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Abstract. In order to extract any ULF signature associated nawa, 1994; Hayakawa, 1999; Hayakawa and Molcahnov,
with earthquakes, the principal component analysis (PCA)2002; Hattori, 2004). One of the important problems is the
and singular spectral analysis (SSA) have been performed tovestigation of the relationship between ULF (Ultra Low
investigate the possibility of discrimination of signals from Frequency) geomagnetic anomalous changes and earthquake
different sources (geomagnetic variation, artificial noise, andactivity (Fraser-Smith, 1990; Bernardi, 1991; Hattori, 2004).
the other sources (earthquake-related ULF emissions)). W& comparison with other higher frequency ranges, ULF has
adopt PCA to the time series data observed at closely sepghe advantage to propagate in the crust due to the skin depth.
arated stations, Seikoshi (SKS), Mochikoshi (MCK), and Therefore, we investigate the anomalous ULF geomagnetic
Kamo (KAM). In order to remove the most intense signal changes associated with 2000 Izu Islands Earthquake Swarm
like the first principal component, we make the differential by using principal component analysis.

data sets of filtered 0.01Hz SKS-KAM and MCK-KAM in  \ivake-jima Island is a basaltic volcano, about 150 km

NS component and 0.01 Hz band. The major findings aréqth of Tokyo, Japan. On 26 June 2000, a seismic swarm
as follows. (1) Itis important to apply principal component peneath the summit suddenly occurred. Then, a migration
analysis and singular spectral analysis simultaneously. SSA¢ magma and a small-scale sea floor eruption started. Earth-
gives the structure of signals and the number of sensors fog, ke epicenters migrated from the island westward and then
PCA is estimated. This makes the results convincing. (2),qrthward. During this period 4 large-M6.0) earthquakes,

There is a significant advantage using PCA with differential 7116 4, 7/8:M6.1, 7/15:M6.3, 8/18:M6.0 occurred within
data sets of filtered (0.01 Hz band) SKS-KAM and MCK- 1909 km from Mochikoshi station, Izu as shown in Fig. 1.

KAM in NS component for removing the most intense sig- They occurred in shallow depth 15 km, 13 km, 5 km, and
nal like global variation (solar-terrestrial interaction). This 19 km respectively. On the other hand, a phreatic explosion
provides that the anomalous changes in the second princiy, the formation of the initial sink at the summit of the vol-

pal component appeared more sharply. And the contribution.a 4 gccurred on 9 July. 18 August 2000 largest eruption fol-

of the second principal component is 20-40%. It is large|o\ed by low temperature ash flow on 29 August occurred.
enough to prove mathematical accuracy of the signal. Fur-

ther application is required to accumulate events. These facts W& measured three components of the ULF geomagnetic
demonstrate the possibility of monitoring the crustal activity fi€!d and two horizontal geoelectrical potential differences at
by using the PCA and SSA. Izu Penm_sula, Ja_pan (Hz?\ttorl et al., 2004b). _Th_e measure-
ment equipment is constituted by an array with intersensor
distance of 5 km as shown Fig. 1. We recorded the signals
at stations, Mochikoshi (MCK), Seikoshi (SKS), and Kamo
(KAM). Observed ULF geomagnetic fields are considered a
Many studies on electromagnetic phenomena associated Wiﬂglu_perposnmn of solar origin signal, artlflc_lal noise, af‘d othe_r
‘noises that propagate in the crust. The signal associated with
earthquakes have been reported (e.g. Hayakawa and Fuji- h 3 )
crustal activity is very week and sophisticated signal clas-
Correspondence tdK. Hattori sification methods are required. In this paper, we applied

(hattori@earth.s.chiba-u.ac.jp) principle component analysis (PCA) and singular spectral
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Fig. 1. The map of ULF geomagnetic station (array station) and Fig. 2. The results of PCA using the three-station data) The
seismic activity of 2000 Izu Islands Earthquake. variation of eigenvalue of the first principal componef) The
variation of eigenvalue of the second principal compong)tThe
variation of eigenvalue of the third principal componeftt) Con-
analysis (SSA) method to the observed data in order to distribution rate of principal components. Black, blue and red lines
criminate signals associated with the crustal activity from of correspond to the first, second and the third principal component,

other sources (geomagnetic variation, artificial noise, and séespectively.(e) E; index (£/r?) which indicates the seismic en-
on). ergy felt at the observation site (MCK), whekeandr are the en-

ergy of earthquake and hypocentral distance during 30 min.

