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Abstract. In this paper a statistical analysis of seismoelectric1996, 2002, 2003; Eftaxias et al., 2004; Hayakawa et al.,
ULF signals prior to the M7.4 Guerrero-Oaxaca earthquakel999, 2000; Hayakawa and Timashev, 2006; Smirnova et al.,
(EQ) occurred at the Mexican Pacific coast on 14 Septembe001; Telesca et al., 2001, 2003, 2005a, 2005b, 2007; Ida et
1995, has been performed. The signals were simultaneouslgl., 2005; Ida and Hayakawa, 2006; Ida et al., 2007; Gotoh,
recorded at three monitoring stations from the last months oR004; Smirnova, 2004). Furthermore, the presence of pre-
1994 until July of 1996. The nonlinear time series methodscursory signatures of EQs has been clearly identified in the
of Higuchi fractal dimension (HFD) and detrended fluctua- ULF range for large magnitude (M$) EQ’s (Fraser-Smith
tion analysis (DFA) have been used. In the three data sets wet al., 1990; Molchanov et al., 1992; Kopytenko et al., 1993,
found some complex dynamical behaviors that seemingly reHayakawa et al., 1996; Flores-Marquez et al., 2007). In a
flect a relaxation-EQ preparation-main shock-relaxation pro-previous work we performed a statistical analysis of the spec-
cess. In particular, clear spike-like anomalies in both DFA-tral exponent and the correlation time of geoelectrical signals
and HFD-exponents some months before the main shock arassociated to the Guerrero-Oaxaca EQ (Ms=7.4) occurred on
revealed. 14 September 1995 in southern Mexico (Ramirez-Rojas et
al., 2004). The South Pacific Mexican coast is a very seis-
mically active region linked to the border of the Cocos and
the American tectonic plates. This border is known as the
Middle American Trench. Some years ago several electro-

The comprehensive study of the final rupture of a hetero-S€iSMIC stations near this regiongpez et al., 1995) were

geneous material has shown that some physical phenomerigstalled following the so-called VAN-methodology (Varot-
as ULF electromagnetic and acoustic emissions take placg°S @nd Alexopoulos, 1984a, b). In particular, the aforemen-
along with this process (Hayakawa, 2001; Hayakawa et aL'tloned EQ was studied by using ele_ctrlc signals recorded at
2004). This is the case of the crust fracture mechanisnf capulco station (16.83N, 99 W) during the last months of
accompanying earthquake (EQ) occurrences. Many studie994 and approximately the whole year 1995. Furthermore,
have been focused on fractal and multifractal properties offuring this period ULF-geoelectrical data were measured by
geolectric signals in order to reveal possible electromagneti©ther two stations located at Coyuca (17.85 100.7 W)

precursors of EQ with significant magnitude (Varotsos et al,, 2nd Ometepec (16:N, 98.13 W), respectively. The dis-
tance between the Ms=7.4 epicenter (16/9198.88 W)

and Acapulco, Coyuca and Ometepec stations was 110 km,

Correspondence toA. Ranirez-Rojas 200 km and 50 km respectively (Fig. 1). In Ramirez-Rojas
BY

(arr@correo.azc.uam.mx) et al. (2004) it was found that for Acapulco data, the power
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This computation is repeated over all time scales (box
sizes) to characterize the relationship betwéén), the av-
erage fluctuation, and the box size,

Typically, F(n) will increase with the box size. A linear
relationship on a log-log plot indicates the presence of power
law scaling:

F(n)~n“ (1)

; Under such conditions, the fluctuations can be character-
1e° i ized by the scaling exponent. The value of the scaling ex-
T R 0 1P R s ponent characterizes the correlation in the time series. For
example, white noise is characterized doy0.5. Another
two special cases are=1 corresponding to long-term corre-
lated noise (1f noise) andx=1.5, a Brownian noise. When
the scaling exponent is within the interval &&<1, indi-
spectrum showed a crossover behavior, with a low frequencgates persistent long-range power-law correlations. In con-
range of the signals (0.002Hz-0.01Hz) characterized bytrast, O<er<0.5 indicates a different type of power-law cor-
a white noise behavior, while high frequencies (0.01 Hz—relation such that large and small values of the time series
0.25 Hz) exhibited a complex correlated behavior. Similar re-are more likely to alternate. Our calculations were performed
sults were observed for the correlation times (Ramirez-Rojagvith windows of 3-h (2700 data points for Coyuca and Ome-
et al., 2004) of the same data. In the present paper, we andepec and 5400 data points for Acapulco).

