(FERZEZFAHFHER

AUB—RTF—2a VIbEBEEIZE

ULFRBEHIET—2DESHANICET 5H

2004 £ 1 A

FERZFRZER B AT EH 2R
AF - MERBRERFZFR MERRER FEHEE

JRH K

F

=



C- =

HWEBEPLKINEE 2 EOMBENICEES 52K~ RBEHIERRHS, VHF F1HERK
BBICHATTRESN TS, BT, #KRICKT S ULF # (f<10Hz) DBEHK
EMSBAL, BREORKREEISHMBEBORAETHES ICEKL, HBRERT
RETIEUMBACERGCEECEH L ERICRHTE SARELETHIZ L 2D,
HMBRESHEERTI-DDOFERLLTHEREN TV S, ULF#DOEBMB T —F I
i3, MRBEERRO S n— SVHIBRERRCERBEEOEITICHEI BB, ( X7
EDkA2REFVEENTVS, BRESHICHEET S ULF FOBRIARIHE
IHBETHDLEEINDLD, ThODEFRGLEDOENRFMNPEERBREL &N
T&E T, KBHFETIE, ULFHF 0 5 b AR » 5K 1,000 WO H LI\ T, 5 -
HBEMEFT— PO RKBR-HERBIKEOREEAICER YT 2HIBKIIRE, HBEK
B, YTA P —2E0 o — NV RHBEREHL, TR L2FERTORELR
X (e

RWMXTIE, /e — "\ VEEEEBERET DL, A VF—RAT—Ya vk
FEALE, VL7 L RBBAIRELT, BE, AL/ A XVL_XAR+4ICEWE
BIRBEREND, AFRETIE, [BFTFHBESIBERT (HE) OMBERT —7 2 £
All, 7a— "LV EBEBESLZENICRETIEDIC, AV F—RAT—Ta Vin
B (ISTF) BLUEBHELEEBLBEERSHEL, EHFRICOATIESI
LT, FHE - BEXESRCTEOROMETARI MEHETILERD D,
Vx—7 Ly FNEHRIZ, BE - 27— (BER) SMEEZFRITDHILETESO
R EZNRIKRTILNTE S, EREFSORM - BEREMETICHE
LTW3, ARXTREFLBOLZ2TOBRICBNT, ERv=—71Vy FE#%
BHALRE, =¥ —v=xz—7 Ly e LTMorlet V=—7Vby bEERLE,

AV E—AT—va VISEBELERBISEBEEE, WThb 2 AH 1 HARE
ROGEBRHTHD, BEINDOR 7V ZEMTERINDIILD, Flly=—



Ty bEBRTOEREBULETH D, KRIXLTIE, Morlet V=—7 v v F&F|A
LEBAGOERV -7 Ly FERICLBZISEEHEOERLEIT o2,

REELERLBICBY2ME - BHT—FCHALEZL IS, AHREDHLH
1,000 HIEBWTA VY F—RT—va VIEEBEEB LI VCERECEBESEERL
WESNEZ, 7u—R"LBREEEBHOREDCATLRIET 5720, HHAIRS O H
B L HRMRERESS VT — KM, BLCHBARENOT -5 KEICATE
YEALE, TORER, Yu—A"LERBELBAERAKRESL, BERS D OB
[REHCHE IR TV TPz MEaBPHARICHER IND L IR o7, HIE
BERSBEORBOTELRIET575H, ¥ ¥D VAN BICES HBERE
EE (SES) EFANBHET—FICRALCAFELHEALEL IS, EFLES
BEOBEFHOUBELHE LEEERBENE, ThODOREORERIT, AFEOHE
Aitk-T, HBEHOERAMBIESNECEASNS Z LR ARICRDZ L
PERT S,

EFEOBEAK L SRERS L, ULF ERSENARIECOAT ) A X, ik
ERSEEEORATTHDEREEND, %I, BERSICEENEAT A
XL DEERUNEETH S,



Signal Discrimination of ULF Electromagnetic Data
With the Use of Interstation Transfer Function
Method

Makoto Harada

Abstract

Electromagnetic phenomena are recently considered as a promising candidate
for the short-term prediction of large earthquakes. There have been
accumulated observational reports in a very wide frequency range. Among the
various observational methods, one of the most promising methods is the ULF
(f <10Hz) electromagnetic measurement on the ground because of the sufficient
skin depth. The observed ULF data are superposition of some possible signals.
The first one is the external source field associated with the solar-terrestrial
activities such as the geomagnetic pulsation, geomagnetic storms, and
substorms, and its inductive field. The second one is the regional artificial
noises which are mainly associated with the operation of the DC driven trains
and factories. The last one is the more local signals around the magnetometer
such as movement of the magnetic objects, mechanical vibration of the ground,
and inner circuit noises. The signal associated with the crustal activity is
generally very weak, so that the problem is how to discriminate from other
noises. I try to eliminate the global geomagnetic field and their inductive
electromagnetic field in the period of a few second to 1,000 seconds from the

observed electric and magnetic data.

