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Abstract. The long-term evolution of scaling (fractal) char-
acteristics of the ULF geomagnetic fields in the seismoactive
region of the Guam Island is studied in relation to the strong
(Ms = 8.0) nearby earthquake of 8 August 1993. The se-
lected period covers 10 months before and 10 months after
the earthquake. The FFT procedure, Burlaga-Klein approach
and Higuchi method, have been applied to calculate the scal-
ing exponents and fractal dimensions of the ULF time se-
ries. It is found that the spectrum of ULF emissions exhibits,
on average, a power law behaviourS(f ) ∝ f −β , which is
a fingerprint of the typical fractal (self-affine) time series.
The spectrum slopeβ fluctuates quasi-periodically during the
course of time in a range ofβ = 2.5−0.7, which corresponds
to the fractional Brownian motion with both persistent and
antipersistent behaviour. An tendency is also found for the
spectrum slope to decrease gradually when approaching the
earthquake date. Such a tendency manifests itself at all lo-
cal times, showing a gradual evolution of the structure of the
ULF noise to a typical flicker noise structure in proximity to
the large earthquake event. We suggest considering such a
peculiarity as an earthquake precursory signature. One more
effect related to the earthquake is revealed: the longest quasi-
period, which is 27 days, disappeared from the variations of
the ULF emission spectrum slope during the earthquake, and
it reappeared three months after the event. Physical interpre-
tation of the peculiarities revealed has been done on the basis
of the SOC (self-organized criticality) concept.

1 Introduction

In our recent papers by Hayakawa et al. (1999, 2000a) and
Smirnova et al. (1999), a fractal analysis has been applied to
ULF geomagnetic data to investigate dynamics of their scal-
ing characteristics (spectral exponents, fractal dimensions)
depending on seismic and geomagnetic conditions. It has
been shown that some specific dynamics of spectral expo-
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nents (spectrum slopes) of the ULF emissions were observed
in a seismoactive region of Guam Island under the variation
of geomagnetic activity and in relation to the large earth-
quake of 8 August 1993 (M = 8). In particular, the spectrum
slope, which had been calculated using the FFT method for
a 1-hour interval of data in the noon and midnight sectors,
is found to have a tendency to decrease when approaching
the date of the earthquake. Such a specific behaviour of the
spectrum slope serves as a candidate for an earthquake pre-
cursory signature. Since the effect revealed (in the case of its
confirmation on new experimental materials and by other in-
dependent methods) could be important for the development
of earthquake forecasting methods, it seems to be reason-
able to check this effect using the more advanced methods of
data analysis. In our case of the fractal analysis, the Burlaga-
Klein approach (Burlaga and Klein, 1986), and the Higuchi
method (Higuchi, 1988, 1990) appear to be the more promis-
ing tools for calculation of scaling characteristics of time se-
ries. The efficiency of those methods has been shown on dif-
ferent kinds of geophysical data sets: magnetic, geo-electric,
cosmic ray, and others (see, for example, Yasue et al., 1996;
Telesca et al., 1999; Cervantes de la Torre et al., 1999). The
purpose of this paper is to apply the fractal techniques, de-
veloped by Burlaga-Klein and Higuchi, to the Guam ULF
geomagnetic data in order to identify the earthquake precur-
sory signatures revealed by the FFT method. Also, we extend
our consideration to all local time sectors to investigate the
local time dependence of the peculiarities revealed.

The paper is organized as follows. In Sect. 2, we describe
the experimental data chosen for analysis and present our
methodology for data processing. In Sect. 3, we give the
results obtained by the FFT method and discuss its applica-
bility for processing an irregular time series. In Sect. 4, we
introduce the Burlaga-Klein and Higuchi methods as the ad-
vanced methods for calculation of the time series fractal di-
mensions, and we test their efficiency on the simulated noise
time series and apply them to the Guam data. In Sect. 5, we
discuss the results obtained by different methods and outline
a possibility to use scaling characteristics of the ULF geo-
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Fig. 1. An example of the daily record of geomagnetic field vari-
ations (H , D, Z components) at the Guam observatory (1 April
1993). In the insertion, one can see the original ULF record (one-
second sampling) at the 02:00–03:00 UT interval, which corre-
sponds to the local noon sector (12:00–13:00 LT).

magnetic time series for the study of the physical processes
related to the preparation stage of earthquakes.

