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1. INTRODUCTION

Abstract

In this paper, 4863 earthquake data of magnitude 4.0 and greater from 1900 to 2014 are
statistically analyzed for the earthquake hazard in Turkey. The magnitude-frequency
relationship in earthquake risk analysis is often performed by Gutenberg-Richter model. With
the use of this model, information about earthquake potential of any region can be obtained by
previous data and by estimating parameters such as return periods and possibilities of their
occurrence. In this study, the relationship between earthquake numbers and magnitudes is
modelled with the Generalized Linear Models as an alternative to Gutenberg-Richter model.
Generalized Poisson Regression model and Generalized Negative Binomial Regression models
as Generalized Linear Models are utilized in the study. Generalized Poisson Regression model
is found as the best model when considering the dispersion parameters and model selection
criteria. Exceeding probabilities and return periods are calculated for the selected years
depending on yearly average occurrence number of earthquakes estimated with the Gutenberg-
Richter and Generalized Poisson Regression models. According to the results, Generalized
Poisson Regression model can be employed for seismic risk modelling in Turkey.

Turkey, located on the Alpine-Himalayan belt, is one of the areas of high seismicity in the world. There
are many active faults in Turkey, due to its complex geological structure and geodynamic situation. The
active fault map of Turkey by Saroglu et al. (1992) [1] is given in Figure 1.
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Figure 1. The active fault map of Turkey
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According to the active fault map of Turkey, the North Anatolian Fault (NAF) and East Anatolian Fault
(EAF), as well the Eastern Anatolia, Marmara and Aegean regions are the highest earthquake risk areas in
Turkey. The largest earthquakes (1939 Erzincan Ms = 8.3, 1942 Niksar- Erbaa Ms = 6.9, 1944 Bolu-
Gerede Ms = 7.5, 1949 Karliova Ms = 7.9, 1971 Bingol Ms = 6.8, 1999 [zmit Ms = 7.4, 1999 Diizce
Ms = 7.2, 2010 Elaz1ig Ms = 6.0 and 2011 Van Ms = 7.2) that have took place in Turkey during the last
century occured over the NAF. These earthquakes have caused major damage such as loss of life and
property. In this sense, especially in earthquake regions of high risk, the earthquake hazard analysis plays
a significant role in minimizing damage.

The aim of the earthquake hazard analysis is to estimate earthquake occurrence probabilities and their
recurrence periods by using the relationship between the magnitude and number (frequency) of the
earthquakes. Here, one of the main problems is how to find the best suitable model that estimates seismic
risk. The basic model is the Gutenberg Richter (GR) model that states the logarithm of the frequency is
linearly dependent on the magnitude [2]. However, Firuzan (2008), [3] said that many authors have
discussed the usage of GR model especially in the tails of the distribution (Dargahi-Noubary (1986), [4];
Main (1996), [5]). As said in the same paper, Dargahi-Noubary (1986), [4] and Kagan (1993), [6] suggest
that more suitable statistical models should be used instead of GR model for the distribution with high
magnitudes. For this purpose, Firuzan (2008), [3] give the comparative assessment of four advanced
statistical distributions, to provide earthquake probabilites and return periods for all different zone regions
in western Anatolia. Here, the statistical models compared are the Exponential (EXP), Extreme value
distribution Typel (Gumbel) (GUM), Log Pearson Type 3 (LP3), and Generalized Pareto (GP) models.
The results indicate that the GP and GUM distributions are most appropriate for describing the peaks over
the threshold earthquake series and annual maximum earthquake data in western Anatolia, respectively.
Cobanoglu et al. (2006), [7] compared the GR model with the Exponential, Gumbel and Poisson models
to determine the magnitude and frequency relationship for the Denizli region. As a result, they found that
the return periods obtained with the Poisson model are larger values than the other models.