In this aim, the interstation transfer function (ISTF) approach are applied,
and the geomagnetic data obtained at the Kakioka Magnetic Observatory, JMA
are used as the remote reference. Once the ISTF could be estimated

appropriately and assumed to be time invariant, the estimation of global
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electromagnetic field (less artificial noises) at ULF magnetic station will be
possible. Therefore, we can consider that the differences from the observed data
does not include any global electromagnetic field. I applied the interstation
method to the electromagnetic transfer functions (MT impedance) in the same

way.

I used the continuous wavelet transform instead of the traditional Fourier
transform in the whole processes of signal discrimination because of its
superiority in the sufficient time-frequency resolution of the signals. For this
aim, I formulated the generalized time-scale (frequency) transfer functions in
wavelet domain. The Morlet wavelet is used as the mother wavelet in this study.
By using the wavelet transform, the calculation of the time-frequency
distribution of the correlation functions and multiple coherency between input
and output components of the linear system becomes possible, therefore, the
accuracy of the transfer function estimation could be improved with the use of

coherent subsections.

The proposed method has been applied to the electric and magnetic data
observed at the ULF electromagnetic sensor array in the Boso Peninsula, Japan.
The accuracy of the estimated transfer functions are quite well in the range of a
few secoﬁd to 1,000 seconds. In order to verify the possibility of the global
electromagnetic field reduction, the proposed method has been applied to the
data for the interval of the geomagnetic pulsations and geomagnetic storms
turned up, and geomagnetic quiet day. The results indicate that the almost
whole of such global signals could be eliminated sufficiehtly. This implies that
the discrimination of desired electromagnetic phenomena will be possible

regardless of the geomagnetic activities.

The residual components of the application of the proposed method can be
considered as the superposition of the regional or local signals around the ULF
electromagnetic stations. The earthquake-related phenomena are classified into
the regional signals, and should be discriminated from regional artificial noises

in the next step. I will establish the approach in the future.
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1.1 HMRFHICAETIERIBEROER

T, HERCKILUEE 2 L OMBIEENCEET 2EMIEMNTRRN, VHF #2150
BERABICHIT THRE SN TWS (e.g. Hayakawa and Fujinawa (eds),1994; Hayakawa
(ed.), 1999; Hayakawa and Molchanov (eds.), 2002), Zh b iXBRAD Fikizk v, [1]
HIERNEB» O T 2 BHE (BRKHE) *ESBRAT 55k, RIBHMEORE
EFAAARLFMBERBERLEOGERT & LTHEMICRA S HE, BIALE
ENLOBA © 3 oiekHlEnsd (R, 2001), [1ix, #HBEORAEICEITLT
HMBANT CERBHESRBATHILOBZICIHLTEY, BEELEK? L VHF
BB #EBMICED, H< X Milne(1890)2%, AR TCREFTOEME G % B EH A
LTWBEMBICHE BB AELBRA SN ZLBELTRY, BEBEEIRL,
RIZAEICHRTEESF L, HRICEET 2EHMERF OFELRT VLF/LF
BETOXATRBEESLFMAEER VHFEROGMEENBR S Z LITESL,
BEOBHECERIZOVTERERESEMNTHI -0, BEVEFRERE TLES
DHBFTEEL OWMERTbORTE T, [BlIF, HIRBEBTOT S A~vEKHOEHE
EHMETHEZDIITHLETFONTATHEY, HBCEETIERBFNEZELT
WBEOEBENRENTZ L2t E B (Parrot and Lefeuvre,1985; Molchanov et
al.,1993), BETIL, 75V ADMEIIN—FCE-T, HBRERIREZOBAZ
BB E LIZALEHE (Demeter) DITHL EIFRFEIN TS (Parrot, 2002),

BERIFHFRECIVMBOEMTFAELERTILDICR, BEA N =XLBL
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CEHRBRREOBANRARARTH D, THLETIL LKL REHFEIBEINLTEY,
mTh, FA4 T8 —EBR (Nurl972), ~4 70737 Fx—FEFT 0L
(Molchanov and Hayakawa,1995; Vallianatos and Tzanis, 1999), A E#HEHRZ
(Mizutani et al.,1976; Ishido and Mizutani,1981; Dragnov et al.,1991; Fenoglio
et al.,1995), EX{cHEEZLE (Merzer and Klemperer,1998; Egbert,2002a) 2 #&
HEENRTWD, 28, BRATREROREER—WICHAT I AL =X L DMK
BRIZIEE > TR,

HBRES L EREBEOERLTALNCTELEHICIE, EEMICEHBBH B
NBOBREEESROEEE2RETILERD D, AR T, [L0BHFE
KESE, HREICBVWTHERS KOCHER (ERICIT 2 HaMOoMENNE) 7—
FEERVES, B ET2EABHE X, ULF (Ultra Low Frequency) # (/& %X 10Hz
UTF) KREL, EbRA—H 7Y 7LV BRERTEREERBERICOWNT
bERT 5, ULFH TIX, BREORREEFSHMBOKUEGARET HERSIZIL
BT oy, ITER COBRIENBARSI BRI ZERTIERTHELED Z
LR HBIZRETHZ EBHMBFEEIND (Molchanov and Hayakawa, 1995),

