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ABSTRACT In the last two decades several studies have shown that strong earthquakes are
preceded by a sequence of smaller shocks that occur near the focal region of the
mainshock with a decelerating time behaviour and by another sequence of shocks that
occur in a broader region, exhibiting an accelerating mode with time. Both sequences
have predictive properties expressed by empirical relations which are supported by
theory. These relations form the Decelerating-Accelerating Seismic Strain (D-AS)
model that allows the estimation (prediction) of the mainshock. In the present work
eleven couples of such sequences are identified, which in turn probably correspond to
eleven strong (M≥6.3) mainshocks ensuing in the Mediterranean area (34oN-45oN,
6oW-42oE). The time of origin, tc, the magnitude, M, and the epicenter coordinates,
E(ϕ, λ), for each of these expected mainshocks are estimated (predicted) by the D-AS
model. Model uncertainties are also provided and several statistical tests are
performed in order to allow an objective forward testing and evaluation of the
efficiency of the model for intermediate-term earthquake prediction, at the end of the
prediction window (end of 2013).

1. Introduction

Currently applied seismic codes are almost exclusively based on seismological knowledge that
only concerns the spatial distribution of seismicity. It is, however, known that seismicity varies
also with time but the results of this kind of research are not considered adequate enough for a
practical application. It is, therefore, a scientific and social necessity to improve existing
scientific knowledge on the time variation of strong earthquake seismicity, that is, on the
prediction of individual strong earthquakes.

The classical terms foreshocks - mainshock - aftershocks usually refer to the relatively short-
term temporal clustering of earthquakes (of the order of weeks to months) in a relatively narrow
zone close to the fault rupture which generates the mainshock and triggers aftershocks. Prediction
of the next mainshock in this fault, by using properties of foreshocks, is not an easy task since
foreshocks are usually small and not recognisable as such before the generation of the mainshock.

On the contrary, the terms preshocks - mainshock - postshocks, used in the present and similar
works, usually refer to the relatively long-term temporal clustering of earthquakes (of the order
of years) in a network of seismic faults which cover a relatively large region (of the order of a few
hundreds of kilometres). The largest earthquake of this cluster, which is generated in the fault
with the largest rupture, is considered as the mainshock in this region. Intermediate-term
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prediction of this largest mainshock seems to be feasible because preshocks have predictive
properties expressed by relations that allow the estimation (prediction) of the origin time, the
magnitude and the epicentre coordinates of a such mainshock with reasonable uncertainties. 

Recent research on short-term earthquake prediction (a time window of days to weeks) failed
to solve this very difficult problem. Such research, however, on intermediate-term earthquake
prediction (a time window of a few years), based on a wealth of observations concerning
precursory seismicity patterns, seems to be a promising contribution to time-dependent seismic
hazard assessment (Evison, 2001). One of the most prominent patterns is the accelerating
generation of intermediate magnitude preshocks in a broad (critical) region and decelerating
generation of smaller preshocks in a narrower (seismogenic) region (Papazachos et al., 2006b).
This is a developed version of the “doughnut pattern”, which consists of seismic excitation in a
broad region and seismic quiescence in the narrower focal region of an oncoming mainshock
(Mogi, 1969).

The time variation of precursory accelerating seismicity has been investigated by many
seismologists (Tocher, 1959; Raleigh et al., 1982; Sykes and Jaumé, 1990; Knopoff et al., 1996;
Brehm and Braile, 1999; Robinson, 2000; Tzanis et al., 2000; Papazachos and Papazachos, 2001;
Papazachos et al., 2005, among others). This accelerating seismicity has been interpreted in terms
of critical point dynamics (Sornette and Sornette, 1990; Sornette and Sammis, 1995; Rundle et
al., 2000, 2003). Bufe and Varnes (1993) proposed the following relation for the time variation
of the cumulative Benioff strain, S (in Joule1/2), released by accelerating preshocks at the time, t:

S(t) = A + B(tc - t)m (1) 

where tc is the origin time of the mainshock and A, B(<0), m(<1) are parameters determined by
the available data for each accelerating preshock sequence. Bowman et al. (1998) suggested the
minimization of a curvature parameter, C, which is defined as the ratio of the root-mean-square
error of the power-law [Eq. (1)] fitting the corresponding linear fit error and using the values of
this parameter to identify regions where accelerating preshocks occur. 

Intermediate-term seismic quiescence in the narrower focal region has been also observed by
many seismologists (Wyss et al., 1981; Wyss and Habermann, 1988; Jaumé, 1992; Bufe et al.,
1994; Zöller et al., 2002, among others) and has been attributed to stress relaxation due to
aseismic sliding or to other causes (Kato et al., 1997). Other seismologists (Evison and Rhoades,
1997; Evison, 2001; Rhoades and Evison, 2006) have observed that seismic quiescence is
preceded by seismic excitation in the narrower, focal region. Seismic excitation followed by
seismic quiescence in the seismogenic region has been considered as a decelerating pattern of
intermediate magnitude preshocks by Papazachos et al. (2004) who fitted Eq. (1) to the
decelerating Benioff strain, S(t), with m>1. They also used the curvature parameter, C, to identify
seismogenic regions where intermediate magnitude preshocks occur with a decelerating mode
(decelerating preshocks). A decelerating seismic strain can be attributed to a stress shadow
expected by the Stress Accumulation Model (Bowman and King, 2001; King and Bowman,
2003).

