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Abstract. The VHF electromagnetic noise intensity data at from DC, ULF up to VHF, are produced by microcracks,
several stations in the Tohoku area of Japan during the pewhich can be considered as the so-called precursors of the
riod of a rather large (with magnitude of 7.2) earthquakegeneral rupture of EQs (see the monographs by Hayakawa
(Miyagi-ken oki earthquake) taken place on 16 August 2005,and Fujinawa (1974), Hayakawa (1999), and Hayakawa and
are analyzed by means of different fractal analysis meth-Molchanov (2002)).
ods, including (1) spectral slope estimation, (2) multi-fractal Such a nonlinear dynamics taking place in Earth’s crust
detrended fluctuation analysis and (3) multi-fractal wavelettoward the rupture (EQ), can be satisfactorily investigated
transform modulus maxima method. It seems to the authorsvith the use of fractal analysis. Hayakawa et al. (1999) per-
that there is no definite analysis method for the analysis offormed the first attempt of fractal analysis for ULF emissions
any seismogenic phenomenon, so that the only way we havbased on their spectral slope analysis, and found that a sig-
to take, is to apply different methods to the same data fomificant change was observed a few weeks to a few days be-
the detailed comparison of the results. This comparison enfore the EQ. Later, different kinds of analysis methods have
ables us to deduce the properties commonly observed by thkeen developed by Smirmova et al. (2001, 2004), Gotoh et
above methods. Because the most important feature commaed. (2002, 2004), and Ida and Hayakawa (2006). Recently,
to these three methods, is that significant changes in fraclda et al. (2005, 2006) have extended the previous mono-
tal scaling characteristics are observed just during the earthfractal analysis to multi-fractal one, in order to know the fine
quake (mainly before the earthquake) only at one station oftructure changes tacking place just before the EQ. Then, this
Kunimi. Finally, we can come to the definite conclusion on kind of fractal analysis has been rather popular in other fre-
the self-organization of VHF emissions only at one station inquency ranges as well, including DC emissions (SES (seis-
the present case. mic electric signals) (Varotsos, 2005)), and VHF/VLF emis-
sions (e.g. Eftaxias et al., 2002; Kapiris et al., 2002, 2004).
Electromagnetic noises in the frequency range of
VHF (49.5MHz) are known to consist of a few noise
sources (Degauque and Hamelin, 1993); (1) atmospheric

An earthquake (EQ) is a large-scale fracture phenomenon ifl0/S€ (due to lightning), (2) man-made composite noise,
the Earth’s heterogeneous crust and a vital problem in thé3) solgr-terrestrlal noise (form the _Eartlhs magneto-
short-term EQ prediction is the identification of precursors SPhere/ionosphere, solar system, cosmic noise etc.), and (4)

of EQs. When a heterogeneous material like Earth's crus@nY Other noise such as lithospheric effect. The last litho-
is strained, its nonlinear evolution toward the final rupture SPheric effect of VHF emissions, is known to follow the SOC

is characterized by self-organization toward the crtical stagd®’0c€SS as a precursory effect of an EQ, so that the fractal
including the local nucleation and coalescence of microc_analyss in this paper is used to sort out only this lithospheric

racks (i.e., self-organized criticality (SOC)). Both acoustic effect. This kind of VHF lithospheric emissions has been re-

and electromagnetic emissions in a wide frequency rang&ently reported by Kapiris et al. (2002), but the generation
mechanism of those VHF emissions is extremely poorly un-

Correspondence tdvl. Hayakawa derstood. In the case of lithospheric ULF emissions, they
(hayakawa@whistler.ee.uec.ac.jp) are believed to be generated near the hypocenter of an EQ
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140°30°  141°00°  141°30°  142°00'  142°30' we describe the VHF observing system. The observing an-
[139°00°  tenna is a discon-type (wideband characteristics from 25 to
1300 MHz) installed on the top of a tower at each station, but
the observing frequency is tuned to 49.5 MHz in the radio re-
ceiver. The intensity recorded at each station, is transmitted
38° 30" to the master station in Sendai.

