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Abstract. An extremely large earthquake (with magnitude of tion on microfracturing in the lithosphere (Hayakawa, 2001;
8.2) happened on 8 August 1993 near the Guam island, anblayakawa and Hattori, 2004). ULF emissions are produced
ultra-low-frequency (ULF) (frequency less than 1 Hz) elec- by microcracks (Molchanov and Hayakawa, 1995, 1998),
tromagnetic fields were measured by 3-axis induction magwhich can be considered as the so-called precursors of gen-
netometers at an observing station (with the epicentral diseral fracture of an earthquake.
tance of 65 km) with sampling frequency of 1Hz. Inorderto  Our main goal of this paper is to monitor the microfrac-
study electromagnetic signature of prefracture criticality, wetures which are known to occur in final breakup in the focal
have undertaken the fractal (mono-fractal) analysis by meangone of an earthquake by recording the ULF emissions. The
of the Higuchi’'s method for the ULF data during the 1993 presence of precursory signature of earthquakes is clearly
Guam earthquake. Then, it is found that the fractal dimen-identified in the ULF range for large (magnitude greater than
sion exhibits five maxima 99, 75, 52, 21, and 9-4 days before7) earthquakes such as Spitak, Loma Prieta, Guam, Biak etc.
the earthquake main shock, which suggests the ULF electrogsee the review by Hayakawa and Hattori, 2004). That is, the
magnetic signature of nonlinear evolution (in the sense ofULF emissions are found to take place from a few weeks to
self-organized criticality) taking place in the lithosphere just a few days prior to large destructive earthquakes, which are
before the 1993 large Guam earthquake. That is, there takeonsidered as the so-called precursors of the general fracture.
place step-like changes in the lithosphere during the long-So that, we consider that these ULF emissions would carry
term of the order of several months before the main shock. the information on the microfracture taking place near the
focal zone, or on the nonlinear dynamics of the lithosphere
in association with an earthquake. This kind of nonlinear
evolution can be effectively monitored by means of the frac-
tal analysis. The first attempt with the use of fractal analy-
0§is was undertaken by Hayakawa et al. (1999) by using the
lope in the frequency spectrum, and the similar analysis for
e same Guam earthquake as in this paper has already been
performed by Smirnova et al. (2001) and Gotoh et al. (2003,
3004), but in this paper we use the full waveform of the ULF
data, unlike those by Gotoh et al. (2003, 2004) based on the
filtered data, and also we pay attention to the much longer-
period prefracture behavior.

1 Introduction

There have been recently a lot of reports on the presence
seismogenic emissions in a wide frequency range (Hayakaw
and Fujinawa, 1994; Hayakawa, 1999; Hayakawa an

Molchanov, 2002). Especially, ULF (ultra-low-frequency,

frequency less than 1Hz or so) emission is considered to b
the most promising candidate for short-term earthquake pre
diction. While, higher frequency (VLF up to VHF) emissions

are known to suffer from extremely large attenuation in the
propagation in the Earth’s crust, and then we have to suppose

the secondary generation of those higher frequency emis-

sions near the Earth’s surface due to some unknown mect? ULF Data used and the 1993 Guam earthquake
anism. On the other hand, the ULF emissions (and acoustic

emissions) can be considered to directly reflect the informa- "€ details of the ULF data for the Guam earthquake have
already been given in Hayakawa et al. (1999), but we have

Correspondence tadvl. Hayakawa to repeat only the important points as follows. The Guan
(hayakawa@whistler.ee.uec.ac.jp) earthquake with magnitudgls=8.2, occurred on 8 August
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15 the fractal dimension defined and used by Higuchi is most
reasonable and acceptable in the sense of fractal definition.
So that, we have followed their suggestion and we have used
the Higuchi method for our following fractal analysis.
Here we explain briefly the Higuchi's method. The estima-
i tion of fractal dimension (D) of the time series data (in our
%14 case ULF data with sampling of 1s) is based on the estima-
E Guam Island tion of the length of _the curvey (t)._ The fractal t.ime serigs
= & X (t) of our concern is used to define the following new time
o ~~ Observatory series.
= 4
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Fig. 1. Relative location of the ULF observing station (Guam) and
the epicenter of 1993 August Guam earthquake. where the termyY=Y_ is the normalizing factor. Finally.
I N=m ] ) !

the curve length is defined as the arithmetic average as fol-
1993 at 08:34 UT suddenly and without any foreshock ac-lows.
tivity. Its epicenter was located in the sea near the Guam

island (geographic coordinates: 12298 1444.80 E), and i Ly (k)

its depth was 60 km. The Guam observatory where the ULF< L(k) >= m=1

data were recorded, is located-a65 km from the epicen- k

ter. Figure 1 illustrates the relative location of our ULF ob- Then, we plot<L(k)> versusk(k=1, 2, - - -, 10) and we es-

servatory with respect to the epicenter. A regular magnetic;ste the slope by fitting, leading to the estimation of D.
observation is maintained there using a three-axis ring-core-