On the other hand, there are other studies in the literature on earthquake hazard analysis using statistical
models due to Turkey's high seismicity: Kalyoncuoglu (2007) performed an evaluation of seismicity and
earthquake hazard parameters using a new approach to the Gutenberg—Richter relation in Turkey and the
surrounding area [8]. Bayrak et al. (2005) estimated some fundamental seismic parameters using the
Gumbel 111 asymptotic distribution based on the GR model for different regions in Turkey [9]. Oztiirk et
al. (2008) calculated the most probable maximum magnitudes, the mean return periods (in years) and the
probabilities for different time periods at given magnitudes by using the Gumbel’s I asymptotic
distribution in order to estimate the seismicity of the 24 seismic regions in Turkey [10]. Some of the
approaches in the literature are concerned with the Markov chains [11, 12], stochastic models [13],
reliability issues [14, 15], probability density and distribution functions [16], probabilistic assessment of
earthquake insurance rates [17] and Poisson approachs [18]. Also, for earthquake hazard in several
regions of Turkey and the Earth, the other methods relating to the assessment of the earthquake hazard
parameters have been applied for the occurrence probabilities and return periods of earthquakes [19-26].
In classical regression models developed for GR, it is required that the dependent variable be normally
distributed with constant variance and be a linear function of independent variables. Independent
variables may be constant, categorical or the combination of both [27]. However, it is possible to
encounter conditions where these assumptions cannot be provided in practice. Generalized Linear Models
(GLMs) do not require continuity and normality assumptions [28]. Therefore, our purpose in this study is
to use GLMs in order to statistically make analysis of the earthquake hazard, as an alternative to linear
regression GR models.

The concept of GLMs was first developed by Nelder and Wedderburn (1972) [29]. During the years
ahead, McCullagh and Nelder (1989), [27] and Dunteman and Ho (2006), [30] worked on GLMs.
Additionally, there are GLMs applications in various areas such as actuary, insurance and engineering
[28, 31, 32].

GLMs applications are significant in that the dependent variable is rare case. The number of earthquakes
with a magnitude greater than a certain value may be considered as rare case. The objective of this study
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is to present an application of GLMs by using Generalized Poisson Regression (GPR) and Generalized
Negative Binomial Regression (GNBR) models for the earthquake hazard analysis of Turkey. The
relationship between the number of earthquakes (i.e., frequency) and magnitude are estimated by GPR
and GNBR models. Earthquake risk parameters are calculated for GPR and GNBR models and the
obtained results for selected model according to dispersion parameters and model selection criteria are
compared by the traditional GR model.

As different from other studies, the purpose of present study is to use GLMs, which are more flexible in
providing of normality and linerarity assumptions, to calculate earthquake probabilities and return
periods. The use of this model also allows to choose the model fit according to the dispersion parameters.
Therefore, we have proposed a different statistical approach to model earthquake magnitude-frequency
relation with this study. On the other hand, we did not find in our literature reviews of studies conducted
with the GLM, considering the dispersion parameter for earthquake data. However, it is said that the
GLM gives more meaningful results than other known methods in engineering applications [32, 33]. In
addition, in the literature reviews of studies, other statistical methods are generally used to estimate the
earthquake probability and return periods in different regions of Turkey. Unlike the methods used in these
studies, we used the GLMs to estimate earthquake probabilities and return periods. As a result, we have
shown in this study that GPR model, as an alternative to GR model, can be used for Turkey earthquake
data. One of the important results of our study is that the predicted return periods by the GPR model are
larger than the estimated using the GR model for earthquake magnitudes smaller than 7. The normality
and linearity assumptions may not be provided especially for regional earthquake studies since there will
be less data. In this case, we think that the use of GLM models in regional earthquake analyzes can make
an important contribution to the literature.

The rest of the paper is organized as follows. Section 2 consists methodology chapter that gives required
information for the GR, GPR and GNBR models and the estimation of earthquake risk parameters. Also,
AIC and BIC criteria used for the choice of the model according to dispersion conditions is described in
the same section. Section 3 presents the results and discussion included an application of the earthquake
hazard analysis in Turkey using GR, GPR and GNBR models. Finally, some conclusions and suggestions
are contained in Section 4.

