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«QOutlne”

- Wl at is Iacklng In the Gutenberg Rlchter relation,
Jo‘@ N = A + B-(8 - M) ? Space.

saierUnified Scaling Law for Earthquakes:

.= hé frst results and conclusions

-'..— M ,

:_-;:__:_F._ Rewsmng the ABC problem on a global scale:

i

= The Global Seismic Hazard maps that display at 100-km
——scale the A, B, and C’s for the recurrence of earthquakes

® |mplications for assessing seismic hazard and
risks at a given location, e.g., in megacities, or
maximum intensity maps

The Abdus Salam ICTP
Miramare ¢ 02/10/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction




—
WhelJs lacking in the GutenbengeRichiess
‘ relationylog, N = AB-(8 - M) ?

& ® Being a general law of similarity the GR
= relation establishes the scaling distribution

of earthquake sizes in a given space time
Volume

* ...but gives no explanation to the
guestion how the number, N, changes

when you zoom the analysis to a
smaller size part of this volume.

The answer is not obvious at all.
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SEISMIC activity 15 self similane

Since't n- |oneer|ng Worksr el Kelitl AKi and M A. Sadovsky:

ORUBEINGE:, K Aki, 1987. Fractal geometry in the San Andreas Fault system. J. Geop/ys. Res., 92 (B), 345-356;
SEypECiaaVIASboimxorrmHoENINElcapCHIOMBHDN OS2 OI CBOMCTR CHIMCKPETHOCIT IO PHBIX NOPO/L., /56 Al
CCCP: DPusura Sevm, No 12, 3-18;
SEyioecia VLA, [.B. ['omyGesa, B.O. HHcapeHKo v VLI [llavpman, 1984. XapakiepHabie pazMepbl FOPHOU HOPOHABI 1
viepapxuueckre ceorcaBa cernemmunoctn. zeecmus AH CCCP. @uzuka Semau, 20: 87-96 .

I—

Lrld rstandlng of the fractal nature of earthguakes and
seismic processes keeps growing.

Jfhe Unified Scaling Law for Earthquakes

at generalizes Gutenberg-Richter relation suggests -

IogmN A+B-(5-M)+ C-log,,L

where N = N(M, L) is the expected annual number of
earthquakes with magnitude M in an earthquake-prone
area of linear dimension L.
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ey Ty | The counts in a set of cascading
' squares, “telescope”,
estimate the natural scaling

of the spatial distribution of
earthquake epicenters and
provide evidence for rewriting
the G-R recurrence law.

=

—

_
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SERRe box-counting algentam
' iKossobokov and-l\dﬂ'z'hkenov,“fg'gé)

T —— i —

FOIREaCHIOUL off m magnitude ranges and for each out of h
IA els ofihierarchy the following numbers N;; are found:

N =2 n (Q)/ N,

-:-=-+*v here i=0,1.. h 1, j= 1 2 ..m, n(Q)) is the number of

El—l—-

"
o
—_ —

i

——

= -
m—
= g —

~events from a magnltude range M, inan area Q, of
=~ linearsize L; N, is the total number of events from a

magnitude range M.

The A, B, C’'s are derlved by the least-squares method from
the system

logoN;; = A+ B-(5 - M) + Clog,L;.
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ARIIET P etation e theterEcountinig

IR i —

Nurnogr N can be considered as the empirical mean recurrence rate of
VETIIS " the magnitude range M;, calculated over their locus in an area
Gl _; h IEVEl off spatial hlerarchy

SJIEE] rj;* y, [ifWe denote a “telescope” a set of h+1 embedded squares W = {w,

: y\' » Wil SO that each w, belongs to the I-th level of hierarchy. Note that
— RECIC]s telescope grows unlquely from the lowest level. Assume that the M,
ey Jcenter set IS defined by a sample catalog of earthquakes X. = {x,, ... xN}

'..__-

= ~_"-'Each earthguake x, defines the “telescope” W(x,) that grows from Wh(Xk) to

— “Wwhichi X, belongs. ConS|der the set of ° telescopes” {W(X,) }that corresponds to
: the catalog X;. Denote n,(w;) as the number of events from X; that fall within w;.

Then the mean number of events In an area of i-th level of hlerarchy over X; Is N;

Substltutlng summatlon over XJ by summation over the areas w;(x,) from the i-th
level, we obtain the formula of the USLE.
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The ﬂTSt reSUItS (Kessobokov and Mazhkenev,1988)

ethod was tested successfiully on artificialicatalogs: with preflxed
Brand C and appliediin'a dozen ofi selected seismic regions from

5—-—--- he two hemispheres; of the Earthi ter a certain intersection of faults.

