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Abstract: In this study, 2 probabilistic methods are presented for seismic hazard assessment in Turkey: Markov chains based on
modeling the transition probabilities of states (related to the presence or absence of the earthquakes having magnitude M > 4 during
the time interval At = 0.07 years in each region of Turkey located between 36°N and 42°N and 26°E and 45°E), and the Poisson model,
used for computing occurrence probability and recurrence periods of earthquakes. In particular, it should be stated that in this study,
our purpose is not to compare the results obtained from these 2 methods. The main purpose is to show that earthquakes occurring in
Turkey can be modeled successfully by both a Markov chain, in which we have a different zoning, and the Poisson model, which can

determine seismic hazard.
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1. Introduction

For a seismically active region, it is impossible to know
for certain in advance the parameters of an earthquake
regarding time, location, magnitude, severity, etc.
However, statistical studies in the fields of geophysical,
geological, and earthquake engineering show that the
parameters of possible earthquakes can only be estimated
probabilistically, called a seismic hazard.

Early attempts in constructing seismic hazard maps
provided estimates of the severity of ground shaking
or damage from known or likely earthquakes. Modern
seismic hazard assessment began in the late 1960s, with
the publication of a series of papers describing and
applying the probabilistic seismic hazard assessment
method (Lee et al., 2003). Since earthquakes demonstrate
randomness according to parameters and there are various
uncertainties (such as some deficiencies in the earthquake
records), seismic hazard estimation with probabilistic
methods is seen as the most appropriate method. The first
models used for estimating seismic hazard were based on
the assumption that earthquakes are independent from
the times and places that they occur. The Poisson model
(Yiicemen and Akkaya, 1995; Kasap and Giirlen, 2003;
Cobanoglu et al., 2006) is the most common of such
models. Afterwards, attempts to estimate seismic hazard
were made using methods such as Gumbel extreme value
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distributions (Yiicemen and Akkaya, 1995; Cobanoglu et
al., 2006), exponential distributions (Kasap and Giirlen,
2003; Cobanoglu et al., 2006), and cluster analysis based
on separating earthquakes into groups in time and
Weibull distributions, a special form of the same model.
In subsequent studies, the Markov model (Pinar et al.,
1989; Yiicemen and Akkaya, 1995; Ulutas and Ozer, 2000;
Nava et al., 2005; Unal and Celebioglu, 2011), based on the
assumption that earthquakes indicate a dependence on the
time dimension in connection with elastic rebound theory,
and the semi-Markov model (Altinok, 1988; Altinok, 1991;
Altinok and Kolgak, 1999), based on the assumption that
earthquakes are dependent on the space dimension, have
been used.

Turkey is located on the Alpine-Himalayan
(Mediterranean) seismic belt, one of the most important
seismic belts of the world. For this reason, the seismicity
of this belt has been the subject of many studies and has
attracted the attention of geologists. Nowadays, since
increasing amounts of earthquake data are available in
Turkey, the estimation of seismic hazard has gained greater
importance (Bagci, 1996).

Compared with a previous study (Unal and Celebioglu,
2011), we have used a different approach for zoning to
estimate seismic hazard in Turkey with Markov chains
and the Poisson model. We think that the new approach
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will illuminate the interaction between the degrees of
earthquake zonings regarding occurrence of earthquakes,
whereas the previous study examined the interaction
between the geographical zones from the same perspective.

2. Methods
In this section, we will summarize the methodology used
for estimating the seismic hazard.

2.1. Markov chain
The Markov chain is an important class of stochastic
processes concerning the sequence of random variables
that correspond to the states of a certain system. In this
system, the state at one time epoch depends only that in
the previous time epoch (Cmlar, 1975), and hence the
observed information in the last time epoch eliminates the
need for the information in the preceding time epochs.

Let us consider a stochastic process X = {X :n=0,1,2,...}
having a finite or countable infinite state space S. When
X =i, we say that the process is in state i at time n. The
probability that the process is in state j in the next time,
provided that its present state is i, is denoted by P, and
is called the (1-step) transition probability from state i to
state j (Cinlar, 1975).

Definition 1. Suppose that there is a fixed probability P,
being independent of time such that

P{XVHI =.]|X0 =i0,X1 =il""’X
Xn =i}=P{Xn+1 =j|Xn

n-1 = ln 1°
=if=F;n=0
wherei i ,..i ,ijE€S Then X ={X :n=0,1,2,...} is called
a Markov chain (Cinlar, 1975).

By this definition, a Markov chain is a sequence of
random variables such that for any n, the next state of
process X is independent of the past states X, X ,..., X |,
that is, the strong Markov property is to hold at randomly
chosen times (Cinlar, 1975).

