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1. Introduction

Electromagnetic phenomena are considered
promising for the short-term prediction of large
earthquakes (Hayakawa and Fujinawa, 1994; Ha-
yakawa, 1999; Hayakawa and Molchanov, 2002)

and there have been convincing reports in a wide
frequency range from DC to VHF. Measurements
of electromagnetic phenomena can be classified
into three types which are the passive ground-
based observation (Fraser-Smith et al., 1990;
Molchanov et al., 1992; Kopytenko et al., 1993;
Lighthill, 1996; Hayakawa et al., 1996a, 2000;
Hattori et al., 2002, 2004a; Uyeda et al., 2002;
Hattori, 2004), the ground-based observation
with the use of transmitter signals (Gokhberg et
al., 1982; Gufeld et al., 1994; Hayakawa et al.,
1996b; Molchanov and Hayakawa, 1998), and
the satellite observation (Galperin and Hayaka-
wa, 1996; Parrot, 1999). Among these observa-
tional methods, one of the most promising meth-
ods is a method of analyzing seismogenic ULF
emissions because of deep skin depth observation
(Fraser-Smith et al., 1990; Bernardi et al., 1991;
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Molcha-nov et al., 1992; Kopytenko et al., 1993;
Lighthill, 1996; Hayakawa et al., 1996a, 2000;
Hattori et al., 2002, 2004a; Uyeda et al., 2002;
Hattori, 2004). In order to verify earthquake-re-
lated ULF electromagnetic phenomena and clari-
fy the possible physical mechanisms, a network
observation has been installed in Japan (Harada
et al., 2004a,b).

Figure 1 shows a map of our ULF geoelectro-
magnetic stations at Boso Peninsula. This region
is located in one of the most active seismic zones
in Japan. There is a geoelectromagnetic sensor ar-
ray with intersensor distance of about 5 km. Tor-
sion-type magnetometers with three components
and two horizontal geoelectric fields are meas-
ured by pairs of electrodes, whose distance is
about 30-50 m (Hattori et al., 2004b) are in oper-
ation.

The observed ULF geomagnetic and geo-
electric potential data are consist of 1) signals
originated from the external source field associ-
ated with the solar-terrestrial interactions such
as geomagnetic pulsations and geomagnetic
storms, and their inductive field, which appears
simultaneously in the global (hundreds of km)
scale; 2) the regional (a few tens of km) signals
such as artificial noises associated with the
leakage current from DC-driven trains, and
earthquake-related signals; and 3) local (less
than a few kms) signals around the sensors. The
signals associated with the crustal activity are
very weak in general, and therefore the signal
separation is of critical importance.

In this paper, we apply Interstation Transfer
Function (ISTF) (Harada et al., 2004a,b) method
to the observed ULF geomagnetic and geoelectri-
cal potential data to remove global variation men-
tioned above. We use geomagnetic data observed
at Kakioka Magnetic Observatory, hereafter
KAK, (26.23°N, 140.19°E), Japan Meteorologi-
cal Agency, as the remote reference data. We
found anomalous variations in ULF geomagnetic
and geoelectrical potential data in midnight on
October 6, 2002 (JST). We also investigated the
direction of signal arrival with the use of geoelec-
trical potential data observed at local midnight in
order to identify the chracteristics of signals
among background noises, intense transient arti-
ficial noises such as the leak currunt of DC driv-
en trains, and the other signals using the potential

gradient and we have analyzed signal characteris-
tics at stations.

2. ULF electromagnetic observation

Figure 1 shows the map of stations at South-
ern Boso Peninsula. There is an array network
with intersensor distance of about 5 km. These
stations are Uchiura (UCU), Kiyosumi (KYS),
and Fudago (FDG). At each site, three compo-
nents of geomagnetic field and two horizontal
geoelectrical potential difference components are
recorded with 50 Hz sampling (Hattori et al.,
2004b). The clock is synchronized by GPS. At
the reference site KAK, three geomagnetic fields
are measured with 1 Hz sampling rate. Therefore,
the data down sampled to 1 Hz have been used in
this paper. Figure 2a-c indicates the configuration
map of three stations.