1.11 EREICETH8A

BEREIZRBITAIHMBMNEZEAITEL 26TbA T3 (e.g. Rikitake et al.,1967;
Sobolev,1975; EE,1985) 2%, BAEOHMB FHHRICKE REEBHEZRE L DN,
XY ¥YDINV—TIZLVRBEINT- VAN #£ (e.g. Varotsos and Alexopoulos,1984a,
1984b) TH 5, EOHIZHMRICB W THILB I UCRESFMICEBZER L, HEME
RRET D, —o0BAAKCIE, /A XDODREOEDERDFA RNV EEFEOHE
BOHBRELY, SHLEEIHEFuA-MULORERPREShA TS, HIE
DREFICEBBICRHN 555 (SES: Seismic Electric Signal) ZRHi L, ZOH
BREMAHmOBFEENLLHBETFMO 3 ERXTHD, oy, TEZTy, TEARL
bW HERRBEZ2»ETRATHILOTHD, TEDREAN=ZALITHOVTIT,
BEOoOEMSFCHIEEMUEROBRETNVICESVT, HBRICEENIEEYD
EXHBAIORANERCHE-THRBL, BRARBEBIDLNNBREIEET DL
BB L TW5 (Varotsos and Alexopoulos,1986) .

BARICBVWTIE, RRAXFHBHEFO LARBLER (4K) O V—TH
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NTT (BEAEBEEHEHR) OoHNHE2ET, 2ECARBEFHELZFA L CTHEREN %
To7=Z &t ¥ 5 (Kinoshita et al.,1989), £ D%, 1996 4 L v B FWFZEFT
CHBRFEFPLIEBINZHBERE e T4 T7THET 2 7T AITBWTH,
FOFLBEL L TCEEICBARBLER SN, VTALIALTOT—FBENT
bhi, TO/KR, 1998 FEFRAELHHE (M=6.1) 2RI LDHDLTLIHET
SES BB H b7 (e.g. Nagao et al.,2000; Uyeda et al.,2000), 7=72 L, BAIZREE
ZEATAETE, BERCIBE»OCORBREBERBIEIAL A XOBENKE W
7z, SES LOAJOMBELZ RIRT2LERH D,

1.1.2 ULF®FICH TS8R

ULF #OBHBBAC L 5 MBERKAZOREAIZLBEAH L <, 1990 £/
PHEBEINTWVWS, 19884 12 A 18 H @ Spitak i€ (M=6.9) [ZBF 5#% 3
FE4y DR % %8 (Kopytenko et al.,1993), 19894 10 A 8 H ® Loma Prieta #1E

(M=7.1) TBTO2HMBARERLDTDRELE (Fraser-Smith,1990) Z o »nif &
LT, BAEZEILDHEROEAY THEBEALIZITONA TS (e.g. Molchanov et
al.,1992; Hayakawa et al.,1996; Kawate et al.,1998; Hayakawa et al.,2000;
Hattori et al., 2002a; Hattori et al.,2002b; Gotoh et al.,2002; Uyeda et al.,2002;
Yagova et al.,2002; Karakelian et al., 2002),

ULF #OBHBEEHICIE, 2 REFHSBPBEATIENALNATWS, & Vb
JREENRREVOR, XKBR-HREKEOMRE/ERIC X 2 B IRE), B KA,
V7T A P —LEOMRBFECRABICRET IMBEREHTHDS, SHIC, HRICE
FBAL, A XORBRINICDS, —iic, HREBIARIFEE KB TH
572, ITNOCOESRSEOBENRFRNEERRETHL LI TERE, £Z
T, THNETIZHLREMN (e.g. Hayakawa et al.,1996; Hattori et al.,2002), 7
5 7 Z VIR (e.g. Hayakawa et al.,2000), 7 2# (e.g. Gotoh et al.,2002;
Uyeda et al.,2002) S0 FENERIh, KELHMBICETT 5 ULF #EEOR
ELEGOFESALMNCENTEL, ThLOFERIEFORBELMHITSIZ L
EoTEERNEITIFETHY, T SNOBWRMT—F BRI TE L,
LL, B b HBEREILYM COMBERIBEROANIERSLETHY, HK
BERBEROBEEEHLOESAINIBO TEERBRETH D,
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Fig.1.1 ULF electromagnetic environment around the geomagnetic stations. Observed
signals are superposition of three inputs as follows; 1) global signals, 2) regional
signals, and 3) local signals. Three magnetometers are installed at distance of 5 km as
an array. As the remote reference station, the magnetometer which installed at quiet
environment, that is, free from artificial noises is used. Typical distance from array
stations is 100 km to several hundred km.

