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Abstract. Seismic electric signals (SES) have been consid-Mizutani, 1981), the point defects (Varotsos and Alexopou-
ered precursors of strong earthquakes, and, recently, their dyes, 1986), the emission of electrons (Brady and Rowell,
namics have been investigated within the Natural Time D0-1986), and the motion of charged dislocations (Molchanov
main (NTD) (Varotsos et al., 2004). In this paper we ap- and Hayakawa, 1995). It was observed that geoelectric sig-
ply the NTD approach and the chaotic map signal analy-nals measured in seismic areas behave as white noise dur-
sis to two geoelectric time series recorded in a seismicallying low seismic activity, but before the occurrence of strong
very active area of Mexico, where two strong earthquakesEQs they behave as 1/f-noise (Ramirez-Rojas et al., 2004).
M = 6.6 andM = 7.4, occurred on 24 October 1993 and 14 A link between the dynamical patterns of geoelectric fluctu-
September 1995, respectively. The low frequency geoelectriations and the EQ mechanism of preparation was proposed
signals measured display periods with dichotomic behaviorby (Ranirez-Rojas et al. 2008). Seismic Electric Signals
Our findings point out to an increase of the correlation de-(SES) are low frequency(l Hz) transient anomalies of geo-
gree of the geoelectric signals before the occurrence of stronglectric signals (Varotsos et al., 2001, 2002, 2003) gener-
earthquakes; furthermore, the power spectrum and entropgited when the stress reaches a critical value in the EQ focal
in NTD are in good agreement with the results published inarea (Varotsos et al., 2001). SES activity has been observed
literature. Our results were validated by the analysis of ain geoelectric time series recorded in seismically active re-
chaotic map simulated time series, which revealed the typi-gions and appeared before the occurrence of large EQs with
cal characteristics of artificial noise. lead times ranging from several hours to a few months be-
fore the main shock (Varotsos et al., 2002). The first SES
were reported in Greece (Varotsos, and Alexopoulos 1984a;
Varotsos and Alexopoulos, 1984b), in Japan (Uyeda et al.,
2000) and Mxico (Flores-Mirquez et al., 2007). The fea-
tures that distinguish SES activity are dichotomic nature and

icality in seismicity (Uyeda et al., 2009), does not allow per- '[‘)’F‘%'rf‘”ge cotr)rerl1atlgns (Vart?ts(;)st ettalc.j,.2001, ?0t02,f20k?3).
forming earthquake (EQ) prediction solely using seismolog- ichotomous benavior can be detected in a vanety ot pnys-

ical tools. Thus, many researchers have focused their atteﬁga(lj ?/i//stemsz(cl)_glrl.t%et Ef"" 2305; Abt'CT e;(‘il)"’l 2004; Mercik
tion on other type of tools, i.e., signals shortly preceding and vveron, , Ramirez-rojas et al., )-

, . The Natural Time Domain (NTD) approach, firstly devel-
the earthquake’s occurrence. Among the several geophysi-
cal quantities, which could reveal links to tectonic activity, oped by Varotsos etal. (2001, 2003), enables us to follow the

the geoelectric field has assumed a relevant role (Hayakawf':g,ﬁnarn'C.at.I eYOItUt'on (Xba SﬁStelmZ%%dS'degﬁfy when it (;nters
2006). Some mechanisms associated with the generation Jgto a critical stage (Abe et al, )- IS approach may

o ; L titute a novel contribution to EQ short-term prediction

electric signals (Vallianatos and Triantis, 2008) when mate-20NS )
rials are under stress conditions are mainly the piezoelec’triényEd.a et .al't 2009). The eﬁta_gt|yene§s of the NTD method
effect (Nitsan, 1977), the electrokinetic effects (Ishido and" distinguishing SES from artificial noises (AN) was shown
' ' in Varotsos et al. (2004), where AN are dichotomous elec-

trical disturbances recorded at a measuring site due to the
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1 Introduction

The complexity of the Earth’s crust and the presence of crit-
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Fig. 2. Excerpts of the analyzed time series displaying dichotomous
features:(a) SES activity in 22 October 1993 in ACAl(b) SES
activity in 12 September 1995 (ACA2).