2 Experimental data and the analysis methodology

Our analysis is related to the strong (Ms = 8.0) Guam earth-
quake of 8 August 1993, and its focus was located in the
sea near the Guam Island (ϕ = 12.98◦ N, λ = 144.80) at
the depth of 60 km. The raw data used for analysis are the
digital records of the magnetic field componentsH , D, Z

with a one-second sampling rate, taken from the nearby mag-
netic observatory situated at the Guam Island 65 km from
the epicentre. Here the regular measurements of geomag-
netic field variations are maintained using a three axes ring-
core type of fluxgate magnetometer, and the detailed descrip-
tion of the measuring system can be found in Yumoto et
al. (1992, 1996). The chosen sampling rate allows us to in-
vestigate the properties of ULF emissions (geomagnetic pul-
sations) in a wide frequency range fromf = 0.001 Hz to
f = 0.3 Hz. This frequency range is also favourable for
detection of electromagnetic signals of lithospheric origin,
which could be related to the earthquake preparation pro-
cesses. The corresponding consideration based on the field
observations and also on the estimations of the appropriate
skin depths for electromagnetic waves is contained in Kopy-
tenko et al. (1993a, b, 1994, 2001), Hayakawa et al. (1996,
1999, 2000b), and Smirnova (1999). The calculations of skin
depth values show the ability of the ULF electromagnetic
fields of space origin to penetrate the earthquake focal ar-
eas. The ULF part of the electromagnetic fields, which can
be generated in the earthquake focus before and during the
major rupture, is also able to propagate from the focus to

the Earth’s surface. Since the earthquake preparation pro-
cesses can be connected with an alteration of the medium
structures in the earthquake focal area and with the change
in their elastic and electric parameters, such processes could
also be manifested in the alteration of the structure of seismic
and electromagnetic noise recorded near the epicentre region.
Since such an alteration is expected to have a the long-term
character, we give our attention to the long-term variation of
scaling characteristics of the observed signals. Thus the en-
tire investigated period covers nearly 10 months before and
10 months after the event. In our consideration, we take into
account the phenomenological model proposed by Troyan et
al. (1999) to describe the large-scale evolutionary SOC pro-
cesses involved between two massive earthquakes.

An example of the experimental data used for the analysis
is presented in Fig. 1. Here, a typical daily record of geo-
magnetic field variations (H , D, Z components) at Guam is
shown. The original ULF record (with one-second sampling
rate) can be seen in the insertion into Fig. 1. The signal is
taken from 02:00–03:00 UT interval, which corresponds to
local noon sector (12:00–13:00 LT). Before using the main
procedure of data analysis, some selection of data has been
made. First, we divide the raw data along local time intervals,
thus forming for every day 24 sets of 1-hour time series, each
havingN = 3600 variables (H , D, Z components). Such se-
lection allows us to separate the local time effects from other
effects that could be related to earthquake source dynam-
ics. Scaling characteristics of the time series were calculated
by using three methods of data processing: spectral analysis
(FFT), the Burlaga-Klein (BK) method and the Higuchi (H)
method. First, we present the results obtained by the tradi-
tional FFT (Fast Fourier Transform) method.