Papazachos et al. (2006b), used recent reliable data from a variety of seismotectonic regimes
(Mediterranean, California, Japan), to develop the Decelerating-Accelerating Seismic Strain (D-
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AS) model and a corresponding algorithm for intermediate-term prediction of strong (M>6.0)
mainshocks. This model, which is based on empirical relations with predictive properties, has
been tested by applying it on preshock sequences of strong mainshocks that already occurred in
several seismotectonic regimes. However, this backward procedure is not enough, and forward
testing by attempting prediction of future mainshocks is necessary for a more objective evaluation
of the predictive ability of the model.

Some attempts of such forward testing have already been made in some areas of the
Mediterranean (Papazachos et al., 2002, 2006a), where one strong earthquake (Cythera, SW
Aegean, 8 January 2006, M=6.8) was successfully predicted using this procedure (Papazachos et
al., 2007b). Since then, however, the model has been much improved (Papazachos et al., 2006b)
and new additional data are now available. This data can be used to improve the results of already
recognized candidate regions and to identify new ones.

The purpose of the present work is to apply the D-AS model on data for shocks that occurred
in the Mediterranean up to 1 October 2007. In this way, the epicenter coordinates, magnitudes
and origin times of probably ensuing mainshocks are estimated to evaluate the predicting ability
of the model through a forward testing procedure. Furthermore, several statistical tests and
quantitative measures are provided, in order to allow an objective evaluation of the D-AS model
performance after the end of the last prediction window (end of 2013).

2. The Decelerating-Accelerating Seismic Strain (D-AS) model

The D-AS model is based on Eq. (1), on empirical relations that concern accelerating seismic
strain and have predictive properties and on empirical relations that concern decelerating seismic
strain and also have predictive properties (Papazachos et al., 2006b). Most of these relations have
also been derived theoretically and/or have been interpreted physically.

2.1. Accelerating preshocks

An accelerating preshock sequence follows Eq. (1) with m<1 and the relations:

(2)

(3)

(4)

where R (in km) is the radius of the circular (critical) region, sa (in Joule1/2/yr .104km2) is the rate
of the long-term seismic strain, tsa (in yrs) is the start time of the accelerating sequence, tc is the
origin time of the mainshock, M is the magnitude of the mainshock and M13 is the mean
magnitude of the three largest preshocks.

A quality index, qa, is defined by the relation:

  
M M= + =13 0 60 0 20. , .σ

  
log . . log , .t t sc sa a−( ) = − =4 60 0 57 0 10σ

  
log . . log . , .R M sa= − + =0 42 0 30 1 25 0 15σ
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(5)

where Pa is the arithmetic mean of the probabilities that each solution obtained (M, R, tsa, tc)
conforms to the global Eqs. (1), (2), (3) and (4), assuming that the deviation of each parameter
follows a Gaussian distribution (Papazachos et al., 2002). The application of this procedure on a
large sample of accelerating preshock sequences (Papazachos et al., 2005) resulted in the
following cut-off values:

C≤0.60,      Pa≥0.45,      m≤0.35,      qa≥3.0 .                                                         (6)

Worldwide observations show that the mean value of m is 0.30, which is in agreement with
theoretical considerations (Rundle et al., 1996; Ben-Zion et al., 1999) and for these reasons this
value of m is adopted in the present work. The magnitude, Mmin, of the smallest preshock of an
accelerating preshock sequence for which Eq. (6) holds and where qa has its largest value, is given
(Papazachos et al., 2005) by the following relation:

Mmin = 0.46M + 1.91                                                                                            (7)

where M is the magnitude of the mainshock. Thus, for M=6, 7, 8 the Mmin is 4.7, 5.1, 5.6,
respectively.

The geographical point, Q, for which Eq. (6) holds and the quality index, qa, which has its
largest value for a particular preshock sequence, is considered the geometrical center of the
critical region, that is, the center of the circle with radius, R, given by Eq. (2). In addition to Q,
there are two other distinct geographical points (Vq, Pq,) that are defined by the distribution of
the epicenters of accelerating preshocks and are useful for the study of time-dependent
seismicity. Vq is the geographical mean (mean latitude, mean longitude) of the epicenters of the
shocks of an accelerating preshock sequence. Pq is the geographical point from where the
density (number of epicenters per unit area) of accelerating preshocks decays with the distance
according to a power-law and is defined as the physical center of the accelerating sequence
(Karakaisis et. al., 2007).

2.2. Decelerating preshocks

For a decelerating preshock sequence a power-law Eq. (1) with m>1 applies and the following
relations hold:

(8)

(9)

where a (in km) is the radius of the circular (seismogenic) region where the epicenters of

  
log . . log , .t t sc sd d−( ) = − =2 95 0 31 0 12σ

  
log . . log . , .a M sd= − + =0 23 0 14 1 40 0 15σ

q
P

mCa
a=
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decelerating preshocks are located, M is the magnitude of the mainshock, tsd (in yrs) is the start
time of the decelerating preshock sequence and sd (in Joule1/2/yr .104km2) is the long-term seismic
strain rate (long-term seismicity) of the seismogenic region (Papazachos et al., 2006b).