In the literature on Markov chains, it is customary to
arrange the transition probabilities in a matrix form and
call the resulting matrix the transition matrix. The elements
of a transition matrix hold the following conditions:

a) for any 2 states i, j €, §, P, > 0; and

b) foralli €S, ZP =1.

As seen in the next theorem and corollary, the joint
distribution of X, X ,... X can be completely specified
for every m once the initial distribution and the transition
matrix P are given (Cinlar, 1975).

Theorem 1. Let X = {X :n &€ N} be a Markov chain.
Forany m, n € Nym > 1and iy, i, ,....i, €S,

P{Xn+l
| X, =i} =P

=1,X,,=0,.X,,, =1

n+m m

ioh 1112 R

Corollary 1. For the Markov chain, let the initial
probability distribution 7, be given on the state space S;

ie. let P{X, =i} = 7, (i) for all i €S. Then for m € N and
iy iy e i ES,

P{X0=i0,X iy X, =i, } =

JTO(IO) ioiy 1112 o le_lim

In some cases, it may be necessary to calculate the
probabilities of the transitions between distant times for
the Markov chain. The following definition can then be
given.

Definition 2. For any m € N, n-step transition
probability from state i to state j is given by

P{X

where Pi. is the (i, j) th element of the nth power of
transition probability matrix P.

The following theorem reflects how to calculate the
steady state probabilities for the process (Ching and Ng,
2006).

Theorem 2. A vector ' = (7, 7,,..., 7, ) is said to be a
stationary (limit) distribution of Markov chain if

=jX,, =i} P(n),IJESTIEN

m+n

a)m, >0and2ﬂ =1;and

b)n'P= n,ieZ il =T,

are satisfied, where 7 is a column vector.
2.2. Entropy

2.2.1. Brief information on entropy
Entropy measures the uncertainty of a collection of
events, while probability measures uncertainty about the
occurrence of a single event (Karlin and Taylor, 1975).
In other words, entropy is a measure of the uncertainty
level for a system. According to studies on entropy,
entropy is only useful in cases that include an uncertainty.
Accordingly, the occurrence of events having a higher
probability does not provide further information, whereas
the occurrence of events having a lower probability does
provide more information (Ozkul, 2001; Karmeshu and
Pal, 2003).

For the discrete random variables, entropy is defined
as follows:

Definition 3. Let X be a random variable having the
values {x, X,, ..., x,} with the corresponding probabilities:

plx) =p(X=x)=p;i=12,..,n.

The entropy of X is given by:

H(X) = H(p) = ¢ p,logp,

i=1
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where c is an arbitrary positive constant and is taken as ¢ =
1 when the logarithm base is 2. In addition, it is assumed
that log0 = 0 in calculations (Karmeshu and Pal, 2003).

2.2.2. Maximum entropy principle of Jaynes

According to Jaynes, if a distribution is chosen such that
its entropy is less than maximum entropy, this reduction
in entropy might have come from some additional
information used consciously or unconsciously. However,
in the case in which such information is not given, it would
not be right to use the distribution having less entropy.
Thus, only the distribution having the maximum entropy
should be used (Jaynes, 1957; Karmeshu and Pal, 2003).

2.2.3. Entropy and Markov chains

Leti, j& Sbe the states of Markov chain, p, be the probability
of i, and p, (j) = p, be the conditional probability of j given
i. For the Markov chains, the entropy H(S) is defined as

H(S) = _Epizpi(j)logZPi (])

2.3. Poisson model

2.3.1. Magnitude-frequency relation

The basic magnitude—frequency relation suggested by
Gutenberg and Richter (1954) is of great importance,
since it is directly related to earthquake occurrence.
The relationship between magnitude and frequency is
expressed as:

LogN =a - bM,
where N is the cumulative earthquake number, M is
magnitude, and a and b are the coefficients.

In the Gutenberg-Richter function, a large value
of coefficient a points to numerous small earthquakes,
whereas a small value of coefficient b indicates the
predominance of big earthquakes (Cobanoglu et al., 2006).

2.3.2. Determination of seismic hazard by Poisson model
One of the commonly used models in estimating
earthquake occurrence is the Poisson model. According
to this model, the distribution of waiting time for another
earthquake is not affected by the time after the occurrence
of the previous earthquake (Oztemir et al, 2000;
Cobanoglu et al., 2006). The statistical data also show that
the Poisson model is valid, especially for big earthquakes
(Cobanoglu et al., 2006).