14 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 epicenters from catalogs of wainshocks. (a) Eastern Hemisphere, (b} Lake Baikal

area. (c) Southern Calif (d) The Cape Mendoino vicinity. Fig. 3. Esxamples of log N(M, L) graphe. (a) Enstern Hemisphere. (b) Lake Baikal area. (c) Southern Culi'ﬂumia. {d) The

Cape Mendocina vicinity.
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IMERETiEd SealingrawseiMEarthguakes

WeNEVisitedlthe prioblem afier Per Back et al. suggested; the, Unified

5C aIJr; TOn Ear qua SN a different rormulation (With
siilbstitutes of 1/N = T and M = Log4 S),

“To _Eerstand the Unified Law for Earthquakes, It IS essential to see
Siatthe value of x represents. The quantity L%-S in the scaling

& filnction represents the average number of earthquakes per unit
= . *ume Withiseismic moment greater than S occurring in the area size
=== | % [L. Therefore, x is a measure of the number of earthquakes

_,...
— m—

= happening within a time interval T. The Unified Law states that the
distribution of waiting times between earthguakes depends only on
this value.”
Bak, P., K. Christensen, L. Danon, and T. Scanlon, 2002.
Unified Scaling Law for Earthquakes.
Phys. Rev. Lett. 88: 178501-178504
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VWiHetPer Bak etral. (2002)6@ene7...
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Fig. 6. The datain Fig. 3 with T = 38 s replotted with T=P; (T} as a function
of the variable x = ¢756L9, ¢ = 10-7 The Omori Law exponent o« = 1,
Gutenberg-Richtervalue b = 1, and fractal dimension dy = 1.2 have been used
to collapse all of the data onto asingle, unigue curve fix). The curve is constant

for x = 1, corresponding to the correlated, Omori Law regime but decays fast
for x = 1, associated with uncorrelated events.

Christensen et al.
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SCSN Data, 1984-2000

The Abdus Salam ICTP
Miramare ¢ 02/10/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction 12




RE 'siLting e ABC problem on a gleal scale:
_ Ll

e GlohalkSeismicH8zard maps

.d_,_, eA,.B,.ang G earthguakes

rom the US GS/NEIC hypocenter data base permitted us
tgate systematically regions from a wide range of seismic
] /, A (that differ by a factor up to 30 or more).
_ for earthquakes with hypocenters above 100 km —

"
--:_
—

=y .‘_

== -The balance between magnitude ranges, B, varies mainly from
_?"' ~ 0.6 to 1.1 with a sharp maximum of density at 0.9, while

- the fractal dimension, C, changes from under 1to 1.6 with a
maximal density within 1.2-1.3.
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fle Gld'm'eismic IHazard map: Coefficient A

.:>

N )//JJ‘H ) (‘HWMM

Logarithm of recurrence rate I yecar' A
N N o 0 co
— [a=) o -

o
i
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E Glo'b ‘elsmlc Hazard map Coefﬂment B

o
W‘}T’ ‘b N T
F'u

K

AT T T T
Magnitude balance relation  EEEEEERNEN [ (magnitude D

0 e unit)1
o -

i — -
=] -] —
The Abdus Salam ICTP

Miramare ¢ 02/10/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction 15




fle Gld’kﬁ%eismic Hazard map: Coefiicient €

e A

Fractal dimension of seismic

: BT [T TEENNTIT T
epicenters o o . .
(-] —
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| —— |
SHistograms; of AB®C and o’s

~— Note: The histogram of the coefficients’ value errors, o’s,
given in logarithmic scales. It suggests high
degree of overall agreement with the assumption
of self-similarity used in computations.
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gienalSelismic Hazara Map:sNerrermasiZiy
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Sample 3-D
views of the 2352
combinations of

A, B, C
coefficients in
Italy and
surroundings,

1870-2005.
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:"‘-'-l.
Jerd Implications for assessing SeismICazandsss
B2t argiven locationi(e.g., inla megai city)

The estimates for Los Angeles (SCSN data, 1984-2001) -
i A=-128;, B=0.95; C=1.21 (o, = 0.035)
ra dltlonal assessment of recurrence of a large earthquake in Los Angeles,
= i.e., an area with L about 40 km,
.“” data on the entire southern California, i.e., an area with L about 400 km,
= being underestimated by a factor of 102/10%21 = 1007° > 6 !

