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Abstract. In our recent papers we applied fractal methods1 Introduction
to extract the earthquake precursory signatures from scaling
characteristics of the ULF geomagnetic data, obtained in a

seismic active region of Guam Island during the large earth-Fractal and chaotic properties of earthquakes are now widely
quake of 8 August 1993. We found specific dynamics of theirrecognized and pointed out not only in the current scien-
fractal characteristics (spectral exponents and fractal dimenkific literature but also in the lecture notes in Physics and
sions) before the earthquake: appearance of the flicker-noisgarth Sciences (see for example, Goltz, 1998; Jensen, 1998).
signatures and increase of the time series fractal dimensiorsince the fractal properties could characterize evolution of
Here we analyze ULF geomagnetic data obtained in a seisthe earthquake system to a self-organized critical state, in
mic active region of Izu Peninsula, Japan during a swarmyhich the system is extremely sensitive to any external per-
of the strong nearby earthquakes of June—August 2000 anfrhations, the investigation of scaling characteristics of dif-
compare the results obtained in both regions. We apply thgerent signals related to earthquakes could give us an infor-
same methodology of data processing using the FFT procemation on the earthquake preparation processes. In our re-
dure, Higuchi method and Burlaga-Klein approach to cal-cent papers (Hayakawa et al., 1999, 2000; Smirnova et al.,
culate the spectral exponents and fractal dimensions of thg@ggg 2001) we applied fractal methods to extract the earth-
ULF time series. We found the common features and speqguake precursory signatures from scaling characteristics of
cific peculiarities in the behavior of fractal characteristics of the ULF geomagnetic fields, registered in the seismic active
the ULF time series before Izu and Guam earthquakes. As fegion of Guam Island during the strong earthquake of 8 Au-
common feature, we obtained the same increase of the ULRyyst 1993. We revealed some specific peculiarities in the be-
time series fractal dimension before the earthquakes, and asavior of fractal characteristics of the ULF time series (spec-
specific peculiarity — this increase appears to be sharp for 1zyra| exponents and fractal dimensions) before the earthquake:
earthquake in comparison with gradual increase of the ULFappearance of the flicker-noise signatures and increase of the
time series fractal dimension for Guam earthquake. The retime series fractal dimension. Here we analyze another set of
sults obtained in both regions are discussed on the basis of thg| F geomagnetic data, obtained in a seismic active region
SOC (self-organized criticality) concept taking into account of |zy Peninsula, Japan during a swarm of the strong nearby
the differences in the depths of the earthquake focuses. O@arthquakes of June—August 2000 and compare the results
the basis of the peculiarities revealed, we advance methodyptained in both regions. The paper is organized as follows:
ology for extraction of the earthquake precursory signatures|y sect. 2, we describe shortly the ULF field experiment of
As an adjacent step, we suggest the combined analysis of thenoo in Japan, character seismic activity and the ULF data
ULF time series in the parametric space polarization ratio —selected for analysis; in Sect. 3 we concern the methods of
fractal dimension. We reason also upon the advantage of thgata processing. The results of fractal analysis of Izu Penin-
multifractal approach with respect to the mono-fractal anal-g |5 geomagnetic data are presented in Sect. 4. In Sect. 5
ysis for study of the earthquake preparation dynamics. we discuss the common features and specific peculiarities in
the behavior of fractal characteristics of the ULF time series
for the cases of the Guam and lzu earthquakes. Then we
formulate the conclusions from our research, and give rec-
ommendation for future investigations. Thus we advance our
Correspondence td\. Smirnova methodology for extraction of the earthquake precursory sig-
(nsmir@geo.phys.spbu.ru) natures.
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2 Description of the field experiment of June—August here the same analysis methodology as we used earlier for
2000 in Japan: seismic activity and the ULF experi- the Guam geomagnetic data. For the case of 1zu Peninsula,
mental data the effective sampling rate (2 s) and selected duration of each

time series (1 h) allow us to analyze the properties of ULF

It is now evident that the earthquake preparation procesgmissions in the frequency range frofr= 0.001 Hz tof =

includes not only seismic, but also electromagnetic eventsQ.2 Hz.

