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Abstract. The long-term data (during the period of
1 March 2003 through 31 December 2006) of ULF geomag-
netic variations observed at Kashi station (geographic coor-
dinates: 39.5◦ N, 76.0◦ E) in China have been used to inves-
tigate the long-term variation of fractal dimension of ULF
emissions. We have studied the changes in fractal dimen-
sion in association with several earthquakes around the ob-
servation station. It is then found that a significant change
(or decrease) in the fractal dimension of theZ component
took place before the 1 September 2003 earthquake, which
lends a further support to our previous finding based on our
improved polarization analysis for the same earthquake. The
results obtained are discussed in the contexts of a few as-
pects (detectability of seismogenic emissions, comparison
with previous results by other analysis methods, the impor-
tance of fractal analysis in the nonlinear process of the litho-
sphere and earthquake prediction).

1 Introduction

There has been recently accumulated a lot of evidence on
electromagnetic emissions in a wide frequency range associ-
ated with earthquakes (EQs) (e.g. Hayakawa and Molchanov,
2002; Molchanov and Hayakawa, 2008; Hayakawa, 2009).
The DC geoelectric signals have been extensively studied
mainly in Greece (Varotsos, 2005) since the 1980s. We
think that the lowest AC frequency range of ULF (ultra-low
frequency, with frequency less than 10 Hz) is of immense

importance in short-term EQ prediction. Recently, Fraser-
Smith (2009) has summarized the evidence for ULF elec-
tromagnetic field fluctuations preceding large EQs (M ∼ 7
or greater) including the 1964 Great Alaska EQ (M = 9.2)
(Moore, 1964), the 1988 Spitak EQ (M = 6.9) (Molchanov et
al., 1992; Kopytenko et al., 1993), the 1989 Loma Prieta EQ
(M = 7.1) (Fraser-Smith et al., 1990), and the 1993 Guam
EQ (M = 7.7) (Hayakawa et al., 1996). He has then pointed
out that any magnetic fields originating in the Earth must
necessarily differ fundamentally from the ever-present and
extensively studied ULF magnetic field fluctuations known
as geomagnetic pulsations, which originate in the upper at-
mosphere (or magnetosphere) and present an obstacle in the
detection of any EQ-related fluctuations. Though there have
been published few papers criticizing the presence of seismo-
genic emissions for the Loma Prieta and Guam EQs (Camp-
bell, 2009; Thomas et al., 2009a, b), they were not so con-
vincing because they made just the eyeball comparison of the
anomaly with geomagnetic activity. Some more positive evi-
dence on the presence of ULF events for other EQs has been
summarized in Hattori (2004) and Hayakawa et al. (2007).

The serious problem regarding these seismogenic ULF
emissions is how to detect these weak signals as an EQ pre-
cursor. There have been developed different kinds of analysis
methods to detect such seismogenic ULF emissions: (1) po-
larization analysis by means of the ratio of vertical magnetic
field component to the horizontal (Hayakawa et al., 1996),
(2) fractal analysis (mono- and multi-) (Hayakawa et al.,
1999; Gotoh et al., 2004; Smirnova et al., 2004; Ida et al.,
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2005; Ida and Hayakawa, 2006), (3) principal component
analysis (Gotoh et al., 2002) and (4) singular value decom-
position (Hattori et al., 2006), and so on. Either when we are
not sure about the presence of EQ-related ULF emissions or
when we want to confirm the presence of EQ-related ULF
emissions, the best way for this purpose is to apply differ-
ent kinds of analysis procedures to the relevant ULF event
and to compare and correlate the analysis results in order to
make sure of the presence (or absence) of EQ-related ULF
emissions.

