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a b s t r a c t

On January 26 and February 3, 2014, Cephalonia Island (Ionian Sea, Greece) was struck by two strong,
shallow earthquakes (moment magnitudes Mw6.1 and Mw6.0, respectively) that ruptured two
sub-parallel, strike-slip faults, with right-lateral kinematics. The scope of the present work is to investi-
gate the complex correlations of the earthquake activity that preceded the Mw6.1 event in the broader
area of the Cephalonia Island and identify possible indications of critical stages in the evolution of the
earthquake generation process. We apply the recently introduced methods of Multiresolution Wavelet
Analysis (MRWA) and Natural Time (NT) analysis and for the first time we combine their results in a joint
approach that may lead to universal principles in describing the evolution of the earthquake activity as it
approaches a major event. In particular, the initial application of MRWA on the inter-event time series
indicates a time marker 12 days prior to the major event. By using this time as the initiation point of
the NT analysis, the critical stage of seismicity, where the j1 parameter reaches the critical value of
j1 = 0.070, is approached few days before the occurrence of the Mw6.1 earthquake.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

On January 26, 2014 an Mw6.1 earthquake occurred in the
western part of the Cephalonia Island that is one of the most seis-
mically active regions in the Eastern Mediterranean region. In
modern times, the most prominent earthquakes in the area were
those that ruptured the Eastern part of the island on 9, 11 and
12 August, 1953, with surface-wave magnitudes of 6.4, 6.8 and
7.2, respectively (Papazachos and Papazachou, 1997). On 17
January, 1983 a large (Mw7.0) earthquake ruptured the western
offshore part with no significant damages (see Kiratzi and
Langston, 1991; Tzanis et al., 2000 and references therein). The
current seismic excitation is the result of right lateral shear strain
accumulated on a zone of weakness, which abuts and slightly over-
laps the rupture area of the 1983 main shock (Mw7.0)
(Papadimitriou, 2002; Karakostas et al., 2014).

In the last several years, strong evidence indicates that earth-
quake generation process can be viewed as a critical phenomenon,
culminating with a large event that corresponds to some critical
point (Bak and Tang, 1989; Rundle et al., 2003; Sornette, 2000;
Kiyashchenko et al., 2003, 2004; Uritsky et al., 2004; Zoeller and
Hainzl, 2002 and references therein). In addition, it has recently
been shown that a wide variety of geodynamic phenomena related
to the complexity dynamics reveals features that could be inter-
preted in the framework of new views as that of non-extensive sta-
tistical physics (Tsallis, 2009), the multiresolution wavelets
analysis (Telesca et al., 2004, 2007) and of the newly defined time
domain, termed natural time approach (Varotsos et al., 2002, 2006,
2011a; Sarlis et al., 2010).

Time dynamics characterization of an earthquake sequence
gives strong evidence for the existence of an underlying spatiotem-
poral nonlinear deterministic dynamical process (Telesca et al.,
2000, 2001, 2002, 2004). The observed time–space behaviour can
be mapped by fractal (self-similar) properties such as power laws
profiles, long range correlations and space–time clustering
(Lapenna et al., 2000; Telesca et al., 2002; Telesca and Macchiato,
2004; Papadakis et al., 2013; Antonopoulos et al., 2014) and can
describe the spatial and temporal distribution of earthquakes
(see Davidsen and Goltz, 2004; Abe and Suzuki, 2005; Corral and
Christensen, 2006; Michas et al., 2013).
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Fig. 1. Key seismotectonic features of the broader Aegean area. SHSZ is the South
Hellenic Subduction Zone, NHSZ the North Hellenic Subduction Zone, CTF the
Cephalonia Transform Fault, NAT the North Aegean Trough and NAF the North
Anatolian Fault. The rectangle marks the study area.
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Recently and in order to analyse Seismic Electric Signals (SES),
the concept of natural time was introduced (see Varotsos et al.,
2011a and references therein). Varotsos et al., show that an inter-
relation exists between the time evolution of the seismic activity
measured from the start of the SES and the spectrum characteris-
tics of the SES in natural time (Varotsos et al., 2002, 2009, 2011a
and references therein). Furthermore, the analysis of complex sys-
tems using the natural time approach, as has been shown in Abe
et al. (2005), reduces the uncertainties, allowing the optimal
extraction of signal information and enables (Varotsos et al.,
2011a, 2011b and references therein) the identification of
long-range correlations even in the presence of ‘‘heavy tails’’. The
consistency of natural time analysis in approaching the complex
dynamics of critical phenomena, such as seismicity, fracturing,
2-D Ising model, 3-D turbulent flow and acoustic emissions exper-
iments, has been demonstrated in a series of recent studies
(Varotsos et al., 2002, 2005a, 2005b; Vallianatos et al., 2013,
2014 and references therein).