3 Spectral analysis of the ULF geomagnetic data (FFT
procedure)

The observational geophysical data are usually represented
by an irregular time series. To obtain a quantitative estima-
tion of the time series irregularity, the power spectrum analy-
sis has been conventionally used. In the case when the power
spectral density follows a power law, the spectral exponent
can be considered as one of the indexes for representing the
irregularity of a time series. We used the FFT technique
to calculate the power spectral density of the ULF signals
S(f ) in each one-hour interval during the period October
1992 – June 1994. IfS(f ) followed a power law behaviour
S(f ) ∝ f −β , then we calculated the spectral exponentβ

from the slope of the best-fit straight line in the log-log plot
of the spectrum in the frequency rangef = 0.003− 0.3 Hz.
An example of such a processing is given in Fig. 2. The
trend was initially removed from the original signal, and the
Hanning window was used for correction of the signal before
applying the FFT procedure. Then we analysed the evolution
of the slopeβ of the spectrum in different local times, under
a variety of geomagnetic conditions and on the different time
distances from the earthquake.
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Fig. 2. An example of the ULF data processing by the FFT method.
(a) an original signal;(b) the zero mean signal without trend;(c)
the power spectrum. The best-fit line represents the spectrum slope
β. The noisy fluctuations, superposed on the power law spectrum,
are clearly seen.

The power law behaviour with a singleβ is a characteris-
tic feature of the statistically self-affine (fractal) time series.
Statistically self-affine means that the time seriesX(t) can
be viewed geometrically as a curve, each part of which is
a reduced scale image of the whole. In this context the in-
crement function[X(t + τ) − X(t)]τ−Hu has a probability
distribution independent oft . Here,Hu is the Hurst expo-
nent, which lies anywhere in the range of 0< Hu < 1 (see
Mandelbrot, 1977, Feder, 1988, and Turcotte, 1997). The
fractal dimensionD0, which characterises the rate of the ir-
regularity of the time series (how smooth or crinkly is the plot
representing the observational data), can be calculated from
the spectral exponent using the well-known Berry’s equation:
D0 = (5 − β)/2 (Berry, 1979, see also Turcotte, 1997). The
dynamics of spectral exponentβ for the Guam ULF geomag-
netic data is presented in Fig. 3. Theβ values are calculated
for the noon sector (12:00–13:00 LT) for the entire investi-
gated period 1 October 1992 – 8 June 1994. The moment of
the earthquake of 8 August 1993 is marked by the arrow with
symbol EQ. One can see the break in the magnetic record just
after the earthquake, which lasts until the middle of Septem-
ber. The thin line indicates the daily values ofβ, and the
thick line represents the 5-day running average values.

The following peculiarities can be seen from Fig. 2. Over
the course of time the spectrum slopeβ fluctuates quasi-
periodically in a range ofβ = 2.5−0.7. Such values ofβ are
typical for the fractional Brownian motion. By taking into
account the Berry’s equation and the relation between fractal
dimensionD0 and the Hurst exponentHu : D0 = 2 − Hu

(Hurst, 1951; Feder, 1988; Voss, 1989; Turcotte, 1997), we
can estimate the range of the Hurst exponent variations and

thus investigate the persistence of our time series. We can
see that during the investigated period, the ULF time series
at Guam are characterized by both persistent(Hu > 0.5)

and antipersistent(Hu < 0.5) behaviour with prevalence
of the antipersistent dynamics. The random Brownian walk,
which corresponds toHu = 0.5(β = 2), also manifests
itself for a while in the time series. The next peculiarity,
which can be seen from the running average plot in Fig. 2,
is a quasi-periodical variation ofβ with T ≈ 27 days, which
corresponds to the period of the Sun’s rotation. The same
27-day quasi-period is also manifested in the dynamics of
theKp index of the geomagnetic activity considered for the
same period (see Hayakawa et al., 1999; Smirnova, 2001).
This shows the influence of helio-geomagnetic conditions on
the scaling characteristics of the ULF emissions. In rela-
tion to the earthquake, the most principal peculiarity, which
can be seen from Fig. 2, is a gradual decrease ofβ toward
β = 1 (flicker noise signature) when approaching the earth-
quake date. This indicates the appearance of the more high-
frequency fluctuations in the ULF geomagnetic noise before
the earthquake. The fractal dimension of the ULF time se-
ries calculated from the Berry’s expression has a tendency to
increase towardD0 = 2 prior to the earthquake. Both the
appearance of higher-frequency fluctuations and the increase
in D0 are consistent with the formation of small-scale fractal
structures before the earthquake.