2 Principal component analysis (PCA) of ULF geomag-
netic data {xi}f":l. The multidimensional matriX is obtained as using

the evolvement of the 1-D time series,
We apply PCA to the time series data observed at closely

separated stations. The analyzed period is from February
2000 to December 2000. In this paper, we show the re- X1 X2 X3 0 XM
sults of 0.01 Hz band with 12.5 Hz sampling rate. Let us i X2 X3 X4 - XM+l
indicate the time series of data (30 min) observed at eac’ = (xij);’j_1 =
station byX (n)=[x, (t1), x,(t2), ...x,(tn)], Wheren is an )
index denoting the site an® is the number of the data Mk XAl Xk2 w00 AN
(12.5x30x60=225000). The data matrX=[x1x2x3]” is
obtained, wherd@ means transpose, and then the covariance Here M s caterpillar length with M<N/2 and
matrixR=4 (XX)" is calculated. The eigenvalue decompo- —x — y7+1. Then the matrix is normalized. The element
sition of R=VAVT has been performed. The variations of (i, j) component of normalized matr* is given by
eigenvaluses and eigenvectors are investigated.
In addition, we perform the PCA with differential data at
Izu Peninsula applying the methods to SKS-KAM and MCK- . (xjj; — X;)
KAM data asX (1) andX (2) in order to remove the coherent i = 5 ’
influence in the region of the array.

k k
3 Singular spectral analysis (SSA) of ULF geomagnetic where ;=7 Elxiﬂ'—l ands; :\/% El (Xi4j-1—%;)
data a a
Then, the covariance matrix cﬁ:%(x % X*)T and the
In order to estimate the number of signals observed at eachingular value decomposition ®=VAV’ are computed.
station, singular spectral analysis (SSA) (Golyandina et al.,The procedure is very similar to that of PCA except the di-
2001, 2004) has been applied to the time series of data anhension of the matrix. In this paper the variations of ac-
0.01 Hz. SSA is sometimes called caterpillar method. Thecumulated contribution of singular values have been investi-
mathematical basis is very similar to PCA. The procedure isgated for the number of signals detected by the station. In
as follows. Let’s consider one dimensional time series datahis analysisp=1800 andvV=3750 (12.5 Hx5 minx 60 s).



K. Hattori et al.: PCA and SSA of ULF geomagnetic data associated with earthquakes 687

@) :
04 0.01Hz night | sks-kam_kam-mck 2000 0.01Hz 30min night
0.20 . . i . . . ,
g 0.5+ ®7/01 M6.4 @ ||
024 b I @ 7/08 M6.1
< 010 ! L ®7/15M86.3 m i
0.05] @ 7/30 M6.4 B
* WA
0.0 0.00- “ &u | T T T —11
150 . . \ R . . . . . . . . , 0,020 ! | ! . . . .
, 00151 ) |
o 1004 r < 0.010-] 3
2 0.005- qwh M’
504 r 0.000 W T T T T T ’”4 T
o [x100%]
. : ! § o | . . . ST—
4/1 4/5 4/9 413 417 421 425 4/29 2 §_§— I Mw mv m W H‘WWW h | ﬂ © F
2000 [Date] £ of] N MR Ww '} . i
(b) § S T T[T T e
0.01Hz whole day Eégi () F
0.10 T O S S S S S T S S S S S M qc::. 80 C
0] F
0.08 1 [ %3 0 T T T ¥ T T T i T =

1011 L L L H H 1 H H H H H
g 0.06 A'E 1e+009 (e)
0.04 b S 1e+007
= 100000
0.02 - & 1000
10
e e e e e L s e s S

0.00 41 T 4‘/5 T 49 W13 4/‘]7 401 45 429 %/0100 3/2 a1 51 5/31 6/30 7130 8/29 9/28 10/28 127 12727
2000 [Date]
> Sundays Fig. 4. The results of PCA with differential datéa) The variation
of eigenvalue of the first principal componef(ib) The variation of
| 50-1 eigenvalue of the second principal componén}.The variation of
\ Q contribution rates. Black and blue indicate first and second princi-
0'0 55 10 12]416 18 22 "9 2 4 6 8 0024161820024 _pal Compogent’ .resp.)ec.tlvelgd) The V-al’la?tIOI"I Opr index. (e) Es
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Izu 2000/06 07 0 01Hz 30m|n nlght . . .
003 : L hypocentral distance during 30 min.
07/01 M6.4
g’ Sritsmos
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oo ettt et N -
[x100%) T solar-terrestrial interaction. (2) The variation of the second

eigenvalue seems to be related to that of electricity consump-
I - tion power around stations. (3) The variation of the third