1.2 ULFHICBITHAEHBLESE

1.21 HBAEBSOZEBMRAYy—NLIZLZ98E

IR L5, ULFE0EBRET — 34 RESROSODEATMTHILERARE
nNa, FROEZRBRHETFEAZBR7F—AMIZELT, RO 32I2KBT 5 ([Fig.1.1),

[11 Zu— "NV ZE (100km L E) : KBE-HEREKBOHEERAICI Y RAE
T3, HMEKSIRE, HESE, Y7 R r—2ahY, HHIERKOBERIZ L 2 HBER
BZ1{k (Sq#).,

[2] EEAES (10km~100km) : IR ICB T IERBEESLTIHBEREOAL /A
Z, MBEMKEER L,
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(8] BATWZES (B km LUT) : BAHEEORILYEOBE, MBORS, H
BIAX, MBERKIARL L,

INOOEBEZEDNICHAMNTHDICE, EHOEMA S —NMIZIECTHDEHE
H—REBETILERD D, ThbLL, BEEOBAH %Y 5~10km HBICHRE
LTT LA ZHBRL, &HI27 V4 »5 100km~200km BEMIIZATL/ A XL
RUPENIE—PL 77 LUZBRIARRAT S, ZhickY, TVIHERAL
L7 7 VU ARTHBEOEBWMES 2/ 0 —1LEE), TV ATOREEENE
WEBZRIRAEE), BMAHB CHBEECEWES2RATMEBICOETLIZ LA
T& D,

1.2.2 Fo—nNIILHESTE

— iz, ULF %ISR 2BBEAT — 2 Tk, BREL2ERE TIBRBHBE
B+s, Zhiz, TEABRAZERTAI7 I ACRFICLIVFEI SN HERBE AR
DOREMBFEEIZ/A D (Campbell, 1997; B - LI eds.,2000), Z OHIEKELENT
HBSIRE LT, PRl L PiBIICrEND (Jacobs et al.,,1964), 72, %
OREE-RIBRECL Y, ERARIORAHCHIT TARFNICHBE SN S (Fig.1.2,
Table-1.1), PcBld#+ o U L RRAMARER CTHB ST L, BIFNLIFE
TORMIZEKEZ S, PiBEIMFEHRMOENTRAURER CTHHESIT o, KH
CHEBRASNS, BHE, Alfvén OB ARICHE > EERBOEE SO 1
KELL, ERBARCKBOIBEB L7 A~EEOSMICKFT S (e.g. Odera,
1986; B - ##,2000), BAROEREBOE— FiZiZ, e FrE—Fefadg
ANE—FO2BEBEET D, baA FET— Fik, BAORSEEFEICOHER
BT AE—FTHY, REOAMBBELL > TELTI@MARORENRINICAR
5, RafFXLE— R, BAOBRPHESFM, ThbbMABEFFERN TR TS
E—FThV, BRBE2GENFREMZAZVRTIREICKRY, #MERAKTE—-AY
DB E LTHBAIEN S (e.g. Chen and Hasegawa,1974; Yumoto,1986,1988),

HESEHLIRELS DI I L _BEFET S, —DREBIRITBWT 30 455 2
BRBREORBAyr — VTSR A2 HEE~FEET nT VU POHBEKKFERS D
EBITHDH, hid, Y 7A P —ALEINIRBICHE L HBERKEH T, XF
BIizid, BERPFMETEA—o 7R BENICEYVIED, TARRECKRESH - BE
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Fig.1.2 Nomenclature for the natural field fluctuations. The geomagnetic domain is
considered to be at frequencies below about 3 Hz. The natural signals above this frequency
arise mostly from lightning source (called “atmospherics” or “spherics”). Amplitudes
depicted in the figure are the typical sizes to be expected for moderate activity at
mid-latitude locations. The “continuous” pulsation, Pc1-5, nomenclatures are assigned the
period ranges indicated near the peak amplitude positions. The “irregular” pulsation, Pi 1
and 2, nomenclatures are identified with their period ranges at the bottom (after Campbell,
1997). A

FRAERLTWSESL LTEREEN TV S (e.g. Akasofu,1964; Elphinstone et
al.,1964; £%,2002), ¥ 7 A b— A MIBK LB IRA M T RLRIEEIC
FoTKkEL ERD, MBS PHEEMTE CIX, WFIIBRE{LE L THBEKEDIC
BNBBEN DS (g Hatayama,1938), b5 —oif, MBKELIHINS, ©
BEEOHMBIAERSIVEF+~EE nT OBETEA» LB ICE > THRRAE
TR LI REBAMGET AL TH D (e.g. Gonzalez et al.,1994; £3E,2002),
RERICH T 5 MBEKOBPIREL LT, HIREED 200 9 HOER L KRS
REBERLFEINIEREZOERPIERTIZLICLI2PRTHAEIND, HB
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| Preferable | : R s
Period (s) | tmeof ‘ . sSources

Pc 1 02-5 MD generated at  equatorial magnetosphere by
electromagnetic ionospheric cavity instability.

Pc 2 5-10 M generated at equatorial magnetosphere by
electromagnetic ionospheric cavity instability.