The most important point of this paper is (1) multi-
stationed network and (2) longer period of analysis as com-
pared with the paper by Eftaxias et al. (2002). First of all,
we have to point out one important aspect of the data com-

VIR VRIS 1423580", 0o paring the VHF data at seven stations. Itis found that the
Geographic Longitude [deg] VHF data at the three stations of Dairokuten, Kurihara and

Kunimi are completely different from each other, which is

Fig. 1. Relative location of the epicenter (as indicated by a importantly indicative of a highly localized nature of VHF
cross in the sea) and three representative VHF observing stationemissions. Also, there is no clear diurnal variation in the

(Dairokuten, Kurihara and Kunimi). The distance between eachVHF intensity variation, being very different from lower fre-

two of 3 stations is approximately 50km, and the epicentral dis-quency emissions (such as ULF, ELF and VLF).
tance from Dairokuten is about 90 km.

Geographic Latitude [deg]

3 Fractal analysis of VHF emissions
either by the mechanism of microfracturing (Molchanov and
Hayakawa, 1995) or electro-kinetic effect (Fenoglio et al., As is shown in Yonaiguchi et al. (2007), the use of fractal
1995). Unlike this ULF emission, due to the severe atten-analysis enables us to sort out only the lithospheric VHF
uation in the lithosphere VHF emission cannot be detectedemissions organized by the SOC process among a few possi-
on the Earth’s surface even if they are generated in the EQle noise sources because other noise sources do not follow
hypocenter. However, we have to think of the secondary efthe SOC process.
fectin such a way that those VHF emissions are generated in There have been proposed several methods of fractal anal-
the Earth’s surface or in the atmosphere due to the precursorysis to study the nonlinear dynamics, but we have used
tectonic effect of an EQ. the following few methods which have been conventionally
This paper is intended to supplement our recent paper byised; (1) Estimation of slope in frequency spectrum, (2)
Yonaiguchi et al. (2007), in which they have studied the non-MFDFA (multi-fractal detrended fluctuation analysis), (Kan-
linear process for seismogenic VHF noise using only thetelhardt et al., 2002), and (3) WTMM (Wavelet transform
multi-fractal detrended analysis. In order to provide further modulus maxima) (Muzy et al., 1993; Mallat and Hwang,
support to the result by Yonaiguchi et al. (2007), we try to 1992). The latter two methods are competitive to detect the
show the results by using different kinds of fractal analysis multifractality. MFDFA is based on the identification of scal-
and comparing those results in order to validate their previ-ing of the gth-order moments whose power-law depends on
ous results. the signal length. The other WTMM consists in detection
of scaling of the maximum lines of the continuous wavelet
S transform on different scales in the time-scale plane. First,
2 VHF data used in this paper we present the result of analysis by each method, and then
we compare those results in order to obtain reliable informa-

The EQ for our analysis took place at 11h 46 m 25s L.T. ONy b on the lithospheric process.

16 August 2005, with the name of Miyagi-ken oki EQ (Off-

sea of Miyagi prefecture). Its magnitude was 7.2 (a rather3 1 gpectral slope method and results

large EQ in this area) with the depth of 42 km. Its epicenter

is located at the geographic coordinates (381,1142.4 E), An important feature that characterizes the dynamics in a

as indicated as a cross in Fig. 1. heterogeneous medium close to its final failure lies in the
We have seven observing stations for VHF natural electro-appearance of memory effects. If the time series of ampli-

magnetic noises in the Tohoku area around Sendai, but onlyude of the VHF electromagnetic emissiar;) is a tempo-

three representative VHF stations (Dairokuten, Kurihara andal fractal, then a power-law spectrum density of the recorded