In the equation LogN = a - bM, the coefficients a and b
can be computed by the least squares method. According
to this method, normal equations are as follows (Sayil and
Osmangahin, 2005):

ZLogN =an - bEM

ZMLogN_a M bEMZ
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Annual average earthquake occurrence number N(M)
calculated according to the coefficients and earthquake
magnitude is expressed as:

N(M) — ] Q@-logbIn10)-logT-bM

where T stands for the investigated time periods and,
accordingly, seismic hazard values R(M) can be determined
by the following equation:

*

R(M)=1-¢ 0"

where T* shows the future time portion to be used in
calculating seismic hazard. The recurrence period is
determined as years by using the equation:

—7— (Cobanoglu et al., 2006).

3. Analysis of the earthquake data

In this section, our aim is to estimate the seismic hazard
of Turkey by using Markov chains and the Poisson model.
Similar studies were done for Japan by Nava et al. (2005)
and for Turkey by Unal and Celebioglu (2011). In this
study, with a new approach to the zoning and an additional
analysis to the previous one, we obtain some new results.

For this study, we have used the earthquake data of
Turkey having magnitude M > 4 between 36°N and 42°N
and 26°E and 45°E. The data belonging to the years 1901-
2006 were obtained from Bogazi¢i University’s Kandilli
Observatory Earthquake Research Institute, National
Earthquake Monitoring Center. We considered the
seismic zones map of Turkey in Figure 1 published by the
Ministry of Public Works and Settlement in 1996, which
is also approved by the Council of Ministers, and used
geographic information system analysis to divide Turkey
into 4 regions as follows.

On the seismic zones map of Turkey,

First-degree seismic zone is taken as region 1,
Second-degree seismic zone is taken as region 2,
Third-degree seismic zone is taken as region 3,
Fourth-degree and fifth-degree seismic zones are taken as
region 4.

Here, the reason for combining the fourth-degree and
fifth-degree seismic zones is to avoid a shortage of data
and hence to reduce the number of zero probabilities in
the transition matrix for the analysis.

3.1. Markov chain approach

Given a seismic catalog, the state of each rth region
s, can have one of 2 values during each time interval: 0
or 1, corresponding to the absence or presence of the
earthquakes with magnitude M > 4 in each region,
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Figure 1. Seismic zones map of Turkey.

respectively. In this study, there are 4 regions and hence
2% =16 states. Therefore, the set of all possible states is S =
{0,1,2...,15} .

For a given interval At, if there are no earthquakes
in any region, we write 0000 for the state 0; if there is
earthquake(s) only in region 1, we write 1000 for state 1;
if there is earthquake(s) only in region 2, we write 0100
for state 2, and so on; and if there is earthquake(s) in
all regions, we write 1111 for state 15. The regions and
corresponding states are shown in Table 1.

Table 1. The regions and corresponding states.

Region
State

1 2 3 4
0 = 0 0 0 0
1 = 1 0 0 0
2 = 0 1 0 0
3 = 1 1 0 0
4 = 0 0 1 0
5 = 1 0 1 0
6 = 0 1 1 0
7 = 1 1 1 0
8 = 0 0 0 1
9 = 1 0 0 1
10 = 0 1 0 1
11 = 1 1 0 1
12 = 0 0 1 1
13 = 1 0 1 1
14 = 0 1 1 1
15 = 1 1 1 1

For the different values of the time interval Aft,
transition matrices were obtained, and according to the
maximum entropy principle and some conditions (Nava
et al., 2005, pp. 1349-1350) it was found that the most
suitable transition matrix corresponds to At = 0.07 years.
From the data, the matrix of transition frequencies and the
transition matrix obtained from this matrix are estimated
as follows.

The matrix of transition frequencies:

0 1 2 3 4 5 6 7 8 91011 12131415
0407 146 42 28 12 5 1 7 9 1 1 0 0 0 0 1
1{131 133 30 49 10 23 2 7 2 11 1 2 0 1 1 2
2146 26 8 10 2 3 01 1 0 01 00O0O0 2
3127 48 8 37 5 7 022 3 180111
4113 7 2 3 0 3 100 0 O0O0O0O0OO0O0
5(9 20 3 9 0 4 2301 111000
6 4 1 0 1 0 1 010 0 1 0O0O0O0O0

State(i) 715 7 2 5 0 3 03000O010O0O0O0
819 4 0 1 0 0 0O0OOOOOOOUOO
91 4 &8 1 4 0 1 0101 00O0O0O0O
10 2 o 1 1 0 0 0O0OOT1TO0OO0OOOUOO
11 1 312 0 1 2002 00O0O0T1O0
121 0 o 1 0 0 1 00O0OO0OO0OO0OO0OO0OO0OO
13{ 0 o 1 0 0 0 100 O0O0O0OO0OO0OO0O0
14| 1 1 0 1 0 0 0O0OOTUOOOOOOO
151 0 1 0 1 0 2 0100 O0OT1O0O0UO0O0
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The transition matrix:

0 1 2 3 4 5 6 7
0.6167 0.2212 0.0636 0.0424 0.0182 0.0076 0.0015 0.0106
0.3235 0.3284 0.0741 0.1210 0.0247 0.0568 0.0049 0.0173
0.4600 0.2600 0.0800 0.1000 0.0200 0.0300 0.0000 0.0100
0.1788 0.3179 0.0530 0.2450 0.0331 0.0464 0.0000 0.0132
0.4483 0.2414 0.0690 0.1034 0.0000 0.1034 0.0345 0.0000
0.1667 0.3704 0.0556 0.1667 0.0000 0.0741 0.0370 0.0556
0.4444 0.1111 0.0000 0.1111 0.0000 0.1111 0.0000 0.1111
0.1923  0.2692 0.0769 0.1923 0.0000 0.1154 0.0000 0.1154
0.6429 0.2857 0.0000 0.0714 0.0000 0.0000 0.0000 0.0000
0.2000 0.4000 0.0500 0.2000 0.0000 0.0500 0.0000 0.0500
0.4000 0.0000 0.2000 0.2000 0.0000 0.0000 0.0000 0.0000
11{0.0769 0.2308 0.0769 0.1538 0.0000 0.0769 0.1538 0.0000
1210.0000  0.0000 0.5000 0.0000 0.0000 0.5000 0.0000 0.0000
1310.0000  0.0000 0.5000 0.0000 0.0000 0.0000 0.5000 0.0000
1410.3333  0.3333 0.0000 0.3333 0.0000 0.0000 0.0000 0.0000
1510.0000 0.1667 0.0000 0.1667 0.0000 0.3333 0.0000 0.1667

State (i)

© NN A WD = O

= ©

8 9 10 11 12 13 14 15
0.0136 0.0015 0.0015 0.0000 0.0000 0.0000 0.0000 0.0015
0.0049 0.0272 0.0025 0.0049 0.0000 0.0025 0.0025 0.0049
0.0100  0.0000 0.0000 0.0100 0.0000 0.0000 0.0000 0.0200
0.0132  0.0199 0.0066 0.0530 0.0000 0.0066 0.0066 0.0066
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0185 0.0185 0.0185 0.0185 0.0000 0.0000 0.0000
0.0000 0.0000 0.1111 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0385 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0500 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.2000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.1538 0.0000 0.0000 0.0000 0.0000 0.0769 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.1667 0.0000 0.0000 0.0000 0.0000

Each value in the transition matrix indicates the
transition probabilities between the states. For example,
using 1901 as the beginning year, it can be seen that in
the case in which earthquakes only in region 1 having
magnitude M > 4 occur(s) in any period (with length At =
0.07 years), the probability of earthquake occurrences only
in region 2 having magnitude M > 4 in the next period
(with length At = 0.07 years) is about 7.4%. From states 0
through 11, earthquakes either occur only in region 1, or
they do not occur with the highest probability. Especially
in region 1, a period having earthquake(s) follows a second
period having earthquake(s) with the highest probability.

3.1.1. Chi-square analysis

Chi-square analysis is conducted to test whether or not
the estimated transition matrix fits the data by simulation
study. In the simulation study we have the same total
frequency with observed frequencies, and the expected
frequencies are obtained as follows:

354

Expected frequencies

0 1 2 34 5 67 8 9101112131415
07401 149 39 30 11 9 1 6 10 3 0 0 0 0 0 1]
10127 136 31 51 8 23 5 6 2 7 4101 0 3
2145 22 8 14 2 3 01 3 000000 2
3/30 40 7 4 6 10 04 1 11 80110
4112 8 3 3 0 2 10 0 000000 O
516 19 1 130 1 26 0 0123000
6/4 0 0 2 1 1 000 100000 O

State(07 2 7 4 6 0 4 0200001000
811 2 0 1 0 0 00 0 00 O0O0O0O O
9/5 9 1 4 0 0 01 0 00O0O0GO0O0 O
02 0 0 1 0 0 002 0000000
1M/2 3 0 4 0 1 200 1000000
1200 0 1 0 0 1 000 00O0O0O0O0O
Blo 0 1 0 0 0 100 00O00O0O0O00O0
40 2 0 1 0 0 00 0 0O0O0O0O0O0O
1500 2 0 0 0 20000020000
Observed frequencies

0 1 2 3 4 56 78 9101112131415
0407 146 42 28 12 5 1 79 1 1 0 0 0 0 1
10131 133 30 49 10 23 2 7 2 11 1 2 0 1 1 2
20146 26 8 10 2 3 011 001000 2
3127 48 8 37 5 7 022 3 1801111
413 7 2 3 0 3 1000000000
519 20 3 9 0 4 2301 111000
6/4 1 0 1 0 1 0100100000

