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0 eneral scheme of analysis

FUnctions on a sequence of earthquakes
= leferent ways to normalize functions

The Abdus Salam ICTP
Miramare ¢ 29/09/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction 2




Western United St

The Abdus Salam ICTP
Miramare ¢ 29/09/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction




—
T general scheme, as applieditoday

r
(e 0 -* eX|st|ng earthquake predlctlon algorlthms)

N SH strlcted {0 seiIsmic data and remains
en 10 other relevant observations.

educes Information on spatial correlations

_-_-'

'scales exceeding the linear dimension of

=gt =
-l—'"_--"_

~ 2n area of Investigation in course
Independent analysis of sampled areas.

* Uses simple (if not oversimplified) and
natural counts as descriptors.
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o Earthquakes or
Keilis-Borok et al. ] — —
W Main'siocks?
‘ L Eanthguakes, clusterin space

and time and aitershocks of a
single event may obscure
characterization of seismic
dynamics in the area of
iInvestigation. To avoid it
aftershocks should not be
counted when simple counts
are derived from a given
sequence of earthquakes.

Algorithms that de-cluster
earthquake catalogs exist
(although are far from the ideal).

v
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—
Cr Nis on earthguake seguence
ISy after reduction ol space an'earthguake
SEnliecessdenptedeithenas
_ {t, mj or {t, m, b(e)},
wrr W (€) IS the number of aftershocks

Bltirbuted! to the i-th main shock in the
| erlod fromttot — e.

= Note that the number of aftershocks, b.(e),

per se Is one of the parameters of main
shocks { I } inherited after de-clustering of a
given earthquake catalog.
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FUREHONS of'seismic activity'rate ™

e

- —

) J(,r.q m ,S) - the number of earthquakes

B With M = m in time interval from (t-s) to t, i.e.,
SE number of events of certain size per unit

_-_-'

= ﬁ.....mtlme [ate of activity.

i ;-—ll--"
-ll—'" —
— -
s _-.

A dual function is the time that accommodates the
most recent n events with M =2 m ,

TI(t| m,n).

The Abdus Salam ICTP
Miramare ¢ 29/09/2009 Advanced School on Non-Linear Dynamics and Earthquake Prediction 7




10) 1

Jérement of activity expressed by the
[iference between the number of earthquakes

1t he two successive intervals of time (t-s, t)

;.- d (t-2s, t-s)

_|_ --

T ——.
—_

e ———

= K(t |[m,s) = N(t | m,s) - N(t-s |m,s)

has a physical meaning of acceleration.

8
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NS = deviationeiactivity frem alonger=term
wend overthe period from t, to t.

BN, s, t,) =

N(t | m,s) - N(t-s | m,t-s-t;) x s/(t-s-t; )

_'-""ﬁ"ﬂ‘_U'suaIIy I, Is the beginning of the catalog unless its
- duration allows to use a pre-fixed trailing window

t-f, >> s to characterize a longer-term differential of
seismic activity rate
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= .
Unctions of activity
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m—
Scessityrefitrailing tyimsuncuon T

- —

\/\/nf Iy becomes far from t (which is the
ewtable case ol all' long lasting experiments),
Sthe longer-term rate L tends to a constant.

= —.-*- Therefore, to preserve a physical meaning of

= the rate dlfferentlal one should use the
aefinition of L with a trailing t,. This might be of
— crucial importance when catalogs of extended
times are considered (e.g., in model catalogs).
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2(t)

e

£Lf ViIEs,or,5) Is the weighted number of
3 rthquakes In time interval from (t-s) to t and
..__agnltude (m<M.< M'):

-~:‘ s Z(t | m,M',S,OC,B) = 21 OB(Mi-a)

..-----".:ll.n._-:- —
=gt =

e
i ;-—ll--"
-ll—'" e

i—

Tfhis function may estimate different properties
depending on the choice of .
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paSTPreportional te

aretal Imear Size of earthquaké sources
* '.-' I B=B/3
€ (otal area of the earthquake sources

= -3-7"3 ; if B=2B/3

=

:?:*_.- *tthe total energy of earthquakes

X p— _—

e —

: it B=B.
where B comes from the relation between the
energy E and magnitude M

log E = A + BM
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—
gliializedrcounts: ofi ()™

MAVErages —

e

2(H/N(t)

- —

o Concentratlons =

-
= -
i -';-—ll-
| _|_--"__
—: — -
—-'

( Z(t)/N(t) ) / ( N(t) )93

where d is concentration dimension and =d-B/3
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N
FUection G