T e T R o g eigenvalue shows the peak values before a few days before
. o | ‘ HM‘MMWM the earthquakes withf greater than 6, which are marked by
g el ||| ‘”mw 1 S vertical lines. The variation of the third principal component
6/1 6/12 6/26 712 7110 7122 7/30 . . .
2000 in June—July 2000 shows that there is also local maximum
about two weeks before the swarm activity. However, some-
Fig. 3. The detailed results of PCA the three-station dg&@.The  one may comment on (1) a small contribution of the third
variation of the first principal componegfi, in the nighttime with  principal component, and (2) uncertainness of the number of
that ofA , index in April 2000.(b) The variation of second principal signals observed at each station.
component in all day datg/A2 in April 2000, the diurnal variation
of /A2 in week days, and the diurnal variation. g in holidays.
(c) The variation of the third principal componeg.3 in the inter-

val of June—July 2000, the variation of contribution rate of the third . .
principal component, and index (E/r2) which indicates the seis- In order to remove the most intense noise source denoted by

mic energy felt at the observation site (MCK), wheteandr are  the first principal component in the three-station data analy-
the energy of earthquake and hypocentral distance during 30 min. Sis, we referred the SKS and MCK signals to KAM station,
that is, we analyzed data sets of SKS-KAM and MCK-KAM
in NS component. On the other hand, the signal associated

4.2 PCA results of differential station data

4 Results of PCA and SSA with earthquakes has a small velocity and there is an arrival
time difference among three station with 12.5 Hz sampling
4.1 PCA results of three station data rate (Ismaguilov et al., 2003). Results of differential PCA

are shown in Figs. 4 and 5. The behavior of the first and
In this study the results of differential PCA and SSA will second principal component in Fig. 4 resembles to that of
be shown, the results of normal PCA have been already rethe second and third component using three station data in
ported (Hattori et al., 2004a). However, we will mention Fig. 2, respectively. The daily variation of the first princi-
them briefly. Figures 2 and 3 indicate that (1) the variation of pal component is plotted in Fig. 5a and compared the pre-
the first eigenvalue is similar to that df, index. The corre-  vious results in Fig. 3b. The tendency is very similar. The
sponding eigenvector is found to be stable. This suggests thataily variation of the second principal component and con-
the dominant origin of the first principle component may be tribution in the interval of June—July is plotted in Fig. 5b.
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Fig. 5. The results of PCA with differential datéa) The variation 300
of first principal component in all day datg1 in April, the diur- L o]
nal variation of,/A1 in week days, and the diurnal variation of in < %]
holidays. (b) The variation of the third principal componegti, % e

in the interval of June—July 2000, the variation of contribution rate < A
of the third principal component, and the seismic activity around =%z M :
the station. E; index (E/r2) which indicates the seismic energy oo ““ Il |I H ”l "“ ' | “”l 1Nl “ ‘l l“l“hi
felt at the observation site (MCK), whefeandr are the energy of 500 1270 12120 12130
earthquake and hypocentral distance during 30 min.

Fig. 6. The results of SSA at Kamo station in July 20@0Q and

The results show the contribution is rather significant and then December 200@b). The variation ofA, index andE; index
variation is very close to that of the previous third component(E/r ) which indicates the seismic energy felt at the observation
as shown in Fig. 3c. These results suggest the differentiafit® (MCK) are also shown, whete andr are the energy of earth-
PCA is very effective to remove the global variation due to quake and hypocentral distance during 5min. The hatched areas
the solar-terrestrial interaction and enhances the remalnmgnOIICate the day of earthquake with:-A6.0.

signals including earthquake-related one.
4.3 SSA results of each station data

Figure 6 shows the results of SSA around 0.01 Hz band inPand observed at Kamo consist of at most four components.
the nighttime (17:00-17:30 UT (02:00-02:30 JST)) data ob-Usually, they consist of at most three components.

served at Kamo (KAM) station. Figures 6a and 6b show

the result of SSA in July 2000 and that in December 2000, Similar results have been obtained at the other two sta-
respectively. Top panel indicates the input data for SSA.tions, Seikoshi (SKS) and Mochikoshi (MCK). There seems
(0.01 Hz band signal) and the upper middle shows the accuno apparent relation with both the seismic and the geomag-
mulated contribution. Black line indicates the contribution of netic activity. Therefore, the structure of the observed signal
the first principal component. Red, blue and yellow line in- at three stations is very similar and generally less than three
dicate accumulated contribution to the second, the third andignal sources should be considered. It means that the PCA
the fourth principal component. The lower middle is seismic by using three station data observed at Izu peninsula in the
activity around the lzu array station and the bottom is thefrequency range of 0.01 Hz is valid even four-station data
variation of geomagnetic activitg ,. The signals at 0.01 Hz analysis is desirable.