The anomalous variations in geomagnetic and
geoelectrical potential difference data are found
at midnight. Figure 3a-f shows geomagnetic and
geoelectric variations in the midnight during 00
h-04 h LT. For geomagnetic data (fig. 3a-c), the
reference data are also plotted and it is smooth,
on the other hand lower three curves simultane-
ously have transient variations in each compo-
nent. Figure 3d-f shows geoelectrical potential
differences at FDG, UCU, and KYS station, re-
spectively. The strange transient changes in geo-
magnetic and geoelectrical potential difference
data detected simultaneously. Around the station,
intense artificial noises are originated from DC-
driven train as shown in fig. 1, no DC-driven
trains were passing through around the stations at
this moment. These strange signals seldom ob-
served at three stations simultaneously in mid-
night (after 01:00-03:00 JST). There are only sev-
en times by eyes for analyzed four years data
from 2000 to 2003.

3. Removing global external variations 
with InterStation Transfer Function (ISTF)

In order to enhance the strange variation
clearly, the InterStation Transfer Function (ISTF)
method with wavelet transform has been per-
formed (Harada et al., 2004a,b). The ISTF meth-
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Fig. 1. The map of geoelectric and geomagnetic stations in Southern Boso Peninsula, Japan. KYS, UCU, and
FDG indicate the stations. The railway lines are also shown.

Fig. 2a-c.  The configuration of ULF electromagnetic station. A 3 component magnetic sensor and electrodes for
two horizontal geoelectrical potential measurements have been installed. a) FDG; b) UCU; and c) KYS station.
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Fig. 3a-f.  The observed data at interval of 01:00-04:00 on October 6, 2002 (JST). For magnetic field, remote
reference data at KAK are also displayed for comparison and for the geoelectrical data, the data are normalized
by baseline length. a) NS component of geomagnetic field; b) EW component of geomagnetic field; c) vertical
component of geomagnetic field; d) geoelectrical potential data at FDG; e) geoelectrical potential data at UCU;
and f) geoelectrical potential data at KYS.
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Fig. 4a-e.  The results of global signal reduction with the use of ISTF and wavelet transform at KYS station.
The displayed interval is from 01:00-02:00 on October 6, 2002 (T<940 s). a) Geoelectrical variations (NS com-
ponent); b) geoelectrical variations (EW component); c) geomagnetic variations (NS component); d) geomag-
netic variations (EW component); and e) geomagnetic variations (vertical component).

od is based on the correlation between a site and
a quiet remote reference station. ISTFs corre-
spond to the correlation coefficients and have in-
formation on underground conductivity. We de-
veloped ISTF method to reduce variations due to

global natural source in ULF geomagnetic data.
That is, once ISTFs are estimated with high ac-
curacy, which is considered to be invariant in
time, it is possible to estimate the ideal geomag-
netic variations originated from external solar-
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terrestrial interaction and their ideal inductive
variations of the geoelectrical potential differ-
ences at the site using the reference data. There-
fore, the residuals between the observed and es-
timated variations at the site provide only region-
al and local variations and earthquake-related
phenomena are included. We use geomagnetic
data observed at Kakioka Magnetic Observatory,
Japan Meteorological Agency, as the remote ref-
erence data.

We applied the ISTF method to the data
shown in fig. 3a-f. In computation, we use the
ISTFs estimated in Harada et al. (2004a) for ge-
omagnetic components and those for electromag-
netic component for Harada et al. (2004b). The
results at KYS station are shown in fig. 4a-e,
where panel a, b and c-e are corresponding to the
geoelectrical potential and geomagnetic varia-
tions, respectively. The strange change is well
understood after reducing the global external
variation. Especially, it is obvious in geomagnet-
ic variation. Similar results have been obtained
for UCU and FDG.

4. Direction finding of geoelectrical potential
data and polarity of geomagnetic data

Baselines for potential measurements are not
oriented to the real north-south and east-west di-
rection as shown in fig. 2a-c. Therefore using an
adequate rotation, observed values are projected
to the actual NS and EW directions and this com-
putation gives the gradient of potential or pre-
ferred orientation of the geoelectric field. The
procedure is formulated by following equations:

.