I'he __'of the number off earthquakes from two
pEgnitlde ranges —

Ly - -
o
emi——

_;‘ ". G(t| m.,m,,s) =1 -N(t| m,s)/N(t|m,,s)

= —

~ * The values m. and m, may result from
iInspecting the frequency-magnitude statistics of

earthquakes.
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r\r el ternative,lo G: Funetion G™

pgarniim ofitheratioofiihe number of

e IAgUakes irem twoermagnitude ranges
fl 9 allzed o difference of magnitudes —

m,,S) =

log( N(t | m,,s) / N(t | my,s) )/ (m,-m,)

In such a definition G’ is the tangent of the slope of
the frequency-magnitude graph.

Another alternative of this kind is the trailing
average magnitude, 2. m. / N.
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V2liation ofsseismic achivity

- —

m,s,U) = var N(t 'm,s) Is variation of the
umber ol earthguakes on the time interval
(t U b),

,_ N(t | m,s)=2 | N(t; | m,s) - N(t,,,| m,s) |

—which is the total of the absolute differences
between N(t | m,s) at two consecutive times
t,, and t. from the time interval (t-u,t).
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ISIENNg ofiearthguakes:

e

Jm J:  of de- Clustered Catalogs each main shock
5 l’[s number of aftershocks, bi(e,m_), of
izl nltude M = m_g In the first e days after its

_¢4gnnmet

Bt y m,IVI',s,m_¢,€) = max b,(e,m,q) IS the maximum
calculated over the main shocks with m<M.< M’
and time interval (t-s,t).
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Earthguakes are
nediStributed”

Unifiermiy.

IHeterogenelity of
seismic distribution
can be measured
providing
additional
characterization of
the area under
Investigation

Coarse-grained number of magnitude 3 or larger earthquakes, 1980-1984 (USGS/NEIC GHDB).
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N
En"r' opies

VIZRNA0; INERMEASUIES,C Stiering Were proposed
I ,'r_ lerature. For example Shannen entropy.

3 -2 P; % In p;
wrw ) pI IStsome time dependent probability
‘€s 1mate off occupation of a given cell of the grid,

= 1e.,p;=n/N.
-—rjiﬂs the I|m|t case (q = 1) of the Renyi’s entropies

_ (1 = )1 xIn X pl
which integrals 2 p;? provide a rather simple

one-parameter famlly of measures of the
observed clustering in space and time.
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N
AGHVE Zone: size

AGHIENZonesizemAZS isarmeasure of the extent
IENVIRICH SEeIsmIc activity' In a given region Is
difiisedl Formally, itis X p;9 at g = 0. The
Pliemonitory efficiency of AZS was first observed

&=l generalized Burridge-Knopoff models of fault.

= —

| e e _

~ AZS.is more directly a measure of the broadening

- ofismall to moderate size events, which leads to
development of a nucleation region associated
with a coming large event.
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_— i

A SEISIMIC reglons _

ggsure actlve Zone S|ze In the Earth we might
2iboxicountinojalopsithm, inywhichitheilarge
) a-_'rré reglons will be 'subdivided into many
Her iegions that contain seismic events of a
Eltaimimagnitude level.

_ E:example AZS(t | m,s)= 2 8(n, ),
_:.A-ﬁrvhere o(X)=0, 1t x=0and é(x) =1, it x> 0.

" In the Earth this measure is somewhat more

complex due to the variable complexity of faults
networks in different regions.
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= Th
_-Eéﬂrtlca I Iy on the C|€f| N |t|0 N chown in map view be linked to its nearest neighbour (solid lines in

Infe eT;iLrik Cluster Analysis

glichrand Davis (1990)
Hieelced SLC technic
sSRENNELNEH to evalliate
Siydulcifanel temporal
SIGPEUIES Of earthguake __ .ﬁ
sclicl OgLIES. o &0 90