Kunimi) are illustrated in Fig. 1 and used for analysis. The time series is expected,

distance between any pair of two stations is about 50 km, -8

and the distance between Dairokuten and the epicenter is apg—(f) =af 1

proximately 90 km. We will present the time series data of The spectral amplification facter in Eq. (1) indicates the

VHF electromagnetic noises during a sufficiently long period power of the spectral components. The linear correlation co-

(about one month before and one month after the EQ). Nextefficientr is a measure of the quality of fit of the observed
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Fig. 2. The result of VHF electromagnetic noises by means of spectral slope analysis. The top indicates the temporal variation of VHF signal
at these stations (Dairokuten in Blue, Kurihara in green and Kunimi in Red). The lower three panels refer to the temporal varigtions of
andy (in the form of occurrence number wifh>2.5,a¢>9.0 andy =>0.97). The color indicates the station.

power spectral density to the theoretical power law given byan enhancement in the occurrence number of time intervals
Eq. (1). The wavelet transform with the use of Morlet mother with »>0.97 a few weeks to just before the EQ and also one
function, was used for the decomposition of the signals.  week after the EQ. However, we cannot identify any signifi-
Figure 2 illustrates the results by this method. The left partcant changes in the upper two panels in Fige 216d 8 val-
refers to the period before the EQ, while the right part afterues), which is indicating that self-organization is NOT taking
the EQ. The color is defined to correspond to each of theplace in the VHF data at Dairokuten (in blue). Only, signif-
three stations in Fig. 1; Blue, Dairokuten, green, Kuriharaicant changes are clearly identified for the station of Kunimi
and red, Kunimi. We here follow the way adopted by Kapiris (in red), where the VHF signals are self-organized before the
et al. (2004), and Fig. 2 is the result on the number of eventEQ. The temporal evolution at Kunimi seems to be in good
based on the following criterigg>2.5,¢>9.0 andr>0.97. agreement with Eftaxias et al. (2002).
Figure 2 indicates that the quantities in green (at Kuri-
hara) do not exhibit any significant variations. So that, we
will compare only the two curves in blue and red. First, we 3-2 Multi-fractal detrended fluctuation analysis (MF-DFA)
look at the variation of in order to know how good the ob- and results
served spectral density fits with the power-law. The variation

of r for the station of Kunimi (in red) in the bottom panel of . . .
" ( ) P The VHF noise data as a time series are sampled every 100 s

Fig. 2 in the form of occurrence number, indicates a signifi-
cant change before and after the EQ. That is, the occurrenc(febefore the EQ) or 72s (after the EQ), and we apply the

rate ofr>0.97 takes place from 28 July to 4 August and 12 mL_jlti_-fractaI analysis_for thos_e VHF data. M_ulti-fract_al anal-
August to just before the EQ (16 August). And after the EQ ysisis known to provide us W|th.much more information than
there is no significant period of highly enhanced occurrencethe simple mono-fractal analysis (Ida et al., 2005, 2006).
of r>0.97 till 24 August. Generally speaking, it is clear that  In this section we first present the result by the MF-DFA
the number of time intervals with>0.97 increases progres- (not standard, but extended). The MFDFA is apparent to
sively as the main shock (EQ) is approached, and the powerbe much more accurate than the conventional box counting,
law behavior breaks down after the EQ. That is, a time regionand the detrended fluctuation analysis (DFA) has become a
with r close to unity is approached during the last few dayswidely-used technique for the determination of fractal scal-
of the EQ. ing properties and the detection of long-range correlations in
Correspondingly to the enhancement in r before the EQnoisy, nonstationary time series (Gotoh et al., 2004). One
the occurrences af>9.0 andg>2.5 are seen to increase a reason to employ the DFA method is to avoid spurious de-
few days before the EQ. While, the occurrencgiseemsto  tection of correlations that are artifacts of nonstationarities
decrease after the EQ. On the other hand, when we look &t the time series. We followed the analysis of DFA method
the variations at other stations (Dairokuten in blue and Kuri-developed by Kantelhardt et al. (2002). Let us suppose that
hara in green). We can notice some changes, for exampleg; is a time series of lengtiv, and we first determine the
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7/28,15:54 -7/29, 20:19 et al. (2002) have suggested the value for s in such a way