But there are some problems with application of the FFT
method to an irregular time series. In the actual analysis of
geophysical data, the power spectrum obtained by the FFT
method shows noisy fluctuations superposed on the power
law spectrum (see, for example, Figs. 2 and 3 in Cervantes de
la Torre et al., 1999 and Fig. 4 in Telesca et al., 1999). Such
fluctuations are always presented in the power spectrum of
the Guam geomagnetic data (see Fig. 3c). In order to obtain
a stable power law index, it is necessary to average the power
spectra over a long interval where the fluctuations are statisti-
cally stationary. But in many cases it is not appropriate since
the statistical characteristics of the fluctuations usually vary
on the short time intervals. So the values of the spectrum
slopes obtained by FFT methods may contain appreciable er-
rors. Also, when using the FFT method, we have to remove
the trend from the time series and smooth the data near the
boundaries. Some part of the original information can be lost
during such procedures. So we have to search for other more
stable and precise methods of calculations of the spectral ex-
ponents. One example of such methods can be based on the
estimation of the time series fractal dimensionD0, since this
quantity is specially introduced for irregular time series. Af-
ter obtaining the stable and precise value ofD0, one can esti-
mate the spectral exponent using the Berry’s expression. The
advanced technique for calculation of the time series fractal
dimension has been proposed by Burlaga and Klein (Burlaga
and Klein, 1986), and by Higuchi (Higuchi, 1988, 1990). In
the next section, we introduce those fractal methods and ap-
ply them to the Guam geomagnetic data to check the effects
revealed by the FFT method.
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Fig. 3. The dynamics of spectral exponentβ calculated by the FFT method for the noon sector (12:00–13:00 LT) for the period 1 October
1992 – 8 June 1994. The thin line indicates the daily values ofβ; the thick line represents the 5-day running average values. The moment
of the earthquake of 8 August 1993 is marked by the arrow with symbol EQ. One can see the break in the magnetic record, which has lasted
until the middle of September.

Fig. 4. Examples of simulated(a–c) and observational(d) sig-
nals examined:(a) the persistent noise withHu = 0.9; (b) ran-
dom noise (Hu = 0.5); (c) antipersistent noise withHu = 0.1; (d)
the Guam ULF magnetic data along one-hour local noon interval
(12:00–13:00 LT) of 1 April 1993.

4 Application of the Burlaga-Klein and Higuchi
methods

To provide a stable estimation of spectral exponents, Burlaga
and Klein suggested a method for calculation of stable val-
ues of the fractal dimensionD0 of geophysical time series
(Burlaga and Klein, 1986). The authors used as raw data the
interplanetary magnetic field variationsB(t). They define the

lengthL of the curve representingB(t) as

LBK(τ ) =

n∑
k=1

|B̄(tk + τ) − B(tk)|/τ

where B̄(tk) denotes the average value ofB(t) between
t = tk and tk + τ . This length is a function ofτ , and
for statistically self-affine curves, the length is expressed as
LBK(τ ) ∝ τ−D0. Using this relation, one can estimate the
value of D0 as the slope of the log-log plot of the length
LBK(τ ) versus the time intervalτ . Then the power-law index
β of the power spectrum can be calculated from the Berry’s
expression asβ = 5 − 2D0.