In this paper we pay attention to a few relatively intense
EQs that happened in China. We have already analyzed one
particular EQ with magnitude 5.7, because we were lucky
enough to have observed seismogenic ULF waves at a sta-
tion close to the EQ epicenter (Ida et al., 2008). Here we will
use the fractal analysis for the same and some other EQs in
China, in order to confirm the presence of ULF emissions as-
sociated with the same EQ as already estimated by our previ-
ously improved polarization method. Finally, we discuss the
observed fractal result in light of a few aspects (detectability
of seismogenic emissions, comparison with the result by our
previous analysis method, the importance of fractal analysis
in the nonlinear process of the lithosphere and in EQ predic-
tion).

2 ULF geomagnetic data and EQs

ULF geomagnetic data are obtained at an observatory named
Kashi (geographic coordinates: 39.5◦ N, 76.0◦ E) in China as
indicated by a star in Fig. 1. At this field site we observe three
geomagnetic components (H : NS component,D: EW com-
ponent, andZ: vertical component) by means of a fluxgate
magnetometer. The sampling frequency is 1 Hz. The ULF
data, since the commencement of observation at this station
in the beginning of March 2003, are used for the analysis.
So, the total period is 3 yr and 10 months (nearly 4 yr) of
1 March 2003 through 31 December 2006.

There were observed several moderate EQs (with mag-
nitude greater than 5.0 and close to 6.0) near the ULF sta-
tion of Kashi: an EQ on 1 September 2003 (MW = 5.7), an
EQ (MW = 5.4) on 26 September 2003, an EQ swarm in
March 2003, the 4 May and 4 June 2003 EQs (these two hap-
pened nearly at the same place) and other EQs on 25 Febru-
ary 2005 and on 24 December 2006. The epicentral distance
of the September 1 EQ in 2003 is about 116 km, that for the
26 September 2003∼ 123 km, and the epicentral distance of
the right-hand EQs (4 May and 4 June) in Fig. 1 is about
100 km. The epicentral distance of the 25 February 2005 EQ
is about∼ 300 km, whose EQ epicenter is located outside of
Fig. 1. As is already noted by Hattori (2004) and Hayakawa
et al. (2007), the epicentral distance of about 100 km is just
around the threshold of ULF detection.

Fig. 1. The relative location of the ULF observation station (Kashi,
a black star) and EQs (1 September, 26 September 2003; 4 May and
4 June 2003; 24 December 2006).

3 Fractal analysis of ULF geomagnetic data

Fractal analysis is known to be useful in elucidating the non-
linear process taking place in the lithosphere. Hayakawa et
al. (1999) made the first attempt of fractal analysis of the
ULF data for the 2003 Guam EQ event, and since then
there has been an increased interest in this fractal analysis
as applied to seismogenic emissions not only in the ULF
frequency range (Smirnova et al., 2001, 2004; Gotoh et
al., 2003, 2004; Ida et al., 2005; Ida and Hayakawa, 2006;
Hayakawa and Ida, 2008), but also in different frequency
ranges (DC, VHF etc.) (Eftaxias et al., 2004; Varotsos, 2005;
Yonaiguchi et al., 2007).

We estimate the monofractal analysis for the ULF geo-
magnetic data sampled by 1 s. Different kinds of methods to
estimate the fractal dimension of any time-series data have
been proposed so far: (1) the spectral slope of power fre-
quency spectra (e.g. Hayakawa et al., 1999), (2) Burlaga and
Klein method (Burlaga and Klein, 1986), and (3) Higuchi
method (Higuchi, 1988). Gotoh et al. (2004) have compared
these methods extensively by applying them to the test-data
set of fractal Brownian motion with white noise and have
concluded that the Higuchi method is the most accurate as
compared with other methods. This the reason why we use
this Higuchi method here to estimate the fractal dimension.
The Higuchi method (Higuchi, 1998) is a kind of generalized
curve length estimation. We calculate the length of our signal
for different scales and find the dependence of the length on
the scale. Let us describe the procedure.
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Initially, we have the time series dataX(i) (i = 1, . . .,N).
For any given time scales, we can construct a family ofs
subseriesXm(i;s) of length [(N −m)/s] ([a/b] is the aliquot
of divisiona/b):

Xm(i;s) = {X(m + is)} , 1 ≤ m ≤ s. (1)