In addition, wavelet-based methods have been proved quite
useful in the characterization of fractal signals (Thurner et al.,
1997; Abry et al., 2000, 2002). Wavelet analysis also enjoys the
salutary property that is not vulnerable to non-stationarities
(Wornell, 1995; Teich et al., 1996; Abry and Veitch, 1998); a situ-
ation that is not very rare when characterizing the time dynamics
of an earthquake sequence.

Our research is motivated by the history of large earthquakes in
the Cephalonia Transform Fault (see Papazachos and Papazachou,
1997) and the need of testing and evaluating the predictive capa-
bility of the natural time analysis in an area that has been shown
to generate precursory effects (Tzanis et al., 2000).

The scope of the present work is twofold. We investigate the
applicability of natural time analysis (NT) (Varotsos et al., 2011a)
in the seismicity prior to the Cephalonia Mw6.1 strong earthquake,
introducing the results of multiresolution wavelets analysis
(MRWA) on the interevent time sequences, in order to define one
of the crucial parameters, which is the starting point in the NT.
The question of whether seismicity is described by Natural Time
parameters, as modified by introducing the results of MRWA as
the initiation point for the NT, even at the phenomenological level,
represents a challenge, possibly leading to universal principles in
describing the evolution of the earthquake generation processes.

2. The Tectonic setting and seismicity of Cephalonia region

The Ionian Islands in the Western Greece lay on a seismotecton-
ically complex area that is undergoing rapid and intense ground
deformation. The Cephalonia Island, in the central l part of Ionian
region (Fig. 1), has a remarkable seismic history which can be
traced back to antiquity (Papazachos and Papazachou, 1997). The
island was formed during Tertiary as a result of the convergence
between the African and the Eurasian plates that initiated at the
end of the Cretaceous (Kokinou et al., 2006 and references therein).
It mainly consists of Alpine Mesozoic and Cenozoic sedimentary
rocks belonging to the External Hellenides, the Paxos or
Pre-Apulian zone and the overthrusted Ionian zone (Lekkas et al.,
2001). Cephalonia has been repeatedly subjected to strong ground
shaking due to the proximity of the island to the Cephalonia
Transform Fault (CTF) (Fig. 1). CTF (Scordilis et al., 1985) lies off-
shore to the west of the Cephalonia Island and is a major
strike-slip fault that links the subduction boundary to the conti-
nental collision between the Apulian microplate and the Hellenic
foreland (Sachpazi et al., 2000) and plays a key role in the region’s
geodynamic complexity (LePichon et al., 2002; Louvari et al., 1999)
(see Fig. 1). Its slip-rate varies from 7 to 30 mm/yr (Hollenstein
et al., 2008), which is consistent with seismological data
(Papazachos and Kiratzi, 1996).
For this region, complete historical information exists for strong
(M P 6.5) earthquakes in the last five centuries, revealing an aver-
age of about one such shock per decade (Papadimitriou and
Papazachos, 1985). Nhe most severe was the 1953 paroxysm with
four events (9 August, M 6.4; 11 August, M 6.8; 12 August, M 7.2;
21 October, M 6.3) that almost completely destroyed the infrastruc-
tures on the Cephalonia Island. The most recent large CTF events
include the M6.8, January 17, 1983 and the M6.2, August, 14,
2003. Two strong earthquake events, with Mw6.1 and Mw6.0,
occurred on January 26, 2014 (13:55 UTC) and February 3, 2014
(03:08 UTC) respectively, onshore the island of Cephalonia (Ganas
et al., 2014; Karastathis et al., 2014), inducing extensive structural
damages and environmental effects, mainly in the western and cen-
tral parts (Valkaniotis et al., 2014 and references therein).