The other method which gives stable values of the frac-
tal dimension has been proposed by Higuchi (Higuchi, 1988,
1990). He modified the Burlaga-Klein method, suggesting
the following procedure for calculation of the length of the
curveX(t). First, he constructed a new time seriesXm

τ from
the original time seriesX(i), (i = 1, 2, . . . , N),

Xm
τ ;X(m), X(m + τ), X(m + 2τ), . . . ,

X

(
m +

[
N − m

τ

]
· τ

)
(m = 1, 2, . . . , τ ),

where [ ] denotes Gauss’ notation. He defines the length of
curve,Xm

τ , as follows:

Lm(τ ) ={( [ n−m
τ

]∑
i=1

|X(m + iτ ) − X
(
m + (i − 1) · τ

)
|

)
N − 1[

N−m
τ

]
· τ

}
/τ.

The length of the curve for the time intervalτ, 〈L(τ)〉,
is defined as the average value overm sets ofLm(τ ). If
〈L(τ)〉 ∝ τ−D0 within the rangeτmin ≤ τ ≤ τmax , then
the curve is fractal with the dimensionD0 in this range.
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Table 1. Results of test calculations of the fractal dimensionsD0 and spectral exponentsβ for simulated noise shown in Fig. 3a–c

noise09 noise 05 noise 01
Hu = 0.9 Hu = 0.5 Hu = 0.1

D0 =1.1 β = 2.8 D0 =1.5 β = 2 D0 =1.9 β = 1.2

FFT 1.56±0.21 1.88 1.48±0.21 2.05 1.83±0.21 1.34
BK 1.76±0.12 2.48 1.69±0.12 1.67 1.89±0.13 1.22
H 1.18±0.04 2.64 1.48±0.04 2.04 1.8±0.04 1.40

Fig. 5. Dynamics of the fractal dimension of the Guam ULF time series for the night sector calculated by the Burlaga-Klein and Higuchi
methods. The curves are displayed together (upper part) and separately (lower part). In the upper part, the solid line represents the Higuchi
method and the dotted line relates to the Burlaga-Klein method.

To compare the efficiency of the methods we have made
test calculations of the fractal dimensionsD0 and spectral
exponentsβ for simulated noise with Hurst exponentsHu =
0.9 (persistent noise),Hu = 0.5 (random noise) andHu =
0.1 (antipersistent noise). The results of data processing are
presented in Table 1. The values ofD0 andβ for simulated
noise are calculated from the simple relations:D0 = 2−Hu

andβ = 5− 2D0 (Turcotte, 1997). The records of simulated
noise forN = 1000 can be seen in Fig. 4a–c. For com-
parison, we present the original signal in the lower part of
Fig. 4d, i.e. the part of the ULF record shown in the insertion
to Fig. 1. Let us compare first the Burlaga-Klein and Higuchi
methods. It is seen from Table 1 that the Higuchi method
gives the more correct estimations ofD0 andβ for persis-
tent (Hu = 0.9) and random (Hu = 0.5) noise, whereas the
Burlaga-Klein method gives more correct results for antiper-
sistent (Hu = 0.1) noise. For the noise 09 and noise 05, frac-

tal dimensionsD0 obtained by the BK method are larger than
the real values. Such a tendency for the BK method to give
larger values ofD0 was also mentioned by Higuchi (1988)
when he explored this method. As for the FFT method, it
gives the correct results for random and antipersistent noise,
but its estimation for the persistent noise is less correct than
the estimations by the Burlaga-Klein and Higuchi methods.
As one can also see from Table 1, the largest errors corre-
spond to the FFT method, and the smallest ones correspond
to the Higuchi method.

The results of application of both Burlaga-Klein and
Higuchi methods to Guam data are shown in Fig. 5. Here the
dynamics of the fractal dimensionDBK andDH of Guam
ULF time series is presented for the night sector. The plots
are displayed together in the upper part of Fig. 5 and sepa-
rately in its lower part. We find nearly the similar behaviour
of both curves, although the absolute values ofDBK andDH
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Fig. 6. Dynamics of the fractal dimension for different local time sectors: night, dawn, noon, and dusk (FFT method).

differ from each other. From Fig. 5, one can also see the
gradual increase in the ULF time series fractal dimension,
when approaching the earthquake date, which confirms the
results obtained with the FTT method.

