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2 Eer iguake predictionrdetinition

: -_:;_medlate-term middle-range eanthquake
P ‘diction algorithm M8

: Jow o reduce earthquake prediction
uncertalnty from middle-range to narrow?

“Algorithm MSc
* Global Test of M8-MSc
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‘r ?alch iwWillShappen: with: suitficient preCISIon SO that the ultimate Success or

i

":—-?— :faﬂure eiithie  prediction can readily be judged. Only by careful recording
S 2nd analysis of failures as well as successes can the eventual success of

.~ ~ihe total effort be evaluated and future directions charted. Moreover,

scientists should also assign a confidence level to each prediction.”
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ZGES) Of earthquake _p_‘geémtlan.-

s

NETim-less predlctlon of‘earthquake PrONE areas

> Pradictior) of ) cl loczition of =il 2elgtgie|tiele gf
oE] ain magnltude

Terr) por ?_m years Spatial, in source zone size L

JHJ" 1) 10° |Long-range up to 100
_—._H.kﬂr-' ~term 1= | Midale-range &0

ﬁort term 0.01-0.1 Narrow 2-3
{Immediate 0.001 |Exact 1

* Moreover, the Gutenberg-Richter law suggests limiting magnitude
range of prediction to about one unit. Otherwise, the statistics would be
essentially related to dominating smallest earthquakes.
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'Statistim;:ance andeffectiveness of predictions)

A statistical conclusion about the effectiveness and reliability of an earthquake prediction —

algorithm could be attributed in the following way.

Let T and Sbe the total time and territory considered; A is the territory covered by the alarms
at time t; T<u is a measure on TxS (we consider here a direct product measure T reserving a
general case of a time-space dependent measure v for future more sophisticated null-

hypotheses); N counts the total number of large earthquakes with M > M, within TxS and n

counts how many of them are predicted. The time-space occupied by alarms, A= JA, , in
T

percentage to the total space-time considered equals

P =Id(f><,tt) / Id(fxy).

TS
The statistical significance level of the prediction results equals
1 - B(n-1, N, p),

where B is the cumulative binomial distribution function.

Measure txu: For time we assume the uniform measure t, which corresponds to the Poisson,
random recurrence of earthquakes. For space we assume the measure p proportional to spatial
density of epicenters. Specifically, the measure p of an area is proportional to the number of

epicenters of earthquakes from a sample catalog.
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SeismictRoulette™

Corsldsr el eyt mEAssoic il
UIRERGIFEVENLS N a sample catalog, a sector per each
Ve

VigheWour et according to prediction: determine, which
SVentstare inside area of alarm, and put one Chlp In each of
;" IE conresponding sectors.

T'i__\[ature turns the wheel.
= * |fiseismic roulette is not perfect...
= then systematically you can win! ©

and lose ... ®
If you are smart enough and your predictions are effective

the first will outscore the second! © © ® © © © B © © ©
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Seismic
Roulette

Regions of Increased Probability of Magnitude 8.0+ Earthquakes
as on July 1, 2000 ( subject to update on January 1, 20017)
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- Hc fé’éﬂﬁéke PrediCiion meEtnoUSRVeIRY
Pr@rljr*’r] [ .-earthquakes ISFESIC2SY/A 2SI ONE-tWO-HIEE:

> Stgo 12 Dgdlgy Yl drgetirsor d rectdg it et

olee o) |ng eantguake:

"'

bases, e.g. US GS/NEIC

'--
'h.

ADEIEC and recognize the: precursors.

term algorithms, e.g. M8

’Step 5. Get'all'your colleagues to agree and then: publicly predict
~ e eartnguake through approved channels.”

Scholz, C.H., 1997. Whatever happened to earthquake prediction.

Geotimes, 42(3), 16-19
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smol. Soc. Am., El Cerrito, CA, 1997)
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Tris Interrnecicis-iarmn szinine|euie ofse
rJ:aUr pyAretioactiveranalysis ol dynamics ol seismic
euViyAsreceding thergreatest, magnitude: 8.0/ more,

arg 2kes worldwide, hence its name.
PIGIeL/PE (Keilis-Borok and Kossobokov, 1984) and the original
f IO (Keilis-Borok and Kossobokov, 1987) were tested

ifetroactlvely at 143 points, of which 132 are recorded epicenters of
' _-garthquakes of magnitude 8.0 or greater from 1857-1983.