Stat‘:(1)7 5 7 2 5 0 30300001000
89 4 0 1 0 0 00O0O0O0OO0OO0O0O
94 8 1 4 0 1 0101000000
o2 0 1 1 0 0 00O0T1O00O00O0O0O
mfr 3 1 2 0 1 2002 0000T10
200 0 1 0 0 1L 0000 0O0GO0OTO0O
B3lo 0 1 0 0 0 100000O0O0TO0O
41 1 0 1 0 0 00O0OOOOOO0OO0
150 1 0 1 0 2 0100010000

In the goodness-of-fit test for the transition matrix, we
will be interested in testing:

H: Estimated transition matrix fits the data, versus

H : Estimated transition matrix does not fit the data.

We have the results for the test as follows.

The calculated value of the test statistics is Xer =17-93
and under the significance level of 0.05, the critical value
iS X005 = 55.76. Since x”, < ;(54’0'05, the null hypothesis
cannot be rejected.

Moreover, by comparison of the observed and expected
frequencies, we conclude that we have an 85.21% aftcast
(forecast of data already used to evaluate the hazard)
success rate in the average for the entire catalog. In Unal
and Celebioglu’s study (2011), the aftcast success rate was
81.1%.
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3.1.2. Regional transition probabilities

From the transition matrix, it can be found that the
conditional probabilities of an earthquake occurrence in
region L (L = 1,2,3,4), given that the system is in state i
(i =0,1,..,,15), (Nava et al., 2005, pp. 1355-1359) are as
follows:

1 2 3 4
0 0.284848 0.121212 0.039394 0.018182]
110.562963 0.232099 0.113580 0.049383
2 10.430000 0.220000 0.080000 0.040000
3 10.708609 0.384106 0.112583 0.112583
4 10.448276 0.206897 0.137931 0.000000
510.703704 0.351852 0.185185 0.074074
6 (0.444444 0.333333 0.222222 0.111111
Statei) 7 10.692308 0.384615 0.269231 0.038462
8 [0.357143 0.071429 0.000000 0.000000
9 10.750000 0.300000 0.100000 0.050000
10]0.400000 0.400000 0.000000 0.200000
11(0.615385 0.461538 0.307692 0.230769
12{0.500000 0.500000 0.500000 0.000000
13 {0.000000 1.000000 0.500000 0.000000
14 {0.666667 0.333333 0.000000 0.000000
15{1.000000 0.500000 0.500000 0.166667

From the above matrix, for example, looking at line 1, it
can be seen that in the case in which no earthquakes having
magnitude M > 4 occur in any period (with length At =
0.07 years), the probabilities of earthquake occurrences in
each region for the next period are low. Furthermore, the
aftcasts of regional activity have a 92.61% success rate on
average; the highest aftcast has about a 95.72% success rate.

3.1.3. Limit distribution
The limit distribution of the Markov chain is found as
follows:

z -(0.4391 0.2703 0.0667 0.1016 0.0194 0.0361 0.0060 0.0174
0.0093 0.0134 0.0033 0.0087 0.0013 0.0013 0.0020 0.0040)

The WinQSB software package states that the system
can reach its steady state after 16 periods (a period in
excess of approximately 1 year, 16x0.07 = 1.12 years) on
the average. This limit distribution can be interpreted as
follows: in the long run, there will be no earthquakes in all
the regions 43.9% of the times, there will be earthquake(s)
only in region 1 at 27.0% of the time, only in region 2 at
6.7% of the time, only in region 3 at 1.9% of the time, only
in region 4 at 0.9% of the time, only in regions 1 and 2 at
10.2% of the times..., and there will be earthquake(s) in all
the regions 0.4% of the time.

The ratio nt(k)/m(j)obtained from the limit distribution
can be interpreted as the expected number of transitions to
k between 2 transitions to j for the Markov chains (Cinlar,
1975). Under this interpretation, we can give the following
matrix:

0 1 2 3 4 5 6 7
0 [1.0000 1.6247 6.5831 4.3217 22.6860 12.1720 72.9940 25.3060
1106155 1.0000 4.0519 2.6600 13.9630 7.4921 44.9280 15.576
2 [0.1519 0.2468 1.0000 0.6565 3.4461 1.8490 11.0880 3.8441
3102314 03759 1.5233 1.0000 5.2493 28166 16.8900 5.8555
410.0441 0.0716 0.2902 0.1905 1.0000 0.5366 3.2176  1.1155
510.0822 0.1335 0.5408 0.3550 1.8637 1.0000 59967 2.0789
6 10.0137 0.0223 0.0902 0.0592 0.3108 0.1668 1.0000 0.3467
State(i) 7 10.0395 0.0642 0.2601 0.1708 0.8965 04810 2.8845 1.0000
8 10.0213 0.0345 0.1400 0.0919 04823 02588 1.5519 0.5380
9 10.0305 0.0495 0.2005 0.1316 0.6908 0.3707 22227 0.7706