The curve length of each subseries is

Lm(s) =
1

s

[
N−m

s

]∑
i=1

|X(m + is) − X(m + (i − 1)s)|
N − 1

s
[

N−m
s

] . (2)

And the average curve length of the family is given by

L(s) =
1

s

s∑
m=1

Lm(s). (3)

So, now we have obtained the dependence of the curve
lengthL(s) on the scales. And if our signal has fractal prop-
erties, it will be possible to approximateL(s) by a power
function:

L(s) ∝ s−Df , (4)

whereDf is the fractal dimension of the signal. The curve
fitting of Eq. (8) can be estimated by the cross-correlation
function of the measurement values and the regression line.
When this coefficient is larger than 0.95, the time-series data
can be said to be fractal. The details of how to estimate the
fractal dimension of any time-series data are given in Gotoh
et al. (2003, 2004) and Ida and Hayakawa (2006).

4 The results on fractal dimension

The data during local nighttime (LT= 02:00–06:00) are used
for analysis because of low local artificial noise at night, and
one value is estimated for one night. We do not use wide-
band data, but the data are filtered just around the frequency
of 0.01 Hz (period= 2 s to 20 s) because this frequency is
found to be a key frequency of seismogenic ULF emissions
(Hayakawa et al., 2007). The temporal evolution of fractal
dimension during the whole period is illustrated in Fig. 2.
The top panel illustrates the temporal evolution of two dif-
ferent kinds of geomagnetic activity (upper, Dst index and
lower, 6Kp (daily sum ofKp index)). The lower three pan-
els refer to the results forZ component,D component, and
H component, respectively. The black line in each panel in-
dicates the temporal evolution of fractal dimension for each
component (Z component is sensitive to the lithospheric ac-
tivity), and the red line indicates the correlation coefficient in
estimating the fractal exponent in the curve ofL(m) ∝ m−D

(whereL(m) is the length of the curve)(the value of correla-
tion is noted as the coefficient of determination on the right).
The time of each EQ is indicated on the top of the figure. The
total period of Fig. 2 is nearly 4 yr from March 2003 to the
end of 2006.

Fig. 2. Temporal evolutions of (top) geomagnetic activity (upper
is Dst(nT ) and the lower,6Kp) and (bottom) fractal dimension
(upper) and the coefficient of determination in fractal dimension
analysis (lower). The data are from March 2003 to end of Octo-
ber of 2006, and the date of EQ is 1 September 2003. Horizontal
blue broken line is the average value of fractal dimension during
the whole period, while the upper and lower blue dotted lines mean
±2σ (σ : standard deviation) criteria.

The data length is long enough to find any significant
changes in the fractal dimension of each component in Fig. 2.
First of all, the fractal dimensions of two horizontal compo-
nents (H andD) are found to fluctuate a lot, which enables
us to detect no distinct changes in the temporal evolutions.
On the contrary, we find a rather stable temporal evolution of
fractal dimension ofZ component in the second panel. Af-
ter looking at the data during the whole period of about 4 yr,
the average value of fractal dimension ofZ component (in-
dicated by a horizontal blue broken line) is just around 1.6,
and we can notice only a few anomalous behaviours in the
fractal dimension ofZ components (the value exceeding the
−2σ (σ : standard deviation) line (indicated by a blue dot-
ted line)): (1) a series of depletions in July and August 2003,
(2) a sharp depletion in January 2004, and (3) a conspicuous
minimum is June 2005. Since there exist only 3 occasions
of notable changes in the fractal dimension, we will discuss
them one by one.