lyze the Acapulco, Coyuca and Omepetec geoelectrical data The Higuchi’s method (1988) was proposed to estimate
by using two different methods: the Detrended Fluctuationthe fractal dimension of nonstationary time series. One of
Analysis (DFA) and the Higuchi's fractal dimension (HFD). the advantages of the Higuchi’s fractal dimension (HFD) is
Our results from the three stations reveal important changethat it gives stable indices even for a small number of data.
in the fractal organization probably related to the aforemen-Higuchi (1988, 1990) considers a finite set of time series of
tioned EQ. The paper is organized as follows: in Sect. 2 dength N, taken at a regular intervak(1), x(2), x(3), .

brief description of DFA and HFD is given; in Sect. 3 the X(N). From the original time series, a new time Se“ﬂ{ﬁﬁ s
data set is described. The results and their discussion arebtained and defined as follows:

presented in Sect. 4; in Sect. 5 the concluding remarks are

18°

Fig. 1. Location of the three monitoring stations and the epicenter
of the Ms=7.4 EQ (star).

iven. N—k
g x,';l cxm, x(m+k), x(m+2k), ..., x <m+ [T] k)
2 Methods: Detrended Fluctuation Analysis and Wherem =1, 2, ..., k and [ ] denotes the Gauss’s notation.
Higuchi’s fractal dimension. Herem andk are integers that indicate the initial time and

the time interval respectively. For a time interval equat to
The Detrended Fluctuation Analysis (DFA) method intro- one getsk sets of new time series. Higuchi defines (1988)
duced by Peng et al. (1994, 1995) has been used to detethe length of the curve associated to each time sefjeas
long-term correlations in nonstationary time series. The orig-follows:
inal time series is first integrated. Next, the integrated time

series is divided into boxes of equal length For each box, [Xk)

a linear regression fit (representing the trend in that box) |st Z [x (m+ik)—x (m+(i—1)k)] N-1 1
performed. They coordinate of the fitting line is denoted by P [N k]k

Yn (k).

Next, the integrated time seriesk), is detrended by sub- where the term{W is a normalization factor. The length

tracting the local trendy, (k). The root-mean-square fluctua- of the curve for the time interval is taken as the average
tion of this integrated and detrended time series is calculatedtalue <L(k)> over k sets ofL,, (k). If the average value
by obeys the scaling law:

<L(k)y>~k=P 2)
then the curve is fractal with dimension D (Higuchi, 1988).

Nat. Hazards Earth Syst. Sci., 8, 100087, 2008 www.nat-hazards-earth-syst-sci.net/8/1001/2008/



A. Ranirez-Rojas: Statistical features prior to M7.4 Guerrero-Oaxaca EQ 1003

w
[

ol EW
oCa—™
3]

[N

a2 EW
ooz

ol NS
o =

-
Othh=thn com=w
T T

a2 NS
(=)

i i I A R B I i [ I Lo i [ i i [ I
Jul Oct Jan Apr Jul Oct Jan Apr

Fig. 2. Time evolution of DFA-exponentsy(l and«2) for NS and EW Acapulco data. The monitoring period is from June 1994 to July
1996. The EQ is marked with a vertical green line.
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Fig. 3. Time evolution of Higuchi's fractal dimension (D1 and D2) for NS and EW Acapulco data. In this case, the exponents are the result
of a moving average for windows of 25 points. The monitoring period is from June 1994 to July 1996. The EQ is marked with a vertical
green line.

3 Data 4 Results and discussion

The three monitoring electroseismic stations were located in . )
Acapulco (16.85N, 99 W), Coyuca (17.35N, 100.7 W) In the present paper we analyzed the dynamical behavior of
and Ometepec (1624, 98.13 W), all of them situated in both: low frequency (0.002 Hz—_0.0l Hz) and high frequency
the south of Mexican Pacific coast, which is one of the most(0-01 Hz-0.25Hz) ranges of signals measured at Acapulco
important seismic regions in Mexico (Fig. 1). At each elec- Station during the.observgnpn period from 1994 to 1996. Fig-
troseismic station two self-potential time series were simulta-Ure 2 shows the time variation of the DFA-exponepisand
neously recorded, between two electrodes buried 2 m into th&2 corresponding to high and low frequencies, respectively.
ground and separated by a distance of 50 m. A couple of elec € average valueca,>~0.5 for both NS and EW chan-
trodes was oriented in North-South direction (NS channel),n€ls, indicates a white noise behavior; white, > shows a
and other one in East-West direction (EW channel). Two dif- complex behavior characterized by a significant increment of
ferent sampling rates were usetit=4 s in Coyuca and Ome- its value approximately one year before the occurrence of the
tepec stations, andt=2 s in Acapulco station (Yepez et al., Guerrero-Oaxaca EQ. In particular, for the period from April
1995). The experimental equipment was based on the VAN© October 1995, we observe thaiv;>~1 for EW channel,
methodology (Varotsos and Alexopoulos, 1984a, b). Almostindicating the presence of long-range correlation. Figure 3
all the time series monitored were continuous, nevertheles§NOws the time variation of Higuchi's fractal dimensions D
short lacks of data in Ometepec and Coyuca data sets wer@d Dz, corresponding to the short (high frequency) and large
present. In Acapulco station the electric signal was recorded!OW frequency) time scales (ranges): their temporal patterns

