AeAtio Tng EAANVIKAG MewAoyikAg ETaipiag, Tépog L, ogA. 1535-1542 Bulletin of the Geological Society of Greece, vol. L, p. 1535-1542
MpakTikd 14°Y AigBvoug Zuvedpiou, Oecoalovikn, Mdiog 2016 Proceedings of the 14" International Congress, Thessaloniki, May 2016

ON THE EARTHQUAKE OCCURRENCES IN JAPAN AND
THE SURROUNDING AREA VIA SEMI MARKOV
MODELING

Panorias C.1, Papadopoulou A.! and Tsapanos T.?

1Department of Mathematics, Statistics and Operations Research Section, Aristotle University of
Thessaloniki, Thessaloniki 54124, Greece, xristos.panwrias@yahoo.com?,
apapado@math.auth.gr?

2Geophysical Laboratory, School of Geology, Aristotle University of Thessaloniki, Thessaloniki
54124, Greece, tsapanos@geo.auth.gr?

Abstract

In the present paper, the earthquake occurrences in the area of Japan, are studied by
a semi Markov model which is considered homogeneous in time. The data applied
refer to earthquakes of large magnitude (M,>6.0) during the period 1900-2012. We
consider 9 seismic zones derived from the typical 11 zones for the area of Japan, due
to the lack of data for 3 zones (9-th,10-th and 11-th). Also, we define 3 groups for the
magnitudes, corresponding to 6-7,7.1-8 and M> 8.0. Thus, we consider for our semi

Markov model a finite state space, S={(Z;, R;) | i=1,...9, j=1,2,3}, where Z, defines

the i-th seismic zone and Rj states the j-th magnitude scale. We applied the data to

describe the interval transition probabilities for the states and the model's limiting
behaviour for which is sufficient an interval of time of seven years. The time unit of
the model is considered to be one day. Some interesting results, concerning the
interval transition probabilities and the limiting state vector, are derived.

Keywords: semi-Markov model, earthquake occurrences, transition probabilities,
limiting behaviour, Japan.

Iepitnyn

2Ty mapodoa epyocio, UEAETATOL 1| OEIoWIKOTHTO. oty TEPLoxy TS lomwviag e ™
xprion Huuaprofiovod uoviélov yio. 1o omoio vwolétovue opoyevela wg mpog tov
xpovo. To. dedouéva mov ypnoluomoionkoy, apopovy LEYEON 1oYLPAOV CELTUDY
(My>6.0) y10. 70 ypovixé didanue 1900 - 2012. Q¢ ypo kotactdoewv, Ocwprioous to

Kopteotovo yivouevo twv 11 {wvov Zi otig omoieg ywpiletoar n lawwvia, exi g 3
taleig ueyédoovg Ri, R,, R3 7ov avueTtoLyodv oe ueyédn 6-1,7.1-8 and M> 8.0
avtiotoro. Aoyw tov uikpov wAnBovs dedousvwv otic (wves 9,10 kou 11, éyve
ovurroén oe pio {ovy, ™y omoia ovuflorilovue wg Zg . 2dupwva pe ovthv ™
rovielomoinon weprypapoviol o1 mbavotnteg uetdfoons aviueoa ara {edyn (Zi, R j)

i=1,..9, j=1,2,3, o1 mBOavitnteg puetdfoons oe didotnua, kot o oplakés mlovoTnteg.
Télog, ayolialoviar kdmola evoiopépovia apiBuntika amoteiéouota. To unrxog tov
XPOVIKOD O10GTHUATOS OV EXEL DTOAOYIOTEL, PTAVEL TO UEYIOTO TO. 7 YPOVIQ. TO OTOLO
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EIVaL QPKETO YIOL VO. PTATEL TO COOTHUO. OTHY OpPIoKH TV Kotaotao. H ypovikny povado
0TOVG DTOAOYIOUOVS OpioThKe Va. Elval 1 [io HEPAL.

