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Abstract. A Bayesian statistics approach is applied in the
seismogenic sources of Greece and the surrounding area in
order to assess seismic hazard, assuming that the earthquake
occurrence follows the Poisson process. The Bayesian ap-
proach applied supplies the probability that a certain cut-off
magnitude ofMs = 6.0 will be exceeded in time intervals of
10, 20 and 75 years. We also produced graphs which present
the different seismic hazard in the seismogenic sources ex-
amined in terms of varying probability which is useful for
engineering and civil protection purposes, allowing the des-
ignation of priority sources for earthquake-resistant design.
It is shown that within the above time intervals the seismo-
genic source (4) called Igoumenitsa (in NW Greece and west
Albania) has the highest probability to experience an earth-
quake with magnitudeM ≥ 6.0. High probabilities are found
also for Ochrida (source 22), Samos (source 53) and Chios
(source 56).

1 Introduction

A large number of models are currently available for the as-
sessment of seismic hazard. The objective in seismic hazard
modeling is to obtain long term probabilities of occurrence
of seismic events of specific size in a given time interval.

The Bayesian formalism allows the solution of prob-
lems which otherwise would be unapproachable. Benjamin
(1968), assuming the Poisson distribution was the first who
dealt with a Bayesian approach for the probabilistic descrip-
tion of the earthquake occurrence. Chou et al. (1971), pre-
sented a similar application based on different distributions.
Mortgat and Shah (1979) presented a Bayesian model, for
seismic hazard mapping, which takes into account the ge-
ometry of the faults in the investigated area, while Campbell
(1982 and 1983) proposed a Bayesian extreme value distri-
bution of earthquake occurrence to evaluate the seismic haz-
ard along the San Jacinto fault. A similar procedure have
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been applied by Stavrakakis and Tselentis (1987) for a prob-
abilistic prediction of strong earthquakes in Greece. Ferraes
(1985, 1986) used a Bayesian analysis to predict the inter-
arrival times for strong earthquakes along the Hellenic arc,
as well as for Mexico. An alternative view of Ferraes re-
search is made by Papadopoulos (1987) for the occurrence of
large shocks in the east and west side of the Hellenic arc. A
Bayesian approach of estimating the maximum values of the
seismic peak ground acceleration at a considered site is pre-
sented by Pisarenko and Lyubushin (1997), while Lamarre et
al. (1992) made an effort for a realistic evaluation of seismic
hazard.

Greece is one of the most seismically active regions of
the world. Ranking fifty seismogenic countries of the world
Greece takes the sixth position (Tsapanos and Burton, 1991).
Papazachos (1990) found that the most probable annual max-
imum magnitude of the shallow earthquakes in Greece is
M = 6.3 while Papadopoulos and Kijko (1991) showed
that the mean return periods of the shallow main shocks of
Ms = 6.0 andMs = 6.5 are around 1.7 years and 13 years,
respectively. The seismotectonics in Greece and the adjacent
regions is rather complex and, therefore, seismic hazard has
been assessed on the basis of several approaches. The earth-
quake parameters used to describe the seismic hazard include
maximum expected macroseismic intensity (Shebalin et al.,
1976; Papaioannou, 1984), peak ground acceleration or ve-
locity (Algemissen et al., 1976; Makropoulos and Burton,
1985), duration of the strong ground motion (Margaris et
al., 1990; Papazachos et al., 1992) and maximum expected
magnitude in conjunction with the return period of events of
certain magnitude (Papadopoulos and Kijko, 1991). The ge-
ographical distribution of seismic hazard in Greece based on
zonation of seismic sources was approached by Papazachos
et al. (1993). Methods incorporating Bayesian statistics were
applied by Stavrakakis (1985), Papadopoulos (1988, 1990),
Pisarenko et al. (1996), and Stavrakakis and Drakopoulos
(1995).

In this paper we test a time independent Bayesian ap-
proach (Benjamin, 1968) that yields the probability that a
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Fig. 1. Seismogenic sources of Greece and the surrounding area
according to Papaioannou and Papazachos (2000).

certain cut-off magnitude will be exceeded in certain time
intervals, a method that was not tested in the past in the seis-
mogenic area of Greece. The method was tested on a new
earthquake catalogue (Papazachos et al., 2000) and on the
seismic zonation presented recently by Papaioannou and Pa-
pazachos (2000). We also produced graphs which present
the different seismic hazard behavior in the examined seis-
mogenic sources. The source-dependent probability of ex-
ceedance, as an expression of seismic hazard, was also esti-
mated.