from June 1994 until July 1996 and, at Ometepec and Coyuc&re Very similar to those shown by the DFA-exponents. We
stations from November 1994 to July 1996. remark that the large ULF anomaly lasting for more than

sixty days observed at this station, by means of DFA and
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Fig. 4. Time evolution of DFA-exponentsr(l anda2) for NS and EW Omepetec data. The monitoring period is from November 1994 to
July 1996. The EQ is marked with a vertical green line.
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Fig. 5. Time evolution of Higuchi’s fractal dimension (D1 and D2) for NS and EW Omepetec data. The monitoring period is from November
1994 to July 1996. The EQ is marked with a vertical green line.

HFD methods, is probably related to EQ preparation mechaunder certain favorable conditions some geoelectric anoma-
nism. Notice that Acapulco station is located 110 km from lies can be observed at such distances (Bernard, 1992). The
the main shock epicenter. This observation is within thetime variation of<a1> indicates a white noise dynamics at
empirical threshold 0.0258M—4.5 given by Hayakawa et low timescales, while the temporal evolution<o&,> shows

al. (2007) for ULF geomagnetic signals, here R is the dis-an increment in April 1995 in both NS and EW channels. In
tance between the station and the epicenter and M is the EQatrticular, the increment observeddn — variation of the
magnitude. We also remark that this kind of large anomaliesEW time series is the largest one. The time variation of the
has been reported for geoelectrical signal changes (during 5Biguchi’s fractal dimensions Pand D shows a significant
days) for an M6.6 EQ in Japan (Uyeda et al., 2000). decrement in April 1995.

Figures 4 and 5 show the DFA and HFD results for It is striking to note the concomitant anomalous behav-
Omepetec (the nearest station to the EQ epicenter) data. Urer in Ometepec and Coyuca data almost five months be-
fortunately this station presents a lack of data (45 days before the occurrence of the EQ in the time variatiomefxo,
fore the main shock). The analysis of the time variation of D1 and D2 in both NS and EW channels. However, at the
the two DFA-exponenta; anda» reveals a white noise dy- beginning of January we observed a noticeable peak in all
namics &a1>~0.5) and a complex behaviokf>>~1)re-  the HDF exponents in Ometepec station which is not present
spectively. In particularca2>~1 indicates the existence of in DFA behavior. The problem of possible correlations be-
1/f-type long range correlations at large timescales, after theween the fluctuation of spectral exponent or related quanti-
main shock,<az> fluctuates around the average value 0.5.ties with seismicity has been already studied in Smirnova et
This value, which is typical of white noise dynamics, can al. (2001) and Hayakawa et al. (1999, 2000). It was revealed
suggest the onset of a relaxation process. that the spectrum of ULF-geomagnetic field exhibits a power

Figures 6 and 7 show the DFA and HFD results for the law S(flf —#, whereg runs over a range corresponding to
Coyuca ULF-geoelectrical data. Nevertheless, this station igractional Brownian motion. Varotsos et al. (2002, 2003)
the farthest one from the epicenter, it has been suggested thatudied the correlation properties of seismic electric signals

Nat. Hazards Earth Syst. Sci., 8, 100087, 2008 www.nat-hazards-earth-syst-sci.net/8/1001/2008/
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Fig. 6. Time evolution of DFA-exponents( andx2) for NS and EW Coyuca data. The monitoring period is from November 1994 to July
1996. The EQ is marked with a vertical green line.
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Fig. 7. Time evolution of Higuchi’s fractal dimension (D1 and D2) for NS and EW Coyuca data. The monitoring period is from November
1994 to July 1996. The EQ is marked with a vertical green line. The crossover was less evident in Coyuca HFD-exponents.

(SES), monitored in Greece and Japan, by using the rescalesince criticality is always associated with fractality, it is ex-
range analysis, finding that SES displays long-range correpected that precursory electric signals should exhibit frac-
lations before the occurrence of large EQs. Ramirez-Rojagal properties (Varotsos, 2005), such as we observed for the
et al. (2004) showed the presence of a crossover frequency iGuerrero-Oaxaca EQ.