Aéeig KAe1dtd: nuipoprofiovo poviélo, yéveon oeiouod, mbovotnto uetdfoong,
lozwvia, opraxy coumepipopa.

1. Introduction

Stochastic modeling is often applied for the study of earthquake occurrences. In literature, results
on Markov and semi Markov modeling for the earthquake occurrences are presented in Vere-Jones
(1966) and Knopoff (1971) where a continuous-time and continuous-state Markov process is applied
to describe aftershock sequences as well as sequences of main shocks followed by aftershocks,
respectively. Also, Lomnitz-Adler (1983) used a simulation of a Markov model to achieve a
simplified representation of the spatial distribution of earthquakes on adjacent faults. Tsapanos and
Papadopoulou (1999) applied a discrete Markov model for earthquake occurrences in southern
Alaska and Aleutian islands. A prognostic process through a Markov model is described for an
earthquake of M,,=8.3 in South America by Tsapanos (2001). Seismic hazard evaluation in the Japan
area using Markov chains was studied by Nava et al. (2005). Karagrigoriou et al. (2015) made an
attempt to describe zoning data as data of a multi-state system through Markov model and examine
earthquake occurrence by assessing intensity rates and transition probabilities in seismic zones of
South America. Spatio-temporal complex Markov chain used by Cavers and Vasudevan (2015) in
global earthquake sequences and analyze the statistics of the transition probabilities linked to
earthquake zones. A hidden semi Markov model is applied to reveal some key features of the
earthquake generation process by Votsi et al. (2014).

In the present paper a semi Markov model is applied to data, referring to earthquake occurrences in
the area of Japan through the time period 1900-2012. The data are of high magnitudes (M,>6.0) in
the 11 zones of the area of Japan which are shortened to 9 due to the lack of data for the zones 9, 10

and 11. We define three groups for the magnitudes i.e. R;:6-7R, R,:7-8R and R;:8R and over.

Considering the above definitions we can define a double state space, S={ (Zi, RJ.)| i=1,...9,

j=1,2,3}, where Z; defines the i-th seismic zone and Rj states the j-th magnitude scale. The time

unit of the model is defined to be one day and the transition probabilities between the states are
supposed to be homogeneous in time. The implementation of the previous referred data produced
interesting numerical results for the interval transition probabilities and the limiting state
probabilities. A time period of seven years is sufficient for the model to achieve its limiting
behaviour.

2. The data

The earthquakes occurred in Japan and its vicinity area extracted from NEIC catalogue. The time
span is 113 years, starting from 1900 to 2012. Only large earthquakes having magnitudes My, >6.0
are considered for the purpose of the present study. The earthquake magnitudes of the catalogue
used are not provided in a unique scale. Local magnitudes, body wave magnitudes, etc. are listed.
For this reason and because there is a need for a unique magnitude scale, we converted all
magnitudes in moment magnitude scale My, using for this purpose the empirical relationships
(Scordilis 2006) by considering data from the whole earth. So, our sample is constituted of 276
events with magnitudes My, >6.0. Only main shocks are processed and for this scope we used a
method introduced by Musson et al. (2002). The data of the present study are restricted to the shallow
(h<60 Km) events only (Shcherbakov et al., 2013). The whole examined area is divided to 9 zones
(states) following the separation made by Musson et al. (2002). Some slight modifications were
made to these zones for the scope of this study. Specifically, zones 9, 10 and 11 are considered as
one, named zone 9 (Fig. 1).
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3. Tectonic environment and seismicity of Japan

The tectonic environment of Japan and its vicinity is depicted in Figure (2). Many great interplate
earthquakes with M,>8.0 have occurred and it is obvious that a strong coupling on the plate
boundary exists (Kanamori, 1977). Ito et al. (1999, 2000) applied an inversion analysis of GPS in
order to find the spatial distribution of the interplate coupling in northwest and southeast Japan.
Great earthquakes have occurred repeatedly along the Nankai trough with recurrence time ranged
between 90 and 150 years (Thatcher, 1984).
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Figure 1 - The seismic zones considered for Japan. Inland zones 9, 10 and 11 are modified as
one single zone.