“The algorithm is based on a simple physical scheme...

__'_-__J."-—
-
e
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—e— Gardner-Knopoff
Keilis-Borok et al.

= Here e the origin time, t<t,;m

= Sthe magnitude, h. is focal
—depth, andbi(e) is the number
of aftershocks with magnitude

M., or more: during the first e

- 6 7 8
gvs Magnitude
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T . -
—_—— .
Prediction aimed at maghitude M

> Prediciion is zligeael st ecigiglouziceas of paelealiivielen vl ipiel 21 ge)is
HeRdENEREENVIF=H VI IV =AM (where AMI< 1). VIagnitude scale
SHBNIENEIECT e Ssize of earthguake sources (accordingly, MS usually
iEREnNNOErCERmagnitudes, while mb is used for smaller ones).

IRWENSENPEmIts, we set different M+ with aistep 0.5.

OVeriapping circles; with the diameter

— _}MO) = ("exp(M,- 5.6)+1 )° in degrees of the Earth meridian, scan

e seismic region under study.

e

~* The sequence is normalized by the lower magnitude cutoff m =
Vi (N); N being the standard value of the average annual

number ofi earthquakes in the sequence.
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_ Trailingpeverages:

e runnlng aVerages are computed for this
SEUERcEN thetralling time window. (t - s, t) and
rrlzlg)i) iderrange M, > M. > m.

- ma deplctdlfferent measures of intensity in
e garthguake flow, its deviation from the long-term
___.~— rend and clustering of earthquakes.

= The averages include:
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Rate andiacceelerationseffactivity™

I ( ‘ IIS)I= the number of earthquakes

WitV i time interval from (t-s) to't, i.e., the
mber Ol events off certain size per unit tlme
rate of activity.

-_
h =
_o—

S [ ) deviation of activity from a longer-term trend
the perlod from {, to t:

L(t| m, s, t)) =
N(t | m,s) - N(t | m,t-s-t;) x s/(t-s-t;)
I.e. differential of the rate of activity.
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Lir) rlgzl P concentration of m'a""lﬁ hocks

Z(t) t| M s, 3,v) = X10PM/N 7 is a linear
cor_;ﬁ 2ntration of the main shocks {i} from the
pagnitide range m <M. < M’ and
= n’cerval {— s =t <testimated as the ratio of the
-—-"-_—_ ‘average dlameter of the source, [ ~ X10PM- )/
' (when [=0.46), to the average distance, r ~ N>,
petween them (that implies y = 2/3)
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Chanacteristic @fa@iﬂ@’;t-é"r'rn‘g'

e
L

i =
e

S _|__+'(;E‘ 1;',s,maﬂ,e) = max b(e,m,q) IS the maximum

I calculated over the main shocks with msM< M’ and

S e

== t{ime interval (t-s,t).

- N ‘—

o
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\/EGtor oftdeserption:

r_of the functions N, L, Z Is calculated twice for m
m(N) N =20 and N = 10.

EAS aresult, the earthquake sequence is given a

= Jobust averaged description by seven functions: N,

—
=

== E Z (twice each), and B —

) Eeg
:J/

N1, N2, L1, L2, Z1, Z2, B
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- R _
ICriterien= apnorial Valles™

WEWNEIGE" Valles are identified for each function
U5 the condition that they exceed O percentiles
@Eyrthey are higher than @ percent of the

sHeolntered values).

e

'_--___, et
—— —

_ffﬁffhea_t IS another local hormalization of function values
~ according| to the natural empirical distribution.
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Rulesyforissuingsan alar

SR NRElarmr e aniilP,Iime o Increased Probability™, 1s declared
'ror er € Vears, when at least six out of seven functions,
g 3, DECOME “Very large” within a narrow: time window

o hstablllze prediction, this criterion Is required for two
— nsecutlve moments, t and t+-0.5 years.