10 {0.0076 0.0124 0.0501 0.0329 0.1727 0.0926  0.5555  0.1926
0.0199 0.0323 0.1307 0.0858 0.4505 02417 14496 0.5026
1210.0030 0.0049 0.0200 0.0131 0.0690 0.0370 0.2221  0.0770
13{0.0031 0.0050 0.0201 0.0132 0.0692 0.0371 0.2227  0.0772
14 {0.0046 0.0074 0.0301 0.0198 0.1039 0.0557 03343  0.1159
1510.0091 0.0148 0.0601 0.0394 02070 0.1111 0.6661  0.2309

8 9 10 11 12 13 14 15
47.0360 32.8400 131.4000 50.3530 328.6900 327.7100 218.3600 109.5900
28.9510 20.2130 80.8760 30.9930 202.3100 201.7100 134.4000 67.4530
7.1450 49885 19.9600 7.6489 49.9300 49.7810 33.1710 16.6470
10.8840 7.5987 30.4040 11.6510 76.0550 75.8280 50.5270  25.3580
2.0734 14476 5.7920 22196  14.4890 14.4460 9.6256 4.8308
38642 2.6979 10.7950 4.1367 27.0030 26.9220 17.9390 9.0032
0.6444  0.4499 1.8001 0.6898 0.0005 4.4896 29915 1.5014
1.8587  1.2977 5.1924 1.9898 12.9890 12.9500 8.6290 43307
1.0000  0.6982 2.7935 1.0705 6.9880 6.9672 4.6425 2.3299
1.4323 1.0000 4.0012 1.5333 10.0090 9.9791 6.6494 3.3372
0.3580 0.2499 1.0000 0.3832 2.5015 2.4940 1.6619 0.8340
09341 06522 26095 10000 65277 65082 43366  2.1764
0.1431 0.0999 0.3998 0.1532 1.0000 0.9970 0.6643 0.3334
0.1435  0.1002 0.4010 0.1537 1.0030 1.0000 0.6663 0.3344
02154  0.1504 0.6017 0.2306 1.5052 1.5007 1.0000 0.5019
04292  0.2997 1.1990 0.4595 2.9993 2.9903 1.9925 1.0000

For example, the element in the fourth row and ninth
column of this matrix can be interpreted as follows:
between the 2 earthquakes that occurred only in region 4,
it is expected that approximately 11 earthquakes occurred
only in regions 1 and 2, simultaneously.

3.1.4. Estimated distributions of earthquakes in Turkey
for the future
In this section, using 2006 as the beginning year, we have
tried to predict the earthquakes in Turkey in the future
years.

Let n be the number of periods after the year 2006, such
that 2006 + 0.07 year x n The distribution of earthquakes
in period n, &' , is thus given by:

7 =xn' Psn=12,..,
n 0

where 5’ is the initial distribution, and it can be taken as
follows:
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!
.7[0 =(0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625

0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625)

The estimated distributions of earthquakes in Turkey
for the next 5 periods from the beginning of 2006 are given
in Table 2.

According to the estimation of the first period,
between 1 January 2006 and 26 January 2006 (At = 0.07
years, about 26 days), the probability that there are no
earthquakes having magnitude M > 4 in any region
is 28%, earthquake(s) only in region 1 is 22.1%...and
earthquake(s) in all regions is 0.2%. As the number of
periods increases, the single region-specific probabilities,
except for region 2, increase; the probabilities for double
and triple combinations of regions decrease and the
probability for all regions increases for the first period
and then decreases; and all of these probabilities become
rapidly stationary; i.e. approximate to the steady-state
distribution.

3.2. Poisson model

3.2.1. Evaluation of the magnitude-frequency relation
The magnitude distributions of earthquakes that occurred
in each region are given in Tables 3-6. The scatterplots
and mathematical models of the magnitude-frequency
relations obtained from the distributions for each region
are given in Figures 2-5.

From the figures it is easily seen that the highest
determination coefficient emerges in region 1 (98.8%)
and the lowest emerges in region 3 (95.2%). In all of the
regions, the changes in frequencies of earthquakes are
explained by the changes in their magnitudes and only a
portion of less than 5% remain unexplained. The orders
of determination coeflicients of the regions are consistent
with the complexity of their seismic structures; that is,
region 1 is connected to almost every side of the country
and regions 3 and 2 are within the interior of the country.
Statements similar to those for region 1 can be used
to describe region 4. At the same time, in the 3 models
(other than that for the first region), the frequencies of
extreme magnitudes, i.e. the small and large magnitudes,
are underestimated a bit and the frequencies in the middle
are overestimated a bit, while the model for the first region
estimates the frequencies almost on the regression line.