The most characteristic shocks were the ones which occurred in Nankai during 1944 with My=7.8,
while the other one generated in its vicinity in 1946 having a magnitude M,=8.0. It is believed that
these two events released accumulated stress in association with the subduction of the Philippine
plate. A giant earthquake of magnitude My=9.0 occurred to Japan Trench on 11 of March 2011.
Coulomb stress studied by Sato et al. (2012), defines that changes for normal fault aftershock near
the Japan Trench, showed a strong association with the slip on the shallow portion of faults.

Most of the large shallow earthquakes in Japan along the plate boundaries (inteplate seismicity)
show in general low-angle thrust mechanisms resulting from the subduction process and all of them
are generated on the land part of the trench (Ando, 1975).

Matsuda (1981) divided Japan into 12 seismogenic sources based on seismotectonics and
geomorphological criteria. The same author (Matsuda 1990) separated by fault the area into 11
seismic zones, relying on seismic activity. Wesnousky (1984) integrated geological and
seismological data to determine probabilistic seismic zoning in Japan. Papazachos et al. (1994)
divided the broader area of Japan into seismogenic sources, somehow different from those of
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Matsuda, for prediction purposes. A different approach for seismic zoning in Japan, is published by
Karakaisis (2000) which is based on regional time predictable seismicity model.

E
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Figure 2 - The tectonic regime of Japan and its surrounding area (after eartjay.com).

4. The semi Markov model

A semi Markov model, is defined by the following basic parameters: the state space, the embedded
Markov chain and the sequence of matrices of the holding time distributions for every state. Thus,
in our model we have the following:

e The state space, is finite and discrete and is defined as S={(Z;, RJ.)| i=1,..9, j=1,2,3}

where Z, is the union of zones 9,10 and 11.
e The embedded Markov chain is defined by the matrix P € M,,,,(R), with elements the
transition probabilities between the states i.e. P = {pij} i,j €S where p;; are estimated by

the relative frequencies % Vi, j € S, n;; defines the frequency of earthquake occurrences
v

to state j given that the previous earthquake occurred in state i and n; is the frequency of
earthquake occurrences in state i.
e The sequence of matrices of the holding time distributions is defined by {H(m)};»—, where

H(m) = {h;;(m)}a_, i,j € S, and h;;(m) = n;,l(m) ,i,j € §.n;;(m) defines the frequency
ij

of earthquake occurrences to state j given that the previous earthquake occurred in state i

with holding time equal to m and n;; defines the frequency of earthquake occurrences to

state j given that the previous earthquake occurred in state i.

Remark: From the data, we get that the frequencies for the states (Z,, R3), (Z;,R3), (Zg,R3), (Zo,R3)
are equal to zero so the corresponding elements of the matrices P, H(m), Q(m) are removed. Matrix
P is given below:
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Table 1 - Matrix P of the transition probabilities for the states, S={(Z;, R, )| i=1..
j=1,2,3}.