Vx and Vy correspond to the geoelectric fields of
EW and NS component, resepectively. Ex and
Ey mean the observed electric fields (potential/
baseline length) at a site. θ and ω are angles be-
tween the baselines and north direction. After
plotting a Vx-Vy map, the distribution of ob-
served Vx-Vy shows a not random but an ellipti-
cal pattern, in general. The direction of the line
of apsides indicates the apparent direction of

( ) ( )sinsin sinV E Ey y xω θ θ ω= − −+

( ) ( )cos cos sinV E Ex y xω θ θ ω= − −

signal arrival around the site at the time. A geo-
electric field projected to an arbitary direction φ
from the north direction is given by 

φ is corresponding to the most sensitive direc-
tion. This approach can be used for a noise re-
duction method. After the prefered direction of
known signals such as a leak current of DC
driven trains is determined, the observed data
are projected to the orthogonal to the preferred
direction and less fluctuation data set is repro-
duced, that is SNR is improved (Nagao et al.,
2000; Uyeda et al., 2000). 

The direction φ also shows the steepest gra-
dient of additive potential difference in a short
period. That is, if we assume the additive poten-
tial is generated by a point charge, the direction
φ indicates the lication of the point charge. 

In this paper, directions of geoelectrical signal
arrival is investigated based on the latter concept
at first. Figure 5a,b represents the strange sig-
nals observed at 01:30-02:00 on October 6, 2002
(JST) in geoelectric fields and geomagnetic
fields, respectively. The strange transient signals
are picked up and the moment of transient change
are noted by sequential number. The waveform of
strange signals are looks like rather rectangular
one. Figure 6a,b shows signals associated with
the DC-driven train at 05:0-05:30 on October 6,
2002 (JST) in geoelectric fields and geomagnetic
fields, respectively. In a similar manner as indi-
cated in fig. 5a,b, the times of the signal change
are recorded. The waveform of the transient sig-
nals in figs. 5a,b and 6a,b looks like very similar.
Therefore, a signal discrimination method is re-
quired to identify signal sources. The direction
finding is one of the powerful tools for this aim.

Figures 7 and 8 show direction finding re-
sults of geoelectrical data for the anomalous
signals and noises associated with the train, re-
spectively. The number corresponds to that in
figs. 5a,b and 6a,b. The arrows in the figure
show the higher potential of the additive one.
From fig. 7, it is found that the directions of
geoelectrical field are faced to the southward of
stations and they are stable. On the other hand,
the signals associated with the train seem to
move with following the train location as

( )sin cosV V Vx yφ φ= +φ
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shown in fig. 8. These results suggest that the
strange signals are not concerned with the train.

The characteristics of background noises at
each station are also evaluated. Figure 9a-c

shows the result and the direction seems to be
oriented to the nearby village, radio wave equip-
ment antenna and/or along the geographical con-
dition such as a local valley, a stream or a river.

7 8

Fig. 7. Estimated directions of arrival for the strange signals on October 6, 2002 (described in fig. 6a,b), using
preferred orientation investigation in geoelectrical data. The numbers correspond to those in fig. 6a,b.

Fig. 8. Estimated directions of arrival associated with DC driven train. The preferred orientation approach is
adopted for geoelectrical data. The numbers correspond to those in fig. 7.
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Furthermore, we pay attention to polarities
of geomagnetic changes at three stations. As
shown in fig. 6a,b, the changes in geoelectrical
potential differences and geomagnetic fields

record exactly same time. The geomagnetic da-
ta at Kanozan station (KNZ), which is operated
by Geological Survey Institute Japan and is lo-
cated at 20 km northern part from our stations,

Fig. 9a-c.  The estimated directions of arrival for the background noises. a) FDG; b) KYS; and c) UCU. The
actual configuration of these stations is taken in account for this figure.

Fig. 10. The polarity pattern of geomagnetic fields at three stations from 01:30-01:35 on October 6, 2002 (JST)
and estimated current source satisfied the observed polarity.

a b c
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show the strange changes  on October 6, 2002.
On the other hand, there is no clear relation be-
tween train noises and data observed at Kanozan
station. This result also suggest that the anom-
alous signals on October 6 are not train noises.
The signals during the time interval 01:30-01:35
on October 6, 2006 (JST) are shown in fig. 10.
The polarity of vertical component in KYS sta-
tion is different from the other two stations
(UCU and FDG). Taking account of polarity of
horizontal component, it is reasonable to as-
sume these signals are generated under the
ground due to the current flow based on the
electrokinetic process. That is, the source region
under the ground could be estimated inside the
triangle area and the direction of the fluid flow
could be indicated by an arrow as shown in fig.
10. On the other hand, the polarity pattern a few

hours later at three stations is presented in fig.
11. The polarity is coherent among three station
and the current flow under the ground may be
changed as in fig. 11.