We first discuss the significant changes in fractal dimen-
sion of theZ component during a few months from July to
September 2003. The results during several months, encom-
passing the 1 September EQ, are presented in a new figure,
Fig. 3, exactly in the same format as in Fig. 2. On the top of
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Fig. 3. The same as Fig. 2, but for a limited time period of April to
December 2003, in order to find the fractal change for several EQs.

the figure, there have been indicated the dates of nearby EQs;
there are four EQs with magnitude greater than 5.0. From
the first glance at this figure, we find a very conspicuous and
prolonged change in fractal dimension around the date of the
1 September EQ with magnitude of 5.8. The change (or de-
crease) in fractal dimension begins to appear around 10 July,
recovers to the normal value at the end of July, and follows by
a significant decrease during August. However, the tendency
of decrease in the fractal dimension seems to be still taking
place even after the EQ toward the end of September. Though
we observe a rather small geomagnetic storm in the middle
of August as seen from the Dst index, the change in frac-
tal dimension started well before this geomagnetic storm, so
that the change observed is unlikely to be connected with the
geomagnetic storm and is highly likely to be associated with
this EQ. Furthermore, as you can see from the bottom, the
coefficient of determination in estimating the fractal dimen-
sion is found to be well enhanced when the fractal dimension
is decreased. There is another EQ on 26 September, so that
it is not so clear that a significant change in fractal dimen-
sion from the beginning of September to 20 September is a
precursor to this 9/26 EQ, or the after-effect of the previous
9/1 EQ. On the contrary, it seems that there is definitely no
response in the fractal dimension to other EQs on 4 May or
4 June 2003, as seen in Fig. 3.

The second one takes place as a sharp depletion in the frac-
tal dimension in January 2004, which is highly likely to be
due a sharp variation in geomagnetic activity as a geomag-
netic storm. Because Mezentsev et al. (2009) have analyzed

the fractal dimension of ULF geomagnetic data at different
stations and over long-term data, they have found that the ge-
omagnetic storm tends to have a significant effect and that the
fractal dimension always decreases for geomagnetic storms.

As for the third event in June 2005, we have investigated
several possibilities. Initially, we have checked different pa-
rameters of space weathers including geomagnetic varia-
tions, but it is concluded that there is an extremely low prob-
ability of the solar-terrestrial effect. Then, we have checked
EQs just around the observing station, which indicated that
there were no EQs (even smaller magnitude) around the ob-
serving station. Then, we have checked the magnetic varia-
tions carefully, and it is found that the intensity ofZ com-
ponents during this period is considerably enhanced as com-
pared with other periods, which seems to be similar to the
characteristics just before the EQ in March 2003. Finally, we
cannot come to any definite conclusion on the origin of a sig-
nificant change in fractal dimension for the 3rd period.

5 Summary and conclusion

The long-term data of nearly four years (since the com-
mencement of ULF observation at Kashi in China) have been
used to try to find any effect precursory to nearby EQs by
means of the fractal analysis.

As the result of fractal analysis, it is found that no signif-
icant effects are detected for the horizontal (D andH ) com-
ponents, but some significant effects (as a decrease in fractal
dimension) are observed only in theZ component only for
the EQs on 1 September 2003 (M = 5.7) and 26 Septem-
ber 2003 (M = 5.4). Other EQs with magnitude greater than
5.0 are found to induce no effect on the fractal dimension
of Z component. The biggest magnitude EQ on 4 May 2003
(M = 5.8) did not induce any change in fractal dimension.

The following summary can be reached from the present
work.

1. When the epicentral distance is over 100 km, it is gen-
erally difficult for us to detect any precursory effect in
ULF signals for EQs with magnitude on the order of
M ≥ 5, even with using the fractal analysis.

2. For the biggest two EQs with magnitudeMw = 5.7 and
5.8, we could find a significant change in fractal dimen-
sion for one EQ, but we could not for another one, even
though the epicentral distances of those two EQs were
nearly the same – 105 and 113 km.

3. It seems that the fractal analysis ofZ component is quite
effective in finding any precursor for medium magni-
tude EQs with epicentral distance over 100 km.

We will discuss the above experimental results in the context
of a few physical aspects: (1) detectability of seismogenic
ULF emissions, (2) comparison of this fractal results with our
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previous analysis by means of polarization analysis, (3) the
importance of fractal analysis in nonlinear lithospheric effect
and in EQ prediction.