> P

(21,R1) (Z2,R1) (23,R1) (Z4,R1) (Z5,R1) (Z6,R1) (27,R1) (Z8,R1) (29,R1) (Z1,R2) (22,R2) (Z3,R2) (24,R2) (Z5,R2) (Z6,R2) (Z7,R2) (Z8,R2) (29,R2) (Z1,R3) (Z2,R3) (Z3,R3) (Z5,R3) (Z6,R3)
(Z1,R1) ©.0000 ©.0500 0.2500 ©0.1006 0.0500 ©0.1608 ©0.0000 0.2508 O. .0000 0.6060 ©.0500 0.6000 0.0000 0.6000 0.0500 0.0500 600 ©.0000 0.000 ©0.000  ©.0000
(z2,R1) ©.0000 ©.0769 ©.1538 0.0769 ©.2308 0.0769 ©.0000 0.0000 ©0.0000 0.0000 ©.0000 0.2305 ©.0009 0.0769 0.0009 ©.0769 0.0600 ©.0000 ©.008 ©.0000 ©.000 ©0.000  0.0000
(Z3,R1) ©0.0276 6.0276 ©0.1681 ©6.1681 0.1892 0.0811 0.6270 .2162 0.60G0 0.0270 0.00G0 0.0000 0.6270 0.0270 0.0000 0.0270 0.0600 ©0.0541 0.000 0.0270 0.027 ©0.060  0.0000
(z4,R1) ©.1985 ©.476 0.0476 0.0476 0.2381 0.0952 ©.0000 0.0952 0.1429 0.6476 0.6060 0.0000 0.6000 0.0476 0.0000 0.0000 0.0600 0.0000 0.000 0.0000 0.000 ©0.060  0.0000
(z5,R1) ©.1892 ©.0270 ©.1622 ©.0541 ©0.0000 ©.0270 ©.0270 ©.2162 ©.€511 ©.0541 ©.6270 ©.0811 0.0000 ©.0000 0.0000 ©.0270 0.0000 ©.0270 ©0.000 ©.9000 ©0.000 ©.000  ©.0000
(z6,R1) 0.0000 ©.1538 0.0000 0.0760 0.8769 ©.1538 ©0.0080 0.3677 0.0000 0.0000 O. ©.0760 ©.0769 ©.0000 ©0.0000 ©.0000 0.0769 O ©.000 0.6060 ©0.000 0.000  0.0000
(z7,R1) @. .0000 ©.1250 ©.0000 0.6250 0.0000 0.0000 0.0000 0.0000 ©.1250 ©. ©.0000 ©.0000 ©.0000 ©0.0000 ©.0000 0.0008 © ©.125 ©.6060 ©.000 0.000  0.0600
(z8,R1) ©.0526 6.1653 0.1653 06.1575 0.8526 0.6606 ©0.6739 0.1579 0.6526 0.6789 0.6263 0.0000 0.6263 0.0600 0.6263 0.0000 0.0000 0.0263 0.000 0.0263 0.060 ©0.000  0.0263
(Z9,R1) ©.2000 ©.0600 0.2000 ©0.0600 0.2000 0.1600 ©.0000 0.1000 0.6000 0.0000 0.1060 0.0000 0.6000 0.0000 0.0000 0.0000 0.0000 0.1000 0.000 0.0000 0.000 ©0.000  0.0000
(z1,R2) ©.0000 ©.0900 ©.1515 ©0.0000 ©.0909 ©.0000 ©.0909 ©0.0000 ©.0000 ©.0000 ©.0000 ©.1515 ©.0000 ©.0000 0.0000 ©.0909 0.1515 ©.1515 ©.000 ©.9000 ©0.000 ©.000  ©.0000
(z2,R2) 0©.0000 ©.00060 0.0000 0.0000 0.5000 0.0006 ©0.0000 0.0008 0.0000 0.0000 0.6060 O. 5.0006 ©.0600 5.0000 ©. 8.2508 ©0.2506 0.000 0.0000 0.000 0.060  0.0000