type fluxgate magnetometer (Hayakawa et al., 1996). Three
components of magnetic variations are usually recorded o  Analysis result and discussion
a digital cassette tape with a sampling rate of 1s, but we
use only theH component (which is most intense). We ana- We have to describe the essential differences of the present
lyze the data during one whole year of 1993, and we analyzénalysis from our previous studies (Gotoh et al., 2003, 2004)
the data during daytime (LT=14:00-15:00), because Gototfor the same 1993 Guam earthquake. Gotoh et al. (2003,
et al. (2004) have found that the most significant change in2004) have paid attention to the behavior just before the
the monofractal dimension was observed for the Guam earthearthquake, so that this paper intends to study the nonlinear
quake during daytime. One hour data are treated, so that therefracture behavior over a sufficiently long time interval of
number of data is 3600 points per day. the order of nearly one year. Secondly, our previous works
(Gotoh et al., 2003, 2004) have been based on the filtered
data, but we will utilize the complete waveform (1s sam-
3 Fractal analysis by Higuchi method pling) data in this paper. The daytime (nT1=14-15h) data
are used as in Gotoh et al. (2003).
Different kinds of methods of fractal behavior of time se-  Figure 2 is the analysis result over one whole year of 1993,
ries data have been proposed; (1) the spectral slope in freand the bottom panel illustrates the temporal evolution of the
quency spectra (Hayakawa et al., 1999), (2) Burlaga andractal dimension (D). We treat the daytime one-hour data,
Klein (1986) method, (3) Higuchi (1988) method etc. Gotoh which means that we have one point for each day. This daily
etal. (2003, 2004) have compared these methods extensivelp is plotted by thin line, and the full line curve indicates the
and have suggested that the Higuchi method is superior to thaverage value of D running ovet5 days (as the total of 11
methods (1) and (2) and that it is advised to use for the fractatlays). In order to indicate the statistical significance of the
analysis of the ULF data. This is found by Gotoh (2003) thatpeaks in the fractal dimension D, we have plotted the average
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Fig. 2. Temporal evolution of fractal dimension (D) during one whole year of 1993 (bottom panel). The day of earthquake is indicated by a
vertical line with the notation of 8/8 (8 August). The upper panel indicates the geomagnetic activity expressed by Ap index. Daily D value
is given in a thin line, the average value running o#&l5 days is given by a thick line, the average D value over the whole period by a
horizontal line and theto (o: standard deviation over the whole period) lines (by broken lines).

value for the whole period (as a horizontal line) and the between the successive peaks suggests that the interval was
(o: standard deviation over the whole period) lines. We haveabout 20-30 days in the beginning of lithospheric change,
found that average D=1.48 and-0.18. The average D value but it becomes very short (of the order of 10-5 days) just be-
is very close to that for the Brownian movement. fore the earthquake main shock. After the main shock, there

First of all, we look at the geomagnetic activity expressedwas a gap in the data due to the interruption of observation

by Ap index in Fig. 2. During three months before the earth- associated with the earthquake. In the middle of Septem-

quake, for example, starting in May, we understand from theber, we have again the data and the fractal dimension (D)

figure that the geomagnetic activity is generally rather quiet.?as STownlth? grafdualddepgatmn with s]?rlng ?.S((:;!Iatmns. Our
While, the geomagnetic activity is found to be significantly ractal analysis Is found to be very useful in finding out any

disturbed before May 1993. This means that the period O1non|inear behavior in the lithosphere in possible association
our concern before August 1993, is suitable for us to try toWith the Guam earthquake. We have seen that the lithosphere

find any seismic effect in our ULF data because we can as_have not exhibited a gradual change, but step-wise and dis-

sume that solar-terrestrial effect is not so significant in thiséontinuous preparation fcoward the large Guam earthquake,
period. and we have found that it took 3-4 months for a large earth-

guake to be prepared.
Now we look at the temporal evolution of the fractal di-

mension (D) during one whole year of 1993. In the initial

period of 1993, e.g., January, February and March, the valu§ Conclusions

of D is found to remain at the background level ¢ED.4.

The running average (given in full line) of D gives us the Though we have already found that the fractal dimension (by
approximate trend of D, and then shows some kind of oscil-means of any analysis method) showed a significant change
lations until the main shock, and the value of D increased ugust before the Guam earthquake (Gotoh et al., 2003, 2004),
to D=1.8. The dates of the peak values in D (in full line) are this paper intends to study the longer-period nonlinear be-
shown to be (1) 1 May, (2) 25 May, (3) 17 June, (4) 18 July havior of crustal activity before the 1993 Guam earthquake.
and (5) two successive peak on 29 July and 4 August. Whetunlike the previous works (Gotoh et al., 2003, 2004) deal-
we look at the daily D value ( in thin line) as the basis of the ing with the filtered data, we have utilized the full wave-
running average, the daily D value just around the peaks (oform in this paper. We know that it takes more time for a
maxima) in the running average D, is found to be very closelarge earthquake to be prepared, so that we want to know
to or to exceed thedline. This is indicative of the signifi- the longer-period (of the order of one year) property of the
cance of those peaks in the running D. We now estimate thdithospheric activity than the previous works by Gotoh et
lead times of these significant peaks with respect to the mairal. (2003, 2004) before the 1993 Guam earthquake. Our frac-
shock; (1) 99, (2) 75, (3) 52, (4) 21 and (5) 9 and 4 daystal analysis based on Higuchi's method has elucidated the
before the main shock. A comparison of the time interval electromagnetic signature of prefracture criticality in such
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a way that the crustal movements must have taken placéiayakawa, M., Kawate, R., Molchanov, O. A., and Yumoto, K.: Re-
discontinuously (or step-wise) before the large earthquake. sults of ultra-low-frequency magnetic field measurements during
We could identify such discontinuous changes in the Earth’s the Guam earthquake of 8 August 1993, Geophys. Res. Lett., 23,

crust 99, 75, 52, 21 and 9, 4 days before the Guam earth- 241-244, 1996. . .
quake. Hayakawa, M., Itoh, T., and Smirnova, N.: Fractal analysis of ULF

geomagnetic data associated with the Guam earthquake on 8 Au-
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