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Abstract

In order to extract any ULF signature associated with earthquakes, the singular spectral analysis (SSA) and the principal component
analysis (PCA) have been performed to investigate a possibility of discrimination of signals from different sources (geomagnetic varia-
tion, artificial noise, and the other sources (earthquake-related ULF emissions)). We apply SSA to the time series data observed at closely
spaced stations; Seikoshi (SKS), Mochikoshi (MCK), and Kamo (KAM) stations. Then, PCA is applied to the time series data sets fil-
tered at 0.01 Hz of NS component at three stations. In order to remove the most intense signal like the first principal component, we
make the differential data sets of SKS–MCK and MCK–KAM for the above data. The major findings are summarized as follows.
(1) It is important to apply simultaneously SSA and PCA, because SSA gives the structure of signals and the number of sensors for
PCA is estimated. This makes the results more convincing. (2) There is a significant advantage using PCA with differential data sets
of filtered (0.01 Hz band) signal between SKS–KAM and MCK–KAM in NS component for removing the most intense signal like global
variation (solar–terrestrial interaction). This yields that the anomalous changes in the second principal component were detected more
clearly, and the contribution of the second principal component is found to be 20–40%. It is enough to prove mathematical accuracy of
the signal. Further application is required to accumulate events. These facts demonstrate a possibility of monitoring the crustal activity
with using the SSA and PCA.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Many studies have been reported on electromagnetic
phenomena associated with earthquakes (e.g. Hayakawa
and Fujinawa, 1994; Hayakawa, 1999; Hayakawa and
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Molchanov, 2002; Hattori, 2004; Hayakawa and Hattori,
2004). One of the most frequent studies among them is to
investigate the relationship between ULF (ultra low fre-
quency) geomagnetic anomalous changes and earthquake
activity (Fraser-Smith et al., 1990; Bernardi et al., 1991;
Hattori, 2004; Hayakawa and Hattori, 2004). In compari-
son with other higher frequency ranges, ULF has an
advantage in low-loss propagation in the crust due to skin
depth. Therefore, we investigate the anomalous ULF
geomagnetic changes associated with 2000 Izu Islands
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Fig. 1. Map of ULF geomagnetic stations (array station) and seismic activity of 2000 Izu Islands Earthquake.
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Earthquake Swarm with using singular component analysis
(SCA) and principal component analysis (PCA).

Miyake-jima Island is a basaltic volcano, about 150 km
south of Tokyo, Japan. On June 26, 2000, swarm earth-
quakes suddenly became active beneath the summit. Then,
it is observed migration of magma and a small-scale sea
floor eruption were observed. After a while, earthquake epi-
centers also migrated from the island first westward and
then northward. During this period 6 large (>M6.0) earth-
quakes, 7/1:M6.5, 7/8:M6.1, 7/15:M6.3, 7/30:M6.5, M6.08/
18:M6.1 occurred within 150 km from Mochikoshi station,
Izu as shown in Fig. 1. They occurred in shallow depth less
Table 2
The location of earthquakes with M > 6 near the Izu array station during Feb

Origin time (UT) Magnitude (JMA) Latitude (North, deg)

20000701 07 h 01 min 56 s 6.5 34.187
20000708 18 h 57 min 44 s 6.1 34.209
20000715 01 h 30 min 32 s 6.3 34.420
20000730 00 h 28 min 02 s 6.0 34.027
20000730 12 h 25 min 46 s 6.5 33.968
20000818 01 h 52 min 22 s 6.1 34.198

Table 1
The geographical location of Izu array station

Name of station Latitude (North, deg) Longitude (East, deg)

Kamo (KAM) 34.86 138.83
Seikoshi (SKS) 34.90 138.82
Mochikoshi (MCK) 34.88 138.86
than 20 km. On the other hand, phreatic explosion and the
formation of the initial sink at the summit of the volcano
occurred on July 8. The August 18, 2000 largest eruption
was followed by low temperature ash flow on August 29.