Thus electromagnetic earthquake precursors can be ex-

pected, and they have actually been observed, especially in ) .

the ULF (f = 0.005—1 Hz) range (see Kopytenko et al., 1993, 3 Methods of data processing and the analysis method-

1994; Molchanov and Hayakawa, 1995; Smirnova, 1999).  ©logy

That stimulated well-directed field experiments in seismicT develop th rrent methodol f ULE data or
active regions with use of the ULF electromagnetic measure- 0 develop he curre ethodology 0 data process-
g, we take into account our cumulative experience of fractal

ment technique. One of such experiments was performedrI

in 2000 in Japan on Izu Peninsula. The advanced ULF mea‘:’ma'y‘c’is of the Guam geomagnetic data timed to the strong

surement technique (MVC-2DS instrumentation, designed inearthquake of 8 August 1993 (Hayakawa et al., 1999, 2000;

SPbF IZMIRAN, Russia) was installed on Izu Peninsula atSmlrnova etal., 1999, 2001). _In that case, we appl!ed differ-
ent methods of fractal analysis: studied the evolution of the

the three stations: Mocmicoshi, Kamo and Seikoshi. In the S .
course of experiment, a swarm of the strong nearby earthpLF emission specirum slope obtained by the FFT method

quakes with magnitudes up ¥ = 6.5 occurred in that re- (Feder, 1989; Turcotte, 1997), and investigated the dynam-

gion. Epicentres of those earthquakes were situated in the Sj)%s of the ULF time series fractal dimensions obtained on the

. . asis of Burlaga-Klein approach (Burlaga and Klein, 1986)
south-east of Izu Peninsula. One can see the location of ac- . : ; . .
tive zones in Fig. 1, where the distributions of seismic activ- and H'%.ucm ;ntithOth‘H'QUCh"thlissf 19|90)' Tlhci dezalled
ity in space and time are presented for a limited area ofJapaﬂescrlp lon ot those three methods In close re‘ation to our
(¢ = [33-37P N, A=[136-142] E) for June—August 2000 present study, is contained in Smirnova et al. (2001) and here
The earthquake swam near lzu Peninsula is shown in th&/€ concem them only briefly.

bounded area of Fig. 1a. In Fig. 1b, the temporal evolution of The FFT method allows us to obtain the spectral expo-

seismic activity in that bounded area is presented. The datgemﬂ for a fractal time series, which is characterised by the

_ ~ f—B
are taken from JMA (Japanese Meteorological Agency) catPOWer law spectrums(f) ~ f~F. If we plot the spectrum

alogue. Magnitude is represented by Mg value: M = log 3: th? ULF fs;gnal;s n trr:ﬁ_log-log_f?]rm,bwet(ﬁ\? ot?]tﬂﬁrorr;
A+1.7310g)—0.83, where is the maximum amplitude of 22002 2 10 8 e o e e GLE fime
ground moving at the observation area, @i the distance en we can cajculate the fractal dimension of the Ime

. : series using the Berry’s equatio®y = (5 — B)/2 (Berry,
between the epicentre and the observation place. The locg- . .
tion of ULF measuring stations Seikoshi (SEl), Mochikoshia1979)' Burlaga and Klein suggested the method, which pro-

: vided a stable estimation of spectral exponents through the
\(/v'\i/ltﬁfgeasgrr};irsgn(d}?r':gor%grrlfspigllr:]?ge;dl(;m by the black dots calculation of stable values of the fractal dimensibg.