Pc 3 10 - 45 M-D compressional Pc3; related to wave-particle interaction
in the foreshock and shock.

toroidal Pc3 or multi-harmonics; field line resonance
harmonics in Pc3/Pc4 range, compressional Pc3 as a
driver

Pc 4 45 — 150 M-D poroidal Pc4, related to injections of energetic plasma
and subsequent low activity or convection electric field,
occurring at the second harmonic field line resonance
frequency.

Pc 5 150 — 600 M-D-E compressional Pc5; related to of high beta plasma (ion
injections).

toroidal Pc5; fundamental mode field line resonances,
source in the flanks.

Pi 1 1 - 40 N.M.D Pi1 B (burst like pulsation); associated with the
fluctuation of the ionospheric current system caused by
electron precipitation and related conductivity variability.
Pi1 C (continuous pulsation); pulsating auroras as the
conductivity changes driven by the precipitation
pulsation. ,

Pi 2 40 — 150 N,D generated by substorms current wedge (SCW)
oscillation.

_Pulsation
Classes

Table 1.1 Typical classification scheme for the ULF waves according to the period of the
pulsation (Jacobs et al.,1964; Rokityansky,1982). M=Morning, D=Day, E=Evening,
N=Night. Descriptions of source has been derived from following URL;
http://www.oulu.fi/"spaceweb/textbook/ .

SOBLBRBRELTCWIHIEE (EH), BOBEELTWIHE%Z EEHE) &FF
5. ¥, THOBKIMICHEERENEREOS LIZAE TS [RHAH) 2#52
LD BEABROHBIKERSDOBVPOKE IIBIHFRICL--TERS,

f.%, ULF # 0 MBS LS, FARSARVBIRLN 3% 1 BAHOLH
RABHB, ChEtBESBETEELE (L THES Sq B, SqB) LIER,
SQENTERIBMBHE RN LB TH 5, BHEFOET A 4 BABME
KEVKRLS FHRICE > TBBT 5L, HREBBENTOF A FEHEAICLYHYE
ERVBEREF2AND, FEEHITLERTIIREHEY, BERTIEIEDY
ifth, ERTREY, HIEKSBREHICB T2 HBER 3 Raon 7 — Y o E#H
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FOURIER COMPOSITION OF Sq

L A R IR S T IS HD S R IS R U S I RN SN R DR R EE R S B
m Tihed < sin (m @ + al A cos (8) & B sin (8}

08 1 24 0.60 sin {8 + 150) 0.260 cos {81-0.433 sin (8) -
2 12 0.30 sini{28 + 1201 0.280 cos (2 8)-0.150 sin (2 8)
3 8 Q.10 sin (38 + 80) 0.100 cos {3 §)-0.000 sin {3 81

06§ 4 8 0.50 sinid g + 30} 0.025 cos (4 8}-0.043 sin (4 §)
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Fig.1.3 An example of the Fourier analysis composition (building blocks) of 360°
variation in ¢ for amplitudes of a cyclic variation. Amplitude, 4 and B, of the
cosine and sine components for the four analysis harmonics, m, are illustrated
(¢.2¢,3¢,49). If 360° represents the quiet daily field variation in H, D, and Z,
then the various m correspond to the period T, values of the 24/m = 24-, 12-, 8-, and
6-hour spectral components (shaded individually) that are added to form the original
variation (Campbell, 1997).

(Fig.1.3) 12X Y, SqBICIIMN 242 EAET— FL T 5HFAEA [cycles/ day]
¥T, T Rbb 24,1286 KENVPEB T LI Z AN RTINS (e.g.
Campbell,1997), HIEREIL BT 5 Sq B EEIL, HEROBEKICHEI KL LBEF~
DRERBEEDOEE L R &3 (Bahr and Filloux, 1989) 72%, $hERSZHT
Do

1.23 BAOHRRET LAHF

KBRA - HREEBOMEERICL 2 HBEKIREIX, BERO L) RHBK TEE
WHCE, KTEFECHERTEE (TEM #) & LTRETEERL, KK
LTHRBEIZARTSERETES (e.g. Cagniard,1953; Schmucker,1970; Gough
and Ingham,1983), +/4b b, HRERIVPELMICEaTHE ERR2Eh D,
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ARETE, RERBAHFOBHAIRES N TV I AHED L 1,000 Biz
HEHL, TOFHETOT o -V HBEIEBHEORFIEEMLTIED, ERORK
EEMAETLOELTHBREZED D,

1.3 BRBICERR

Fo—NLBEEREESL, EEFNAET kn LECERSEE®D, a—h A |lid—t
RizgEhad, LaL, BHEI»LEHHOBBELS DT MM+ km LHrBERLT
W WBFIT2<ER3 L WO8IlIRR M BESh, HBEAZLLEFOFEILHL
MEIhT&Ek, Zhid, Z7o—LHBEBIEHIRKMICBETSRICELCLSHE
EHEA, HTHEORYEMEICLY SREMENZHEMICHENDZ ZLITEY, 2K
MEBOEMAMN —~BR TR RZEDEEZLNRTVS (eg. HK,1972;
Rikitake and Honkura;1985), iR THM N 2B E(LEE O LM oM ~<3
TETHTOBESEEERY (Conductivity Anomaly, CA) Oz l~25 2 L4t
RIS D, 1950 FfR LD, CABIRIZAAR L FA Y THABHIZITbh TE = (eg.
H#,1972),