5 Discussion

As it follows from Table 1, the FFT method gives results that
are not so bad for random and antipersistent noise. Since the
real values ofβ for the Guam data occupy mainly the range
β = 1 − 2, which corresponds to random and antipersistent
noise, the use of the FFT method for the Guam data seems
to be correct. One can also see from Fig. 4 that the observed
signal looks more like random and antipersistent noise, than
the persistent one. So we can use the FTT method and ex-
tend our consideration at all local time sectors to identify the
peculiarities revealed for the noon sector. The corresponding
results of the calculations of the ULF time series fractal di-
mensionD0 are shown in Fig. 6 for different local time sec-
tors: night (00:00-01:00 LT), dawn (06:00-07:00 LT), noon
(12:00-13:00 LT), and dusk (18:00-19:00 LT). It is seen from
Fig. 6 that the tendency for fractal dimension to increase be-
fore the earthquake is manifested itself at all local time inter-
vals. The tendency seems to be more pronounced at the dusk
sector. By taking into account the Berry’s equation, we can
conclude that the effect of the decrease in the ULF emission
spectrum slope before the earthquake is really confirmed.
Such specific dynamics, which start about 1–2 months before

the earthquake, can be attributed to the earthquake prepa-
ration processes, when the focal area is involved in self-
organized critical (SOC) dynamics. In this state, the rock
medium is porous like a honeycomb, and its structure dis-
plays a more and more crinkly character. As a consequence
of such fractal dynamics, the ULF electromagnetic noise,
which could be generated in the process of crack dynamics
(see Molchanov and Hayakawa, 1995; Vallianatos and Tza-
nis, 1999), is supplemented gradually by higher-frequency
fluctuations. In ground-based observations, such dynamics
has to be manifested as a decrease in the ULF spectrum slope
and as antipersistent behaviour of the ULF time series before
the earthquake. Such peculiarities are factually observed. In
the SOC state, the focal system has a high risk of the massive
earthquake, since any alteration at small-scales (for example,
filling the small pore space by fluid) can implicate the alter-
ation of the whole system. The corresponding explanation
can be found in Hayakawa et al. (1999, 2000) and Troyan et
al. (1999). So we can consider the revealed peculiarity (the
decrease in the ULF spectrum slope prior to the earthquake)
as a premonitory symptom of a catastrophic event. It this
relation, it also should be mentioned that the pronounced dy-
namics of the polarization ratioZ/H of the Guam ULF data,
starting 1–2 months before the earthquake, had been revealed
earlier by Hayakawa et al. (1996). Such dynamics could re-
late to the change in the Earth’s crust conductivity, and this
is also in good agreement with our consideration.

One more effect, possibly related to the earthquake, one
can recognize from Fig. 3. As it is seen from the running
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average curve, the pronounced quasi-period of 27 days dis-
appears from the variations of the spectrum slope during the
earthquake, but it reappears nearly three months after the
earthquake. The same peculiarity (disappearance of the pro-
nounced 27-day period from the variation) has been revealed
in dynamics of the planetary Kp index of geomagnetic ac-
tivity (see Fig. 3 in Hayakawa et al., 1999). It means that a
global alteration of the dynamics of the Earth-magnetosphere
system takes place during massive earthquakes.

On the basis of our analysis we conclude that scaling char-
acteristics of the ULF electromagnetic fields registered in a
seismically active region, could give us important informa-
tion on the earthquake source dynamics and allow us to gain
insight into the physical mechanisms governing the earth-
quake preparation processes. In this paper, we do not intend
to suggest any method for earthquake prediction, but we hope
that the development of such research would give an appre-
ciable contribution in solving this problem.
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