Recent upgrading of the seismological networks operating in
the area (Mignan and Chouliaras, 2014) permits the use of an accu-
rate catalogue to analyse the microseismicity of the area. The seis-
micity data used in this study are taken from the Hellenic Unified
Seismological Network (HUSN) (Mignan and Chouliaras, 2014;
D’Alessandro et al., 2011; Papanastassiou, 2010), the development
of which took place gradually from the end of 2007 to 2011. The
dataset is available from the catalogue of the Geodynamic
Institute of the National Observatory of Athens (GI-NOA, http://
www.gein.noa.gr). As reported in Mignan and Chouliaras (2014),
the 2011 upgrading of the HUSN has resulted in the significant
improvement of the network’s performance. In Mignan and
Chouliaras (2014), the Bayesian Magnitude of Completeness
(BMC) method has been used to provide a complete spatial cover-
age of the magnitude of completeness (Mc) for the area of Greece,
demonstrating that the value of Mc in the area of Cephalonia is
down to 2.0. In addition, it was indicated that the application of
the routinely used test that is based on the Gutenberg–Richter
scaling relation, yields biased results on the completeness magni-
tude, depending on the level of complexity of the data set consid-
ered. Fig. 2 presents the observed seismicity in the Cephalonia
region during a period starting 150 days before the January 26,
2014 event in an area of radius R = 50 km around the major event.
The solid black line marks the Cephalonia Transform Fault (CTF).

http://www.gein.noa.gr
http://www.gein.noa.gr
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3. Multiresolution wavelets analysis in the seismicity of
Cephalonia region

The study of temporal distribution of seismic events is a crucial
subject when dealing with their time-scaling properties (Godano
and Caruso, 1995; Telesca et al., 2002; Öncel et al., 1996; Hainzl
et al., 2006) since it contributes to the understanding of the corre-
lation properties of seismicity along with its scaling properties
(Corral and Christensen, 2006). The analysis of time intervals
between successive seismic events can be grouped in exponential
or power laws revealing similar behaviours in different scales
(Abe and Suzuki, 2005).

A Wavelet Transform (WT) involves the decomposition of a sig-
nal function or vector into simpler, fixed building blocks at differ-
ent scales and positions. In a similar way as Fourier transform (FT)
does, WT operates on a signal and transforms it from time domain
to Wavelet domain. In Fourier analysis, only the sine and cosine
functions (which are localized in frequency domain) can be applied
Fig. 2. The observed seismicity in the Cephalonia region during a period starting
150 days before the January 26, 2014 event in an area of radius R = 50 km around
the major event. The solid black line marks the Cephalonia Transform Fault (CTF).

Fig. 3. Interevent times between two successive events versus time in days before the
Mth = 2.0.
to a function, with a difficulty to process a function having compo-
nents that are localized in the time domain. As a result, a small fre-
quency change in FT produces changes everywhere in this domain.
On the other hand, wavelet functions are localized both in fre-
quency or scale and in time via dilations and translations of the
mother wavelet, respectively. This leads to compact representation
of large classes of functions and operators in the Wavelet domain.
This is one of the major advantages of WT: an event can be simul-
taneously described in the frequency domain as well as in the time
domain, unlike the usual Fourier transform where an event is accu-
rately described either in the frequency or in the time domain. As a
consequence, MRWA of data with different behaviour on different
scales can be highly benefited by use of WT.

The discrete wavelet transform (DWT) transforms a data vector
of length M into a different vector of the same length. The DWT can
be considered as a filtering technique under the terminology of sig-
nal processing. A wavelet basis is characterized by a particular set
of numbers called wavelet filter coefficients. In practice, DWT is
commonly implemented using dyadic multirate filter banks (con-
sisting of high and low pass filters) which divide the signal fre-
quency band into sub bands. At each scale, detail coefficients are
generated from the output of high-pass filters, since approximation
coefficients are outputs from low-pass filters. For a point process
such as the interevent times sequence, the wavelet coefficients
can be derived from:

Wwav
m;n ¼ 2�m=2

XL

i¼1

tiwð2�mi� nÞ ð1Þ

where the scale variable m and the translation variable n are inte-
gers, L represents the total number of interevent times ti and w is
the wavelet function. The DWT is evaluated at the points (m, n) in
the scale-interval-number plane. Smaller scales correspond to more
rapid variations and therefore to higher frequencies.

In the current study we perform MRWA by examining the stan-
dard deviation of wavelet coefficients as a function of scale as
described from:

rwavðmÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N � 1

XN

n¼1
Wwav

m;n � hW
wav
m;n i

� �2
r

ð2Þ

where N is the number of wavelet coefficients at a given scale m and
the brackets indicate the average among the coefficients at a scale
m. Fig. 3 presents the interevent times between two successive
major event for a radius R = 50 km around epicenter and a magnitude threshold,



Fig. 4. rwav(m) for the seismic catalogue (from 1/9/2010 until 26/1/2014) as calculated by means of different wavelet functions.