CA FRTIE, KHMOERIHWEELZALNICT 20, #il ETRET 2BEE K
SEOISEBEKICMAT, B  BEMOEEBEE L L, e 2EABESEEEE
AT, FEHTIX, TNETO CAEBRBEE, (v 7—RXT7—va VIEEBE,
BERFLEERCETIHELLE2—F 5,

1.31 CAZHEH

R THRRA SN 2 HBERKFERS EHERTORICIE, ROBERA IS ELAITHK
MY D,

AZ(C()) - A((O) . AX(a)) + B(a)) . AY(@) ......................... (1.1

ZIT, AX(w), AY(w), AZ(@)iZZFhFh, #HBEERCB T 5mEl, HHE, HiE
RO THD, Aw), Blo) 2 HEKEHRBLYE, AV CAET#EBEKLEVWS, WTh
L7 — VT EFRICELAEEETH S,

CA FHEKEIHEIHPERSORELRL, TOEMLIMORBEAL LT
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BEDIL, AVEIYay - R_RIM (R=FrJy - RTRMELRETRE)
ELFIHEND, A1V F 7 vay RTZMAVOKEEEFMEIIZ, CA BHBEHOE
BLEEENPOERBRTCRINIE, EHIERHICHARTHEDTRKEWEEZ LS D,
—RICIIEHDOATRIND,

Amp(a))=\/A§e(a))+ B;’gﬂ(co), .............................................. (1.2)
Azim(a))=tan"(ARe(a)),BRe(a;)). P (1.3)

R IMNVOKESIERTETHY, FUEIHBEERTCOEFN»LEFHE Y OHE
B (deg) TERIND, N7 MEF—RICHEBA.ROFLEZME, KEIIHUER
HEBDOKE ZIZEKBET D (e.g. Rikitake and Honkura, 1985),

AvEIay R MMEERALE CAMMBEIZREAFBGEOEMTIELITONT
BY, B, BERHRLHBDREOBEDRY, HHMBTICBELLRAADL
CHBRIZCEDIN PORESHOBR, BIUERBHERPEATH S,

1.3.2 AV —RF—LaviBEBEY

CA ZHBEIFBART L OMBRLER T ORIE - MHEOREICHTE®RE
bEbT oI} LT, BROBAUADT—FEZFALT, KERTORELZRD D
ZENAETH S (Schmucker,1970; Babour and Mosnier,1977), £ v ¥ — AT —
vaviER, Bt km~%E km Bz 2 DOHBERBER RICB W TREREICRE S
NHBEBER 3 M HICEY Lo & B (Interstation Transfer Function, YA,
ISTF) 2 R®O2FETH D, ISTF IABAROFTEBBORE SO L IHESL
TUIYNTRLTEY, AEARETOERCEEBREOHEBCHETIHEENEE
N3, LizHoT, BROMATRNICEET —Z2WMELT, 5L 77 LR
RIZHT 2R CADSHEEL LN TE S,

Beamish and Banks (1983)i3 4 > 7 5 » FILHOEE 7 VA BRIT —ZicA v & —
AF—vaviEEEAL, A 10 ~10,000 BIZBWTRHERECERT 5K
ERSDRED~ v ¥ 7 %17 - 72, Fujiwara and Toh (1996)iX, BALEIZHH
THELHMERO - SHEKBEANRICBTIRET Y CRFELZEA L, WA
(RBFHBEKBAF) OMBT— 72 L 77V XRF—F L LTHEAL, &b
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BEBDREZ2EBTTNCLIVHELTCZORELSHL T, BASIBIZBITAE
SGIREEREOSHERAL M Lz, Egbert (1991) 1¥, A V¥ —XF—La vk
CEEERMBTELZER L T, 84 72 source polarization (26 A IS E RS O =2/ 4
HERD, WTOBKCEESHFIZOVWTERLTWVS,

1.3.3 EHEBECZEREY

CA BHRBEERLA VI —AT—va VISEREEL, Jo— " VHIBEKEBIZ L -
THEHEIN-FEHERILOAELD 2RMMBLZMBEICL TV H, BEEMR (R
ik, 2 HAROEMNE) rEENICER L T TOERCEE ML L
BEETHD, ZDFHEIZ, MT# (Magnetotelluric method) & FEIEN 5, XA
B e 40T 1950 £4X & Y Tikhonov (1950), Cagniard (1953) HIZ L » T~ 5
T, 1950 EREEND 1980 FRIZMHT T, A LM THEDTHELRELLE
MEEMBEINMITOICIRD 5 TX 7 (e.g. Price,1962; Wannamaker,1984;
Madden and Mackie,1989), 1990 £ 25 1%, BHEBOMEOMLL & biT, &K~
RTNITY XLADRERXITONL TS (e.g. Smith and Booker,1991; Mackie and
Madden,1993; Newman and Alumbaugh,2000),