2. METHODOLOGY AND METHODS

In order to perform the earthquake risk analysis of Turkey (located between 36-42°N latitudes and 26-
45°E longitudes) which is among the leading countries subject to earthquake risks, the earthquake data,
whose magnitude values (M) are 4.0 or greater between 20.09.1900 and 20.07.2014 were gathered from
the Bogazici University Kandilli Observatory and Earthquake Research Institute [34]. In this study,
magnitude values of X, type which have the greatest value in magnitude (Mp: Time dependent, M, :
Local, My,:Moment, Mg:Surface wave, M, :Body wave) are used for earthquake data. Turkey earthquake
map containing this data are illustrated in Figure 2.

- 40{M<4.9 + 50¢(M<59 4 6.0(M<B9 = M37.0
Figure 2. Earthquake map for Turkey from 1900 to present
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This paper, which helps to perform the earthquake hazard analysis of Turkey, consists of three main
stages with the following methodological steps.

(1) The determination of frequency distribution for frequency and magnitudes of earthquakes:

a. Data: 4863 earthquake data with magnitudes 4.0 <M < 7.9 for 115 years from
1900 to 2014 are utilized.

b. Frequency table: The magnitudes with 0.1 class interval, number of earthquakes or
frequency (n;), cumulative frequency (N), cumulative frequency per year (N/t) and
log transformation of (N) (i.e., y = LogN) are occurred.

(2) The performing of dispersion parameters and goodness-of fit test for models.

a. Descriptive statistics and model selection for frequency: Frequency (N) is taken as
dependence variable and descriptive statistics of LogN and LnN variables are
calculated. Then Kolomogorov Simirnov goodness-of-fit test is used to show that the
normal distribution is suitable to LogN frequency data for GR model and the
Poission distribution is suitable to LnN frequency data for GPR model.

b. Model setup: The relation between magnitude and frequency are occurred with GR,
GPR and GNBR models.

c. Model selection for the relation between magnitude and frequency: Model
parameters are estimated using SPSS 18.0 and the best model is selected with
dispersion parameters and model selection crieteria (Akaike Information Criterion
(AIC) and Bayesian Information Criterion (BIC))

(3) The analyzing of the earthquake hazard for selected models.

a. Calculation of earthquake parameters for selected models: a,b,a’,a; and aj
parameters are calculated for selected models.

b. Evaluation of the earthquake hazard analysis of Turkey: Average earthquake number
n(M), recurrence probabilities R(M) and return periods Q(T) are estimated from
selected models.

In here, the mentioned models (the GR model, the GPR model and GNBR model), the performing of the
earthquake hazard analysis and model selection are defined in the following subsections:

2.1. Gutenberg-Richter Model

When any earthquake occurs, earthquake parameters such as focus centre (hypocentre) outer centre
(epicentre), strength, magnitude etc. are used for the earthquake to describe and understand. Of these
parameters, magnitude is described as a measure of energy emerged during the earthquake. In fact, as the
magnitude of earthquake increases, the frequency decreases. On the other hand, it causes significant loss
of life and property damages. Therefore, correct modelling of the magnitude-frequency relationship is
important to take necessary precautions which eventually enable to reduce risk.

The GR model defined by Gutenberg and Richter in 1954 often used in the literature for the magnitude-
frequency relationship in earthquake risk analysis is given by

LogN = a + bM (1)

where M is the earthquake magnitude, N is the number of cumulative earthquakes whose magnitude is
equal to M or greater in a given year, a and b are regression parameters [2].

Here, parameter a changes according to the size of area under examination, duration of the observation
and earthquake effectiveness during the observation. Parameter b varies in response to the tectonic
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characteristics of study area. When parameter b value turns out to be high, it shows energy accumulation
and vice versa [2, 35]. Parameters a and b in the model are calculated by least squares.

2.2. Generalized Linear Models

In general regression models, constant variance and normality for dependent variable are important
assumptions. Otherwise, a data transformation needs to be performed for the dependent variable. In order
to overcome the heteroscedasticity problem, the weighted smallest squares method can be utilized as an
effective method. An alternative approach to data transformation is to use GLMs as suggested by
Montgomery et al. (2010) [36]. In fact, they are a combination of linear and nonlinear regression models
where the dependent variable is may not be normally distributed. It is assumed in GLM that the
distribution of the dependent variable is a member of the exponential family including, for example,
Normal, Binomial, Poisson, Exponential and Gamma distribution and it described in general form as

01,0, 0) = exp {22222 + c(y,, 0) @

where, @ is the dispersion parameter and 6; is the location parameter.