‘ Teouve thats<N /4. So that we have adopted a reasonable range of

el s=10~300, and so the obtained results are acceptable. We
obtain thes dependence of'g, which indicates thaf g (s)

decrease as a power law for large values iffthe seriesx

are long-range power-law corrected, and we can estimate the

h(q), the generalized Hurst exponent. It is seen thats)

can be approximated ass™?), so that we can estimate the

7(q).

On the basis of obtainetl(q) characteristics, we can es-
timate the well-known curves of (¢)—« (wherew is the
Lipschitz-Holder exponent) andq curve by means of the
ofe ¥ following relationships

02 : : ‘ : _‘ a(q) =dt(q) /dq (6)

o f(@(@)=qa(q) —1(q) @)

Fig.' 3. An ex_ample of.obtaine(f(a) curve of the VHF emissions D(@)=Dg=1(q)/(q—1) 8)
during a period of 15:54LT on 28 July to 20:19LT on 29 July at
the station of Kunimi. The full line is observef(@) and the bro-  (see the textbooks by Goltz (1997) and Feder (1988)).
ken line is its corresponding approxmatﬁdx). The definitions of We show one example of(«) curve for a particular time
omax cmin, W(S@max—amin), @0 Nd fmax are given. interval from 15:54 on 28 July to 20:19 on 29 July before
the EQ in Fig. 3. The sampling before the EQ is 100s (as
one point), so that we took 1024 points (this corresponds to
the above time interval of about 28 h). By using these data,
i the full line in Fig. 3 is obtained by the extended MF-DFA
Y(i) = Z [ — ()] i=1--.N) ) method. The general form of this(«) is very regular, so
k=1 that we can estimate very easily the multi-fractal parameters.
(where<x> is the mean). Next we divide the profilyi) ~ However, when we deduce th&«) curve, we have some-
into Ny=int(N/s) (int means integer) non-overlapping seg- times some irregularity in the («) curve and we wonder
ments of equal length s. Since the lengfhof the series is  whether we have to accept sucty &) curve or not. So we
often not a multiple of the considered time scales, a short parbave made the following criterion: When the obtairng@)
at the end of the profile may remain. In order not to disre-curve as in a full line in Fig. 3 is approximated by a quadratic
gard this part of the series, the same procedure is repeateghuation ofo with correlation function exceeding 0.95, we
starting from the opposite end. Thereby,2segments are accept thef («) curve and we use the approximatgdx)
obtained altogether. Then, we calculate the local trend forcurve to deduce the multi-fractal parameters. Firghy and
each of the &, segments by a least-square fit of the seriesaemin are obtained from the relation ¢fie)=0, and the width

— |
'y

06

f(o)

0.4

02

'\ S PP U S 1Y

profile

and we determine the variance w is defined asw(=amax—amin). F(a) takes a maximum
10 value fmax at a specifiexg. In Fig. 3, the correlation is found
F2(u.5) ==Y (Y[w=Ds+i]—y OF (3)  tobe0.988, well above 0.95.
Sl Figure 4 is the overall summary of the multi-fractal anal-

ysis of VHF emissions at the three stations. The occurrence
time of the EQ is indicated by a EQ star; the left part of
Fig. 4 refers to the period before the EQ, while the right part,
the period after the EQ. The color corresponds to a station:
blue line refers to Dairokuten, green, Kurihara and red, Ku-

segment. We have used the sixth-order-6) polynomials nimi as shown in Fig. 2. The top panel in Fig. 4 illustrates