P’
Remove 2 longest Inks _-J--L__-—x
Bt e

el o oblain 3 clustars
- ::S LC p rOblem depend S Figure 1. Explanation of linkage and d-km clustering in single-link

| cluster analysis (SLC). Let each of the 11 earthguakes (circles)

|_|.O

10 finks numberad ]
lengast o shortest 10 )

top diagram), then let each group formed in this way be I.i.pkcr.l 1o it_s
nu.:ura:s,t~ neighbouring group. ic., {dashed and + + + lines) until
all 11 events are joined by 10 links. If the two links larger _Lh_:m
) km are removed (links 1 and 2 in middle diagramzl, the remaining
linked groups form three 20-km clusters (bottom diagram). ‘n‘-’uhfn
each 20-km cluster all events are within 20 km of anather event m
the cluster, and no events are within 20 km of any event in the other

elements in a set,
clusters. In general, for N events therc will be W —1 links, amd

e 5 g ~f 3- D E_UCI Idea n Or k + 1 clusters will be formed when the k Icﬂ;g{'-‘-;t lil-l;b:-tsl ::n: r:r:lﬁ‘fnil::-
- Ly f1he kth an + 1)ih longes B
4-D Einstein type ones. 1 dy and dy, s the lemgiheof e Kt o e o i  such

that dy, = d = dy -

of distance between
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- " ‘h‘
Single Link Cluster Analysis®

S C ‘ovides a framwork IO aibitrary dividing
sligeatarinto any” nUmber of cllsters, or defining
rJ SGlusters for an arbitrarily chosen value of d.
NOWEVET, is there a particular number of
ru Stiers, or a particular value of d which is
=N tural’ for our data?”

-fléé‘k this guestion and find a positive confirmation
~efore interpreting SLC-obtained results as

- naturally linked regionalization or
- adequately de-clustered data or
- representative of correlation length, etc.
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.:‘h n - -
giial . correlation dimension:

(R)="PIr<R)/P
= 2p(r <R)/(N(N-1)
where p(r <R) Is the
number of pairs
separated by less than
R km and P=N(N-1)/2
IS the total number of
"Log isancerm - pairs for N events.

The slope of the straight segment over distance range [A,B] is
used to estimate the spatial correlation dimension CD=d,, g;.

Cum. Num. Pairs

A

I |
Sl !
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m—
SoIgElaton dimension Vs Elusiering

e

- —

ANColielation’ dimension is inversely related to the
rJJj"" of spatial clustering, as the slope of the
siidight segment decreases when the number of

ey jent pairs with relatively small inter-event
_f:médlstances Increases. Smaller values for CD
== |ndlcate higher degrees of spatial clustering.

=
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BONEEEROE. Interaction of earthguakesiss

e

=TS oroV (1982 introduced a term-less
pliecursor, which follow shortly a major
22ihguake but on a large distance from it. He
gonciuded that “long-range aftershocks” mark

= the location of a future major earthquake.

— WMI(?)is the maximal magnitude of main shocks
within the time interval from (¢- 3 years) to ¢
with M = m;, which follow within 1 year a
strong (M = M,) main shock in the region

or in its neighborhood.
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Avernage depip

- —

NE (:Js aU et all (1995) suggested to use the
Werage depth of hypocenters in a given time
-:_=" yindow: claiming that deepening of seismic
ﬁ _éctlwty precede large earthquakes.

1t IS necessary to note however that the depth is one of
the most inaccurate parameters of hypocenter
determination: the error in depth may be large resulting
seismologist attributed values in many cases.

i
..—-—
.-H—-
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Thel gasures that can be useful
0l characterizing temporal
varlablllty of an earthguake

=~ sequence is obviously not
I|m|ted to the list presented here.
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Noermalizatiom

e

EIIPIES used in the counts should be
c,r mparable A nature and In number.

— TF at IStwWhy nermalization of earthgquake
“Seqguences Is necessary to ensure
| adequate uniform application with the
same set of adjustable parameters in
regions of different seismic activity.
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NEIgnElZing sequences: Magnitudercuiefi

e

WENECOmMERENGNISENIenenalzatien ol
ARSEgUERCE by choosing the minimal
magnitude cutoff M
e two) conditions:

defined by one of

min’

C being a constant

* M_. derived from N(M_. ) = A
A being a constant rate of activity
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J\Jorr dlizing counts: Pereentile cutor

rn Values of functlons are normallzed (o)
elr empirical probability distribution

ﬁ Jnctions, that is performing a non-linear

S ansformation of different ranges from

| ..--r--".:ll.n._-:- —
[t e

-_i' = diiferent seismic environment to [0, 1].
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NenElZing time;, Seismicmattiral time

L

rn , Jaturallscale of time, In number of

r' Uiment events, was explicitly introduced
__:_ﬁ r earthguakes by S.Yu.Schreider (1990).

;:"*" TI(t| m,n), which is dual to N(t | m,n),

= values of other functions can be evaluated
~|n time Intervals that accommodate the

most recent n events with M = m.

-—ll-
—
-
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