A quality index, qd, has been also defined for each decelerating preshock sequence by the
relation:

(10)

where Pd is the mean value of the probabilities in which each one of the quantities (M, a, tsd, tc)
of an obtained solution fits the global Eqs. (8) and (9), assuming that the deviation of each
parameter follows a Gaussian distribution. The following cut-off values have been calculated by
the use of global data (Papazachos et al., 2006b):

C≤0.60,     2.5≤m≤3.5,     Pd ≥0.45,     qd ≥3.0 .                                                     (11)

From a large number of globally occurring decelerating preshock sequences an average value,
equal to 3.0, has been derived for m and this value is adopted in the present work. The minimum
magnitude of a decelerating preshock sequence, with the best (optimum) solution, is given by the
relation:

Mmin = 0.29M + 2.35                                                                                           (12)

where M is the mainshock magnitude. Thus, for M=6, 7, 8 the Mmin is equal to 4.1, 4.4, 4.7,
respectively.

The geographical point, F, for which Eq. (11) is fulfilled and where qd has its largest,
value, is considered as the geometrical center of decelerating preshocks, that is, the center of
the circle that includes the epicenters of decelerating preshocks and has a radius, a (in km),
given by Eq. (8). There are also two other geographical points (Vf , Pf,) which are defined by
the distribution of the epicenters of the decelerating preshocks. Vf is the geographical mean
of the epicenters of decelerating preshocks and Pf is the physical center of the decelerating
preshocks from where the frequency of these shocks decays with distance according to a
power-law.

3. The data

A catalogue of earthquakes has been recently compiled for the whole Mediterranean and
surrounding area (Papazachos et al., 2007a). This catalogue is homogeneous with respect to the
magnitude of earthquakes since all magnitudes are moment magnitudes or equivalent to moment
magnitudes, that is, magnitudes transformed into moment magnitudes from any other scale (i.e.
Ms, mb, published by ISC and/or NEIC) by appropriate formulas (Scordilis, 2006). The
completeness of the catalogue has been defined by the traditional cumulative frequency-
magnitude relation (Gutenberg and Richter, 1944) and is as follows:

 
q

P m

Cd
d=
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M ≥ 5.0  1911 - 1949 
M ≥ 4.8  1950 - 1964                                                                                  (13)
M ≥ 4.5  1965 - 1980 
M ≥ 4.0  1980 - 2007.

The uncertainties involved are up to 30 km for the epicenter and of the order of 0.3 for the
magnitude. Fig. 1 shows the epicenters of the earthquakes (dots for shallow, h≤60 km, and
triangles for intermediate and deep, h>60 km, earthquakes) which have magnitudes M≥5.0
occurring during the time period 1911-2007.

For the purpose of the present work, four complete samples of data are needed. The first data
sample concerns the mainshocks, the second sample concerns shocks of data that are used to
define the long-term seismicity rates (sa, sd) needed in Eqs. (2), (3), (8) and (9), the third sample
concerns shocks for the study of the time variation of the accelerating Benioff strain and the
fourth sample concerns shocks which exhibit a decelerating time variation of the seismic strain.

Only mainshocks with M≥6.3 are considered in the present work. The main reason for this is
that smaller shocks are usually associated events (preshocks, postshocks), especially in the most
active parts of the Mediterranean (e.g. in the Aegean).

Long-term strain rates (sa, sd) for identification of critical and seismogenic regions of already
occurring mainshocks have been calculated using magnitudes of earthquakes with M≥5.2
(Papazachos et al., 2006b). For this reason, in the present paper, these rates have been calculated
using the magnitudes of the complete sample, M≥5.2, 1911-2007, of data.

From Table 1, it is evident that all Mmin for accelerating preshocks in relation to the
corresponding start years, ts (see the second line of each case) fulfil the completeness conditions
defined by Eq. (13). It is also verified that the Mmin for decelerating preshocks, compared to the

Fig. 1 - Distribution of epicenters of shocks that occurred in the Mediterranean for the period 1911-2007 with moment
magnitudes M≥5.0.
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corresponding start times of the decelerating deformation phase (see the first line for each case),
fulfil the completeness conditions for the nine decelerating sequences but not for the first two
sequences considered in the present work (see Table 1). However, the omission of a few small
shocks in the first, excitational phase of a decelerating sequence bears no major effect on the
results obtained since the largest decelerating preshocks define the excitational strain during this
phase. As a matter of fact, the omission of small shocks in this phase acts against the procedure
that identifies a decelerating sequence, hence any possible artificial result due to such reason is
excluded.

4. The procedure followed

In order to identify currently active regions of decelerating and accelerating seismicity and
estimate (predict) the corresponding probably ensuing mainshocks, the whole Mediterranean has
been divided into a number of seismic zones (typically 300 km x 300 km in size) and each zone
was covered by a grid of points with a certain density (e.g. 0.2oNS, 0.2oEW). A four-step
procedure was applied to each zone. During the first and second steps, identification of regions
of decelerating and accelerating shocks was performed and the origin time, tc, and magnitude, M,
of the ensuing mainshock are estimated (predicted). During the third step, the geographical