Fig. 1. Acapulco time series. The thin downward arrows indicate pled data were filtered by a low-pass filter in the range:
the EQ1 and EQ2 occurrence. 0< f <0.125Hz.

The signals are shown in Fig. 1. Both signals (ACA1 and
. . . ACA?) are characterized by SES activity before the occur-
In the present paper we analyze the dichotomic behaworrence of EQ1 and EQ2 respectively. Excerpts of both time
observed in geoelectric time series recorded in the Guerreroéeries show dichotomic behavior of Both signals (Fig. 2)
Oaxaca region in the Mexican Pacific coast appearing a T
few weeks before two strong earthquakes, EQ 6.6,
24 October 1993, (16.34, 98.98 W)] and EQ2 M =
7.4, 14 September 1995, (1634, 98.88 W)]. These data,
previously analyzed using several other nonlinear methods 1 petrended Fluctuation Analysis (DFA)
(Ramirez-Rojas et al., 2008; Ramirez-Rojas et al., 2004;
Telesca et al., 2008, 2009a, b; Hamlez-Rrez et al., 2010), The DFA (Peng et al., 1994) permits the detection of long-
will be investigated by means of the NTD approach. Fur-yange correlations embedded in a seemingly non-stationary
thermore, the obtained results will be compared with ionictime series, and avoids the spurious detection of apparent
dichotomic simulations based on the Liebovitch and Thot|gng-range correlations that are artifacts of non-stationarity.
chaotic model (Lievbovitch and Thot, 1991). The tempo- The DFA has been widely applied in many scientific fields,
ral correlations of the experimental and simulated time seriegng in particular to investigate earthquakes and earthquake-
were investigated by the DFA method (Peng et al., 1994)rg|ated phenomena (Telesca et al., 2003, 2004a, b; Telesca
The present paper is organized as follows: In Sect. 2 the datgnq [ ovallo, 2009). The DFA method is briefly described
set acquisition is described; Sect. 3 is devoted to the methodgs follows. Given the time serigs (k)} a new time series
of analysis; in Sect. 4 the results and Sect. 5 the concludinqy(k)} is obtained by integrationy (k) = Zle(x(i) — Xave)
remarks are presented. where xave indicates the average ¢f(k)}. Next, the inte-
grated time series is divided into boxes of equal lemgthor
each box of length, a least-squares line is fitted to the data,
(representing the linear trend in that bgxk)). In each box
The monitored area is located along the South Pacific Mexi{he integrated time series is detrended) —y, (), and the
can coast, near the Middle American trench, which is the bor/00t mean-square fluctuation of this integrated and detrended
der between the Cocos and American tectonic plates wherime series is calculated:
large earthquakes have been generated. This region is char-
acterized by high seismic activity and is constituted of com—F(n) _ ii[ ) — v ()2 1)
posite terrains with both undersea volcanic and sedimentary ~ "~ | N —~ Y In '
sequences (Angulo-Brown et al., 1998). The monitoring sta-
tion was located at (F60N, 99°47'W) close to Acapulco  |n order to provide a relationship betweéitn) and the box
city (Yépez et al., 1995). The experimental set-up was basedizen, the calculation is repeated over all the available time
on the VAN methodology (Varotsos et al., 19844, b), in scales (box sizes). Typically'(n) will increase with box

which two geoelectric fluctuations\{/) were recorded be- sizen. A linear relationship on log-log graph indicates the
tween two electrodes buried 2m into the ground and 50 mpresence of scaling:

apart, with sampling timeAt=2 s andAt=4s, respectively.
In order to remove all the high frequency noise, the sam-F (n) ocn®. 2)

3 Methods

2 Data
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Fig. 4. Liebovitch and Thot map and an excerpt of the generated
Xk Natural time time series.

Fig. 3. Excerpt of ACAL on 21 October 1993, in conventional time . ) .
(top) and in NTD (bottom). The entropy is a concept equally applicable to determin-

istic as well as stochastic processes. In NTD the entropy is

defined as (Varotsos et al., 2001, 2003):
The value of the scaling exponemtcharacterizes the corre-

lation of the time series. A white noise has=0.5; ¢ =1 S=<ylny>—<x>Ih<y> (6)
corresponds to/Jf noise andx = 1.5 to the Brownian noise.