2 Data set and the seismogenic sources

Information about the seismicity of Greece exists since the
6th century B.C. However, most of the existing data banks
suffer from that they do not fulfil the basic properties com-
pleteness, homogeneity, and accuracy required for a reliable
estimation of various seismic parameters. Recently, an up-
dated earthquake catalogue was compiled by Papazachos et
al. (2000) (which is also presented in http://geohazards.cr.
usgs.gov/iaspei/europe/greece/the/catalog.htm) in an effort
to increase completeness, homogeneity and accuracy. Given
that we are interested for the strong earthquake activity, we
used only the part of the catalogue covering the time inter-
val 1845–1999, which it is likely complete forM = 6.0.
The errors involved in the magnitudes are in the interval of
±0.25 for the instrumental period (1911–1999). For the his-
torical data these errors are±0.35 when the number of avail-
able macroseismic points of observations is greater than 10.
When the number of observation points is less than 10 the
magnitude errors reach up to a half magnitude unit. The epi-
center coordinates for the earthquakes of the period 1965–

1999 have been calculated by instrumental data and their er-
rors are up to 20 km for the older ones (1965–1980) and up
to 10 km for the more recent ones (1981–1999). These co-
ordinates for the period 1901–1964 were calculated by both
instrumental and macroseismic information and their errors
reach up to 30 km. For the historical earthquakes the epi-
centers have usually an error of about 30 km but this may go
up to 50 km when the number of available observation points
is less than 5. Typical shallow earthquakes in the studied
area have a focal depth of less than 20 km, with the excep-
tion of events occurring along the Hellenic arc where depths
can reach up to 50 km. Seismicity of intermediate focal depth
also occurs in the South Aegean Sea. However, the present
study is restricted to shallow seismicity only. Aftershocks
were eliminated, applied the procedure proposed by Gardner
and Knopoff (1974) while the foreshocks removed by tak-
ing into account the critirion suggested by Jones and Molnar
(1976). In this way only main shocks considered for the pur-
pose of the present study.

Seismic zonation is one of the major problems in the
very complex area of Greece. Papaioannou and Papazachos
(2000) proposed a new regionalization of the shallow seis-
mogenic sources which is based on historical and instrumen-
tal earthquake location data and on the stress field pattern as
derived from reliable fault plane solutions. Thus, the whole
Greece and the surrounding area was divided in 67 differ-
ent seismogenic sources (Fig. 1). In the present study we
adopted the above seismic zonation.

3 Method applied

We assume a Poisson distribution for the number of earth-
quake eventsn that occur in a time intervalt . Then the prob-
ability function is:

P(n, t |ν) =
(νt)ne−νt

n!
, (1)

where the positive parameterν, is the mean rate of earth-
quake occurrence. Suppose that in a given seismic sourcen0
events occurred int0 years, which is the time length of the
catalogue. The likelihood function is:

l(ν) = P(n0, t |ν) =
(νt0)

n0e−νt0

n0!
. (2)

It is reminded that likelihood is the probability of the specific
outcome to occur, that is the probability for exactlyn0 earth-
quakes to occur in thet0 years covered by the catalogue, as a
function of the mean rate of occurrence.

The prior distribution forν, f ′(ν) is assumed to be uni-
form. This is equivalent to stating that the mean rate of oc-
currence can have any value, as long as it is not negative, with
the same probability. From the Bayesian theory, its posterior
distribution, will be:

f ′′(ν) = cf ′(ν)L(ν), (3)
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Table 1. Probability of exceedance of magnitude 6.0 in 10, 20 and
75 years,no denotes the number of mainshocks with magnitude
M ≥ 6.0

mainshocks,M ≥ 6.0 Probability of exceedance in:
Names of sources no 10 years 20 years 75 years