Fig. 5. Time variation of rwav(m) with m ranging from 1 (a), 2(b) and 3(c), for
moving window with 80 events and different shifts (4, 8 and 12 events as expressed
in legend). Interevent times were estimated using the HUSN catalogue (from 1/9/
2010 until 26/1/2014) with events within a radius R = 50 km around the M6.1
epicenter and a magnitude threshold, Mth = 2.0.

Fig. 6. Time variation of rwav(m) with m ranging from 1 (d), 2(e) and 3(f), for
moving window with 60 events and different shifts (4, 8 and 12 events as expressed
in legend). Interevent times were estimated using the HUSN catalogue (from 1/9/
2010 until 26/1/2014) with events within a radius R = 50 km around the M6.1
epicenter and a magnitude threshold, Mth = 2.0.
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Fig. 7. Time series of seismic events (a) in conventional time t and (b) in the natural time v. (c) Schematic diagram showing the power spectrum P(/) in natural time. Solid
line is P(/) obtained from Eq. (4) for critical stage (j1 = 0.070), whereas two other lines are for j1 > 0.07 and j1 < 0.07.
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events versus the time occurrence of the second event until the
major seismic event in a region within a circle of radius R = 50 km
around epicenter and a magnitude threshold, Mth = 2.0. The time
period that covered for MRWA of interevent times spans from
1/9/2010 until 26/1/2014.

A challenging question regarding WT involves the suitability of
the analysing wavelet. In order to overcome the uncertainty of
appropriate wavelet selection, initially, we perform calculation of
the standard deviation of the wavelet coefficients rwav(m), using
different wavelets. Results are shown in Fig. 4 where the important
observation is the significant variability of the wavelet coefficients,
suggested by the high value of rwav(m) as the scale increases; this
is an indication of the strong fluctuations displayed by the original
series. The increase of rwav(m) with the scale indicates that the
fluctuations of higher frequency are less strong than those of lower
frequency (since the lower scales are associated with higher fre-
quency oscillations). All the wavelets furnish very close results at
small scales up to m = 4. After that (since the number of the wave-
let coefficients at high scales m becomes lower) a spreading effect
among the standard deviations of different wavelets is evident.

We investigated the time evolution of the rwav(m), using fixed
event number windows (80 and 60 events) shifting through the
entire series. Consistently with the length of the time window,
we analysed the time variation of the rwav(m) for lower scales
(m = 1–3) since the number of available events is limited
(L = 610). The shift between successive windows was set in 3 dif-
ferent values (4, 8 and 12 events) permitting sufficient smoothing
among the values of the measures without losing the ability to
derive sharp transitions. Each calculated value is associated with
the time of the last event in the window. Different wavelets have
been used giving almost similar results. Figs. 5 and 6 show are pre-
sentative set of results for the time evolution of the rwav(m) using
db2 wavelet with 3 scales for MRWA and for different window
lengths as well as for different shifts.

At each subplot (a, b and c for moving window with 80 events;
d, e and f for moving window with 80 events) results for corre-
sponding scale (m = 1, 2 and 3) using different window shifting
(4, 8 and 12 events) are presented. An initial comment from
Figs. 5 and 6 is the significant temporal variability in the strength
of the multiscale properties of the interevent times. As observed in
previous studies (Telesca et al., 2004, 2007) before the major event
of the seismic sequence a traceable decrease of the temporal evo-
lution of the rwav,m(t) appeared, especially at lower scales. A data
mining approach to the plots at Fig. 5 as well as at Fig. 6 dictates
the search of a time marker beginning several days before the
major event. The sharp decrease at lower scales (m = 1 and m = 2)
which is observed around 12 days before the major event can be
qualified for such a time marker since the decrease is evident for
several days and is not altered significantly when we use different
moving window lengths as well as different window shifts. This is
quite adequate for ensuring that this decrease is not of uniform
(random) type. Regarding the higher scales (m = 3), the sharp
decrease associated with the largest event seems less pronounced
in the case of smaller window length and it is mainly evidenced a
more regular and cyclical structure, corresponding to lower fre-
quency fluctuations of the series.

The results from the analysis of lower scales suggest the use of
noticeable time marker which observed almost 12 days before
major event as the initiation point for the Natural Time analysis
that will follow. More specific, the initial application of MRWA in
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a broader time period reveals time segment where the NT analysis
is going to investigate for indicators suggesting the entrance to
critical stage.