(z3,R2) ©.0000 ©.0800 ©.2105 ©.1653 ©.2105 0.0526 ©.0000 0.1053 ©.0526 0.6000 ©.6526 O. ©.0008 ©.1053 ©0.0000 ©.0000 ©0.0526 0.9526 ©.000 ©.6060 ©.000 0.000  0.0000
(z4,R2) ©0.1667 6.1667 0.1667 B. o. a. 2.0000 o. ©.0000 ©.1667 ©.0000 ©.1667 0.6000 O. ©.0000 ©.0000 ©.0000 0.1657 ©0.000 0.6060 ©0.000 0.000  0.0000
(Z5,R2) ©.2000 ©.0600 0.1000 ©0.0600 0.0000 0.0600 ©0.0000 0.2000 0.0000 0.0000 ©.60G0 0.2000 0.6000 0.0000 0.0000 0.0000 0.0600 0.0000 0.000 0.0000 0.000 ©0.000  0.0000
(z6,R2) ©.0000 ©.0000 ©.0000 ©.0000 ©0.0000 ©.0000 ©.0000 ©0.0000 ©.5000 ©.0000 ©.0000 ©.5000 ©.0000 ©.0000 0.0000 ©0.0000 0.0000 ©.0000 ©.000 ©.9000 ©0.000 ©0.000  ©.0000
(Z7,R2) ©.2000 ©.00060 ©.0000 ©0.2000 0.2000 0.0006 ©0.0000 ©0.2008 0.0000 0.0000 0.6060 O. ©.0006 ©.0000 ©5.0000 ©.0000 ©.0000 0.G0G0 ©0.000 0.0066 ©0.200 0.000  0.0000
(z8,R2) ©.0000 ©.0600 ©.0000 0.0600 ©.1250 0.0800 ©.1250 0.0000 ©.0000 0.0000 ©.0000 0.2500 ©.2500 0.0000 0.0000 ©.0000 0.0600 ©.0000 ©.008 ©.0000 ©.125 ©0.125  0.0000
(z9,R2) ©.0905 ©.0600 0.2727 ©.0000 ©0.1313 0.0000 ©0.0900 0.0000 0.00G0 0.0000 0.0060 0.1818 0.6909 0.0600 0.0309 0.0000 0.0000 ©0.0000 0.000 0.0000 0.000 ©0.000  0.0000
(Z1,R3) ©0.0000 1.0600 0.000G 0.0600 0.0000 0.0600 ©0.0000 0.0000 ©0.0000 0.0000 ©.6060 0. ©.0008 ©.0000 5.0000 ©.0000 ©.0000 0.00G0 0.000 0.8060 0.000 0.000  0.0000
(z2,R3) ©.0000 ©.0900 ©.0000 ©.5000 ©0.0000 ©.0000 ©.0000 ©0.0000 ©.0000 ©.0000 ©.0000 ©.5000 ©.0000 ©.0000 0.0000 ©.0000 0.0000 ©.0000 0.000 ©.0000 ©0.000 ©0.000  ©.0000
(Z3,R3) 0.0000 ©.0000 0.0000 ©0.0000 0.0000 0.0606 ©0.0000 ©0.3333 0.0000 0.0000 0.6060 0.3333 0.6000 0.0000 0.0000 0.0000 ©0.3333 0.0000 0.000 0.0000 0.000 0.000  0.0000
(Z5,R3) ©.0000 ©.0800 ©.0000 0.0600 ©.0000 0.0800 ©.0000 0.0000 ©0.0000 0.0000 ©.0060 0.0000 ©.0000 0.0000 0.0009 ©.0000 1.0000 ©.0000 ©.000 ©.0000 ©.000 ©0.000  0.0000
(z6,R3) ©.0000 ©.0000 ©.0000 ©.0000 ©.0000 ©.0000 ©.0000 ©0.0000 ©.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 ©0.0000 ©.0000 0.000 ©0.0000 ©0.000 ©0.000  0.0000