Source 1 Montenegro 2 0.171 0.305 0.694
Source 2 Dyrrachium 4 0.268 0.455 0.861
Source 3 Avlona 7 0.394 0.621 0.957
Source 4 Igoumenitsa 10 0.497 0.737 0.987
Source 5 Preveza 3 0.221 0.385 0.794
Source 6 Leukada 5 0.313 0.517 0.906
Source 7 Cephalonia 7 0.394 0.621 0.957
Source 8 Zante 7 0.394 0.621 0.957
Source 9 Pylos 6 0.354 0.572 0.937
Source 10 Mane 1 0.118 0.216 0.546
Source 11 Ionian Sea 1 3 0.221 0.385 0.794
Source 12 Ionian Sea 2 0 0.061 0.114 0.326
Source 13 Ionian Sea 3 2 0.171 0.305 0.694
Source 14 SW Crete 6 0.354 0.572 0.937
Source 15 SE Crete 1 0.118 0.216 0.546
Source 16 Libyan Sea 1 2 0.171 0.305 0.694
Source 17 Libyan Sea 2 1 0.118 0.216 0.546
Source 18 Karpathos 3 0.221 0.385 0.794
Source 19 Strabo 1 0.118 0.216 0.546
Source 20 Marmaris 6 0.354 0.572 0.937
Source 21 Piskope 1 0.118 0.216 0.546
Source 22 Ochrida 9 0.465 0.703 0.981
Source 23 Drosopighe 6 0.354 0.572 0.937
Source 24 Tripolis 5 0.313 0.517 0.906
Source 25 Cythera 4 0.268 0.455 0.861
Source 26 Leonidi 0 0.061 0.114 0.326
Source 27 NW Crete 0 0.061 0.114 0.326
Source 28 NE Crete 2 0.171 0.305 0.694
Source 29 Rhodos 3 0.221 0.385 0.794
Source 30 Philipoupole 1 0.118 0.216 0.546
Source 31 Kresna 4 0.268 0.455 0.861
Source 32 Drama 0 0.061 0.114 0.326
Source 33 Serres 1 0.118 0.216 0.546
Source 34 Ptolemais 3 0.221 0.385 0.794
Source 35 Volve 3 0.221 0.385 0.794
Source 36 Kozane 3 0.221 0.385 0.794
Source 37 Thessalia 5 0.313 0.517 0.906
Source 38 Cremasta 1 0.118 0.216 0.546
Source 39 Agrinio 1 0.118 0.216 0.546
Source 40 Maliakos 1 0.118 0.216 0.546
Source 41 Thebes 6 0.354 0.572 0.937
Source 42 Patra 1 0.118 0.216 0.546
Source 43 Aeghio 7 0.394 0.621 0.957
Source 44 Corinth 6 0.354 0.572 0.937
Source 45 Methana 1 0.118 0.216 0.546
Source 46 Melos 1 0.118 0.216 0.546
Source 47 Thera 2 0.171 0.305 0.694
Source 48 Cos 2 0.171 0.305 0.694
Source 49 Alikarnassos 4 0.268 0.455 0.861
Source 50 Denisli 1 0.118 0.216 0.546
Source 51 S. Euboikos Gulf 1 0.118 0.216 0.546
Source 52 Ikaria 1 0.118 0.216 0.546
Source 53 Samos 9 0.465 0.703 0.981
Source 54 Aydin 3 0.221 0.385 0.794
Source 55 Kyme 0 0.061 0.114 0.326

Table 1. continued

mainshocks,M ≥ 6.0 Probability of exceedance in:
Names of sources no 10 years 20 years 75 years

Source 56 Chios 9 0.465 0.703 0.981
Source 57 Izmir 5 0.313 0.517 0.906
Source 58 Alashehir 1 0.118 0.216 0.546
Source 59 Skiathos 7 0.394 0.621 0.957
Source 60 Skyros 3 0.221 0.385 0.794
Source 61 Lesbos 5 0.313 0.517 0.906
Source 62 Demirci 5 0.313 0.517 0.906
Source 63 Gediz 4 0.268 0.455 0.861
Source 64 Athos 3 0.221 0.385 0.794
Source 65 Samothrace 6 0.354 0.572 0.937
Source 66 Hellespont 6 0.354 0.572 0.937
Source 67 Brussa 7 0.394 0.621 0.957

wherec is a constant such that the resulting function can be
a probability density function, that is:

+∞∫
0

f ′′(ν)dν = 1. (4)

