-1.51,B=0.88, C =1.38, 5, = 0.03), etc.
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NpiStbution of earthqguakes in Space,and Hime:
Sumatria=Andaman region
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carthqguakes in Space andi lime:
. Clustering and cascades

—

100°E 90°E

km 300

PR

2005/03/28-2005/04/09 * || 2005/04/10-2005/04/

The Abdus Salam ICTP
Miramare ¢ 28/09/2009 Advanced School on Non-linear Dynamics and Earthquake Prediction 41




D) trlbuﬁmf-earthquakes In Space and Hme:

Clusterlng and cascades, s ——
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D) tnbuti“ﬂ%‘f-earthquakes In Space and Time:

Clustering and,cascades
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-1‘-’1@;]1'1:0 S perhour until the swarm
= of Zo=21-Jdanuary, which burst more
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again to 6 per day till 28 March
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tm-earthquakes In Space and THme:

Clustering and cascades —
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Catalogs of earthquakes make
POSSIbIe 1o study-systematically™

5913w icvanability in space and time

 Eart quakes evidently cascade into

(

~

£r rshocks that re-adjust the hierarchical

(

~

BEVstem of blocks-and-faults in the [o]oz=1114Y
e f the main shock rupture.

-l—"__--"_

J Systematlc analysis shows less evident
Inverse cascade in seismic activity prior to

the recent greatest earthquakes.

-
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Benioff strainfrelease XE” (102 erg’.)20iyears before the great shocks
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e Activity in 10 years before and

e 3 years after the great shocks
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alre

r\rrf shock seguences of the great'shocks™"
(stimmary)
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decay 100 d
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I 1994/ 10/04
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1995/12/03
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=) 36
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5
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357
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278

65
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54
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5
919
102
483
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47
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Omori Law
Modified OL 3
Omori Law
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Omori Law
Modified OL 2
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Modified OL 3
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284 days
100 days, =1.5
1.3 years, >3
65 days, >1.5
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14 days, >2
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140 days
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gompination off verse and .

S direct seiSmic cascades

e

5.

- ._-"érently earthguakes display a phase transition

B of the system of blocks-and-faults from one

e

= Steady stable seismic regime to another one.
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Genclusions

-
- = =
T e —.

gs evidence clear patterns in space-time-energy
dloliien ofF earthguakes, as well as consecutive stages
EII’ lVerse cascading to main shocks and direct
_=ad|ng of aftershocks.
'. ie first may reflect coalescence of instabilities at the

= ¢ pproach While the second may indicate readjustment of
== =7 complex system of blocks-and-faults in a new state after

i
..—-—

—

= ‘_" =~ arcatastrophe.
s Despite evident difficulties of compilation in the real time,
seismologists have no luxury of postponing usage of the
existing earthguake catalogs to the benefit of population

living In seismic regions.
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ion of the werld largest earthguakes
LR aamtoseritin://wwwaphysiualber e ITeTe it ) w—

Regions of Increased Probability of Magnitude 8.0+ Earthquakes
as on July 1, 2007 (subject to update on January 1, 2008)
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[nternational institute of
_Earthquake Prediction Theory
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- indicates increased probability
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me"p%ﬁion of the werld largest eaﬂﬂquakes

ntto: NI tENNGS; http://www.phvs.ualber@.cam;mgmitg ) -

M TS

Fa|Iure- _“ spredict thev15 AUG 2007, M8.0 earthquake:

N

2007/09/12 Ms8.5
and Ms8.1 quakes
and their
aftershocks
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K I-time‘mh‘tion of the werld largest earthguakes

( st serhit: wwwiplhys. UalbERac e mile ) _—

Finite Fault Model

Preliminary Result of the
Sep 12, 2007 Sumatra
Earthquake

Chen Ji, UCSB
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N raWiE B erGrmance of garthguake prediction
ZlgEtlams: VI8 and MB-MSc:, Vagnitueers: D ass

Large earthguakes Measuire: of
Siotal " Predicted by [ alarms, o6
M8 M8-MSc | M8 M8-MSc

Confidence
levelr %

M8 M8-MSe

17 12 9 |32.216.%

e el O
Tl
3

2 [ 15 10 7 |20..14..

~ | present

99.:: 99.4
99.« 99.7

The significance level estimates use the most conservative measure of
the alarm volume accounting for empirical distribution of epicenters.

To drive the achieved confidence level below 95%, the Test
should encounter six failures-to-predict in a row.
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