We measured three component ULF geomagnetic fields
and two horizontal geoelectrical potential differences at Izu
Peninsula, Japan (Hattori et al., 2004b). There is an array
with intersensor distance of 5 km as shown in Fig. 1. The
names of stations are Mochikoshi (MCK), Seikoshi
(SKS), and Kamo (KAM). Tables 1 and 2 summarize the
position of stations and large earthquakes with M > 6.
Observed ULF geomagnetic fields are considered to be a
superposition of solar-origin signal, artificial noise, and
other noises propagated in the crust. The signal associated
with crustal activity is generally very week, so that sophis-
ticated signal classification methods are required. In this
paper, we applied singular spectral analysis (SSA) method
to the observed data in order to discriminate signals asso-
ciated with the crustal activity from other sources (geomag-
netic variation, artificial noise, and so on).
ruary 2000–2001

Longitude (East, deg) Depth (km) Distance from MCK (km)

139.197 16 83
139.234 15 82
139.245 9 62
139.405 11 107
139.414 17 113
139.244 12 84
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Fig. 2. (Colour online) Results of SSA at Kamo station (KAM) in July, 2000 (a) and in December, 2000 (b). The top panel indicates the ULF magnetic
variation in NS component at 0.01 Hz band. The second panel indicates the accumulated contribution. The third and bottom panel indicate the variation
of Ap index and seismic activity Es around Izu array station. The vertical lines indicate the day of earthquake with M > 6.
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Fig. 3. (Colour online) Results of SSA at Seikosho station (SKS) in July, 2000 (a) and in December, 2000 (b). See caption of Fig. 2.
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Fig. 4. (Colour online) Results of SSA at Mochikoshi station (MCK) in July, 2000 (a) and in December, 2000 (b). See caption of Fig. 2.
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2. Singular spectral analysis (SSA) of ULF geomagnetic

data

In order to estimate the number of signals observed at
each station, singular spectral analysis (SSA) (Golyandina
et al., 2001; Troyan and Hayakawa, 2002) has been applied
to the time series data at 0.01 Hz. SSA is sometimes called
caterpillar method. The mathematical basis is very similar
to PCA. The procedure is as follows. We consider one
dimensional time series data fxigN

i¼1. The multidimensional
matrix X is built by using the evolvement of the 1-D time
series,

X ¼ ðxijÞk;Mi;j¼1 ¼

x1 x2 x3 � � � xM

x2 x3 x4 � � � xMþ1

..

. ..
. ..

. . .
. ..

.

xk xkþ1 xkþ2 � � � xN

2
66664

3
77775
:

Here M is caterpillar length with M < N/2 and k = N �
M + 1. Then the matrix X is normalized. The components
of the normalized matrix X* are given by
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The vertical lines indicate the day of earthquake with M > 6.
x�ij ¼
ðxij � �xjÞ

sj

where �xj ¼ 1
k

Pk
i¼1xiþj�1 and sj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
k

Pk
i¼1ðxiþj�1 � �xjÞ2

q
.

Then, we computed the covariance matrix
R ¼ 1

N ðX
�X �TÞ and the singular value decomposition of

R = VKVT(K: eigenvalue matrix) has been performed.
Here T means transpose. The procedure is very similar to
that of PCA except the dimension of the matrix. In this
paper, the variations of accumulated contribution of singu-
lar values have been investigated for the number of signals
detected at the station. In this analysis, we have taken
M = 1800 and N = 3750 (12.5 Hz · 5 min · 60 s).
3. Principal component analysis (PCA) of ULF geomagnetic
data