While the relationship between expected value of y and the independent variable is described with
n; = x; B in a normal model, it is described with a g link function in the form of #; = g[E(y;)] in
GLMs. Here, E(y;) = g‘l(xl- 'ﬁ) can be obtained by inverse transformation [32].

The likelihood estimators of GLMs with a g link function can be obtained by numerical recursive
algorithms such as Newton Raphson method using the following log-likelihood function [32].

—_vyn [[yi8i=b(6) ]
1= 3 {255 + c0n 0} @)
2.2.1. Generalized Poisson Regression Models and Negative Binomial Regression Models
Normality assumption in modelling dependent variables for traffic accidents, number of people suffering
from certain diseases and, number of earthquakes, floods and hurricanes is generally not valid. Therefore,

in such cases Generalized Poisson Regression (GPR) models are suggested to be used [28]. The
probability distribution of GPR with y; dependent variable is described as

fO) =5, y =01, @)

provided that the Poisson Regression model is defined by
yi=EW)+¢,i=01,..,n (%)

The relationship between u and n; is given in the form of y; = g~1(n;) with a proper g link function.
Here, the mean is equal to expected value of y; (i.e.,, u = E(y;)), and the link function is a linear
dependent function of x (i.e., g(u;) = n;). The commonly used link functions for the Poisson distribution
are the identical link function (g(u;) = ;) and the log link function (g(u;) = Ln(y;)). Hence, the
relationship between y and n; is obtained by using the identical and the log link functions in the form of

x; B and e*i B, respectively [32].

In this model, the mean and the variance of the dependent variable are theoretically assumed to be equal
to each other. However, this assumption cannot be true in practice and sometimes overdispersion or
underdispersion problems can occur [37, 38]. As known that if the variance is higher than mean
overdispersion takes place and vice versa [37]. If dispersion exists it is appropriate to use one of GPR or
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GNBR models where a dispersion parameter is added to the model [39, 40]. GPR models are preferred for
overdispersion or underdispersion, while GNBR models are employed for overdispersion [41].

Overdispersion for Poisson approach can be determined by various methods. For example, @ dispersion

parameter is equal to division of Pearson y? or deviation G?statistics by the model degree of freedom

GZ

2
(i.e., X—or ). x? and G2 statistics are given for dependent variable y with estimator of mean j and
P

n-p n-—
: A : yi—hi)? yi A2
estimator of variance 62, by respectively y% = ¥, (‘—l‘) and G2 = ?=1J’iLn(ﬁ—Li): where, 67 is

0

equal to f3; and ; + afi? for Poisson and Negative Binomial models, respectively [32].

If @ calculated from Pearson y? is significantly greater one overdispersion exists. In that case, GNBR is
suggested to be used [36]. On the other hand, if @ determined from deviation G2 is close to zero, GPR is
preferred [32]. Another method for determining overdispersion parameter depending on T and Ty
_ 2isa[0i=90% -yl

(25p, 95
According to GPR models, overdispersion exists if T statistic is a positive value, otherwise,
underdispersion occurs if T statistic is a negative value. T, statistic is actually used for large samples [42].
If overdispersion is determined by one of these methods, GNBR can be used as an alternative to GPR for
modelling [41].

statistics is given respectively, T = %2?21[(%- —y)2—yland Ty

In this study, the probability distribution of dependent variable y is assumed to be Negative Binomial
with mean E(y) = u and variance Var(y) = u (1 + k) as follows

_F(S’*’%) 1 % ou Y _
fo) = y!F(%) (1+¢u) (1+¢u) y=012.. (6)

In which ¢ is overdispersion or shape parameter. Accordingly, the GNBR model with logarithmic link
function is given below [28]

Lnu =Lnn+x'p. (7
2.3. The Earthquake Hazard Analysis for Models

In order to identify the earthquake hazard, the seismicity parameters must be calculated in the following
way. The GR model identified by Eq. 1 for the magnitude-frequency relationship can be rewritten as

N(M) = 10¢-bM (8)

The annual average number of earthquakes at a given time (i.e., n(M > M;)) is found by using Eq.8 [43,

44]. The normal frequency value used to determine seismic risk is found by n(M) = 10%-bM [18]. So,
n(M) value explains annual average earthquake occurence number which is calculated according to
magnitude and seismicity parameters.