Similarly, the underestimation is about a factor of

6.4 for San Francisco (A =-0.38, B =0.93, C =1.20, c,,,,=0.07),

4.6 for Tokyo (A =0.14,B =0.94, C = 1.34, c,,,,,=0.05),

8 for Petropavlovsk-Kamchatsky (A =-0.01, B =0.83,C =1.22, ¢,,,,,=0.05),
10 for Irkutsk (A =-1.12, B =0.80, C = 1.05, o,,,,=0.03),

etc.

Scaling for unified application of an earthquake
The Abdus Salam ICTP pred|Ct|On methOd
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--Canvolmlc Hazand WithfObject of Risk and its

Valeraniity provides an estimation of Selsmm__Rlsk
;

Urban population

() 12,800,000
1 6,400,000
< 3,200,000

= 1,600,000

=

400,000

200,000

100,000
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-“‘:-h
D.avoid misleading counterproductive ...
r erpretatlons we have to emphasize
that risk estimates. presented here are
her synthetic, given for methodological
{eroses The estimations addressing
“more realistic and practical kinds of

;_,_s_elsmlc risk, not presented here, should
—involve experts in distribution of objects of
risk of different vulnerabillity, I.e.,
specialists in earthqguake engineering,

soclal sciences and economics.
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v ; . . Synthetic estimation for
A . educational purposes only.
10"x10 PP Y

City Area = 0.00 _ Streng;, mag.ningﬁ,‘a'fi-,'. éarthq‘d%s'.'

200°
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= . Synthetic estimation for

educational purposes only.

—
-

Top ten* recurrence rates for strong (M6+) earthquakes

City Country  Population A B C  Recurrence rate, years'
Tokyo Japan 11,906,331 014 094 | 134 0.15663
Taipei China 1769568 022 = 080 @ 1.15 0.08580
Jakarta Indonesia 0,003,449 015 | 106 123 0.08349
Kobe Japan 1422922 017+ 090 | 0.4 0.07368
~ Yokohama| Japan 3049782 015 & 0% & 132 0.06258
== Kyoto Japan 1,480,355 016 = 093 = 0.96 0.06177
= Santiago Chile 409,714 008 @ 105 | 121 0.05579
Quanzhou China 403180 039 = 095 | 096 0.05310
Los Angeles US 13,074,800 -034 09 @ 119 0.05267
(5aoxiong China 628191 021 =~ 080 118 0.05165
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Synthetic estimation for
educational purposes only.

o
Stron'g',-'mquakes.
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..,i Synthetic estimation for

educational purposes only.

Top ten® of the population at risk for strong (M6+) earthquakes
City Country  Population A B C  Population at risk, year’
Tokyo Japan 11906331 014 094 134 1,804,928
Los Angeles| US 13,074,800 -034 09 = 119 688,671
Jakarta Indonesia 6,503449 015 = 106 | 1.23 543,000
Mexico Mexico 838310719 -016 106 1.4 444 839
Manila Philippines |~ 6,720,000 003 = 116 = 1.35 325,408
= Santiago Chile 409714 008 = 105 | 121 228,741
= Lima Peru 5008400 -0.26 = 086 = 1.36 204,522
Yokohama Japan 3049782 015 09 | 132 190,865
San Francisco US 5877800 038 093 120 183,198
Taipei | China 1769568 022 = 080 115 151,830
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VIESaUIm intensity maps

’
- il
™ e
-

PN *a' Use the Iong -term estlmates o) the USLE coefficients to
HEECIENIZE SElSimicazaeuntliaditienalitermms elimaximum
SIEGIED lntenSIty Speciiically, consider the values of A,B,and C
oplelfed o girid points of a regular 1l mesh.

UJmJ fof] il Log N(M,L) = A + B-(5 - M) + C-Log L, for magnitude ranges
FONVIEReIVIZ With 0:5-magnitude step we have calculated the
SXPECIEdi number of events in T years Ny (M)= T x N(M).

=RIeaGh celllwe find the maximum magnitude with the expected number

= N(M)=p0o or greater and assign the intensity that corresponds to

.l-l-"'"—.:‘_c"'

~—this maX|mum magnitude.