In this paper, we applied principle component analysis
(PCA) method to the observed data at the arrays to inves-
tigate the signal discrimination of different sources (geo-
magnetic variation, artificial noise, and the other sources
 7/1 M6.5
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lue of the first principal component. (b) Eigenvalue of the second principal
rate of principal components. Black, blue and red lines indicate the total

onent, respectively. (e) Es, i.e. the seismic activity around the station MCK.
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Fig. 6. (Colour online) Detailed results of PCA for the three-station data. (a) First principal component
p

k1 in the night time together with that of Ap
index in April 2000. (b) Second principal component in all day data

p
k2 in April, 2000, diurnal variation of

p
k2 on week days, and on holidays. The red

line indicates the average variation. (c) Third principal component
p

k3 in the interval of June–July, 2000, variation of contribution rate of the third
principal component, and Es index. The vertical lines indicate the day of earthquake with M > 6.
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(like earthquake-related ULF emissions)). We apply PCA
to the time series data observed at closely spaced stations.
The analyzed period is from February 2000 to 2001 (13
months). In this paper, we show the results of 0.01 Hz band
with 12.5 Hz sampling rate. Let us assume that the time
series data (30 min) observed at each station is given by
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X(n) = [xn (t1), xn(t2), ,. . .xn(tN)], where n is the index of the
site and N is the number of the data. The data matrix
X = [x1 x2 x3]T is obtained, and then we calculate the
covariance matrix R ¼ 1

N ðX
�X �TÞ. The eigenvalue decom-

position of R = VKVT has been performed, and we investi-
gate the temporal variations of eigenvalues (K) and
eigenvectors (V).

In addition, we perform the PCA with differential data
at Izu Peninsula; that is, we use the difference between
the two stations, SKS–KAM and MCK–KAM data as
X(1) and X(2) in order to remove the coherent influence
in the region of the array.

4. Results of SSA and PCA

The data during 13 months from February 2000 to 2001
have been analyzed by means of the proposed SSA and
PCA methods. The results are shown in this section.

4.1. SSA results at each station

Fig. 2 shows the results of SSA around 0.01 Hz band in
the nighttime (17:00–17:30 UT (02:00–02:30 JST)) data
observed at KAM. Fig. 2(a) and (b) show the result of
SSA in July, 2000 and that in December, 2000, respectively.
Top panel indicates the input data for SSA (0.01 Hz band
signal) and the second panel shows the accumulation of the
contribution from 1st, 2nd, 3rd and 4th components. Black
line indicates the contribution of the first principal compo-
nent. Red, blue and yellow line indicate the total contribu-
tion (in percentage) up to the second, up to the third and
the up to the fourth principal components. The third panel
is the variation of geomagnetic activity Ap. The bottom
panel is seismic activity Es around the Izu array station
and Es means E/r2 computed from the 30 min sum of the
released energy E around Izu array station and their epi-
central distance from MCK station. In this calculation
earthquakes with r < 150 km from MCK station are
selected. Es is considered to be the seismically felt energy
at the site. The signals at 0.01 Hz band observed at
KAM consist of at most four components, but usually they
consist of at most three components.

Similar results are obtained at the other two, SKS and
MCK stations as shown in Figs. 3 and 4. There seems to
be no apparent relation neither to the seismic nor to the
geomagnetic activity. Therefore, it is safe to say that the
structure of the observed signal at three stations is very
similar and we have to consider generally less than three
signal sources. It means that the PCA with using three sta-
tion data observed at Izu peninsula in the frequency range
of 0.01 Hz is valid, but four-station data analysis is
desirable.
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4.2. PCA results of three station data

In this paper, we propose the differential PCA results
because normal PCA results have already been reported
(Gotoh et al., 2002; Hattori et al., 2004a). However, we will
mention them briefly. Fig. 5(a)–(c) show the variation dur-
ing the interval of 2000 and 2001 of the first, second, and
third eigenvalues, and Fig. 5(d) refers to their contribu-
tion. Fig. 5(e) indicates the temporal evolution of Ap and
Fig. 5(f), Es. The corresponding eigenvectors show that
of the first principal component is very stable and the other
two show scattered variations during February–July 2000
(Hattori et al., 2004a). Fig. 6(a) indicates the detailed var-
iation of eigenvalue of the first principal component (upper
panel) in April 2000 and it is similar to that of Ap index
(lower panel). The corresponding eigenvectors are found
to be stable. These facts suggest that the dominant origin
of the first principal component may be of solar–terrestrial
interaction. Fig. 6(b) shows that the variation of eigenvalue
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E/r2 of earthquakes indicates seismic energy felt at the observation site (MCK
of the second principal component (upper panel) seems to
be related to that of electricity consumption power around
the stations. Fig. 6(c) shows the variation of eigenvalue of
the third principal component (residual) in June–July, 2000
and we have found the peak values a few days before the
earthquakes with M greater than 6. The variation of the
third principal component indicates that there is also a
local maximum about two weeks before the swarm activity.
However, there remains a problem because the contribu-
tion of the third principal component is too small.