Table 1 - Parameters of the circular region of the decelerating seismic strain (first line) and of the circular region of the
accelerating seismic strain (second line). F and Q are the geometrical centers of each region, tc (in years) is the
estimated origin time for the expected mainshock, M is its magnitude, a and R (in km) correspond to the radius of each
region, C is the curvature parameter, q is the quality index, Mmin is the magnitude of the smallest shock (preshock)
considered, n is the number of these shocks, ts is the start year of the sequence, and s (in Joule1/2/yr.104km2) is the long-
term strain rate in each region.

tc F/Q M a/R C q Mmin n ts logs

1 2010.7
2013.3

37.7, -5.5
36.3, -4.4

6.7
6.7

204
198

0.41
0.46

7.2
4.4

4.2
5.0

26
26

1974
1931

4.47
4.71

2 2010.1
2008.8

43.3, 2.0
41.6, 1.4

6.8
6.9

245
585

0.23
0.38

12.2
3.2

4.2
5.2

36
47

1966
1924

4.21
4.21

3 2010.8
2009.0

44.5, 17.2
42.8, 11.7

6.8
6.5

171
306

0.30
0.38

9.9
7.5

4.2
4.9

70
57

1989
1964

5.20
5.17

4 2011.2
2010.6

38.7, 16.2
37.8, 18.0

6.6
6.7

140
259

0.27
0.37

9.0
8.3

4.3
4.9

28
66

1993
1994

5.45
5.66

5 2008.4
2008.7

40.8, 30.3
38.8, 19.3

6.6
6.6

134
161

0.28
0.34

9.7
7.7

4.2
5.0

168
26

1994
1995

5.78
6.08

6 2007.9
2008.5

41.2, 23.4
40.7, 25.4

7.1
7.0

173
328

0.43
0.51

6.2
5.4

4.3
5.0

55
75

1993
1988

5.73
5.77

7 2011.2
2010.6

36.8, 26.3
35.8, 24.3

6.4
6.4

128
194

0.15
0.26

14.9
9.7

4.1
5.8

520
74

1997
1986

5.80
5.63

8 2010.9
2008.9

39.4, 26.5
40.9, 26.7

6.3
6.3

105
154

0.25
0.43

11.1
7.1

4.1
4.7

260
37

1997
1985

5.83
5.67

9 2010.1
2009.2

37.8, 34.4
36.3, 37.1

6.7
6.8

143
397

0.30
0.32

8.7
10.2

4.3
4.9

21
93

1992
1953

5.46
5.00

10 2009.2
2009.7

42.0, 33.0
39.7, 36.8

7.1
7.0

180
385

0.45
0.34

5.9
9.1

4.4
5.0

27
82

1990
1977

5.38
5.44

11 2008.7
2010.6

41.1, 39.0
37.8, 39.7

6.9
7.1

173
394

0.50
0.25

6.0
12.3

4.3
5.1

25
87

1989
1976

5.34
5.37
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coordinates of the mainshock epicentre were determined (predicted), while during the fourth step
the probability of a random occurrence of a mainshock, within the predicted windows, was
estimated.

4.1. Identification of regions of decelerating shocks

To identify a region where decelerating shocks occur, each point of the grid is considered as
the center of a circular region and the magnitudes of the shocks (decelerating preshocks) with
epicenters within this region, are used to calculate the cumulative Benioff strain, S(t), at the origin
time of each shock, as well as the parameters of Eqs. (1), (8), (9) and (10). Calculations for each
grid point are repeated for a large number of assumed values of a (in steps of 5 km), of M (in
steps of 0.1), and tsd, tc (in steps of one year). All valid solutions [which fulfil Eq. (11)] are
considered and the geographical point, F, with the largest value of the quality index, qd, is taken
as the geometrical center of decelerating preshocks, while the solution corresponding to this point
is considered as the best solution (C, qd, M, a, tsd, logsd, Mmin, n).

Thus, a first value, M, for the magnitude of the probably ensuing mainshock is estimated by
this optimization procedure. Also, a first value is calculated in this step for the mainshock origin
time by Eq. (9) and by using the values of sd and tsd of the best solution. During this step the
geographical coordinates of points (Vf , Pf) are also calculated by a special algorithm.

4.2. Identification of regions of accelerating shocks

The grid used in the first step is also used in this second step and a similar optimization
approach based on Eqs. (1), (2), (3) and (4) is applied. All points of the grid are tested as possible
centers of a critical region using Eq. (6). The geographical point which satisfies these relations
and corresponds to the largest value of the quality index, qa, is considered as the geometrical
center, Q, of the circular region, where accelerating preshocks currently occur. The solution (C,
qa, M, R, tsa, logsa, Mmin, n) which corresponds to this point is considered as the best solution.
During this step, the geographical coordinates of the two points (Vq, Pq) are also determined.

In the second step, a second value, tc, for the origin time of the mainshock is calculated by Eq.
(3) and a third one by the relation:

(14)

where ta is the average origin time of the accelerating preshocks which occur up to three years
before the generation of the mainshock. The average of the three calculated values of tc is
considered as the predicted origin time of the expected mainshock.        

Also, in this second step, a magnitude that corresponds to the best solution of the accelerating
preshock is estimated and this is considered as a second value of M for the expected mainshock.
In addition, a third value of M is calculated by the relation:

(15)
  
M Ma= − =1 43 0 60 0 24. . , .σ

  
log . . log , .t t sc −( ) = − =α α σ3 11 0 36 0 07
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where Ma is the average magnitude of the accelerating preshocks, which occur up to three years
before the origin time of the mainshock. The average of the three calculated values of M is
considered as the predicted magnitude of the expected mainshock.