5.1 Detectability of seismogenic ULF emissions

Hattori (2004), Hayakawa et al. (2007) and Molchanov and
Hayakawa (2008) have summarized the previous ULF events
during the last two decades, and come to the conclusion that
seismogenic ULF emissions can be detectable with a radius
of 100 km forM = 7.0 and 70–80 km forM = 6.0. By com-
paring the epicentral distance of 110–120 km for the two EQs
with Mw = 5.7 and 5.8 with the above empirical threshold
distance, it seems difficult for us to detect any precursory
effects of ULF emissions for those EQs. However, we can
conclude that the use of fractal analysis (especially for theZ

component) enables us to detect a precursory effect for some
particular EQs with moderate magnitude (greater than 5.0,
but less than 6.0). Two EQs had nearly the same magnitudes
of M = 5.7 and 5.8, and again with nearly the same epicen-
tral distances. However, one EQ had an apparent ULF signa-
ture, but another had no signature. As mentioned before, the
epicentral distances are over 100 km, which is too far for the
detection of seismogenic ULF emissions by means of simple
analysis such as amplitude analysis. The most probable rea-
son for this would be the radiation directivity of seismogenic
ULF emissions depending on the relative direction between
the generated current source and the receiving station, as al-
ready suggested by Molchanov et al. (1995), Tian and Hata
(1996), Dong et al. (2005), and Bortnik et al. (2010). If the
epicentral distance is not so large, the directivity issue does
not have such a significant effect.

5.2 Comparison of the fractal analysis result with our
previous polarization analysis

An improved polarization analysis has been applied to the
same ULF data for the same period (Ida et al., 2008) by mak-
ing full use of the ratio of the magnetic vertical to horizontal
component. They have found an apparent increase only just
before the EQ on 1 September 2003, so that our fractal anal-
ysis result in this paper is found to be consistent with the
conclusion of Ida et al. (2008) and would provide a further
support to the presence of precursory ULF emissions for this
1 September EQ. The common results by two different anal-
ysis results would enable us to conclude that a precursory
ULF emission is definitely generated before this EQ.

5.3 The importance of fractal analysis in the nonlinear
process in the lithosphere

Because we know that when a heterogeneous material is
strained, its evolution toward rupture (or EQ) is character-
ized by the nucleation and coalescence of microcracks before
the final break-up. ULF electromagnetic emissions are con-
sidered to be produced by such microcracks (e.g. Molchanov

and Hayakawa, 1995, 2008), which can be considered as a
precursor to the general rupture. Hayakawa and Ida (2008)
have shown that the fractal analysis (both mono- and multi-
fractal) would be of extreme use in studying such a nonlinear
process taking place in the lithosphere.

In the present paper, we have found a significant de-
crease in fractal dimension of theZ component exceeding
the 2σ criterion before the 1 September 2003 EQ. Though
there have been published few papers on the fractal analy-
sis of seismogenic ULF emissions (Hayakawa et al., 1999;
Smirnova et al., 2003; Gotoh et al., 2004; Ida and Hayakawa,
2006), let us try to compare the result in this paper with
our previous results. The first event is the 20003 Guam
EQ (Hayakawa et al., 1999; Ida and Hyayakawa, 2006;
Hayakawa and Ida, 2008), in which the monofractal dimen-
sion of seismogenic ULF emissions is found to increase be-
fore the Guam EQ, and this change is opposite to the result
in this paper. The second is the 2000 Izu Islands EQ swarm
(Gotoh et al., 2004), in which the monofractal dimension ex-
hibited again a significant increase for this EQ swarm. The
important point is that the fractal dimension of theZ compo-
nent on the normal days (non-seismic period) is just around
1.5–1.6 for all the events, and we can anticipate a signifi-
cant change in fractal dimension: an increase for some EQs
(Guam and Izu islands) and a decrease for other EQs (in this
paper). We could find a precursory decrease in the fractal di-
mension before one definite case of 1 September 2003 EQ,
which would suggest that the nonlinear process is really tak-
ing place in the lithosphere during two months before the EQ
and would be a precursor of EQ prediction. Any change in
fractal dimension (either an increase in the case of the Guam
and Izu EQs and a decrease in the present case) before the EQ
might be related to the lithospheric change; in other words, it
might offer the information on the generation mechanism of
ULF emissions.