=

=

i

e

Tn-course of a forward application, the alarm may extend
peyond or be terminated before five years in case the
updating causes changes in determination of the magnitude
cutoffs and/or the percentiles.
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Stanoardialues of-pa-ria‘rﬁ'é“tefr

e

-

e U owing standardivalues of parameters
G J catediaboyve are prefixed in the algorithm M8:
0) ={exp(M,-5.6)+1}° in degrees of meridian

. = ':thls I5:364' kim, 960 km, 854 km and 1333 km for M, = 6.5,
"t 7.0, 7.5 and'8 respectively), s = 6 years, s' =1 year,
- g=0.5p=2, g=0.2, u=3years, =0.46, y = 2/3,
and Q= 75% for B and 90% for the other six
functions.

The Abdus Salam ICTP
Miramare ¢ 10/10/2005 8th Workshop on Non-Linear Dynamics and Earthquake Prediction




.- —‘"'!"1—-;‘

Criterion

|I\ |'

-A
! —
- : -
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- | —
- - T I
=

4
\

Phase space

The Abdus Salam ICTP

Criterienin the-pha@?ﬁa&?"

description ol a dynamicall system adding| to
a common| phase space of rate (N) and rate
differential (L) dimensionless concentration
(Z) and a characteristic measure of
clustering (B).

The algorithm recognizes criterion, defined
by extreme values of the phase space
coordinates, as a vicinity of the system
singularity. When a trajectory enters the
criterion, probability of extreme event
increases to the level sufficient for its
effective provision.
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VIS __glgorithm-pera‘ﬂ‘i"‘""rﬁérrc'ﬁ"

PT090)the

e tr-gest earthguakes (With Vi, ranging fromi8.0/to 4.9)

fiN4iregions.
Zbloltof 28 predicted in 16% of the space-time

e —onS|dered

'-i —
#=Vlodified versions in 4 regions of lower seismic activity

—predicted
allfthe 11 largest earthquakes in 26 % of the space-time

-

e

considered.
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—'"'5"1—-‘
Secdile apprOX|mat|on Q@Q@eﬁ‘meﬂi@d

IMEEIgemierreducing the anealofi alanmi(Kossobokoy, Kellis-Borok, Smiitt, 1990)
wels designgd oy ratiasiciivie clpelysisaiine deaizlilsed reejiogrellseismilgiecie]oe
SEIRONHEN EURERa earthguake (1980, WVIE7 2) near Cape Viendocino in
eZliiemie, hence its name abbreviated to MSc.

Cluzlitel FJV;_‘J: e lViSe algorithm outlines such an areai of the: territory of alarm
WHENERhWE aCtiVity, fromithe beginning of seismic inverse cascade recognized
o/ rr Niistiapproximation prediction algorithm (e.g. by M8), is continuously

SHIg): and Inireguently drops for a short time. Such an alternation of activity
ML st‘have a sufficient temporal and/or spatial span.

‘p’henomenon whichiis used in the MSc algorithm, might reflect the second
(pOSSIny, shorter-term and, definitely, narrow-range) stage of the
‘premonitory:rise of seismic activity near the incipient source of main shock.
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Givenra TIP

O]v# aihliP diagnesed for a certain territory U at the
rrur entilr; the algorithm attempts to find within U a
Sz llerarea \Viwhere the predicted earthguake can

19} *expected
— — The algorithm requires a reasonably complete

F=

—— -'_'_ _catalog of earthquakes with magnitudes M > (M, -
' 4), whichiis lower than the minimal threshold usually

used by M8.
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The essente of MSE ™

_

rer ror\ UFis coarse-grained intolsmall squares of s x S size.
Lt (] ,J) JE e coordinates ofi the centers ofi the squares.

\/\/JFrJJrJ~ 2Ch square (I,j) the number of earthquakes n;(k),
rzs S ocks ineluded] is calculated for consecutive, short time
Bt AOWS, Uimonths Iong starting from the time t; = (T-6 years)
S onwara, to allow for the earthquakes, which contributed to the
= THP’s dlagn03|s here k is the sequence number of a trailing
~lime window.
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The essence B (Conty

Bl ALHE HIMESPACE ConsIdered s divided It small’ boxes
WK of the size (s x s x u).
ROIIEEIOXES are singled out for each small square; (i,j); they

gIEREETINEM Dy the condition that n,(k) is below the @
S -_—_entlle of n;.