3.2.2. Determination of seismic hazard and recurrence
periods by Poisson models

Calculated seismic hazard values and recurrence periods
for each region are shown in Tables 7-10.

For example, to interpret Table 7, in the first region,
the occurrence probability of an earthquake having a
magnitude of 5.0 in 10 years is 100.00%. Moreover, the
recurrence period for an earthquake having a magnitude of
5.0 was found to be 0.58 years. This can be interpreted such
that there are approximately 2 earthquakes of magnitude
5.0 per year in the first region. As expected, in all regions
as the magnitude increases, the recurrence period also
increases. The recurrence period attains its maximum in
the region 3 for the magnitude 7.5, for example.

When the tables are compared to each other regarding
recurrence periods, the recurrence periods in region 2 are
4 to 5.4 times longer than those in region 1. Similarly, the
recurrence periods in region 3 are 13.5 to 17.4 times longer,
and the recurrence periods in region 4 are 6.2 to 26.2 times
longer than those in region 1. The recurrence periods in
region 3 are 3.4 to 5.4 times longer than those in region 2.
For magnitudes 4.0-5.0, the recurrence periods in region
3 are at most 1.9 times shorter, and for magnitudes 5.5-7.5,
are at most 2.8 times longer than those in region 4.

4. Conclusions

In the Erzincan earthquake (26 December 1939), one
of the largest earthquakes of the 20th century, and in
the Marmara earthquake (17 August 1999), thousands
of people died and tens of thousands were wounded;
additionally, hundreds of thousands of buildings collapsed.
These experiences indicate that we may face these types
of destructive earthquakes in the future. For this reason,
with some statistical analysis and predictions done in this
study, we tried to show that the casualties and damage that
occurred in the results of those earthquakes in Turkey,
an earthquake zone, could have been prevented to some
extent. Furthermore, in the Van earthquake (23 October
2013), great destruction and casualties demonstrated once
again the importance of such studies.

Compared with the previous study (Unal and
Celebioglu, 2011), in this study a different approach to
zoning made it easier to see that the earthquakes occurring
in Turkey can be modeled more successfully by a Markov

Table 2. Estimated distributions for the first 5 periods from 1 January 2006.

2006 + 0.07 years ~ 0.280 0.221 0.112 0.138 0.006 0.094 0.046
2006 + 0.14 years ~ 0.380 0.277 0.065 0.124 0.017 0.046 0.008
2006 + 0.21 years ~ 0.414 0.274 0.068 0.111 0.019 0.040 0.007
2006 + 0.28 years  0.429 0.272 0.067 0.105 0.019 0.038 0.006
2006 + 0.35years  0.435 0.271 0.067 0.103 0.019 0.037 0.006

0.034 0.003 0.029 0.009 0.016 0.004 0.001 0.005 0.002
0.026 0.008 0.017 0.009 0.012 0.003 0.001 0.003 0.005
0.019 0.009 0.016 0.004 0.010 0.002 0.0015 0.002 0.004
0.018 0.009 0.014 0.004 0.009 0.001 0.001 0.002 0.004
0.018 0.009 0.014 0.003 0.009 0.001 0.001 0.002 0.004
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Table 5. Distribution of magnitudes of earthquakes that occurred

in the first region. in the third region.

Magnitude Frequency (N) Cumulative frequency (Ni) Magnitude Frequency (N)  Cumulative frequency (Ni)
4.0-4.4 874 2059 4.0-4.4 76 169

4.5-4.9 711 1185 45-49 56 93

5.0-5.4 298 474 5.0-5.4 24 37

5.5-5.9 127 176 5.5-5.9 11 13

6.0-6.4 35 49 6.0-6.4 2 2

6.5-6.9 11 14

7.0-7.4 1 3

7.5+ 2

Table 4. Distribution of magnitudes of earthquakes that occurred
in the second region.

Table 6. Distribution of magnitudes of earthquakes that occurred
in the fourth region.

Magnitude Frequency (N) Cumulative frequency (Ni)
4.0-4.4 200 492
4.5-4.9 169 292
5.0-5.4 71 123
5.5-5.9 39 52
6.0-6.4 10 13
6.5-6.9 3 3
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Figure 2. Magnitude-frequency relationship for the first region.
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Figure 4. Magnitude-frequency relationship for the third region.