In this study, seismicity parameters for GPR and GNBR models were founded smilarly and obtained
equations were given in Table 1. In here t shows the investigated time periods (year) and a' shows the
relationship between normal and cumulative frequency.

Table 1. Earthquake parameter equations for GR, GPR and GNBR models

GR GPR GNBR
a' =a- Log (bLn10) a =a- Ln (bLnl0) a' = a- Ln (bLnl0 /n)
a, =a- Log (t) a; =a-Ln(t) a; =a- Ln(t/n)

a; =a'- Log (t) a;=a’-Ln(t) a; =a'- Ln (t/n)
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The earthquake hazard analysis of future earthquakes can be carried out by using observed earthquake
data, considering that the occurrence of earthquakes is a random process with respect to time. Assuming
seismic activities as independent events, the occurrence of an earthquake can be considered as a Poisson
process [12].

According to Poisson model, the seismic risk (i.e: probability of occurrence of earthquakes for certain
T years), R(M) and recurrence period , Q(T) can be determined as years [12].The seismic risk for a
region with magnitude M within T years for a t-year observation interval is described by Eq. (9) as
follows:

R(M) = 1—e~ (T 9)

The recurrence or return period , which actually gives information about how many years are required for
next earthquake with M severity, is defined by Eqg. (10)

1

Q(T) = —~ (10)

nm) "’
2.4. Model Selection

The goodness-of-fit tests including the AIC and BIC given in Egs. (11-12) are utilized to determine the
best model [45, 46].

AIC = =2LL +2d (11)
BIC = —2LL + dLn(n) (12)

where LL is log-likelihood, d is the degree of freedom and n is the number of observations. The model
with the smallest AIC or BIC criterion values is considered as the best model.

3. RESULTS AND DISCUSSION

This section of the study consists of three main stages: (1) the determination of frequency distribution for
frequency and magnitudes of earthquakes, (2) the performing of dispersion tests and goodness-of fit test
for models and (3) the analyzing of the earthquake hazard for selected models are performed as
application. In the first step, the results of Kolmogorov Simirnov goodness-of-fit tests show that the
normal distribution is suitable to LogN frequency data for GR model and the Poission distribution is
suitable to LnN frequency data for GPR model. In the second step, according to dispersion parameters
and model selection criteria (AIC and BIC), the GPR model as GLMs has been determined as the best-
fitting model for the magnitude-frequency relationship. So, GPR can be utilized for analyzing of the
earthquake hazard as alternatively to GR model. Finally, in the third step, recurrence probabilities and
return periods are calculated for the selected years depending on yearly average occurrence number of
earthquakes estimated with the GR and GPR models.

3.1. The earthquake hazard analysis in Turkey using GR, GPR and GNBR models

In this study, 4863 earthquake data with magnitudes (M) between 4.0 and 7.9 for 115 years from 1900 to
2014 were utilized. Here, M shows the magnitude values of the X,,,.such as explained in Section 2. The
magnitudes with 0.1 class interval, number of earthquakes or frequency (n), cumulative frequency (N),
cumulative frequency per year (N /t) and log transformation of N (i.e., y = LogN) are given in Table 2.
Here, the values of y = LogN were used as the dependent variable and magnitudes were taken as the
independent variable in order to examine the magnitude-frequency relationship. In addition, cumulative
frequency values (N) were divided by time period examined t (=115 years) for the calculation of
dispersion parameters and model selection criteria (AIC and BIC).
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Table 2. The magnitude and frequency of earthquakes in Turkey between 1900-2014 years