-T:I'hE‘cIusters of g or more quiet boxes connected in space or

= ~In-time are identified.
& Area V is the territorial projection of these clusters.
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. Second approximation -

of alarm area — .
EEE== lf  —
\\‘\ -'lﬁ"-—_ -
7 - //
i 0 2 L
ey M— :
= s fhe prediction Is localized
- " » '
- "Ouiet” to a spatial projection ofi all
- = ‘> time-space recent
- = volumes "sufficiently large”
=.:__£;:__-_ oy _ Clustgrs qf squares
== being in state of
' E = "anomalous quiescence”.
N
W
Alarm area

The Abdus Salam ICTP
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~—— "RﬁMiescence" sUiggests high level ofiseismicractivity,
during fermatieniofia iR and aiie s eleleleirzltlon)

sSuilicientlyAangessize o clusterssiiggestsilarge scale
Colrelations N eCent seismicity:

sureka 19_80, M7.2 earthquake

= a 3x3 square

"localization of prediction"
(spatial projection of

==s:%= "anomalous'' clusters).
[T T[]
HEREER

L] epicenter
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Thestandard versionioniMse

3 aldara Valles; of parameters adjusted for
Seror the 1960 Eureka earthquake are as

B ohths, 0= 10% q =4, and s = 3D/16, D
— beinglthe diameter of the circle used in
algorithm MB.
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M@ SantareriiAls, 11/28/1985. & 112/24/1985; (b) New, Guinea,
WP/0B/198 & 10/16/1987; (c) Costa Rica, 04/22/1CLHRNd)
ENOETEN CA, 06/28/4992; () Guam, 08/0B/ABLE: () Fifi,
510914994 (g) Shiketan ISy 0/04/9294: () Samoea,
041071995, "

- ™~ N

b G |

N
EEES .
- | ,
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MSeaErActivity™

VISIEIISEORESTSpIErallEauVesior Naowing downrthe
ZNEENOINirSHapproximation alarm —

INBrEmpty Cells (NeC);
= _b’st Active Cells (MAC) that contain (a) 1/8, (b) 1/4, (c)
47"3 ol the recent seismic activity.

The same number of correct localizations, as obtained with
MSe, is achieved also by MAC(1/3), WhICh narrows down
the alarm area to 28%, while MSc outperforms it with
14%.
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HeepialNiereempoenents necessary for reproduciblesieal-
tilieiprediction, ie., an unambiguous definition ofithel

| e SlgethmsSanertne aatarvase;

Were speciiied in publications

AEEHUIMIVISH(Keilis-Borok and!Kossobokov, 1984, 1987, 1990) Was
JEESIGREd DY retroactive analysis of seismic dynamics
ECEdngrthe greatest (IVI=8) earthquakes worldwide,
genellrasithe MSc algorithm for reducing the area of

ﬁll' fim (Kossobokov Keilis-Borok, Smith, 1990)

== SEe National Earthquake Information Center Global
= T—Iypocenters Data Base (us GS/NEIC GHDB, 1989) IS
- suiiliciently complete since 1963.

_' This allowed a systematic application of M8 and MSc
algorithmi since 1985.
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e

REZISImE prediction of the world largest eartigiakes,

it e ssliten et or fitt o/ o) s.ualberfg.'c':é/mirrors/mit )

Regions of Increased Probability of Magnitude 8.0+ Earthquakes
as on July 1, 2005 (subject to update on January 1, 2006)

0° 45° 90° 135° 180° 135° 90°

r"@waﬁ—l '

45°

SRl Ao o SEehoea - Indicates no increased probability

¥ International Institute of o . N
i ﬁ% Earthquake Prediction Theory indicates increased probability

60°

“and Haﬂldlﬁﬂ{iﬂ:ﬂl Geophysics indicates redustion of thoe alarm area o
B e e R e by the MSc algorithm f
il i | I I I L I I
(4]
0 135° 180° 135°
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Regions of Increased Probability of Magnitude 7.5+ Earthquakes
as on July 1, 2005 (subject to update on January 1, 2006)