If 0.5 <« < 1 persistent long-range power-law correlations where (x) = Z,N:lpi xi and{(xIny) = vazlpi xilny;. By
exist. In contrast, & o < 0.5 indicates antipersistent power- means of the entropy in NTD, SES activities in geoelectric

law correlation (Telesca et al., 2009). signals were discriminated from artificial noises (Varotsos et
al., 2001, 2003); it was found thatSs< S, < San, Where

3.2 Natural Time Domain (NTD) S, ~ 0.0966 is the entropy of a uniform distribution (Sarlis
et al., 2008).

The NTD method (Varotsos et al., 2001, 2002) works as fol-
lows: Given a time series oV pulses, the natural time is 3.3 Ljebovitch and Thot chaotic map
defined asy =k/N. QO stands for the duration of tHeth
pulse. For a dichotomous time serigx, represent the dwell  This Liebovitch and Toth (LT) map was introduced as a deter-
time of thek-th pulse. A representation in natural time of a ministic chaotic model to study the ionic channels dynamics
segment of dichotomous noise is shown in Fig. 3. (Lievobitch and Thot, 1991):
In NTD the aim is to study the evolution of the
pair (xx,Qx). The normalized power spectruii(w) =

|®(w)|%in NTD is defined as (Varotsos et al., 2001, 2002): aixn 0Kxy <di
N P [t = %= di < x, <dy @)
CD(w)=Zpkexp(ia)ﬁ)=2pkexp(iw)(k), (3) ax(x,—1D+1 do<x, <1
k=1 k=1
In Fig. 4 the map and an excerpt of the time series generated
where . . .
by the map are shown. Some of their dynamical properties
pr = Ok ) (4) have been studied in (Lievbovitch and Thot, 1991;dn-
% o Diosdado et al., 2005).
k=1

In Eq. @) o =2r1¢ , whereg is the natural frequency. For 4 Results

0<¢ <05, MI(w) (or T(¢)) becomes the characteristic

function for the probability distribution op; (Stratonovich,  We analyzed two geoelectric time series: ACA1, which cor-
1963). For SES activities, since the system is in a criticalresponds to a possible SES activity in EW channel observed
stage, Varotsos et al. (2001, 2002) deduced the followingfive days before EQ1 (epicenter located approximately 80 km

expression: far from the station), and ACA2, which is a dichotomous seg-
18 6cosy 12sinw ment recorded in NS channel some days before EQ2 (epicen-
Mgps@) =5~ 7~ 5,3 (5)  ter located about 112 km far from the station) (Fig. 1). We

o also analyzed the time series generated by means of the LT
In the limit @ — 0, Eq. 6) tends tollsegw) ~1-0.070%  chagtic map (Mioz-Diosdado et al., 2005),
where the variance of is given byx1SES=< x?> — <
x >2=0.07. Varotsos et al. (2003) obtained for ion cur- 4.1 Correlation analysis (DFA)
rent fluctuations in membrane channels= 0.080, for ar-
tificial noisesc1 > 0.083 and for a uniform distribution qfy The values of thexpra exponent (Eq. 2) for ACA1 and
k1~0.083. ACAZ2 are shown in Figs. 5 and 6 respectively. The time
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diamonds). Inset: F(mn relationship for ACA1 measured on 22 October 1993: the scaling behaviour indicates the presence of long-range
correlations. EQ1 occurred on 24 October 1993.
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Fig. 6. An example of F(n}-n relationship for ACA2 measured on 1 N\ e e
September 1995a) Two scaling regions can be detected, witlf 1/ o8- \ 1
dynamics at short scales and white noise dynamics at long scales. ol \\\\ |
(b) F(n)~n relationship for the shuffled series ACA2 measured on \\\

1 September 1995: the correlations are completely destroyed by the oz \\\\ ]
shuffling procedure and the scaling exponent is about 0.5. | ‘ ‘ ‘ \;3&;:\@1 ]