Now, observe that becausef ′′(ν) is independent ofν, the
factork = c f ′(ν) is constant, so that Eq. (3) can be rewritten
as:

f ′′(ν) = kL(ν) = k
(νt0)

n0e−νt0

n0!
. (5)

This expression is normalized fork = t0. Now consider the
posterior probability ofn events occurring int years. This
will be the probabilityP (n, t |ν) weighted in respect to the
posterior distribution ofν:

P ′′(n, t) =

∞∫
0

P(n, t |ν)f ′′(ν)dv =

∞∫
0

(νt)ne−νt

n!

t0(νt0)
n0e−νt0

n0!
dν. (6)

Integration yields (Benjamin, 1968):

P ′′(n t) =
(n + n0)!

n!n0!

(t/t0)
n

(1 + 1/t0)n+n0+1
. (7)

Applying Eq. (7), the posterior probability of no events
occurring int years is:

P(0, t) = (1 + t/t0)
−n0−1. (8)

Therefore, the probability of exceedance of a selected
lower magnitude,Mo, that is the probability of at least one
event ofM ≥ Mo occurring in the nextt years is:

P(0, t) = 1 − (1 + t/t0)
−n0−1. (9)
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Fig. 2. Probabilities of exceedance of magnitude 6.0 in the range 1
to 100 years for(a) the Greek seismogenic sources withno = 0− 4
and(b) the Greek seismogenic sources withno = 5 − 10.

From the above formula we computed the probabilities of
exceedance of the magnitudeMo = 6.0 in the 67 Greek seis-
mogenic sources at any time interval ranging from 1 to 100
years.

4 Results

The results obtained are shown in Table 1 and in Fig. 2. Ta-
ble 1 includes the names of the seismic sources examined
along with their corresponding code numbers (according to
Papaioannou and Papazachos, 2000). In addition, Table 1
shows the number of shocks,no, with magnitudeM ≥ 6.0
that were taken into account for the probability calculation,
as well as the probability of exceedance in 10, 20 and 75
years. The first two time intervals are within the range usu-
ally considered in the long-term earthquake prediction (e.g.
Nishenko, 1985; Papazachos et al., 1987) while the time in-
terval of 75 years is of engineering interest because it is al-
most equal to the life time of the ordinary buildings. Also
Papazachos et al. (1987) considered that the time interval of
20 years is more appropriate on the basis that the probability
calculations are often more stable than they are for shorter
intervals. In five of the seismic sources the numberno of the
seismic events equals to 0, which is not true but means that
events occurred only before 1845 when our data set begins.
It was decided that this fact constitutes useful information,
which could be input to the estimation of probabilities of oc-
currence of actual earthquakes by means of the Bayes theo-
rem. In fact, this information can set an upper limit to the

probability of occurrence of earthquakes, since it provides a
lower limit to the time period during which no earthquakes
occurred.

The source dependence of the exceedance probabilities
listed in Table 1. We observed that all the sources belonged
in one of 10 cases (whereno = 0, 1, 2, 3, 4, 5, 6, 7, 9 and
10). There is no source withno = 8. We can grouped the 10
cases in those whereno = 0 − 4 (Fig. 2a), while in the other
groupno = 5 − 10 (Fig. 2b). It is interesting to observe that
the statistical behavior of the two groups is different, where
the groupno = 0−4 shows lower probability values than the
other group withno ≥ 5. In general Fig. 2 allows for a bet-
ter visual inspection of the geographical probability distribu-
tion. It is clear that the source 4 (Igoumenitsa) has the highest
probability to experience an earthquake withM ≥ 6.0 in the
next 10, 20 and 75 years. The second highest probability is
estimated for Ochrida (source 22), Samos (source 53), and
Chios (source 56), while high probabilities are also assessed
for the sources 3, 7, 8, 43, 59 and 67.

Plots of the probabilities of exceedance for time periods
ranging from 1 to 100 years (Fig. 3) shows that in about one
third of the seismic sources, namely in those with code num-
bers 3, 4, 6, 7, 8, 9, 14, 20, 22, 23, 41, 43, 44, 53, 56, 57,
59, 62, 65, 66 and 67, very high probabilities were found for
an earthquake occurrence of magnitudeM ≥ 6.0 in the next
100 years, while in the rest sources probability varies from
low to high.