45° 90" 135° 1 BG” 1 90Y

Pmlunmmn sr.:-mm T _' = indicates no increased probability

- % g::tf:::k“:::fﬂm:;hnnw - indicates increased probability

and Ha'lhamn‘tmal Geophysics - indicates reduction of the alarm area
Eol O Mogenbeko b G valndy g u) by the BSc algorithm
i T =1 I I T 1

135" 180" 135° 90"
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Although the M8-MSc predictions are intermediate-term
middle-range and by no means imply any "red alert”,
some colleagues have expressed a legitimate concern
about maintaining necessary confidentiality. Therefore,

the up-to-date predictions are not shown here, although
available on web-pages of restricted access provided to
about 150 members of the Mailing List.
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S——TA Uﬂm\éﬁformance effearnthguake prediction s
AlEprithims,Vi8.and M8-MSc: MagnituderCii S

=
| Large CafthgUakes Measurerels | Confidence
- | Tota Dicellgicie) 1) dIdifiis; 7o evel, 7o
& | M8 MB-MSc | M8 M8-MSc | M8 M8-MSc

(\l'l
SC

N -
e

t = 17 9 7 33..:17.14 [99.: 99.0

39- 9 7 5 28.214.5; |99.6c 99.s

I present

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

o drive the achieved confidence level below 95%, the Test should
encounter four failures-to-predict in a row.
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-~ W Uﬂm\éﬁformance effealithguake: prediciion™
SIS msaVIBiand M8-MSc: Magnitlide@aionmorc s

S

-4

Tast
oerigd

Tota

[largerearthguakes
HHEGICLEE N IY,

M8 MB=MSE

Measure ofi-
dic mS,O

MaiM8=MSc

Confidence
EVEITY0

M8 MB8-IMS¢c

-
|

"_i'

-' e

Z)

|
ra

t

16
10

30
19

53
40

34.35 11 .05
28.77 10.4

99.93 99,08
99.07 9931

The significance level estimates use the most conservative measure of the

alarm volume accounting for empirical distribution of epicenters.

The prediction for M7.5+ is less effective than for M8.0+. Nevertheless, we
continue testing the algorithms for this and smaller magnitude ranges.
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-‘" fmation of earthquake precursors at scale of years

-
= -

mvelves large size fault system;

= '.'3_- :I' e phenomena are similar in a wide range of tectonic
envirenment...

.. and in other complex non-linear systems.
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NS =SeismiciRoulettesBMot perfect

sEpredictions tusertl?
S, | ﬁused INfar knewiledgeable way.

J r i acclracy. is already enough for undertaking
iiguake preparedness measures, which would
event a considerable part of damage and human
Ioss dlthough far from the total.

~ e The methodology linking prediction with disaster
Management strategies does exist (Moichan, 1997).
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sf€tary-General’'s Annual Report onithe\Wa the Orgm
1999 - A/54/1

= p(ce_vention nave to be paid in the present, its benefits lie in a
“distant future. Moreover, the benefits are not tangible; they
are the disasters that did NOT happen."
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sphclusions — Implications E,grﬁhyﬂﬂs

_

WENEdiclivRsreVidENEliBbleiempiticaliconsirains

IBINMOUENNG Eartnguakes and earthguake sequences.

BEVidEnGe that distributed seismic activity'Is a preblem
]n Stigtistical physics.

Jor the hypothesis that earthquakes follow a
— eneral Aierarchical process that proceeds via a
:__"__:'5_- "*"Sequence of Inverse cascades to produce self-similar
-~ scaling (/ntermediate asymptotic), which then
truncates at the largest scales bursting into direct
cascades (Gabrielov, Newman, Turcotte, 1999).
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Whatiare thengrﬁéps?'

| GetHEIEEMEItERGRIIMBINGRURIGUE (N,
2rie-Jones “probabilistic” version of M8, etc. ) e accurac

olidNBE Improved by a systematlc monitoring of the
2l

glifiiareastand by designing a new generation of

ahtngtiake prediction technique (Seismic Reversal” - SR,
:_E C ‘Accord, RTP, etc.).

> and an obvious general one -

f More data should be analyzed systematically to

~—establish reliable correlations between the occurrence
of extreme events and observable phenomena.

J
Sk, Ve

e
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