5. Discussion and concluding remarks 

In this paper, the time series variation of
geoelectrical potential and geomagnetic data
was measured at KYS, UCU, and FDG, located
at the southern part of Boso Peninsula, which is
one of the most seismically active areas in
Japan.

The directions of signal arrival were investi-
gated to understand background and anomalous
behaviors. External intense signal reduction with
use of the interstation transfer function method

Fig. 11. The polarity pattern of geomagnetic fields at three stations from 01:40-01:50 on October 6, 2002 (JST)
and estimated current source satisfied the observed polarity.
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have been also examined. These analyses have
shown the capability to discriminate the signal
sources. Especially, direction finding analysis of
time series data has shown the effective source
separation. 

It is safe to say that the anomalous signals
observed on October 6, 2002 are different from
those originated from the train and other cultur-
al noises according to the investigation on pre-
ferred directions of geoelectric field. Although
the effective direction finding method does not
exist for ULF geomagnetic field, the investiga-
tion on amplitude for quasi-static fields pro-
vides the consistent. 

The investigation of simultaneous geomag-
netic field changes suggest that the source of the
electromagnetic change might be generated by

underground current because of the polarity pat-
tern oberved at KYS, UCU and FDG. Therefore,
electrokinetic assumption under the ground
seems one of the possible solutions for the gener-
ation of anomalous signals. In order to evaluate
this hypothesis, the electrical underground struc-
ture around the stations should be determined.
The observed signals at three stations should be
explained clearly from the point of waveforms
(amplitude and phase) by means of model com-
putations based on the structure and assumed
source region. 

The anomalous variations in geoelectrical
potential differences and geomagentic fields ob-
served on October 6, 2002 during the active pe-
riod of 2002 Boso slow slip event (Ozawa et al.,
2003). Figure 12a,b shows the map of our sta-

Fig. 12a,b. The 2002 Boso Slow Slip event and our stations. a) The rectangular region corresponds to the
source region of the 2002 Boso Slip event. Vectors indicate the data of GPS deformation and small circles are
epicenters. A broken circle indicate the small swarm activity on October 6, 2002. b) The variation of GPS de-
formation beween Ohgata and Ohara (after Ozawa et al., 2003).

a

b
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tion and the crustal activity. The rectangular area
with broken lines in fig. 1 indicates a source re-
gion of the 2002 Boso Slow Slip Event. Slow
slip event means a crustal activity without any
mechanical vibrations like creep phenomena.
This event was recorded by GPS deformation
network. Figure 3a-f shows the results of GPS
deformation measurement and there is a few cm
displacement in early October. It is reported that
the estimated displacement at the source region
under the ground could be about 10 cm and the
converted magnitude could be Mw 6.6 (Ozawa
et al., 2003). This crustal activity is very unique
because it is large and it occurred just below our
small array network station.In addition, there
starts a small swarm activity at the edge of the
slow slip region on October 6, as shown fig.
12a,b. 

It is not clear but there is a possibility that
the anomalous signals might correlate with the
slow slip event. Because the observation has
been in operation since February 2000. Al-
though daytime data are not used for the analy-
sis because of contamination of train noises un-
fortunately, nighttime data are good in SN. We
could not identify any similar change with
large amplityde even at nighttime. The slow
slip event is reported that the converted magni-
tude is greater than 6 and our station is just
above the source region. During the active pe-
riod of the slow slip event the stress might be
complicated in the region and this may cause
the unusual hydrological system. Then, the
anomalous current is driven and anomalous
signals due to electrokinetic scheme might be
detected at the stations.

To identify waveform and/or to estimate di-
rection of arrival are an important role in mon-
itoring the ULF electromagnetic environment
in seismic areas and for understanding the
preparation process of crustal activity.
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