Itis seen from Fig. 1b, that rather quiet seismic period tookThey defined the lengtd, of the curveB(1), representing

place during all but June, up to 27 June, when the swarm Opeloghysmal t|mehser|es(ﬁc), (k= 1, 2..n) along some inter-
earthquakes with the initial magnituds= 4-5 was started. & 0 =7 =To (whereTp = nt), as

The first massive earthquake with > 6 occurred on 1 July n_ _

(Mj = 6.5). The other strong earthquakes withi > 6 were ~ LBK(T) = Z |B(t + 1) — B/,

registered on 8, 15, 30 July and 18 August (see Fig. 1b). All k=1

earthquakes in the swarm were shallow ones: their depths didvhere B(#;) denotes the average value Bfr) between the
not exceed 10 km. Here we attribute our analysis mainly tor = ¢, andz; + z. For statistically self-affine (fractal) curves,

the first strong earthquake of 1 July. the length is expressed &k (r) o« ~P0. From this rela-
The raw data used for analysis were digital records of thetion, one can estimate fractal dimensiéx, and then the
magnetic field componentd (NS), D (EW), andZ (verti- power-law indexs from the Berry's expression. Higuchi

cal) with two-second sampling rate, obtained at Mochikoshimethod is very similar to Burlaga-Klein approach. It gives
station. So the sampling frequency of the data was 0.5 Hzalso stable values of fractal dimensions. Higuchi modified
An example of daily record is presented in Fig. 2. In the the Burlaga-Klein method suggesting a little bit more com-
insertion to Fig. 2, one can see the original 1-hour recordplicated procedure for calculation of the lendtlof the curve
(H-component taken from the noon sector 12:00-13:00 LT)B(z). He constructed new time seri®§’ from the original
selected for the further analysis. If we compare the ULF ge-time seriesB(¢) and defined the length of the original time
omagnetic record of Mochikoshi station presented in Fig. 2series as an average value of the lengthgt) represent-
with corresponding ULF record of the Guam observatorying each time serieB?* (see Higuchi, 1988; Smirnova et al.,
presented in Fig. 1 of Smirnova et al. (2001), we can see2001 for details).

that those records look very similar. That gives us the com- We compared the efficiency of three methods carrying out
mon basis for analysis of both sets of data, and we can usthe test calculations of the fractal dimensidbg and spec-
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Fig. 1. The distribution of seismic activity in spa¢&) and time(b) for Japanese earthquakes of June—August 2000. The swarm of earthquakes
under question is shown in the marked bounded area. The data are taken from the JMA (Japanese Meteorological Agency) catalogue
Magnitude is represented by tii; value (j = log A + 1.73 logA—0.83, whereA is the maximum amplitude of ground moving at the
observation area, andl is the distance between the epicentre and the observation place). Position of the ULF magnetic stations Seikoshi
(SEI), Mochikoshi (MCK) and Kamo (KMO) at Izu Peninsula is shown by the black dots in (a).

tral exponents8 for simulated noise with different Hurst fractal dimensiorDg for ULF signals (H component) in each

exponents:H, =0.9 (persistent noise}{, =0.5 (random one-hour interval in the noon sector (12:00-13:00LT). The

noise) andH, =0.1 (antipersistent noise). The values of investigated period was February 2000—February 2001. Asin

fractal dimensionDg and spectral exponeptfor simulated  the case of the Guam data analysis, we removed trends from

noise were calculated from the relation3y = 2 — H,, and the observed signals and used the Hanning window before

B = 5—2D¢ (Turcotte, 1997). The results of the test calcula- applying the FFT procedure. Then we studied variations of

tions showed that the Higuchi method gave the more correciDg andg prior to and during the earthquakes.

estimations ofDg and g for persistent &, =0.9) and ran-

dom (H, =0.5) noise, whereas the Burlaga-Klein method

gave more correct results for antipersistefif (=0.1) noise. 4 Results of the Izu Peninsula data analysis

As to FFT method, we revealed that it gave not so bad results

for random and antipersistent noise. As far as the real valuegariations of the ULF geomagnetic fields in the local noon

of g for the Guam data occupied mainly the ranfge=1-2,  interval (12:00-13:00LT) at the Mochikoshi station are

the use of FFT method for the Guam data was correct. FOshown in Fig. 3 for June 2000. We can see a pronounced

Izu Peninsula data we applied the same methodology, as fynamics of the ULF emissions from one day to another, but