4.3. Estimation of the mainshock epicenter

The estimation (prediction) of the geographical coordinates of the epicenter of an ensuing
mainshock is based on the location of the six distinct geographical points (F, Vf , Pf , Q, Vq, Pq),
that are defined by the space distribution of the preshocks. This estimation is also based on the
values of the quality indices (qde, qae) in the mainshock epicenter, E, with respect to their values
(qdf , qaq) in the geometrical centers (F, Q) of already occurred mainshocks, as well as on the
location of point, L, of the grid with the highest time independent seismicity.

The six distinct geographical points are divided into two groups. The first group is consists of
three geographic points (F, Vf , Pf) which are at relatively short distances from the mainshock
epicentre and their geographical mean (mean latitude and longitude) is point, D, whose the
distance from the mainshock epicentre, E, is:

(ED)=0.3x(DA)+40±40 km        ,  for (DA)≤260 km                                          (16)    
(ED)=130±60 km                      ,  for (DA)>260 km.                                  

The second group consists of the other three distinct geographical points (Q, Vq, Pq) which are
at relatively large distances from the mainshock epicentre and their geographical mean, A, is in a
distance E, from the mainshock epicentre, which is given by the relation:

(EA)=150±40 km        ,  for (DA)≤230 km                                                        (17)              
(EA)=(AD)±100 km    ,  for (DA)>230 km                                           

Eqs. (16) and (17) form the first two constraints of the mainshock epicentre.
By investigating a large number of preshock sequences, one discovers that the mainshock

epicenters have a tendency to delineate along the line DA and have a symmetrical distribution
with respect to this line. Thus, by considering the distances from the line DA of the epicenters
which are located in one side of this line, as positive and the distances of the epicentres which are
in the other side, as negative it can be found that the mean, x, of all distances is equal to zero with
a standard deviation of 80 km, i.e.:

x=0±80 km.                                                                                                   (18)

This is the third constraint of the mainshock epicentre. Measures of precursory deceleration
and acceleration of seismic strain have smaller values in the mainshock epicenter than in the
corresponding geometrical centers (e.g. qde<qdf , qae<qaq). This has been expressed by the
following relation:

(19)

  

q q

q q
de ae

df aq

+
+

= ±0 45 0 13. .
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which forms a fourth constraint for locating the mainshock epicenter.
Time independent seismicity for each grid point, expressed by the a/b ratio of the parameters

a (annual) and the b of the recurrence relation, has been calculated and point, L, with the highest
value for this ratio is defined. By using global data of already occurred shocks, it was observed
that the distance between L and the mainshock epicenter is given by the relation:

(LD)=110±70 km.                                                                                                (20)

This relation is used as the fifth constraint for locating the mainshock epicenter.
Eqs. (16), (17), (18), (19) and (20) are tested for each point of a grid and five corresponding

probabilities are calculated for each of these points by assuming a normal (Gaussian) distribution
of the observed deviations. The average of the five probabilities is considered as the
representative value for each geographical point and the point with the highest representative
probability is considered as the mainshock epicenter.

5. Results

The estimated parameters (tc, F, M, a, C, qd, Mmin, n, tsd, sd) of the best solution, derived from
the decelerating seismic strain, are given for each of the eleven cases of Table 1 in the first line.
In the same table, the estimated parameters (tc, Q, M, R, C, qa, Mmin, n, tsa, sa) of the best solution
(in the second line for each of the eleven cases) for accelerating seismic strain are also included.
It is observed that the mean values of the curvature parameters for the eleven decelerating
sequences and the corresponding accelerating sequences (Cd=0.32±0.10, Ca=0.37±0.08), are
similar with the values of these parameters (Cd=0.34±0.09, Ca=0.44±0.09) calculated for already
occurred globally preshock sequences (Papazachos et al., 2006b).

The calculated values of the origin time, tc, and the magnitude, M, for each of the eleven
expected mainshocks are listed in Table 2. In the same table, the geographical coordinates, E(ϕ,
λ), of the estimated (predicted) epicenters are given. We consider the model uncertainties as
possible errors for these predictions, that is, ±2.5 yrs for the origin time of the mainshock, ≤150
km for its epicenter and ±0.4 for its magnitude, with an 80%  probability if false alarms are also
taken into account (Papazachos et al., 2006b). The total period for the generation of the 11
expected mainshocks is approximately 6 years (2008.0-2013.7), which is reasonable since the
available instrumental data (1911-2007) indicates that approximately 1.5 earthquakes with M≥6.3
occur annually in the area (Mediterranean) considered in the present paper, a point which is
elaborated further later in the manuscript.