4. Natural time analysis of seismicity before the Cephalonia
Mw6.1, January 26, 2014 earthquake

The natural time analysis of a complex system has been pre-
sented in detail in Varotsos et al. (2011a). Here we recapitulate
the concept of natural time analysis as applied in the seismicity
of the Cephalonia region. In a time series consisting of N earth-
quakes, the natural time v serves as an index for the occurrence
of the kth event and is defined as vk ¼ k=N. For the analysis of seis-
micity the pair (vk, Mk) is considered, where Mk is the seismic
moment released during the kth event (see Fig. 7). Considering
the evolution of (vk, Mk), the continuous function F(x) is defined
as:

FðxÞ ¼
XN

k¼1

Mk exp ix
k
N

� �
ð3Þ

where x ¼ 2p/ and / stands for the natural frequency.
We normalize F(x) dividing it by F(0),

UðxÞ ¼
PN

k¼1 Mk exp ix k
N

� �
PN

n¼1 Mn

¼
XN

k¼1

pk exp ix
k
N

� �
; ð4Þ
Fig. 8. Time evolution of P(/) for 0 6 / 6 0.5 of the seismic activity for (a) ML P 2.0 and
15, 2014. P(/) curves (blue) fall on the theoretical P(/) curve (red) calculated from Eq. (6
figure legend, the reader is referred to the web version of this article.)
where pk ¼ Mk
PN

n¼1Mn

.
. The quantities pk describe the probability

to observe the earthquake event at natural time vk. Using Eq. (4) a

normalized power spectrum can be obtained: PðxÞ ¼ jUðxÞj2. It
has been proved that for natural frequencies / less than 0.5, P(x)
or U(x) reduces to a characteristic function for the probability dis-
tribution pk in the context of probability theory (Varotsos et al.,
2002, 2011b) and thus the following relation holds:

PðxÞ ¼ 18
5x2 �

6 cos x
5x2 � 12 sinx

5x3 ð5Þ

According to probability theory, the moments of a distribution
and hence the distribution itself can be approximately determined,
once the behaviour of the characteristic function of the distribution
is known around zero. For x ? 0, Eq. (5) leads to:

PðxÞ � 1� j1x2; ð6Þ

where j1 is the variance in natural time, given as

j1 ¼ hv2i � hv2i ¼
XN

k¼1

pkv2
k �

XN

k¼1

pkvk

 !2

ð7Þ

It has actually been shown that the properties of P(x) at x ? 0,
i.e. the value of j1 = 0.070, are useful in identifying the approach to
a critical point of a system (Varotsos et al., 2011b), as that of seis-
micity (Varotsos et al., 2005b; Sarlis et al., 2008, 2009; Vallianatos
R = 30 km, (b) ML P 2.0 and R = 50 km, when the calculation was started on January
) as critical stage is approached. (For interpretation of the references to colour in this



Fig. 9. Time evolution of the natural time analysis quantities j1; Snt; Snt_, and D
relative to new event occurrence prior to the Cephalonia Mw6.4 event, considering
an area with radius of (a) R = 30 km and (b) R = 50 km, around the epicenter, for a
magnitude thresholds, Mth = 2.0. The analysis starts on 15/1/2014. The up horizon-
tal line indicates the entropy limit of Su = 0.0966, while the value j1 = 0.070 noted
on the scale. The rectangle marks the time when the critical stage is approached.

F. Vallianatos et al. / Physics and Chemistry of the Earth 85–86 (2015) 201–209 207
et al., 2014 and references therein). In Fig. 7c, the solid curve based
on Eq. (6) represents critical stage with j1 = 0.070. The two other
curves are referred to non critical stages. For instance, theoretically
j1 was shown to approach 0.083 as N ?1 when there is no
long-ranged correlation (Varotsos et al., 2011a), while the empiri-
cal j1 values for electric noises emitted from nearby artificial
sources, were found to be significantly greater than 0.07 (see
Varotsos et al., 2011a and references therein), indicating less than
critical long-ranged correlation in these noises.