K. Hattori et al.: PCA and SSA of ULF geomagnetic data associated with earthquakes 689

5 Concluding remarks References

The results show that the proposed principal component anaBernardi, A., Fraser-Smith, A. C., McGill, P. R., and Villard, O.
ysis method with the use of closely distributed multiple ge- G.: ULF magnetic field measurements near the epicenter of the
omagnetic station data is able to detect weak earthquake- Ms 7.1 Loma Prieta earthquake, Phys. Earth Planet. Inter., 68,
related ULF geomagnetic changes or to enhance the pecu- 45-63, 1991. ) , ,
liar characteristics of earthquake-related signals in a certaifi '25€-Smith, A. C., Bernardi,A., McGill,P. R., Ladd, M. E., Helli-

hypocentral distance. The results of 1zu array, demonstrate well, R. A, and Villard, ©. G.: Low-frequency magnetic field
yp ’ ok measurements near the epicenter of the Ms 7.1 Loma Prieta

the _possibility of monitoring t_he_ crustal activity. The_mz_ajor earthquakes, Geophys. Res. Lett., 17, 14651468, 1990.
findings are as follows. (1) Itis important to apply principal Golyandina, N., Nekrutkin, V., and Solntsev, V.: Caterpillar-SSA
component analysis and singular spectral analysis simultane- Technique for Analysis of Time Series in Economicsp:/vega.
ously. SSA gives the structure of signals and the number of math.spbu.ru/caterpillar2004.
sensors for PCA is estimated. This makes the results conGolyandina, N., Nekrutkin, V. and Zhigljavsky, A.: Analysis of
vincing. (2) There is a significant advantage using PCA with  Time Series Structure, Chapman and HALL/CRC, pp. 305, 2001.
differential data sets of filtered (0.01 Hz band) SKS-KAM Hattori, K.: ULF geomagnetic changes associated with large earth-
and MCK_KAM |n NS Component for remo\”ng the most quakes, Terl’estrial, Atmos. Ocean. SCl, 15, 329—360, 2004.
intense signal like global variation (solar-terrestrial interac—HagorL'K" ie”ta' I\A/I"' CL;JOLtl(:’h’ K., Yoshino, C., Halrada* M., 'Sedzak,'*h
tion). This provides that the anomalous changes in the sec- .\ Hayakawa, M.. geomagnetic anomaly associated wit
L 2000 lzu islands earthquake swarm, Japan, Phys. Chem. Earth.,
ond principal component are appeared more sharply. And the

. . o . 29, 425-436, 2004a.
contribution of the second principal component is 20_40%'Hattori, K., Takahashi, I., Yoshino, C.. Isezaki, N.. lwasaki, H.,

Itis large enough to prove mathematical accuracy of the sig- Harada, M., Kawabata, K., Kopytenko, E., Kopytenko, Y., Malt-
nal. Further application is required to accumulate events. sev, P., Korepanov, V., Molchanov, O., Hayakawa, M., Noda,

] Y., Nagao, T., and Uyeda, S.: ULF geomagnetic field measure-
AcknowledgementsThe authors are grateful to M. Taguri of  mentsin Japan and some recent results associated with Iwateken
Chiba University for useful discussion. They also wish to express  njgijriku Hokubu earthquake in 1998, Phys. Chem. Earth, 29,
thanks to Japan Meteorological Agency, for providing earthquake 481-494, 2004b.

catalogue. This work was partially supported by the JSPS Grantsyyayakawa, M. and Fujinawa, Y. (Eds.): Electromagnetic Phenom-

in-Aid for Scientific Research #13650477. ena Related to Earthquake Prediction, Terra Scientific Publishing
] o Company (TERRAPUB), Tokyo, pp. 677, 1994.

Edited by: P. F. Biagi Hayakawa, M. (Ed.): Atomospheric and lonospheric Electromag-

Reviewied by: L. Telesca and another referee netic Phenomena Associated with Earthquakes, TERRAPUB,

Tokyo, pp. 996, 1999.

Hayakawa, M. and Molchanov, O.: Seismo Electromagnetics
Lithosphere-Atomosphere-lonosphere Coupling, TERRAPUB,
Tokyo, pp. 477, 2002.

Ismaguilov, V., Kopytenko, Y., Hattori, K., and Hayakawa, M.:
Variations of phase velocity and gradient values of ULF geomag-
netic disturbances connected with the Izu strong earthquake, Nat.
Hazards Earth Syst. Sci., 3, 211-215, 2003,

SRef-ID: 1684-9981/nhess/2003-3-211


http://vega.math.spbu.ru/caterpillar/
http://vega.math.spbu.ru/caterpillar/
http://direct.sref.org/1684-9981/nhess/2003-3-211