4 Fig. 8. Power spectrum calculated in the NTD.

(blue circles in Fig. 5). The exponenbra ~ 0.5 for the
randomly shuffled series (green diamonds in Fig. 5), and this
indicates that the scaling observed depends on the long-range

a1- Distribution
a2 distribution

2|
15)
1

os|

| B ot o5 w0 os ot 0 O correlation and not on the broad probability density function
(Kantelhardt et al., 2002) measured.
Fig. 7. Distribution ofas-values (left panel) andp-values (right For ACA2 a crossover appears, indicating the co-existence
panel). of two different dynamics, a flicker-noise-(1/f) behavior

at small scales and a white noise behavior at long scales.
Figure 6a shows as an example the F({m)elationship for
series were divided into non-overlapping windows of 6 h du- ACA2 measured on 1 September 1995: two different scal-
ration. In each window the scaling exponents were calculateghg exponents can be estimated,~ 1 at short scales and
as the slope of the line fitting the F(ri relationship, plotted ¢, ~ 0.5 at long scales. Such a crossover disappears when

in log-log scales, by a least-square method. Also the value ofhe series has been shuffled, with a scaling exponent of about
the scaling exponents calculated for randomly shuffled se9 5 (Fig. 6b).

ries was calculated and shown in Figs. 5 and 6. For ACAL The distributions ofr1 andas are shown in Fig. 7. Such

apra increases fromr0.5 (on 19 October) up1.045 (0N 22 ¢ 5gq0vers in the F(mn relationship were also obtained by
October). After 23 and 24 Octobetrpra decreases’0.58  \jarots0s et al. (2002) for SES recorded in Greece.
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terms of the entropic behavior they are in the range of SES-
entropies. In particular for ACA1 the S-values lower than
0.07 correspond with the occurrence of anomalies showed in
Fig. 1a. For the LT-map in the chaotic region, the S-values
behave as an artificial-like noise.

Furthermore, we calculated the variangeof the signals
and obtained for ACAl<ky >=0.0757+0.0052 and for
ACA2 <k1>=0.0798+ 0.011, and both of them are smaller
than the variance of the uniform distributiofy (= 0.0833), in
agreement with Varotsos et al. (2003). We clarify that as far
as the entropy is concerned, the present investigation referred
only to the S-values which correspond to the entropy in nat-
ural time when the time-series is analyzed in forward time
(e.g., Varotsos et al., 2003, 2005a). Natural time, however,
allows also the definition of an entropy S-upon reversing the
time arrow (Varotsos et al., 2005b, 2006), which interestingly
obeys a similar property, i.e., SSu for critical systems as
the SES activities. This is a challenging point that will be the
objective of future research.

5 Concluding remarks

In this work we have analyzed three signals of dichotomic
nature, two of them (ACA1 and ACAZ2) are geoelectric sig-
nals measured at the Acapulco station in Mexico and associ-
ated with the occurrence of two strong EQs occurring on 24
October 1993 ¥ = 6.6) and 14 September 1998/(= 7.4),
respectively. The third signal is a time series generated by the
Liebovitch and Thot chaotic map. The DFA results reveal a
significant (respect to random shuffles of the series) enhance-
ment of their temporal correlation before the occurrence of
the two EQs. In particular, the time variation of the ACA1
DFA scaling exponent reveals a succession of different dy-
namical states from white noise to a long-range correlation
structure and again white noise, suggesting that the system
enters into a critical stage when the ACAL1 is characterized by
the long-range correlation structure. The ACA2 DFA scaling
behavior is characterized by two dynamical behaviors with

By means of Eq. (3) the power spectrum in NTD of ACAl
(M(w)aca1), ACA2 (IT(w)aca2) and the LT-map generated
signal ((1(w)L 1) Was calculated and then compared with the-

a crossover, consistent with the results reported in Flores-
Marquez et al. (2007) and Ramirez-Rojas et al. (2004). In
oretical model of SES in the limit— 0 INsgsw) ~ 1 — tk]lehNTD]L tEe ;pEeSctr# m of.thel ge%ellectr:jc Ls_lrgnals a\rls below
0.07w? (Fig. 8). BothIT(w)aca1 andT1(w)acaz are above - that of the theoretical model and LT-map. We con-

i o sider our results to contribute to the development of the NTD

;(?)z)ég.s)These results are in agreement with Varotsos etmethod as a novel analysis tool for signals of dichotomic na-

In Fig. 9 the NTD entropy calculated by means of Eq. (6) ture.
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