M n N LogN Log(N/t)| M n N LogN Log(N/t)
4.0 651 4863  3.687 1.626 6.0 23 97 2.107 -0.074
4.1 478 4212 3.624 1.564 6.1 13 74 1.987 -0.191
4.2 412 3734  3.572 1511 6.2 6 61 1.869 -0.275
4.3 456 3322 3521 1.461 6.3 9 55 1.785 -0.320
4.4 366 2866  3.457 1.397 6.4 4 46 1.740 -0.398
4.5 380 2500  3.398 1.337 6.5 4 42 1.663 -0.437
4.6 264 2120  3.326 1.266 6.6 6 38 1.623 -0.481
4.7 328 1856  3.269 1.208 6.7 3 32 1.580 -0.556
4.8 282 1528  3.184 1.123 6.8 9 29 1.505 -0.598
4.9 327 1246 3.095 1.035 6.9 2 20 1.462 -0.760
5.0 141 919 2.963 0.903 7.0 4 18 1.301 -0.805
51 67 778 2.891 0.830 7.1 3 14 1.255 -0.915
52 121 711 2.852 0.791 7.2 5 11 1.146 -1.019
5.3 175 590 2.771 0.710 7.3 1 6 1.041 -1.283
54 82 415 2.618 0.557 7.4 1 5 0.778 -1.362
55 88 333 2.522 0.462 7.5 1 4 0.699 -1.459
5.6 49 245 2.389 0.328 7.6 1 3 0.602 -1.584
5.7 33 196 2.292 0.232 7.7 1 2 0.477 -1.760
5.8 35 163 2.212 0.151 7.8 0 1 0.301 -2.061
5.9 31 128 2.107 0.047 7.9 1 1 0 -2.061

Table 3. Descriptive statistics, model parameter estimations and goodness of fit tests for dependent
variables

Descriptive Parameter Goodness of Fit
Statistics Estimations Test
Model
Dependent Mean Std. Mean Std. K-S value
Variables Deviation Deviation P
LogN 2.154 1.113 Normal 2.154 1.113 1.166 0.132
LnN 4897 2414 Poisson 4.897 4.897 0.689 0.729

The descriptive statistics, model parameter estimations and goodness of fit test results for dependent
variables are tabulated in Table 3. In here, the values of LogN and LnN respectively are taken as the
dependent variable in GR and GPR models. Kolmogorov-Simirnov (K-S) test is used for goodness of fit
tests. According to the results, it is shown that LogN and LnN are statistically fit to the Normal
distribution ( pvalue = 0.132 > 0.05) and Poisson distribution ( pvalue = 0.729 > 0.05 ),
respectively. Therefore, in this study, Normal and Poisson distributions are used for dependent variables
of GR and GPR models, respectively.

The regression analysis for GR, GPR and GNBR models were performed by SPSS 18.0 package
software. The parameter estimations, model significance tests, dispersion parameters and model selection
criteria results for each model are given in Table 4. Here, the GR model obtained as LogN = 7.579 —
0.927M with coefficient of determination R? = 0.9910 was found statistically significant (p < 0.05)
indicating that earthquake data can be described with this model.

Although both GPR and GNBR models were also found statistically significant (p < 0.05), dispersion
tests need to be carried out before the model selection. For this purpose, T and T; statistics were first
calculated as -93.0926 and -1.47965, respectively. This shows the existence of underdispersion since T
was found negative and Ty > Z;,p1. (= —1.645) at 5% significance level. The dispersion parameters for
both models were found less than one (¢ = 0.22 for GPR and ¢ = 0.083 for GNBR) according to
Pearson y? indicating underdispersion. Therefore, GNBR cannot be employed if underdispersion is
encountered as suggested by Famoye and Singh (2006), [41].
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In addition, the results of AIC and BIC for the choice of the best model are given in Table 4. According to
these results, it is seen that the data fit better to GPR model which has relatively small AIC and BIC
values. As an alternative to GR model, GPR model is obtained as LnN = 15.905 — 1.821M by taking the
underdispersion condition into account. The graphs of magnitude-frequency relations estimated by GR
and GPR models are shown in Figure 3.

In order to perform the earthquake hazard analysis, we determine the magnitude-frequency relationship
with GR and GPR models using the seismicity parameters given in Table 5.