Acapulco dataf,~0.01 Hz, with different dynamical behav- This mechanism is strongly related to the time varia-
iors for small and large frequencies before the occurrence ofion of the DFA exponents and Higuchi fractal dimensions
the Guerrero-Oaxaca EQ. analyzed in the present study. It is remarkable that both
Coyuca and Ometepec data present a peak in-#sgponents

We observe a possible mechanism of relaxation-p g, April-May 1995, approximately five months before

preparation-main shock-relaxation process, which was als?he main-shock. Lead times of long duration have been also
suggested by Varotsos (2005) for data collected in Greece eported before EQ's of M6 in Japan (Uyeda et al., 2000).

That is, before an earthquake the stress (pressure) gradual his peak is less evident in Acapulco data, probably because

eI e o area sl sver) o) PIOPETIS s ebedded na wier geoeecica anomal. A il
o ’ ’ ‘peak is very clear in pand D variations for Coyuca time
1980), the conductivity (Kostopoulos et al., 1975; Varotsosp y b D y

. -series, although less evident in Omepetec and Acapulco data.
and Alexopoulos, 1980) etc. Furthermore, this stress vari- g P b

. S . ; In summary, the Guerrero-Oaxaca EQ seemingly had ULF-
ation may change the relaxation time for the orientation of

. . ., geoelectrical precursors in the frequency band (0.01, 0.25)
the electric dipoles formed, due to lattice defects (LazarldouHZ, observed simultaneously in the three monitoring stations

et al., 1985). It may happen that, when the stress (pressureé)nd both channels
reaches a critical value, these electric dipoles exhibit a co- '
operative orientation (collective orientation), thus leading to
emission of transient electric signals termed Seismic Electric
Signals, SES (Varotsos and Alexopoulos, 1984b). Hence,

www.nat-hazards-earth-syst-sci.net/8/1001/2008/ Nat. Hazards Earth Syst. Sci., 8 A0N2008
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5 Concluding remarks Hayakawa, M., Ito, T., Hattori, K., and Yumoto, K.: ULF electro-

magnetic precursors for an earthquake at Biak, Indonesia on 17
In this paper we have analyzed the dynamical behavior of February 1996, Geophys. Res. Lett., 27, 15311534, 2000.
ULF-geoelectrical signals recorded in three monitoring sta-Hayakawa, M.: NASDA's Earthquake Remote Sensing Frontier Re-
tions located along the Pacific coast of Guerrero state in Mex- search, Seismo-electromagnetic Phenomena in the Lithosphere,
ico. These signals were measured during several months be- Atmosphere and lonosphere, Final Report, Univ. of ElectroCom-
fore and after the strong Ms=7.4 EQ occurred on 14 Septem- TZUG”';"(")%‘;”S' March, 228, 2001. Nat. Hazard Earth Sys., 1, 119-
bgr 1995. All the data present a crossover phenqme.norhayakawa, M., Molchanov, O. A., and NASDA/UEC Team: Sum-
with a crossover frequency around 0.01Hz. A spike-like

behavior is ob d in the ti iation @f mary report of NASDAs Earthquake Remote Sensing Frontier
ehavior Is observed in the time variation @iexponents Project, in: Special Issue on Seismo Electromagnetic and Re-

around April-May 1995, approximately five months before  |5teq phenomena, edited by: Hayakawa, M., Molchanov, O. A.,
the main-shock, particularly evident in Coyuca and Omete-  Biagi, P. F., and Vallianatos, F., Phys. Chem. Earth, 29, 4-9, 617—
pec data. Similar behavior has been revealed by the time 626, 2004.

variation of D and D» especially for Coyuca data. Our Hayakawa, M., Hattori, K., and Ohta, K.: Monitoring of ULF (ultra-
conclusion is that these parameters, describing the dynam- low-frequency) geomagnetic variations associated with earth-
ics of ULF geoelectrical data can be considered as good can- quakes, Sensors, 7, 1108-1122, 2007.

didates to precursors of the Guerrero-Oaxaca EQ occurreliguchi, T.. Approach to an irregular time series on basis of the

in September 1995. On the other hand, although the possible_‘(racli‘_"1| tTh_eoRry’l PhySi‘;ﬁ‘ Dl:; 31, 277‘583;' 198|8'd_ _ dh
geoelectric precursors suggested by us seem to be significart UM T+ Relationship between the fractal dimension and the
power law index for a time series: A numerical investigation,

they lack of isotropy just, as it was reported by Yonaiguchi et Physica D, 46, 254264, 1990
al. (2007), for VHF electromagnetic emissions in Japan. da, V., Hay:;lkav‘va, M., Adalev, A. and Gotoh, K.: Multifractal

analysis for the ULF geomagnetic data during the 1993 Guam
earthquake, Nonlinear Proc. Geoph., 12, 157-162, 2005.

Ida, Y., and Hayakawa, M.: Fractal analysis for the ULF data during
the 1993 Guam earthquake to study prefracture criticality, Non-
linear Proc. Geoph., 13, 409-412, 2006.
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