There are some transition probabilities equal to 1: (Z1,R3)--> (Z2,R1), (Z5,R3)--> (Z8,R2) and (Z6
,R3)--> (Z1,R2), and a remarkable transition probability 62,5% for the transition: (Z7,R1)--> (Z5,
R1). (Probabilities equal to 1, are questionable, because these states occurred only one time each).

Now let Q(n) € My3x,3(R) the matrix with elements the interval transition probabilities g;;(n).
Then
o) = W(n) + X7 _,€(m) - Q(n —m) (Howard, (1971)) where C(m) is the core matrix for

the semi Markov model (C(n) 3 ¢;;(n) = p; - hyj(n), i,j €S,n€{1,2,..}) and 'W() is a
diagonal matrix with elements equal to the survival probabilities for the holding times.

5. Application

Concerning following results, we have to mention that were produced by code developed in
R(Ver3.1.3).
Indicatively, for n=2500, the matrix Q(2500), is given in Table 2:

Table 2 - Matrix Q(2500) of the interval transition probabilities, S={ (Z,

j=1,2,3}.

>Q(2500)
25000 11 1y (z2,m1) (3,01 (T8N (23, M) (Z6,R) (Z7,N) (Z8,W2) (Z9,R1} (E1,R2) (F,RZ) (E3,Ra) (EA,R2) (RS,A3) (E6,R2) (Z7,Mz) (Z8,R2) (z9,03) (ZLiD) (Z2,M3) (10,N3) (3,M3) (z6,u3)
(71,R1) ©0.0612 0.6308 0.0813 0.0364 ©0.0874 0.0396 0.0249 0.1153 0.0184 6.0543 0.0265 0.1487 0.0232 0.0310 0.0020 0.5176 0.0310 0.1164 0.0040 0.0168 0.0319 0.0015 0.0030
(22,81) ©.6610 0.6307 ©.0812 ©.0362 ©.0869 ©.0395 0.6248 0.1154 0.0185 ©.0548 ©.0262 0.1497 0.0233 0.0306 0.6929 0.0176 ©.0319 ©.1166 ©.0041 ©.0167 ©.0327 0.0016 0.0030
(23,71) ©.6511 0.6307 ©.6313 ©.0353 ©6.0872 ©6.0395 0.0249 0.1156 0.0154 6.0548 06.0264 0.1491 0.0232 0.6311 0.6020 0.6176 0.0319 0.1170 ©6.0040 ©.0167 0.0317 0.0015 0.0030
(24,R1) ©.0610 ©0.0307 0.@812 ©.0363 ©.0069 ©.0395 ©0,0249 ©.1155 0.0184 0.0548 ©0.0263 ©.1485 ©.0232 ©.0309 ©.0029 ©.0176 0.0313 0.1183 0.0041 0.0108 0.0318 0.0015 0.0030
(75,R1) 0.0618 0.0367 ©.9313 ©.0353 0.0850 ©.0305 0.0243 @.1154 0.0184 0.0545 0.8263 0.1494 0.0231 0.0387 0.6020 0.8176 0.0317 0.1170 0.6040 ©0.0108 ©6.0320 0.0015 0.0030 3
J(26,R1) ©.0612 ©.0307 ©.0813 ©.0363 ©.0870 ©.0395 0.0249 0.1156 0.0184 0.9550 ©.0263 ©.1474 0.0233 0.0309 ©0.0030 ©.0176 ©.0318 ©.1150 0.0041 0.0108 ©.0324 ©.0015 ©.0030
(27,R1) 0.6611 0.6307 ©.6812 ©.0363 ©.0869 ©.0395 0.8249 0.1156 0.0184 ©.0549 ©.0263 0.1485 0.9233 0.0310 0.6029 0.0176 0.0317 0.1178 ©.0041 0.0168 6.0319 0.0015 0.0031
\(Z6,R1) ©0.0616 ©0.6367 ©.6814 ©.0363 ©.0869 ©.0395 0.0248 0.1154 0.0185 0.0548 0.0262 ©6.1499 ©0.0232 0.0308 0.6020 0.6176 0.0318 0.1173 ©.0041 ©.0168 ©.0317 0.0015 0.0030
J(29,R1) ©.0667 ©.0365 ©0.0815 ©.0363 ©.GB67 ©.0393 0.0236 0.1148 0.0186 0.0544 0.6261 0.1553 ©.0230 ©.0306 ©.0028 0.0175 0.6315 0.1150 ©.0040 ©.0107 ©.0314 ©.0015 ©.0030
(71,R2) ©.0604 0.6304 0.0502 ©.0358 ©.0859 ©.0301 0.0247 0.1144 0.0181 6.0544 0.0260 0.1444 0.0220 0.6305 0.6020 0.6175 0.0317 0.1295 ©0.0040 ©.0167 0.0321 0.0015
(22,R2) ©.@605 ©.0305 ©.0816 ©.0363 ©.0872 ©.0395 0.0246 0.1171 ©.9185 ©.0541 0.0261 0.1592 0.0225 0.0306 ©.0020 ©.0174 ©.0316 ©.1095 ©0.6940 0.0108 ©.0308 ©.0014
(23,72) ©.6608 ©.6307 ©.0307 ©.0351 ©.0856 ©.0399 0.0247 0.1150 0.0133 6.0544 0.0263 0.1457 0.0220 0.6300 0.6020 0.6176 0.0305 0.1265 ©.0040 ©0.0167 0.0351 0.0015
(24,Rz) ©.0604 ©0.0305 0.G516 ©.0364 ©.0066 ©.0390 ©0,0245 0.1143 ©.0187 0.0541 ©0.0258 ©.1558 ©.0229 ©.0303 0.0029 0.0174 0.0314 0.1163 0.004@ 0.0106 0.0320 0.9015
(25,72) ©.6504 ©.6303 ©.6302 ©.0359 ©.0859 0.0390 0.6245 0.1142 0.0181 6.0543 06.0260 0.1641 0.0225 0.6319 0.6028 0.6174 0.0313 0.1101 ©.0040 ©0.0167 0.0369 0.0015
(26,R2) ©.0609 ©0.0306 ©0.0811 ©.0361 ©.0868 ©.0393 0.0247 0.1150 0.0185 0.0545 0.0261 ©.1513 ©,0230 0.0301 0.0028 0.0175 0.0311 0.1175 0.0040 0.0107 0.0337 0.0015
(27,R2) 0.6614 0.0309 ©.0815 ©.0364 ©.0873 0.0251 9.1160 0.0184 0.0552 ©.0264 ©.1468 ©0.9238 ©0.0313 0.6029 0.e176 0.0328 0.1156 ©.0041 ©0.0168 ©.0317 0.0015 0.0030
6015
0.0014
6.0016
©.0015
6.0015
©.0015