= Presumably, the intensity assigned to a cell indicates the maximum one
with probability of exceedance of p% in T years.

M 4 4.5 5 5.5 6 65 7.0
/ \' Vi Vii VI IX X Xl
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el PEL0%, T=501years, |=0,2°

6 7 8 9 10 M1
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COMPERSeR of traditenal PSHA. 16
eterminis:t__ic and USLE-haseds
ESEISmic hazard assessment

" L EE
KR T
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36: : =
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m— e

14567891011
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S Conclusions

-, g
=

Thie aviden heterogeneity of patterns of seismic distribution and
ci/rictmrek aierappanentiyascalenlieiacecontine tertiie generalized
EHEErg-RICHIEr recurrence law that accounts for the fractal
pelieroifiaulting. The results of our global and regional analyses
Jmei\*

(1) trie | rrence off earthiquakes in a seismic region, for a wide range of
mrt, |tudes and sizes, can be characterized with the following law:

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

.w-,.twhere N(M,LL) is the expected annual number of main shocks of

i

— -*magnitude M within an earthquake-prone area of liner size L

= (n) fo_r awide range of seismic activity, A, the balance between
magnitude ranges, B, varies from 0.6 to 1.4, while the fractal
dimension, C, changes from under 1 to 1.6

(lir) an estimate of earthquake recurrence rate depends on the size of the
territory that is used for averaging and may differ dramatically when
rescaled in traditional way to the area of interest.
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SECOnnEsRnmtplicativerscaling of earthguakes
SIERBES the traditionall view on thelr recurrenEeRtie
catastroghigonesige i ollEelflefilel SETEIE! |mpllcaﬁ'571-§
ogestimation of seismichazard, for the Seismic Risk
Assessientesmal 2l for earthuake PIECICTIGI

rved temporal variablllty of the USLE coefficients
éts Investigating predictive power and efficiency of
e ABC —related patterns with more data accumulated
.i~ W|de In the future. Such patterns If confirmed in
==-1 ‘tmg might indicate the transient “lock-unlock™ status of

k|

;-'-- e faults in the system of blocks-and-faults, however, it

— ~= appears yet premature to come out with an algorithmic
~ — formulation.

Finally, let me beware again on a synthetic character of seismic
risk assessments presented in this talk for illustrative
purposes only.

The Abdus Salam ICTP
Miramare ¢ 02/10/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction 33




ChIIstEnsem e It Danon, 1. Scanlon, & P. Bak, 2002. Unified Sc,almg"l_aw for Earthqﬂf
e alnal. Acad. Sci. 99, suppl. 1:2509-2513.

B CUEnhE! g & Richter C. F., 1956, Earthquake magnitude, intensity, energy and

Ll
CCEIETROIEN B SEIS/110/a SOCANL A6: 10512

TR jm—.

"owooo}/o\ﬂ 6. & Mazhkenov' S.A., 1988. Spatial characterlstlcs off similarity for earthguake
SEYUIENCESE Fhiactality of seismicity. Lecz‘ure Notes or the Workshiop on Global Geopliysical
VI, [1: Wit Applications to. Research in Earthguake Prediction and Reduction of Seismic
RISk ( I58NBy.-16 Dec., 1988), ICTP, Trieste, 15 p.

V. G UbOkOV & Mazhkenov S. A., 1994, On similarity in the spatial distribution of
SEl er _ty InfComputational Seismology and Geodynamics Vol. 1, pp. 6-15, AGU,
: \f\/ar gton 0 Cs.
— == §‘,Sgbokov \/.G., & A.K. Nekrasova, 2004. Unified scaling law for earthquakes: global map of
= _;G'a*rameters In: Ana/yS/s of geodynamical and seismic processes. Moscow: Geos, p. 160-175
- ((Computational Se/smology 35, in Russian).

Mandelbrot, B.B., 1982. 7he Fractal Geometry of Nature. Freeman, New York, 488 p.

Nekrasova, A., Kossobokov V., 2005, Temporal variation of the coefficients of Unified scaling
law for earthquakes on the east of Honshu island (Japan) Doklady Earth Sciences, Vol. 405A,
No. 9, pp. 1352-1355.

Nekrasova, A., Kossobokov V., 2006, General Law of Similarity for Earthquakes: Evidence
from the Baikal Region. Doklady Earth Sciences, Vol. 407A, No. 3, pp. 484-485.

The Abdus Salam ICTP
Miramare ¢ 02/10/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction 34