Table 4. Significance tests, dispersion tests and model selection criteria for GR, GPR and GNBR models

GR GPR GNBR
Parameter Estimation _value Estimation _value Estimation _value
(Std.error) b (Std.error) P (Std.error) P
s 7.579 15.905 17.278
Slgg;f;(r:]aence a (0.0914) 0.000 (0.0461) 0.000 (0.9040) 0.000
o -0.927 -1.821 -2.098
coefficients b (0.0151) 0.000 (0.0102) 0.000 (0.1511) 0.000
Dispersion Test value (0] Test value ()] Test value ()]
Test G? 32.734 0.861 12.010 0.316 4.745 0.125
Statistics X2 32.734 0.861 8.368 0.220 3.149 0.083
Model LL -52.748 -48.978 -70.959
Selection AIC 111.497 101.956 145.918
Criteria BIC 116.569 105.334 149.295
Table 5. Earthquake parameters for GR and GPR models
Models a b a’ a, a;
GR 7.579 0.927 7.250 5.518 5.189
GPR 15.905 1.821 14.472 11.160 9.727
LogN=7.579-0.927M *  observed LnN=15.905-1.821M *  observed
e GR model e GPR model
45 ~ 10 ~
4 9 1
35 81
3 - ; !
- 1 4
1,5 3
14 X 2
0,5 ) 1 n
0 : : : : . . 0 . . . . . .
3 4 5 6 7 8 9 3 4 5 6 7 8 9
M M

Figure 3. Magnitude-fregency relations estimated by GR and GPR models for Turkey.

The results of seismic risk values and recurrence periods are shown in Table 6. According to the results
obtained, it is found that the occurrence possibility of an earthquake with M > 6 within 20 years is
99.98%, return period is 2.3604 years according to GR model; 99.76% and return period is 3.3180 years
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according to GPR model. Seismic risk values found by GPR is higher than the results obtained with GR
model for M > 7.0. Similarly, when return periods are investigated according to earthquake magnitude,
GR and GPR models give close values but GPR model produces smaller values of return periods
compared to the GR model for 7.1 and bigger magnitude earthquakes. For example, return periods and
occurrence probabilities in 20 years for 7.4 magnitude earthquake was found to be 46.8590 years and
34.67% for GR model and 42.4680 years and 37.56% for GPR model, respectively (Table 7).

Table 6. Earthquake risk analysis results obtained by using GR and GPR models

Model GR LogN =7.579 — 0.927M
M n(M) 1lyear 5Syear 10year 20year 30year 50year 75year 100year Q(T)
4 30.2696 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0330
4.5 10.4113 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0960
5 3.5810 0.9722 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.2793
55 1.2317 0.7082 0.9979 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.8119
6 0.4236 0.3453 0.8798 0.9855 0.9998 1.0000 1.0000 1.0000 1.0000 2.3604
6.5 0.1457 0.1356 0.5174 0.7671 0.9454 0.9874 0.9993 1.0000 1.0000 6.8627
7 0.0501 0.0489 0.2217 0.3942 0.6321 0.7777 0.9184 0.9767 0.9933  19.9523
7.5 0.0172 0.0171 0.0826 0.1583 0.2910 0.4038 0.5777 0.7255 0.8216 58.0087
Model GPR LnN = 15.905 - 1.821M
M n(M) 1year 5year 10year 20year 30year 50year 75year 100year Q(T)
4 11.5035 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0869
4.5 4.6281 0.9902 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.2161
5 1.8620 0.8446 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.5371
55 0.7491 0.5272 0.9764 0.9994 1.0000 1.0000 1.0000 1.0000 1.0000 1.3349
6 0.3014 0.2602 0.7784 0.9509 0.9976 0.9999 1.0000 1.0000 1.0000 3.3180
6.5 0.1213 0.1142 0.4546 0.7026 0.9115 0.9737 0.9977 0.9999 1.0000 8.2470
7 0.0488 0.0476 0.2165 0.3860 0.6231 0.7686 0.9128 0.9742 0.9924 20.4985
7.5 0.0196 0.0194 0.0935 0.1782 0.3247 0.4450 0.6252 0.7705 0.8595 50.9503
Table 7. Seismic risk parameters for GR and GPR models.