(29,R2) @.0603 ©.0383 ©.@815 ©.0373 ©.0901 ©.0239 0.1171 0.0188 ©.6517 0.9283 0.1643 0.0218 ©.0386 ©.803@ ©.0168 0.0291 ©0.1081 ©.0037 ©.0101 ©.0299
(Z1,R3) ©.8613 ©.0369 ©.6815 ©.0363 ©.0871 ©.0251 0.1158 0.0184 0.0550 0.0263 0.1477 0.0237 ©.0315 ©0.6020 0.6176 0.8325 0.1154 0.0040 ©.0108 ©.0320
(z2,R3) ©.0613 ©.0368 ©.6814 ©.0363 ©.0671 ©.0400 ©.024% ©0.1159 0.9184 ©.0551 ©.0265 0.1465 ©.0231 ©0.0305 ©.0029 ©.0177 0.0314 0.1168 ©.0041 ©.0108 ©.0339
(23,R3) ©.0613 ©0.0310 ©.6319 ©.0363 0.0574 0.0395 0.0254 0.1155 0.0153 0.0550 0.8261 0.1450 0.0255 ©.0332 0.6020 0.8177 0.0340 0.1126 ©0.6033 ©.0187 ©.0314
(z5,R3) ©.0610 ©.03¢7 ©.@512 ©.0361 ©.0869 ©.0394 ©.024% ©0.1152 0.0154 ©.0546 ©.0261 0.1495 ©0.0235 ©0.@311 ©.0920 ©.0176 0.0319 ©0.1167 ©.9041 ©.0107 ©.0324
(26,R3) ©.0668 ©0.0365 ©.6306 ©.0360 ©.0864 0.0393 0.0247 0.1147 0.0152 0.0546 0.8260 0.1445 0.0229 ©.6303 ©.6028 0.9176 0.0316 0.1272 ©.6040 ©.0107 0.0313 0.0015 0.0030