Note that j1 varies when a new event occurs, as (vk, pk) are
rescaled. It has been verified that this analysis allows for the detec-
tion of the entrance of system to the critical state by the conver-
gence of the parameter j1 to the value 0.070 (Varotsos et al.,
2008; Uyeda et al., 2009). Furthermore, the entropy in natural time,
Snt, is defined as (Varotsos et al., 2005a, 2006, 2011a):

Snt ¼ hv lnvi � hvi lnhvi ¼
XN

k¼1

pkvk lnvj �
XN

j¼1

pkvk

 !
ln

XN

j¼1

pkvk

 !
;

where hf ðvÞi ¼
XN

j¼1

pkf ðvkÞ:

The entropy in natural time is a dynamic quantity depending on
the sequential order of events. The entropy, Snt_, obtained upon
considering the time reversal T, i.e., Tpm = pN�m+1, is also studied,
since a system is considered to approach criticality when the fol-
lowing conditions, are required for the analysed seismicity to cor-
respond to a true critical state (Varotsos et al., 2008, 2011a, 2011b;
Uyeda et al., 2009):

(i) The ‘‘average’’ distance D between the curves of normalized
power spectra P(x) of the evolving seismicity and the theo-
retical estimation of P(x) for j1 = 0.070 should be smaller
than 10�2.

(ii) The parameter j1 should approach the value for j1 = 0.070
‘‘by descending from above.’’

(iii) Both natural time entropies Snt and Snt_ should be lower than
the entropy of uniform noise Su = (ln2/2) � 1/4 when j1

approaches the value j1 = 0.070.
(iv) Since the process concerned is expected to be self similar, in

the critical state, the time of the true coincidence should not
vary upon changing (within reasonable limits) either the
magnitude threshold, Mth, or the area, used in the
calculation.

Taking into account the MRWA result in lower scales we may
propose the use of derived (in the frame of MRWA) time marker,
which observed 12 days before major event, as an objective initia-
tion point for the Natural Time analysis that will follow. The pur-
pose for this proposal is to combine the two independent
methods (MRWA and NT analysis) that have been successfully
used for the identification of critical stages in earthquake prepara-
tion processes, in a joint approach that will maximize the advan-
tages of each one. More specific, the initial application of MRWA
in a broader time period, reveals time segment where the NT anal-
ysis is going to investigate, defining indicators suggesting the
entrance to critical stage.

Fig. 8 clearly demonstrates that for a threshold magnitude of
Mth = 2.0 and for two areas of radius R = 30 km and R = 50 km,
respectively, around the epicenter of the main event, the computed
P(/) curve approaches the critical P(/) curve, on January 20, 2014,
a few days before the Mw6.1 earthquake of 26/1/2014. The
approach of the two curves is more clearly demonstrated as the
parameter D is plotted (Fig. 9). It may, thus, be considered that
the critical point for seismicity was approached around that time.
What happened during the whole study period and till January 26,
2014, can be seen in Fig. 9, which depicts D, j1, Snt, and Snt_ as they
evolved event by event.

Starting from the time where the result of MRWA indicate a
marker in lower scales (i.e., almost 12 days before major event)
as the initiation point for the Natural Time analysis, natural time
analysis applied to the seismicity occurred during the last weeks
prior to the Mw6.1 event. We observe that all criticality require-
ments are fulfilled. Indeed, considering initially radius 30 km and
50 km around the epicenter, we observe that all the requirements
are met at approximately January 20, 2014 (a few days before the
main shock) for a magnitude threshold Mth = 2.0 (see Fig. 9). Thus,
there is strong evidence that seismicity around the epicenter pre-
sents criticality characteristics a few days before the main event.

5. Conclusions

In the present work an analysis in the natural time domain has
been carried out, using as a starting point that marked by the
decreasing of the standard deviation of the wavelet coefficients
rwav(m), specially at lower scales, in a similar way as observed
by Telesca et al. (2004, 2007) before a number of major earthquake
events. We combine the two independent methods (MRWA and NT
analysis) that have been successfully used for the identification of
critical stages in earthquake preparation processes, in a joint
approach that will maximize the advantages of each one. More
specific, the initial application of MRWA in a broader region around
the epicenter and for a time period long enough before the main
event, reveals time segment where the NT analysis is going to
investigate for indicators suggesting the entrance to critical stage.
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We can state that the natural time analysis of the earthquake
catalogue revealed that the order parameter j1 of the seismicity
in the Cephalonia region shares a characteristic feature similar to
that of non-equilibrium critical systems. Before the Mw6.1 earth-
quake on January 26, 2014, strong evidence of criticality in seis-
micity was observed within a few days before the main event. In
other words, the curve of P(/) of seismicity in natural time domain
coincided with the theoretical curve of critical phenomena shortly
before this Mw6.1 event, for a Mth = 2.0 magnitude threshold. Thus,
the analysis in the natural time domain of the seismicity initiated
using the results of MRWA, led to estimation on the date of the
impending large Mw6.1 earthquake of 26/01/2014, with a narrow
time window of the order of a few days.
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