MT ¥ Tid, #HRTBAUTIMBEKFERD (H (0).H,(0)) ¢ BHEKFEKS
(E,(@),E, (@) ORI, ROBREERIRLY L2 LEMAT S (eg.
Cagniard,1953), Z D ¢ &, EE5RIIHMKBEBRERDO /o — 1\ VHBEKELE TH
Y, BIBROREEZMETHEEICBVTRIYLT S,

E@))_Za@) Zy(@)) (H @) (1.4)
E @) \Zn(@) Z,(@) H,(@)) 1.4

ZIZT, ox, yiENRTh, HRKEERTOEL, KERS THD, ZLo) i IEHSE
EBEEHDZVEIMT A v E—F R ERTN, 2T 2FOERT YL TREN
5, BRMBICEBEEIT, (15) RTRENIBEEORKEE §(0) mBEZTO
FHHLBRCEERELRRL TV,

2

0 (a}) = v

N (1 5)
.
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TIT, pREZEROFERRE (4rx107 Hm), cREKEHUE (S/m) THAB,

HTHERRYEREE, HRTOERSET — /1o BERCEELEENICRD
BT ERETERY, LN T, —RIZKRATREND R ITHER p (BALIXQ-m,
BEXCEEOHE) LAV E—F U ADMMEES (deg) BEAINID,

Pa, (m)=£_9.lzij(m)l2 , (i jmx,p) crerererre (1.6)
)
Im(Z, ()
L ) e,
8;(@)=tan (WJ, (i,j=x) (1.7)

MT (RICL 2 TOBRCEEBEDOHEIX, ARoTHER - MHEOBAEEIKF
HRLERAMOBRBEFRALT, 74— RS o R—=TaryREDETY &~
FEEZIVITORD,

1.3.4 RHEBEHBOBMZEEIZONT

—fi%iZ, CA FRIMBINL~-V M OBREEERFEOSMEALNCTSZ
EREMLENTERE, MITHECHEREIICEBROHEEREICKRESKET
5, EERLE L CHEATIHRBEBREFROBUEBEE I IED TRELIEERES
ThHy, AR NI /A X280, LEB>T, ANEZDO SN LO+HHICEN
WERBRSh, BTHRACIERCEEOE TRV EE X TEYNRIEER
BR#EEIND,

i, EEBEBRRIABOERCEERECHTIHRNEEINI I Enb, HiR
FEZICIVAKHMOBRCEESMICELRELLNED, IEEBRIZLEENL RS
ENE X b B, Yanagihara (1972)i%, HBICRB T 2 IR T — % 2 L, 1923
FERRMBORNICAZ/AH (MBEKERMELLORERD L KFERTOL) CRAFE
ERRONEEEELTWVWS, &5IiZ, Yanagihara and Nagano (1976)iZ, CAE
MBI OISRE(I, MBI CRAE LEv/=Fa— K5 LOHEL OMICA
WHBERHBZ L ERR L, —F T, Shiraki(1980)i%, fiIZk T 5 1976 i
b 1979 EMTEE TO 3 EMICOVT, &8 LD CA EREKOFHEE KD~
LA, 0.02~0.04 BEO/NSREAPBENDZZELH DN, FEALELRR
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Fig.1.4 Secular changes in transfer functions at the Kakioka Magnetic
Observatory. N denotes the number of data sets used for monthly analysis. M
indicates the magnitude of earthquakes shown by arrows. Numerals attached
the arrows denote the epicentral distances in kilometers for the respective
earthquakes. (Shiraki, 1980) '

Mol LT3 (Fig.l4), £/, ZThboF{bLtHEMETREL-HBLD
MoRELEEIIRVWE LTS,

HMTOBRGCHEESMOLEBICLIMRTCORERFOLE/IL, SHERSTITHS
TARERZDOFHKRKEWVE &5 (Rikitake,1976) , CNE TDA Y F—RT— 3
VISEBBORMELOBES L LTIE, A8 /ML (1978) REFbh b, KK
5ix, \r &BHAEFZL 77 VUV ARELTHFEEAAURK L OB OB KERS D
B ZEAZLCROTRHREELERR LA, 1918 EOFEREGEBHED
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Fig.1.5 Ratios of Hy at Nakaizu to Hy at Yatsugatake stations and Dy and Dy. Circles
denote the means of amplitude ratios, while error bars indicate 95 % confidence intervals
of the respective means. Arrows show the occurrences of earthquakes and their respective
magnitudes. (Honkura and Koyama,1978; Rikitake and Honkura, 1985)