/D VWE Ladll OTC, AU IA Y 40UV ) 12 3laVIt, dU UIT SYJLTIH aullitved 1w Uy vciiavivl i avuut LUUO

days (6.8 years). The next plot confirms the above:

6.0396

(Z6,R2) ©.0609 0.0307 ©0.0810 ©.0362 0.0868 ©.0394 0.0248 0.1152 0.0183 0.0547 0.0261 0.1501 0.0233 0.0308 ©0.0020 0.0176 0.0315 ©0.1177 ©.0041 ©.0107 0.0327
@.0389
0.0396
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Figure 3 - A plot for me{1, 2, ..., 2500} of q;;(m),V i,j € S.

If we arrange all the earthquake occurrences from 1900 until 2012 in ascending chronological
order and if we define as X; the moving average of the holding times with order 11 then, X; =

E({ty} tz:jg), i € {11, ...,265} where E is the mean operator. The plot of X; is given below:
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Figure 4 - Plotof X; = E ( {te} ';:jg )
The boundary lines indicate the time interval where the mean holding time before the next
earthquake is 48.3 days. Before and after the bounded area, the mean holding times are 215.16 and
133 days correspondingly. The earthquakes in the above mentioned interval occurred from
20/10/1954 until 01/06/1964. The frequencies of the zone occurrences are described below in Fig.5
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Figure 5 - Zone frequencies for the period 20/10/1954 until 01/06/1964.
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In what follows (Fig. 6) the plot of the survival probabilities W, (N) Vne{1,2, ...,2500} is given.

BB[L.]

Figure 6 - Plot of the survival probabilities.

6. Conclusions

In the present paper a homogeneous semi Markov model is applied to data, referring to earthquake
occurrences in the area of Japan through the time period 1900-2012. In the model a double state

space, S={(Z;, Rj)| i=1,...9, j=1,2,3}, where Z; defines the i-th seismic zone and R, states the j-

th magnitude scale, is defined while the time unit of the model is one day. The maximum elements
of P, are corresponding to the transitions: (Z1,R3)--> (Z2,R1), (Z5,R3)--> (Z8,R2), (Z6,R3)--> (Z1
,R2) and (Z7,R1)--> (Z5,R1). The first three transition probabilities are equal to 1 and the fourth on
e is equal to 0.625. The implementation of the previous referred data produced interesting numerical
results for the interval transition probabilities and the limiting state probabilities which were
achieved within seven years. Limiting state probabilities for every state, is given by the limiting
vector =, where n=[0.061, 0.031, 0.081, 0.036, 0.087, 0.040, 0.025, 0.116, 0.018, 0.055, 0.026,
0.149, 0.023, 0.031, 0.003, 0.018, 0.032, 0.116, 0.004, 0.011, 0.032, 0.000, 0.002, 0.003, 0.000,
0.000, 0.000]. The limiting probabilities for the states were low, as it was expected due to the
definition of the state space. The maximum limiting probability for earthquake occurrence of large
magnitude i.e. over 7.0 is 0.22. An interesting remark resulted from calculating the moving average
(Fig.4), is the indication of a time interval, in which earthquake occurrences are about 3 times more
often than the rest. The mean holding time before the next earthquake, from 20/10/1954 until
01/06/1964, is 48.3 days, compared to the mean holding time from all data which is 148 days.
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