n(M) Q(T) R(M)
M GR GPR GR GPR GR GPR
4 30.2696  11.5035 0.0330 0.0869 1.0000 1.0000
4.5 104113  4.6281 0.0960 0.2161 1.0000 1.0000
5 3.5810 1.8620 0.2793 0.5371 1.0000 1.0000
55 1.2317 0.7491 0.8119 1.3349 1.0000 1.0000
6 0.4236 0.3014 2.3604 3.3180 0.9998 0.9976
6.5 0.1457 0.1213 6.8627 8.2470 0.9454 0.9115
7 0.0501 0.0488 19.9523  20.4985 0.6321 0.6231
7.1 0.0405 0.0407 24.6998  24.5927 0.5541 0.5566
7.2 0.0327 0.0339 30.5769  29.5047 0.4792 0.4923
7.3 0.0264 0.0283 37.8524  35.3978 0.4097 0.4316
7.4 0.0213 0.0235 46.8590  42.4680 0.3467 0.3756
7.5 0.0172 0.0196 58.0087  50.9502 0.2910 0.3247



594 Emel KIZILOK KARA, Kiibra DURUKANI GU J Sci, 30(4): 584-597 (2017)

1,00 f
GR 1,00 - GPR
0,90 - 0.90 -
. | )
§ 0,80 Eé’ 0.80 -
% 0.70 1 go70-
X 0,60 - u% 0,60 -
"’5 0,50 1 «— 050
> ° ™
£0,40 - 20,40 -
2 —o— 10-year z —0— 10-year
& 0,30 - < 0,30
o 0.20 20-year 8 20-year
o Y, 1 b -
010 === 50-year : a 020 —&— 50-year
' = 100-year 0.10 1 st 100-year
ooo v -} 1131l 000 &~~~
4 45 5 55 6 65 7 75 4 45 5 55 6 65 7 75
Magnitude Magnitude

Figure 4. The probability of exceedence graphs for GR and GPR models
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Figure 5. The return period graphs for GR and GPR models

Possibilities of exceeding the earthquake magnitudes in the given periods (10-year, 20-year, 50-year and
100-year) for GR and GPR models are shown in Figure 4. The probability of exceedence graphs for GR
and GPR model. Here, while magnitude values for each model are increasing, corresponding earthquake
possibilities are decreasing. In addition, while the given periods increases, the probability of exceedance
increases for each model at a given magnitude value (for example: M = 7.0). In Figure 5, the return
periods of earthquakes are shown for GR and GPR models. Here, while magnitude values increase, return
period also increase for each model. The results show that GPR model coherent with the known GR
model.

4. CONCLUSIONS

In this study, the magnitude-frequency relationship for seismicity of Turkey is modelled with GLM (GPR
and GNBR models) as an alternative to Gutenberg Richter (GR) model. Modelling of the magnitude-
frequency relationship with GLM is important because it takes dispersion into account. The other main
advantage of using GLM for the earthquake hazard analysis is that it is also applicable for not normally
distributed data.

In this paper, it is shown that the magnitude-frequency relationship in Turkey can be better explained with
GPR model which produced relatively small AIC and BIC values compared to both GR and GNBR
models. Hence, GPR modeling as a statistical approach is utilized for estimating parameters including
earthquake return periods and occurrence probabilities. Actually, it is shown that GR and GPR models
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generated relatively close values, but the GPR model produced smaller values of return periods compared
to the GR model for 7.1 and higher magnitude earthquakes. It can be concluded from the results that in
contrast to the GR model, GPR model gives an estimated before occurrence time for the high magnitude
earthquake. For example, using the GR and GPR model, the recurrence probability is around 35% and
38% for an earthquake with magnitude greater than 7.4 in a 20-year period in Turkey and such an
earthquake to occur in a 43-year and 47-year periods, respectively.

It is known that high-magnitude earthquake caused the loss of life and property. Hence this study, the
using of proposed the GPR model for earthquake risk prediction will be an essential factor in reducing the
loss of property since it is estimated the occurrence time before with GPR model.

In conclusion, the study results (i.e., return period and occurrence probabilities) based on GR and GPR
models revealed that Turkey is located an earthquake region with relatively high risk. In further studies,
additional variables such as earthquake risk regions, amount of live and material loss can be added to the
earthquake hazard analysis with GPR models.
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