Figs. 2, 3 and 4 show the epicenters of decelerating (dots) and accelerating (small open
circles) shocks, the circular seismogenic region (circle which includes epicenters of decelerating
preshocks) and the circular critical region (circle which includes epicenters of accelerating
preshocks) for three sub-areas of the examined area (Fig. 2 for the western Mediterranean, Fig. 3
for the Aegean Sea, Fig. 4 for Anatolia). The numbers (1, 2, 3, … 11) correspond to the eleven
code numbers of Tables 1 and 2. The corresponding time variations of the cumulative Benioff
strain for accelerating and decelerating shocks are shown on the right of each figure, along with
the best-fit curves of the power-law Eq. (1) with m=0.3 for accelerating strain and m=3.0 for
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Fig. 2 - Information on the decelerating-accelerating seismicity in four regions of the western Mediterranean (a, b, c,
d). Dots are epicenters of decelerating shocks (preshocks) which are included in the circular seismogenic region and
small open circles are epicenters of accelerating shocks (preshocks) which are included in the circular critical region.
The time variations of the accelerating and decelerating Benioff strain, S(t), are shown to the right of each case. The
best-fit lines of the Benioff strain time variation, which follow a power-law Eq. (1) are also shown. Numbers (1), (2),
(3) and (4) correspond to code numbers of Tables 1 and 2. 
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decelerating strain.
In studying already occurred preshock sequences (Papazachos et al., 2006b), it was observed

that during the last phase (~3 yrs before the mainshock) the Benioff strain deviates from the
power-law [Eq. (1)], increasing strongly in decelerating, and decreasing slightly in accelerating
sequences. Thus, this pattern can be considered as additional evidence for an expected mainshock
to occur soon. It is interesting to notice that similar deviations are also observed in the Benioff
graphs, presented in this work, for the expected mainshocks.

6. Prediction evaluation tests

In order to evaluate the reliability of the proposed predictive patterns, it is necessary to
estimate the probability for the random occurrence of an earthquake within the prediction space,
time and magnitude window. Such estimations are usually based on the assumption that the
magnitudes of the earthquakes of the sample used are distributed according to the Gutenberg-
Richter (G-R) recurrence law and their times follow a simple Poisson distribution. It is evident
that if the probability for the random occurrence, in some of the eleven regions, is high compared
to the D-AS model probability (80%), the corresponding predictions are practically meaningless.
Hence, a reliable estimation of random occurrence probabilities is necessary for a preliminary
evaluation of the proposed results. 

In order to obtain reliable parameters for the G-R relation (Gutenberg and Richter, 1944) the
data need to be sufficiently accurate and a large time-span has to be sampled. For this purpose,
the complete samples of earthquakes M≥5.2 that occurred between 1911 and October 2007 (last
date for which data were available) were used. The start time (1911) corresponds to the time from

Table 2 - The estimated (predicted) origin time, tc, epicentre coordinates, E(ϕ,λ), and magnitude, M, for each of the
eleven probably ensuing mainshocks in the Mediterranean. Model uncertainties are: ±2.5 years for the origin time,
≤150 km for the epicenter, ±0.4 for the magnitude and focal depth h≤100 km for each expected mainshock, with 80%
probability. The probability, Pr, for random occurrence of a mainshock with magnitude, M±0.4, during a time period
of 5 years in each predicted circular region is given in the last column of the table. 

tc E(ϕϕ,λλ) M Pr

1 2011.2 36.8°N, 04.1°W 6.7 0.01

2 2010.1 42.9°N, 01.1°E 6.8 0.02

3 2010.0 44.4°N, 16.2°E 6.7 0.08

4 2010.4 39.1°N, 16.6°E 6.7 0.06

5 2009.1 40.0°N, 20.5°E 6.6 0.29

6 2008.8 40.3°N, 24.4°E 7.0 0.17

7 2010.5 36.5°N, 27.0°E 6.5 0.36

8 2009.9 39.3°N, 26.9°E 6.3 0.42

9 2010.2 36.8°N, 35.3°E 6.8 0.04

10 2009.8 41.3°N, 32.6°E 7.0 0.12

11 2010.3 40.2°N, 39.0°E 7.0 0.13
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Fig. 3 - Information on the present decelerating-accelerating seismicity in the Aegean. The symbols are the same
as in Fig. 2.
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when several seismological stations were in continuous operation in the Mediterranean, including
the Athens seismological station, which is located almost in the middle of the investigated area.
The sample time interval (~97 years) covers almost the whole instrumental period and the
corresponding sample size is sufficiently large (average number of sample size per year 70±50).
On the other hand, the minimum magnitude (M>5.2) is sufficiently large, for all shocks
considered to have been recorded by a considerable number of seismological stations, which
ensures a relatively accurate location of shocks, as well as a reliable estimation of their
magnitudes. Using this data set, all shallow shocks (h<100 km), in each predicted circular region
(centred at the predicted epicentre and with radius 150 km), were considered and the well known
G-R relation was fitted to the data in the least squares' sense:

Fig. 4 - Information on the present decelerating-accelerating seismicity in Anatolia. The symbols are the same as
in Fig. 2. 
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logNn = an − bM (21)

where Nn is the number of shocks with magnitude M or larger, b is the slope of the line and an is
the constant, which corresponds to 97 years’ duration. Assuming a random earthquake
occurrence, after reducing the line constant to its annual value (a=an - log97), the probability,
Prandom(M), for the occurrence of an earthquake with magnitude M or larger during the prediction
time interval t (=5 years) is given by relation:

Prandom = 1 - exp(-t/T)                                                                                       (22)

where T=10bM/10a. Since the predicted magnitude window calculated by the D-AS model is
MPredicted±0.4, the difference of the probabilities obtained by Eq. (22) for the two magnitude
limits, allows to assess the probability of a random occurrence of the earthquake in the predicted
magnitude window.