4.3. PCA results of differential station data

In order to remove the most intense signal like the first
principal component in the three-station data analysis, we
make the differential data sets of SKS–KAM and MCK–
KAM in NS component. On the other hand, the signal
associated with the earthquake has a small propagation
velocity and there is an arrival time difference among the
8/29 9/28 10/28 11/27 12/27 1/26 2/25
ate] 2001
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rate of principal components. Black, blue and red lines correspond to the

index. (g) Es index which indicates the seismic activity around the station.
). The vertical lines indicate the day of earthquake with M > 6.
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three stations with 12.5 Hz sampling rate (Ismaguilov et al.,
2003). Results of differential PCA are illustrated in Figs.
7–9. The behavior of the first and second principal compo-
nents in Fig. 7 resembles that of the second and third
components using three station data in Fig. 5, respectively.
The corresponding variations of eigenvectors are illustrated
in Fig. 8. The detailed daily variation of the first principal
component is plotted in Fig. 9(a) as compared with the pre-
vious results in Fig. 6(b). The tendency is very similar. The
daily variation of the second principal component and con-
tribution in the interval of June–July is plotted in Fig. 9(b).
The results show that the contribution is rather significant
and the variation is very close to that of the previous third
component as shown in Fig. 6(c). These results suggest that
the differential PCA is very effective to remove the global
variation originated from solar-terrestrial interaction and
to enhance the residual signals including earthquake-
related one.

5. Discussions and concluding remarks

Taking account of SSA results, the observed signal at
0.01 Hz band in NS component at each element of the
Izu array is generally a superposition of three waves, and
at most four waves. It gives the objectivity and persuasive
power for performing PCA with three station data. The
results indicate that the proposed PCA method with the
use of closely distributed multiple geomagnetic station data
has a capability to discriminate observed signals and detect
weak earthquake-related ULF geomagnetic changes or
to enhance the distinctive characteristics of earthquake-
related signals in a certain epicentral distance.
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The results of PCA with three station data suggest that
the most intense and dominant signal is that associated
with solar–terrestrial interactions in comparison with vari-
ation of Ap index. The influence from solar–terrestrial
interaction is universal so that the variation at three sta-
tions should occur simultaneously. When comparing the
results in the three data PCA with those in differential
PCA, it is strongly suggested that the first principal com-
ponent is removed quite well. It is safe to say that the dif-
ferential data set seems effective for closely distributed
stations in order to remove this global effect. The results
of signal discrimination of the residuals with PCA scheme
look very similar to those using the original three station
data set with larger contributions, and the contribution
of the second principal component is 20–40%. It is large
enough to prove mathematical significance of the signal.
Further application is required to accumulate the events.

The variations of the first and second principal compo-
nents of the differential PCA are found to be very similar to
each other. But the variation of the first principal compo-
nent sometimes exhibits some peaks without any large
earthquakes, so that we conclude that the second principal
component of the differential PCA is a better index for
monitoring regional seismic activity.

The results of Izu array, demonstrate the possibility of
monitoring the crustal activity by means of closely distrib-
uted geomagnetic stations. The major findings are as fol-
lows: (1) It is important to apply simultaneously singular
spectral analysis (SSA) and principal component analysis
(PCA). SSA gives the structure of signals and the number
of sensors for PCA is estimated. This makes the results
more convincing to the readers. (2) There is a significant
advantage when using PCA with differential data sets of fil-
tered (0.01 Hz band) SKS–KAM and MCK–KAM signal
in NS component to remove the most intense signal like
global variation (solar–terrestrial interaction). This proce-
dure enabled us to detect more clearly the anomalous
changes in the second principal component.
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