in the fitting procedure. We then average over all segment%.he elegltlrlctfletld :rr:ten3|ty oftobse?/ed It'/';”: e;n:_ltss.l;)ns. tie-
to obtain theg-th order fluctuation function. owwe illustrate the parameters of multi-ractaiity, from the

top, w(=amax—min), ¥max &min, &0 and finally the non-
1 X 914 uniformity factor A(=w/fmax) (Goltz, 1997). The color is
Fq(s) = {W Z [F (v, S)] } (5) the same as in the top panel. First of all we look at the tem-
§ poral evolutions of VHF emission intensity. The VHF activ-
Of course,Fq(s) depends in the DFA order m, and by con- ity at all of the three stations are seen to be very stable after
struction Fg(s) is only defined fors>m+2. Kantelhardt the EQ. While, we observe relatively enhanced VHF activity

for each segment (v=1,..., Ns) and

2 _} _ o 12
F2.5) =23 (V[0 =1s +i] =y ()} @)

for v=N,+1, ..., 2V,. Here,y, (i) is the fitting polynomial in
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Fig. 4. Temporal evolutions of VHF radio emissions and their corresponding multi-fractal quantities by means of MF-DFA. EQ means the

time of the EQ or 16 August, 2005. The left part refers to the period before the EQ, while the right, after the EQ. The top panel indicates the
real VHF emissions intensity at three stations (Blue Dairokuten, green Kurihara and red Kunimi). Below the parameters of multi-fractality

are given from the topy (=amax—®min): ®max: ¥min, @0 @NdA (=w/ fmax) (non-uniformity factor). The same color is valid for each station.

before the EQ. But, 3 stations exhibited considerably differ-Then, we consider the data at Kurihara (given in green). The
ent features. The VHF noise at Kurihara (in green) is still VHF noise there is extremely low, without any significant
at a low level, without any significant enhancement. On theenhancement (though the close inspection indicates the en-
contrary, the VHF intensity at Dairokuten (in blue) is consid- hancement before the EQ as compared with that after the
erably enhanced with some modulations during the period oEQ). The multi-fractal parametersv( amax, o«min and a,)

28 July to 3 August. And we have a quiet period from 4 Au- are seen to exhibit no significant changes, together with the
gust to 8 August, Then, again we have a prolonged periodA (at the bottom). If we suppose that the VHF emissions
of high activity from 8 August to just before the EQ. The at Dairokuten (in blue) were due to the EQ, we would ex-
intensity at Kunimi in red, showed the similar general ten- pect significant precursory (self-organization) effects before
dency. When we look at the parameters of multi-fractality in the EQ, which is in complete discrepancy with the results
the lower panels in Fig. 4, we notice that the points are notat Dairokuten. This suggests that the enhanced VHF noises
continuous with time. We have to explain why we have suchobserved at Dairokuten during the period of 28 July to 11
discontinuities in the multi-fractal parameters. When we pre-August, are not seismogenic effects, but they may be local
sented one example in Fig. 3, we reject th@) curve ob-  noises having nothing to do with the EQ (probably man-
tained when thef (@) curve is not good enough to have the made composite noise). Finally, we go to the VHF data
correlation coefficient less than 0.95. The computation ofobserved at Kunimi (in red). As compared with the situa-
multi-fractal parameters is performed for one data with 1024tion after the EQ, the VHF noise intensity is considerably
points, with shifting one point (100 s before the EQ and 72 smore intense. The temporal evolutions of multi-fractality pa-
after the EQ). Where we have no point in the multi-fractal rameters indicate that there are a few periods with signifi-
analysis in Fig. 4, we have not gogda) curves. cantly enhanced value af only before the EQ; that is, 31
July to 3 August, 8-10 August and 12 to 15 August just be-