Though our target is seismogenic ULF emissions, it would
be of great use to pay attention to the studies of acous-
tic emissions (reflecting the microfracturing process). There
have been published several papers on the changes in acous-
tic emissions when loading pressure to the rock in the labora-
tory. Ponomarev et al. (1997) found a significant decrease in
fractal dimension just before the global instability in the lab-
oratory experiment. Then, the spatial distribution of acoustic
emissions of rock fracture experiment was used to obtain a
decrease in fractal dimension before the rupture (Jaeger and
Cook, 1976; Hirata et al., 1987). The temporal evolution of
acoustic emissions was also studied by Hirata (1987), who
found that the temporal evolution of acoustic emissions be-
comes fractal over a range from microfracture to an EQ.

While the fractality of EQ patterns (spatial and temporal)
has been firmly established (e.g. Goltz, 1997), there have
been few reports on the use of fractal spectral change as
a precursor to EQs (Jiang, 1993; Hirabayashi et al., 1992).
Jiang (1993) was interested in the change of multi-fractal pa-
rameters for moderately large EQs, and he concluded that the
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temporal variations in some of multi-fractal parameters pro-
vide some message for medium-term forecast of EQs. Then,
the main focus of the paper by Hirabayashi et al. (1992)
was on showing that seismicity from three seismo-active
regions (California, Greece, and Eastern Japan) constitutes
multi-fractal measures, and they showed some precursory be-
haviour. The similar work to these has been recently pub-
lished by Kiyaschenko et al. (2003) in order to find some
medium-term EQ precursors. The epicentral distributions
analysed by these authors are known to be useful for the
medium-term prediction, but the short-term EQ prediction
seems to be possible only with the use of electromagnetic
phenomena.

It is confirmed that the acoustic emissions exhibit a dis-
tinct decrease in the fractal dimension of acoustic emissions.
We believe that the acoustic emission reflects the mechanical
process in the rock (especially the generation of cracks or mi-
crofracturing), but it is quite uncertain how this microfracture
is related with the generation of seismogenic ULF emissions.
In other words, since the microfracture is just a mechanical
effect, the most important point is how to have electrifica-
tion due to this microfracture; this is the generation mech-
anism of seismogenic ULF emissions. As is summarized
in Molchanov and Hayakawa (2008), there have been pro-
posed a few mechanisms, including the electrokinetic effect
(e.g. Mizutani et al., 1976), piezo effect (e.g. Nitsan, 1997),
positive-hole effect (Freund, 2009), microfracturing hypoth-
esis (Molchanov and Hayakawa, 1995) and so on. Here we
try to connect the change in fractal dimension of seismo-
genic ULF emissions with these generation mechanisms. In
the case of the 2003 Guam EQ and the 200 Izu islands EQ
swarm, we have observed an increase of fractal dimension
before an EQ, while we have observed a completely opposite
result of a significant decrease in fractal dimension for an EQ
in China as in this paper. We here connect the change in frac-
tal dimension simply to the change in frequency spectrum
of ULF emissions generated. An increase in fractal dimen-
sion may indicate that we expect the dominance in higher
frequency range even in the ULF range, while a decrease in
fractal dimension may be related to the dominance of lower
frequency components. So, the decrease in the fractal dimen-
sion in this paper for an inland EQ in China may be hypoth-
esized to be due to such a slow process as the electro-kinetic
effect or so. We may expect the higher-frequency dominated
mechanism like the microfracturing hypothesis for the cases
of an increase in fractal dimension as for the Guam and Izu
EQs. Of course, further details are highly required in future.
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