It should be noted that the application of Eqs. (21) and (22) has been performed using the
complete catalogue data, without any declustering of aftershocks, foreshocks, etc. However, since
the probability estimates using Eq. (22) concern the high-magnitude end of the G-R curve
(6.3≤M≤7.0), estimations should be considered as reliable, since very few aftershocks and
practically no foreshocks have such large magnitudes in typical mainshock sequences in the
Mediterranean. Furthermore, the incorporation of aftershocks and foreshocks makes the
probability estimates a rather conservative (upper) estimate of the probabilities for random
occurrence of a mainshock in each prediction circle.

The final probabilities of a random occurrence are listed for each prediction area in the last
column of Table 2. These results show a relatively low ratio of random/D-AS model probabilities
(Prandom/PD-AS∼0.19), confirming the importance of the corresponding predictions. However, the
probability for a random occurrence is quite large for some regions (e.g. area 8), suggesting the
need for a more elaborate evaluation of the model performance, with respect to a random
mainshock occurrence.

The information presented in this work allows an objective evaluation of the proposed
predictions after the expiration of the estimated time windows. Such information is the time,
space and magnitude windows and the corresponding probability (~0.8) for each of these eleven
predictions, as well as the probabilities for a random occurrence of such mainshocks in each of
the eleven regions and in the broad Mediterranean area. A simple evaluation test is the calculation
of the success ratio, r, that is, the ratio of the number of successful predictions, s, to the sum,
s+n+f, where n is the number of unsuccessful predictions and f is the number of mainshocks that
occurred in the broad area (Mediterranean) outside the predicted circular regions (r=s/[s+n+f]).
For example, in cases when none of the predicted earthquakes occurr (s=0), r=0 and when all
predicted mainshocks occur in the specified prediction windows (s=11, n=0) and when no
mainshock occurred outside the predicted regions (f=0), r=1. Moreover, if only five of the
predicted mainshocks occur in the specified prediction windows (s=5, n=6) and two mainshocks
occur in other regions of the Mediterranean area (f=2) the success ratio is r=0.38.

The simple success ratio and the random probability estimates previously described are not
enough for a complete evaluation of the model performance. For example, it is not clear how to
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judge the r=0.38 success ratio of the last example or how to evaluate the overall performance of the
model when the random probabilities in each area (Table 2) show such a large variability. Although
a large number of alternative quantitative statistical tests are available in the literature, since the
prediction window (January 2008 to end of last prediction window-2013.7, i.e. 5.7 years) is relatively
large, we applied a series of tests proposed by Kagan and Jackson (1995). For this purpose we have
used the 11 areas where strong earthquakes are expected and separated the remaining part of the
Mediterranean into 50 equal bins. Using the G-R curve for this remaining part of the Mediterranean,
it is easily found that the probability of a random occurrence of a M≥6.3 within a period of 5.7 years
(prediction period) is ~9.3%. 

The 11 prediction areas and the 50 “background” bins correspond to 61 zones, for which we need
to define the probabilities of occurrence, pi (i=1,…61) for the two alternative hypotheses, the D-AS
model and the random occurrence model. For the proposed D-AS model case and for the 5-year
prediction window, we assumed that the previously mentioned probability of 80% applies within the
11 circles and the remaining 20% of events corresponded to the G-R (random) probability that an
event occurs in the remaining 50 background bins, which is a reasonable choice for 20% of the cases
not covered by the D-AS model. For the remaining 0.7 years of the complete examined period, we
used the corresponding G-R probabilities for all zones, resulting in a final probability value for each
zone.  On the other hand, for the G-R (random occurrence) model, which is used as the alternative
model for comparison, we have employed the corresponding G-R probabilities for the 11 prediction
areas (Table 2) and the 9.3% G-R random probability for the 50 bins of the remaining (background)
area. 

All statistical tests are based on a large number of simulations (5000 in our case). For each
simulation, a uniform, random number between 0 and 1 is drawn and compared against the reference
probability pi of each model (D-AS or random). If this number is less that the zone probability, pi,
(for each model) then the zone is considered filled (ci=1), hence in this simulation the zone will be
filled by a mainshock, otherwise it is considered empty (ci=0) [see Kagan and Jackson (1995) for
details]. It should be pointed out that the combination of D-AS probabilities (80%) for the 5-year
period with the 0.7 year G-R probabilities in each of the 11 prediction areas practically did not affect
the 80% probability estimate, as the corresponding G-R probabilities are quite small, with the
exception of cases 5, 7 and 8 in Table 2, where the combined probability increases to ~89.2%. 

Using the final set of 5000 simulations, several tests can be performed. The first test (N-test)
examines the total number of expected mainshocks for each model. The corresponding cumulative
probability curves for the two models are shown in Fig. 5a, where the D-AS and G-R models are
presented with a solid and dashed line, respectively. The two curves show a small difference, as
shown by the average number of earthquakes expected to 2013.7, 10.1 events for the D-AS model
and 7.3 events for the random (G-R) model. Despite the apparent difference, it is interesting to note
that not very different numbers of mainshock are found, although the probabilities for the individual
61 examined zones are very different for the two models. On the other hand, the estimate obtained
from the D-AS model shows a slightly larger but not unrealistic number of earthquakes, since the
results for the G-R model show that even scenarios which include up to 17 events are found in the
simulations of the random occurence model. This result suggests that the 80% probability used for
the 11 prediction areas does not lead to unrealistic assumptions and that the expected ~6 year
behavior for both models is compatible with the total number of M≥6.3 events expected, with the D-
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AS model showing a slightly larger number of events. The slightly small bias between the two model
curves of Fig. 5a suggests that it is not possible to perform a reliable discrimination of the model
performance at an appropriate probability level (e.g. 90%) at the end of the examined period, if the
N-curve is used.