We examine, in Fig. 4, the temporal behavior of the multi- fore the EQ. During these periodsmay is considerably in-

fractal parameters at each station, one by one. The ﬁrs&reasemmaxzz.S—S.O suggesting that the Earth’s crust ap-
three parametersu(=omax—amin), @max @andamin) are inter- '

lated that we deal with th together. Th i pears more complex, with a wider range of possible fractal
refated, so that we deal wi ese fogether. The mos Imporéxponents. This effect is most clearly recognized in the plot
tant and seemingly significant point at Dairokuten (in blue)

is that thoudah the VHE noise intensity i iderabl of the most sensitive parametey, (non-uniformity factor).
IS that even though the - noise Intensity IS consiaerably g vHE emissions during these periods with enhancement
enhanced for some periods, bothw@fi, and amax (corre-

. . . likely to reflect th in the lithosph
spondinglyw) are seen to be stable during the whole perlodare lkely to reflect the SOC process in the lithosphere near

bef d after the EO. Al th | ith Kunimi. Furthermore we note that this value has relaxed
elore and atter the Q. Also, the va ue@‘ WIth fmax 4 the normal (or background) value after the EQ. This re-
(5th panel) remains just aroung~1.25 during the whole

iod. Th ¢ significant e i sult appears to be consistent with the well-known result on
period. The most signiticant parame (Ew/fmax); non- the transition from mono- to multi-fractal behavior in the
uniformity factor remains stable in a range 4&0.5-1.0 .
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percolation model of breakdown at the last stage of the frac-Thus, while filtering out the trends, the wavelet transform re-
ture process. This is strongly indicating that the VHF emis-veals the local characteristics of a signal, and more precisely
sions observed at Kunimi (in red) may be electromagneticits singularities (The Hlder exponent can be understood as
precursor of the EQ, which is reflecting the nonlinear SOCa global indicator of the local differentiability of a function).
behavior taking place only just around the station of Kunimi. By preserving both scale and location (time, space) informa-
We here comment on some other factors, including (1)tion, the CWT is an excellent tool for mapping the chang-
lightning and (2) magnetospheric (solar-terrestrial) effect. Ining properties of non-stationary signals. A class of com-
the top panel in Fig. 4 we have studied the lightning effectmonly used real-valued analyzing wavelets, which satisfies
and it is not found to be so influential. As for the second the above condition, is given by the successive derivatives of
effect, (ii) magnetic activity, we looked at the temporal vari- the Gaussian function:
ation of Dst and X Kp, and have found that the magnetic aN 5
activity was not so active during the whole period, except ay" (x) = ——e 2, (11)
large geomagnetic storm on 24 August. Even this storm has dx
geg g g

not made any significant effect on VHF noise. for which n=N. In this study, the analyzing wavelet is the
second derivative of the Gaussian. The computation of the

3.3  Multi-fractal analysis (WTMM) CWT was carried out in the frequency domain, by using the
fast Fourier transform. The time-series were padded with ze-
This WTMM (Wavelet Transform Modulus Maxima) is ros up to the next power of two to reduce the edge distortions
based on continuous wavelet transform (Muzy et al., 1993)introduced by the Fourier transform, which assumes the data
Wavelet analysis is a powerful multiscale resolution tech-are infinite and cyclic, (Torrence and Compo 1998).
nique, well suited to understanding deeply the complex fea- It can be shown that the wavelet transform can reveal the
tures of real world processes: “kinds” of (multi)fractality, local characteristics of at a pointxg. More precisely, we
long-range dependence, non-stationarity, oscillatory behave the following power-relation:
haviour and trends. The wavelet transform is a convolu-__ , hix
tion product of the data sequence (a functipfx), where W F (5. x0) ~ 81" (12)
x referred to in this study as “position”, is usually a time whereh is the Holder exponent (or singularity strength). The
or space variable) with the scaled and translated version ofymbol “(z)”, which appears in the above formula, shows
the mother wavelet (basis function)(x). The scaling and that the wavelet usedy{(x)) is orthogonal to polynomi-
translation are performed by two parameters; the scale paals up to degree—1. The scaling parameter (the so-called
rameters stretches (or compresses) the mother wavelet to théHurst exponent) estimated when analysing time-series by us-
required resolution, which the translation paramétshifts  ing “monofractal” techniques is a global measure of self-
the basis function to the desired location: similarity in a time-series, which the singularity strength
can be considered a local version (i.e. it describes ‘local sim-
x—0>b o
fx) v = <_> dx, 9) ilarities”) of the Hurst exponent. In the case of monofrac-
§ tal signals, which are characterized by the same singular-
ity strength everywherei(x)=constant), the Hurst exponent
equalsh. Depending on the value &f the input series could