Guam data. there is no visible peculiarity in the ULF emission behavior
We calculated the spectral expongnand the time series  before 27 June, when the earthquake swarm is started. So we
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Fig. 2. An example of the daily record of geomagnetic field variatioH§NS), D(EW), andZ(vertical) components) at the Mochikoshi
station, Izu Peninsula, Japan (22 June 2000). The original ULF reébmbponent, sampling frequency 0.5 Hz) for the 40:00-05:00 UT
interval, which corresponds to local noon sector (12:00-13:00 LT) is shown in the insertion. Points (pts) of X-axis represent two-second time
intervals.
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Fig. 3. Variation of the ULF geomagnetic signals in the local noon interval (12:00-13:00 LT) at the Mochikoshi station (Izu Peninsula, Japan)
in June 2000. One can see a pronounced dynamics of the ULF emissions. The same signal, which is shown in the insertion to Fig. 2, is
clearly seen here in the position 22 (22 June).
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Fig. 4. Dynamics of the fractal dimension®g) of the ULF geomagnetic time series in different narrawdg f = 0.25) frequency bands.
Mochikoshi station, Izu Peninsula, Japan, 3 February 2000—28 February 2001. The frequency increases from(@)3d@xlog(f)<
—2.75 (0.0010& f (Hz)<0.00178),(b) 2.75<log(f)< —2.50 (0.0017& f (Hz)<0.00316),(c) 2.50<log(f)< —2.25 (0.0031& f
(Hz)<0.00562),(d) 2.25<log(f)< —2.00 (0.00562 f (Hz)<0.01000),(e) 2.00<log(f)< —1.75 (0.0100& f (Hz)<0.01778),(f)
1.75<log(f)< —1.50 (0.0177& f (Hz)<0.03162),(g) 1.50<log(f)< —1.25 (0.03162 f (Hz)<0.05623),(h) 1.25<log(f)< —1.00
(0.05623% f (Hz)<0.10000),(i) 1.00<log(f)< —0.75 (0.1000& f (Hz)<0.17778). The days of the four strongest earthquakes are
marked by arrows with symbol E.Q. (A gap in the data results from some technical problems with the amplifiers).

have applied the above mentioned methodology of data pro2001. The frequency ranges for each band are presented in
cessing and calculated the scaling characteristics of the sigeaption to Fig. 4. The days of the four strongest earthquakes
nals. As in the case of Guam earthquake, we have revealedre marked by arrows with symbol E.Q. We can see that
the decrease of spectrum slopes and the corresponding ithere is no precursory effect in the low frequencies (Figs. 4a—
crease of fractal dimensions of the ULF time series a fewe). The precursory signature appears on the frequencies
days before the first massive earthquake of 1 July. That tenf >0.02Hz (Figs. 4f—i) and it is the most pronounced at
dency is confirmed by all three methods of data processingthe highest frequency band (=0.1-0.2Hz). So the high

by FFT procedure, Higuchi method and Burlaga-Klein ap-frequency band of the ULF emission spectrum appears to be
proach. Initially we have referred scaling to the entire ULF very important for extraction of the earthquake precursory
frequency bandf =0.001-0.2 Hz, as in the case of Guam signatures. Therefore, as the next step of our analysis, we
data analysis. But it is very important to reveal the optimal have fixed the highest frequency range and extend gradually
frequency band, where this peculiarity is more pronouncedthe analyzed frequency band in direction to the low frequen-
Such a frequency band has to be connected with the chakies. The corresponding results are presented in Fig. 5. We
acteristic depths of the earthquakes and the crust conductivean see that in this case, the precursory effect appears every-
ity (see Kaufman and Keller, 1981). As the first step, we where, in each analyzed frequency band including the entire
divided the total frequency bantlf =0.001-0.2Hz in the ULF band f =0.001-0.2Hz (Fig. 5a). The importance of
ULF emission spectrum into 9 narrow frequency bands andhe high frequency bands is also seen from Fig. 5: addition
defined the spectrum slope in each of the nine bands, in oref the high frequency noise to the low frequency noise leads
der to reveal the right frequency range, where the earthquakt appearance of the precursory effect, wherein there was no
precursory signatures would be more pronounced. The corprecursory effect before (see Fig. 4). The results obtained
responding dynamics of fractal dimensi®dg computed us- show that it is important to extend the analyzed frequency
ing FFT method for the noon sector (12:00-13:00 LT) is pre-range toward the high frequencies. Unfortunately, the actual
sented in Fig. 4 for the period 3 February 2000-28 Februarysampling rate (2 s) does not allow us to do that now. But in
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Fig. 5. Dynamics of the fractal dimensionB®g) of the ULF geomagnetic time series depending on the frequency bandwidth. Mochikoshi sta-
tion, Izu Peninsula, Japan, 3 February 2000-28 February 2001. The frequency bandwidth decreases from a) to i) in such a way that the highes
frequency in each band remains the sarfie=(0.17778 Hz):(a) 3.00<log(f)< —0.75 (0.0010& f (Hz)<0.17778),(b) 2.75<log(f)<