The second test, called the L-test (Martin, 1971) estimates the logarithm of likelihood:

(23)

If zones with a high probability for one of the tested models (pi>>0) are filled (ci=1) and zones
with a low probability (1-pi>>0) are empty (ci=0→1-ci=0), then L obtains large values, showing the
significance of the specific model and the corresponding probability distribution, whereas low L
values, suggest a poor model performance. Using the results from the available simulations, the
cumulative distribution of the L values can be examined, giving characteristic curves having an L-
shape. Unfortunately, as in the N-test, both examined models (D-AS and G-R) show similar L-curves,
hence it is also not possible to use this test for model performance comparison. For this reason, the
R-test was used (Martin, 1971), where the difference R=LD-AS-LRandom is estimated, where LD-AS and
LRandom are the computed L values from Eq. (23) for the two-model probability distributions (pi,
i=1,…61) of the two models. 

Fig. 5b shows the two R-curves; one (solid line) for the D-AS model and one (dashed line) for the
random (G-R) probabilities, which exhibit no overlapping even at the 95% confidence level. This
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Fig. 5 - a) N (expected number of mainshocks) and, b) R (difference of log-likelihoods) cumulative curves for the
simulations of the D-AS and G-R models (see text for explanation). The mean number of events expected in the next
~6 years according to each model is also shown (a). Although the N-curves are slightly different, a significant
difference is observed for the two R-curves, allowing the evaluation of the performance of both models after the end
of the evaluation period
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clear difference reflects the fundamental differences between the two examined models: in the 11
circular prediction areas where large earthquakes are expected according to the D-AS model, the
corresponding G-R probabilities are relatively small (~19% of the D-AS model probabilities, as
indicated earlier). On the contrary, for the 50 background bins, the D-AS probabilities are extremely
small (20% of the corresponding G-R probability). This contrast results in a clear difference of log-
likelihoods [Eq. (23)] in each zone, as these likelihoods strongly depend on the assumed probability
model. This behaviour of the R-test makes it appropriate to evaluate the reliability of the D-AS
model, as has also been demonstrated for the expected large earthquakes in central Asia (Papazachos
et al., 2007c). Therefore, the use of the actual R-value for the finally, observed M≥6.3 mainshock
distribution up to 2013.7 will allow the objective evaluation of the reliability of the proposed D-AS
prediction, at least when comparing it to the G-R random occurrence of mainshocks.

7. Discussion

The method applied in the present work concerns the prediction of only the largest mainshock in
each identified candidate region. Most of these regions include networks of faults, where other strong
earthquakes, not predicted by the present method, may occur. A typical example is the recent strong
mainshock activity in the southwestern part of the Hellenic arc, which included four shallow and
intermediate-depth events with M≥6.2 between January 2006 and February 2008. Should such a
region have more than one strong earthquake within the predicted time window (±2.5 years), space
window (≤150 km) and magnitude window (±0.4), only the largest of these earthquakes can be
predicted by the proposed method, as the intense seismic activity and stress re-distribution in the
examined regions excludes the possibility of using seismicity measures to detect the events that
follow.

It must be pointed out that the path to a successful and reliable prediction of individual
earthquakes is hard and probably long and the present work is part of this effort. The predicting
ability of the model will be validated after the expiration of the predicted time windows (e.g. end of
2013). Therefore, the uncertainty windows specified in the present work must be considered as
indicative. The real uncertainties need to be re-examined, if the results of this forward test are clearly
proven as non-random. Thus, the present work is really a test for the improvement of our current
knowledge on earthquake prediction, hence, clearly, it is addressed mainly to scientists. 

During the reviewing process, a strong earthquake occurred on July 15, 2008 in southeastern
Greece, causing damage in the Islands of Rhodes. The earthquake parameters for this event are tc =
2008.5, M = 6.4, E (ϕ=36.0oN, λ=27.9oE) and h = 60 km (source European-Mediterranean
Seismological Centre). If we consider the parameters (and their uncertainties) for the earthquake
expected in this region 7 of Table 2 [tc* = 2010.5 ± 2.5 yrs, M* = 6.5 ± 0.4, E* (ϕ=36.5oN, λ=27.0oE),
with an uncertainty of  ≤ 150 km, h* ≤ 100 km], it is clear that the specific mainshock was generated
within the predicted time, magnitude, epicenter and focal depth windows. Therefore, this can be
considered as a successful intermediate-term prediction for a strong earthquake. The corresponding
probability for the random occurrence of a mainshock for the specific region is ~36% (see Table 2),
much smaller that the 80% estimate of the D-AS model. In accordance with previous discussions,
the generation of this strong earthquake in Rhodes can not exclude the possibility of the generation
of strong mainshocks in the fault network of region 7, within the time prediction window.
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