1 [+ee
Wi oo =1 [

S J—o0
wheres, b are real,s>0 for the continuous version (CWT)
andy. The wavelet transform acts as a microscope: it re- -
veals more and more details while going towards smallef®® 10ng-range correlated: £0.5), uncorrelated =0.5) or
scales, that is, towards smaller-values. One can associafd'ticorrelated/<0.5). _ _
with a mother wavelet a purely periodic signal of frequency The continuous wavelet transform described before is an
Fc which “captures” its main oscillations=¢ is the center gxtremely redundant representgmon, too_costlyformo;tprac—
frequency of the mother wavelet). Then, it follows that the tical applications. To characterize the singular behaviour of
frequency corresponding to a certain scatan be expressed functions, it is sufficient to consider the values and position
asFs=(SPxFc)ls, whereSPis the sampling period. Asin ©f the WTMM (Mallatand Hwang, 1992). The wavelet mod-
most wavelet-based multifractal studies and for simplicity, UlUS Maximum is a points, o) on the scale-position plane,

we use ‘scale’ rather than “frequency” throughout this paper.(5+ %), Where|W f(so, x)| is locally maximum forx in the
The mother wavelety(x)) is generally chosen to be well neighborhood okg. These maxima are located along curves

localized in space (or time) and frequency. Usuallyx) inthe plane{, x). The WTMM representation has been used
is only required to be of zero mean, but for the particularfor defining the partition function-based multifractal formal-

purpose of multifractal analysig (x) is also required to be -

ism (Muzy et al., 1994; Arneodo et al., 1995).
orthogonal to some low order polynomials, up to the degree Let {u,(s)}, wheren is an integer, be the position of all lo-
n—1 (i.e., to haver vanishing moments):

cal maxima at a fixed scabe By summing up the's power
of all these WTMM, we obtain the partition functicfx

+o0
/ x"y (x)dx =0, O0<m<n. (20) Z(q,s):Z|Wf(un,s)|q (13)

—00 n
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Fig. 5. The same as Fig. 5, but with the different analysis method of MF-WTMM.

By varying ¢ in this equation, it is possible to characterize amin. After the EQ, we notice no such conspicuous changes
selectively the fluctuations of a time-series: positjNg ac- in the multi-fractal parameters.
centuate the ‘strong’ inhomogeneities of the signal, while
negativeg’s accentuate the ‘smoothest’ ones. In this work, ] )
we have employed a slightly different formula to compute 4 Comparison of results by different methods
the partition function Z by using the ‘supremum method’
which prevents divergences from appearing in the calcula
tion of Z(q, a), for <0 (e.g. Arneodo et al., 1995).

Often scaling behaviours is observed (g, s) and the
spectrume (¢), which describes how scales withs, can be
defined:

Three different methods of fractal analysis have been applied
to the VHF electromagnetic noise data observed at several
stations in the Tohoku area of Japan for a selected large EQ
on 16 August, 2005 =7.2). The first method is (1) spec-
trum slope analysis and (2) multi-fractal analysis with two
different techniques (detrended fluctuation analysis (DFA)
Z(q,s)~s@, (14) and_ wavelet transform modulus maxima (WTMM)). A com-
parison of the results by these methods yields the following
If the 7(¢) exponents define a straight line, the analysed sig-conclusion.
nal is a monofractal; otherwise the fractal properties of the
signal are inhomogeneous, that is, they change with location,
and the timeseries is a multifractal. By applying the Leg-
endre transformation te(¢) we can obtain the multifractal
spectrumD(h). D(h), known also as the singularity Spec- 5 The ahove property is observed only at one station of
trum, captures how “frequnecy” a valueis found. After Kunimi.
having the portition functior¥ (¢, s) including the previous
DFA Z(q, s), we take the same procedure to obtain the finalThe use of only one analysis method does not enable us to
curve f (). make a definite conclusion on the process taking place in
Figure 5 is the result based on the WTMM analysis. Thethe lithosphere, but the simultaneous use of a few methods
format is exactly the same as in Fig. 4, and again Fig. 5 illus-and the the corresponding consistence of the results by those
trates the temporal evolutions of VHF noise (top),«max, methods, will lead us to the definite conclusion that a kind
amin, fmax and non-uniformity factor4) from the 2nd to  of SOC process is taking place in the VHF electromagnetic
6th. We have used 1024 points for the analysis in Fig. 5. Letdata, but not at all stations but only at a particular station
us look at the temporal evolution of multi-fractal parameters. (Kunimi) in this paper.
Again, it is easy to understand that some significant effects Unlike the seismogenic ULF emissions which are believed
are noticed only at one station of Kunimi (in red). Only at to be generated near the focal region of an EQ, VHF emis-
this station we have recognized significant changes 3-5 daysions are expected to be heavily damped during the propa-
before the EQ; increases in, omax and the non-uniformity  gation in the lithosphere, and so they are considered to be
factor (A). While, there is observed no significant change in generated near the Earth’s surface or in the atmosphere as a

1. The most important feature common to these three
methods, is that significant changes are observed just
during the EQ, but mainly before the EQ.
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11 any other possible noise like seismogenic emission. We have
examined the first and third effects, and they are concluded
not to be significant. So the possible candidates are (2) man-
made composite noise without any effect of SOC and (4)
lithospheric emissions in possible relation to the SOC pro-
cess. We have found the significant SOC characteristics only
at Kunimi, which means that the main contribution there was
of the fourth candidate, lithospheric VHF emission seeming
to exhibit a SOC process. On the other hand, we can con-
clude that there seems to be extremely small contribution of
lithospheric effect, at least, at the other two stations.

The presence of precursory VHF emissions only around
ntensity Kunimi and the absence of seismic effects at Dairokuten and
{8 Kurihara, might be closely related with the geological struc-
égi tures (including faults information) around those stations.
¥
s

Geographic Latitude [deg]

The seismological observation after the EQ has indicated in

Fig. 6 that the strongest EQ intensity was observed at the

— Fauit EQ shock around the station of Kunimi, and Dairokuten had

_ - the smallest intensity because of the strong rock structure

Geographic Longitude [deg] below the station. We have also studied the fault region in
this area, which indicates that there are fault regions named

Fig. 6. Geographic map of earthquake intensity, and the fault is Nagamachi-Rifu fault regions, being coincident with the dis-

indicated by dotted lines. tribution of higher EQ intensity. Because of this geological

structure beneath the station of Kumini, VHF electromag-
netic emissions tend to easily appear in the atmosphere, to be

secondary effect of precursory tectonic effects near the Kuobserved only at this station.

nimi station. As summarized above, we have found signifi-

cant changes only at a station of Kunimi. A sharp contrast ofacknowledgementThis work is, in part, supported by NiCT (R
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nimi, but not at the other two stations. A few days before

the EQ we have observed seemingly significant changes ifedited by: P. F. Biagi

multi-fractal parameters (especially), which would be a  Reviewed by: two anonymous referees

precursor to the earthquake. The change in multi-fractality

before the EQ is characterized by (1) a decrease in the value
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