5 Discussion

The hazard computation in the present study assumes a ran-
dom (Poisson) distribution of earthquakes in time, which is a
good approximation with long, quasi-random time windows
of earthquake occurrence. It is considered as a conservative
assumption appropriate for building design.

Papazachos et al. (1987), based on the assumption that the
repeat time of earthquakes follow the Gaussian distribution,
presented a map of conditional probabilities for the occur-
rence of shallow earthquakes withM ≥ 6.5 in the period
1986–2006. Results of that study are only partly compara-
ble with those obtained by us because in our data set we also
took into account strong earthquakes that occurred in the last
fifteen years (1986–1999), a time interval which is not con-
sidered by Papazachos et al. (1987) because in their study
they dealt with data up to 1986. They also used a model
which has a memory. For this reason contradictory results
were obtained. For example, according to Papazachos et
al. (1987) the source 43 (Aeghio) was of high probability
(0.80–1.00), while for the time span of 20 years we calcu-
lated relatively high (0.62) probability. This is due to the
method used, as well as to the fact that the strong Aeghio
earthquake (Mw = 6.4) of 15 June 1995 occurred after the
presentation of the results of Papazachos et al. (1987) and
before the performance of our calculations. Our method ap-
plied is based on the memoryless Poisson model. In other
words the probabilities estimated before and after, for in-
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Fig. 3. Distribution of the probability of exceedance of magnitude
6.0 in(a)10,(b) 20 and(c)75 years examined in the 67 seismogenic
sources.

stance, the event of 1995 in Aeghion area (source 43) are al-
most the same. A small test is applied for this source and the
earthquake of 1995. We considered all shocks from 1845–
1985 (the time span for which Papazachos et al. took for
the study of 1987) with magnitudesM ≥ 6.0. The prob-
ability we found for these 140 years is 0.654. Taking into
account and the event of 1995 and re-evaluated the probabil-
ities now for 150 years (1845–1999) we found a probability
0.621, which is in accordance with what method describes;
almost equal probabilities before and after a strong event.
Nevertheless, some of the areas determined by Papazachos et
al. (1987) of being of very high probability are identical with
the sources 4, 6, 7, and 31 determined in the present study
as the most likely to experience an earthquake in the next 20

years. Moreover, Papazachos and Papaioannou (1993) based
on a time dependent model, investigated the long-term earth-
quake prediction for the time interval 1993–2002. Although
their approach is not based on the memoryless Poisson pro-
cess some of their results are in good agreement with the
results obtained in the present study (e.g. sources 4, 56, 67).

The Bayesian approach as was indicated can be applied to
any hazard analysis. A method recently elaborated by Pa-
paioannou and Papazachos (2000) for seismic hazard assess-
ment in Greece, based on both time dependent and time inde-
pendent models, can not be adopted for comparison purposes
given that intensities instead of magnitudes were applied.

The results obtained in the present paper are strongly sen-
sitive to the seismic zonation adopted. In fact, the geograph-
ical extent of the seismic sources is very small and therefore,
a change in the zonation results in the shift of some earth-
quake events from one seismic source to another, thus influ-
encing the number of events incorporated in each source and
consequently the seismic hazard. This becomes more real-
istic if we take in account the error in the epicenter of the
earthquakes (see Sect. 2) and apply this error especially to
those earthquakes which occurred very close to the bounds
of adjacent sources. In order to avoid this inconsistency sup-
plementary information were considered (e.g. macroseismic
observations). Thus we secured the place (source) of the oc-
currence of an earthquake. Another bad influence could be
the error in the determination of the earthquakes magnitude,
whereas an error of±0.2 magnitude units, could change the
number of earthquakes in each source which exceeding the
lower magnitude threshold considered. We must notice here
that it is more important to look at the relative levels of proba-
bility with respect to adjacent sources, than the absolute level
in any single source. It seems that a physical interaction ex-
ists between these sources, where the occurrence of a strong
(M ≥ 6.0) earthquake in one can disturb the stress field in
the adjacent sources. In this way the time-independent ap-
proach seems more appropriate for the present study. Objec-
tive seismic zonation is still a major problem in the complex
seismotectonic environment of Greece with important conse-
quences in the reliable assessment of the seismic hazard.
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