—0.75 (0.0017& f (Hz)<0.17778),(c) 2.50<log(f)< —0.75 (0.0031& f (Hz)<0.17778),(d) 2.25<log(f)< —0.75 (0.00562 f
(Hz)<0.17778),(e) 2.00<log(f)< —0.75 (0.0100& f (Hz)<0.17778),(f) 1.75<log(f)< —0.75 (0.0177& f (Hz)<0.17778),(9)
1.50<log(f)< —0.75 (0.03162 f (Hz)<0.17778),(h) 1.25<log(f)< —0.75 (0.0562% f (Hz)<0.17778),(i) 1.00<log(f)< —0.75

(0.10006< f (Hz)<0.17778). The days of the four strongest earthquakes are marked by arrows with symbol E.Q. (A gap in the data results
from some technical problems with the amplifiers).

future, the data with sampling rate of 12.5Hz will be avail- of the Izu Peninsula case, the increase of the ULF time series
able for this region, and we will have a possibility to continue fractal dimension before the massive Izu earthquake appears
our analysis. to be sharper in comparison with gradual increase of the ULF
time series fractal dimension for the Guam earthquake. That
can be connected with differences in the depths of the earth-
quakes = 65 km for Guam earthquake athd<20 km for

Izu earthquakes) and variety of geological structures of those
regions. The SOC (self-organized critical) processes con-
We have revealed some common features and specific peCcted with crack formation and fluid dynamics, can develop
liarities in the behavior of scaling characteristics of the ULF mgre slowly at the depth of 65 km than at the depths of 10—
geomagnetic fields before the Guam and Izu earthquakes. 1pg km. Also the evolution of the system to the SOC state will
both cases, the decrease of the spectrum slope (and the c@jo on with different velocities depending on the local elastic

responding increase of the ULF time series fractal dimen-and electric parameters of the test regions and their geologi-
sion) took place before the strong earthquakes. It means tha{a| peculiarities.

the higher frequency fluctuations appear in the electromag-

netic noise prior to strong earthquakes, and the ULF noise So our experience of study of the ULF geomagnetic field
changes the character of its behavior from random and perbehavior at Guam Island and Izu Peninsula shows, that in-
sistent type to the more antipersistent behavior. Such dynanmerease of the ULF time series fractal dimension take place in
ics seems to be in agreement with the crack formation proboth cases, and it can be considered as an precursory signa-
cess and with physical model of earthquake precursors duture of the strong earthquake. The other precursory signature,
to crack propagation and the charge dislocation motion, prowhich has been revealed on the basis of ULF geomagnetic
posed by Vallianatos and Tzanis (see Vallianatos and Tzanigjata, is a specific variation of the polarization rafigH of

1999; Tzanis and Vallianatos, 2002). As specific peculiarity ULF geomagnetic fields a few days (or weeks) before the ma-

5 Discussion: comparison of the results for Guam and
Izu earthquakes; suggestions for the future study
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jor shock. Such a specific variation has been found for manyFeder, J.: Fractals, Plenum, New York, 1989.