Figure 5. Magnitude—frequency relationship for the fourth
region.
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Table 7. Obtained seismic hazard and recurrence periods for the first region.

Seismic hazard (%) (for the first region)

Recurrence period
Years

M Q (years)
10 20 30 40 50 60 70 80 90 100

4.0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  0.06
4.5 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  0.19
5.0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  0.58
5.5 99.64 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1.78
6.0 83.86 97.40 99.58 99.93 99.99 100.00 100.00 100.00 100.00 100.00  5.48
6.5 44.64 69.35 83.03 90.61 94.80 97.12 98.41 99.12 99.51 99.73 16.9
7.0 17.44 31.84 43.73 53.54 61.65 68.34 73.86 78.42 82.18 85.29 52.2
7.5 6.02 11.68 17.00 22.00 26.70 31.12 35.27 39.17 42.83 46.27 161

Table 8. Obtained seismic hazard and recurrence periods for the second region.

Seismic hazard (%) (for the second region)

Recurrence period
Years

M Q (years)
10 20 30 40 50 60 70 80 90 100

4.0 100.00 100.00  100.00 100.00  100.00 100.00  100.00 100.00  100.00  100.00  0.24
4.5 100.00 100.00  100.00 100.00  100.00 100.00  100.00 100.00  100.00  100.00  0.76
5.0 98.29 99.97 100.00 100.00  100.00 100.00  100.00  100.00  100.00  100.00  2.46
5.5 71.59 91.93 97.71 99.35 99.81 99.95 99.99 100.00  100.00  100.00  7.95
6.0 32.25 54.10 68.90 78.93 85.73 90.33 93.45 95.56 96.99 97.96 25.7
6.5 11.35 21.41 30.33 38.24 45.25 51.46 56.97 61.86 66.19 70.02 83

7.0 3.66 7.18 10.58 13.85 17.01 20.04 22.97 25.79 28.50 31.12 268
7.5 1.15 2.28 3.40 4.51 5.60 6.69 7.76 8.81 9.86 10.89 867

Table 9. Obtained seismic hazard and recurrence periods for the third region.

Seismic hazard (%) (for the third region)

Years Recurrence period
M Q (years)
10 20 30 40 50 60 70 80 90 100

4.0 100.00  100.00  100.00  100.00  100.00  100.00  100.00 100.00  100.00 100.00  0.81
4.5 97.92 99.96 100.00  100.00  100.00  100.00  100.00 100.00  100.00 100.00  2.58
5.0 70.14 91.08 97.34 99.20 99.76 99.93 99.98 99.99 100.00 100.00  8.27
55 31.41 52.95 67.73 77.86 84.81 89.58 92.86 95.10 96.64 97.69 26.5
6.0 11.09 20.96 29.73 37.52 44.45 50.61 56.09 60.96 65.29 69.14 85

6.5 3.60 7.07 10.42 13.65 16.76 19.75 22.64 25.43 28.12 30.70 273
7.0 1.14 2.26 3.37 4.47 5.56 6.63 7.70 8.75 9.78 10.81 874
7.5 0.36 0.71 1.06 1.42 1.77 2.12 2.47 2.81 3.16 3.51 2802
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Table 10. Obtained seismic hazard and recurrence periods for the fourth region.

Seismic hazard (%) (for the fourth region)

Recurrence period

M Years Q (years)
10 20 30 40 50 60 70 80 90 100

4.0 99.83 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 1.57

4.5 92.00 99.36 99.95 100.00 100.00 100.00 100.00 100.00 100.00 100.00  3.96

5.0 63.39 86.60 95.09 98.20 99.34 99.76 99.91 99.97 99.99 100.00  9.95

55 32.95 55.04 69.86 79.79 86.45 90.91 93.91 95.92 97.26 98.16 25

6.0 14.70 27.24 37.94 47.06 54.84 61.48 67.15 71.98 76.10 79.61 62.9

6.5 6.08 11.80 17.16 22.20 26.93 31.38 35.55 39.47 43.15 46.61 159

7.0 2.48 491 7.27 9.57 11.82 14.01 16.15 18.23 20.26 22.25 397

7.5 1.00 1.98 2.96 3.92 4.88 5.83 6.77 7.69 8.61 9.52 999

chain model (an 85.21% aftcast success rate on average for
the new model against a 81.1% aftcast success rate for the
entire catalog for the former model). In addition to this
result, the recurrence periods of earthquakes of different
magnitudes in each region were estimated by the Poisson
model, which is particularly valid for big earthquakes.
Thus, the recurrence periods of earthquakes, especially the
big ones, can be known with great accuracy and necessary
precautions can be taken. As was also emphasized by
Ozmen (2012), in Turkey, there are overexpected losses of
earthquakes whose most important role are played by the
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