strong earthquakes, including the Guam and Izu earthquakeSoltz, C.: Fractal and chaotic properties of earthquakes (Lecture
(see Kopytenko et al., 1993, 2001, 2002; Hayakawa et al., Notesin Earth Sciences, 77), Springer-Verlag, 178 p., 1998.
1996). So the next step in development of methodology forHayakawa, M., Kawate, R., Molchanov, O. A., and Yumoto, K. Re-
extraction of the earthquake precursory signatures, could be sults of ultra-low-frequency magnetic field measurements during
combined analysis of the ULF time series in the paramet- '€ Guam earthquake of 8 August 1993, Geophys. Res. Lett., 23,

ric space polarization ratio fractal dimension. Construction 241-244, 1996.
P P ) Hayakawa, M., Ito, T., and Smirnova, N.: Fractal analysis of ULF

,Of the phase dlagram of the ULF geomagnetic field behav- geomagnetic data associated with the Guam earthquake on Au-
ior in that parametric space could allow us to understand g5t 8 1993, Geophys. Res. Lett., 26, 18, 2797—2800, 1999.
which of the four preparation stages (random chaos, subcrityayakawa, M., Kopytenko, Yu. A., Smirnova, N. A., Troyan, V.
ical, critical or supercritical stage, as described in Troyan et N., and Peterson, Th.: Monitoring ULF magnetic disturbances
al., 1999) is now the earthquake system going on, and thus and schemes for recognizing earthquake precursors, Phys. Chem.
to increase the probability of detection of such situations, Earth (A), 25(3), 263—269, 2000.
when the earthquake system is in close approaching to thelayakawa, M., Ito, T., Hattori, K, and Yumoto, K.: ULF electro-
major shock . But such an analysis could be a subject of magnetic precursors for an earthquake at Biak, Indonesia on 17
another paper. We reason also upon the advantage of the. Febr.uar)./ 1996, Geophys. Res. Lett., 27, 18, 1531-1534, 2000.
multifractal approach (see Mandelbrot, 1989) with respectnguchl, T. Approach to an irregular time series on the basis of
to the mono-fractal analysis for extraction of the earthquak fractal theory, Physica D 31, 277-283, 1988.

. . .eHiguchi, T.. Relationship between the fractal dimension and the
precursory signatures. The supporting argument for that is

e ‘ power-low index for a time series: a numerical investigation,
qualitative analogy between the destruction process (process physica D 46, 254-264, 1990.

of crack propagation) and multifractal structure generation,jensen, H. J.: Self-Organized Criticality (Cambridge Lecture Notes

which have been established recently (see Kiyashchenko et in Physics, 10), Cambridge University Press, 153 p., 1998.

al., 2003 for details). The multifractal spectrum of singulari- Kaufman, A. A. and Keller, G. V.: The magnetotelluric sounding

ties contains such important generalized characteristics of the method, Elsevier Sci_- Pub. Comp., 595 p., 1981. _

time series as information entropy and the high-order fractaKiyashchenko, D., Smirnova, N., Troyan, V., and Vallianatos, F.:

dimensions, which can be sensitive to the earthquake prepa- Multifractal analysis of the regional seismicity dynamics before

ration processes. Application of the multifractal approach for the large earthquakes, Precursory evolution of spatial and tem-

study of the evolution of the regional seismicity distribution ~ PCr@l inhomogeneity of the seismicity distribution, Nat. Hazards
Earth Sys. Sci., this issue, 2003.

before a number of the large earthquakes of Japan and Soth—O

lifornia sh d i d . fh pytenko, Yu. A., Matiashvili, T. G., Voronov, P. M., Kopytenko,
ern California showed specific precursory dynamics of those E. A., and Molchanov, O. A.: Detection of ultra-low-frequency

parameters before the major shock. (Kiyash_chenko et al, emissions connected with the Spitak earthquake and its after-
2003)-_ S(_) we can e_xpect also the co_rr_espondmg Precursory shock activity, based on geomagnetic pulsations data at Dusheti
behavior in the multifractal characteristics of ULF geomag- and Vardzia observatories, Phys. Earth Planet. Inter., 77, 85-95,
netic fields in seismo-active regions. 1993.

As a summary from our research we can conclude thaopytenko, Yu. A., Matiashvili, T. G., Voronov, P. M., and
the fractal precursory effects revealed are real; they mani- Kopytenko, E. A.: Observation of electromagnetic Ultra-Low-
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