RAMICHy/H,, Dy/D, (NNHRFE, V'\» &) B¥EML, BEZIABIZED
L, TOR#EHLAZXLTOEICEELEZE LTS (Fig.1b), 7&EL,
Honkura(1979)1XFF— # # /I LT CA BB & ¥ A Z Lok TR L :
AREEL A HMBANCH R LIZESICRZAIN, BEGBELIREI VW EDLHEY -
EPLLRWERERSIT TS, Beamish(1982)ix, Rz vy FF ¥ FIZBIT 5#%
F—FZICRFEZERA LT, 1979 £0 Carlisle #iE (M=5) OFE4IZ 66 BHEITL
T, EH 250 WLLF O ISTF OXMARSBEFE L_IAVICHRT08RBLTHENS
REL#HZRLEILEHLMICLEZ, £0—F T, AH 250 LU ETIREKIZR
Molcb LTWS,

MT BIZESVWTHRBICHET 2 HBOBEIGCEELLEZRHT S LW RAARIT,
Reddy et al.(1976), Phillips et al. (1977) KXo THY 742 AL =T HEBTLHD
b7z, Honkura et al. (1976)ix, ¥ FFEHO LY be— L XJIRKETEHAZ
TV, E# 5 45~10 20 BRBISEBEKIC 1 EM T %RECHEERELERS
NiZtBELTWS, TO—FT, BREBGEBRREEIe—INR /) A XOERER
FRd<, HEEOSHMEIR, BEXCEEMECELICLVHARINIERES
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ZEBOLBRLAENENULEEZLVEDS, LM -T, BHEELEEKOHE
BEORERARARRERLRY, 1970 FREBX LY, Rx RHEEICL VKBRS
L5~ (e.g. Gamble et al.,1979a,1979b; Egbert and Booker,1986; Chave et
al.,1987,1989; Egbert,1989), ZN 6L DX B EIZE 5%, Eisel and Egbert(2001)
%, Parkfield iZ31F 5 1996 M5 1997 FE D 2 EMOT— ¥ 2#EMA L TEESIE
EBEEERD, 1AZLOMEBORERLZFMLIc, TORKR, AW 300 HLLT
Tix 2~3%, B # 300 HH 5 2,000 B T 10%0 S HEEE T Z L 2B L MIC
Lic, £/, BEBSEBEEOBZLOERIIT T L THo T, RYMICITHARE
REMELBPBDONR BT LTWVNS,

CA E#HEK, AV F—AT—vaVEEEY BEREEEEEORMELOR
WELT, 4T % —#H (Nur,1972) KEWT, HBOBEKICKITSE
SECEEESAOELRLNBZET b 5 (eg. Rikitake,1976; Honkura,1979;
Beamish,1982), ¥ 7, IWEZBEHEI M TARALEBEORHEAMEIZ X D current
channeling DEBE2 KRBT 5720, HBMEFOHM T ASHAOENMC L 5EEERD
REOEREERTHEZ LTI bHD (BH, FAE). ehllsich, CAE#E
¥izix, =L, H 27T BAMENL, 5~6 EFHAHEL, BELERRES LT
5Z &hb (e.g. Sano,1980,1981,1982), &% - 15 (1984) X, CAX#ELKD
RELZLORELERT SO0, MEKERAME(LOERDOLS, CA L#EH
BOBEHECHEROEFE2RETHLERDODIZLERELTND,
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Fig.1.6 Estimated ISTF of T,, (C) and T, (F) during 1978 and 1979 for four period

ranges: B3 (4000-2000s), B7 (1000-600s), B11 (250-150s), and B15 (70-50s). Real

component are shown here. All error bars indicate the upper and lower limits of the
- standard deviation (Beamish,1982).
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1.3.5 REBEZROMEE

CA BHBEH, A7 —R7—a V/REBRYE BEEBCEEESZIE, Lbic 2
AAITHABRBROBEHSEEHRTH D, —RIC, ZAN 1 HABRBEROKEH
HIIWE - TZOSF CTELAVSLRTEY (e.g. Bendat and Piersol, 1971, see
Appendix A1), HEREREK ¥ D% H Tid Everett and Hyndman (1967) 0D /87 — =
<7 MEEFTEELTHLRD,

£ OFE, HEBEROHEEI -V LB ERAL THAERBEETITDR D,
tnLE, ANEBHEREETHAZLBEEEIND R, EBROMBKREITHE
ERETHY, BRI LTI V=2V MER (VA4 X)) BRARMTEBATZHEN
ZV, BARIMFI VY2V MEBORACL DN EEROHEEE~DEEIZONT
%, 1970 FER L V&R SN TW 3B (e.g. Sims et al.,1971; Kao and Rankin,1977),
NEBEBOEEORICIN S V= MESDRALIOIREZROT LD, ThE
TR bBa RFEENBREENTE L, —2F, 7—VZEHBOEIL, T—F kv b
B EAMODHARBMIZABEILT, 40/ EKMTHEEBREKEHEL T, RHAFHF
EXEBEELTELOLWHEEE2BS5ETHD (e.g. Egbert and Booker, 1986;
Chave et al.,1987,1989), %72, AHAMRSHMCHBEOLLHEER / 1 AOREE
BEBETA7-HI1IC, VE—FL 77 LR (e.g. Gamble et al.,1979a; Gamble et
al.,1979b; Goubau et al.,1984) BERshi, ZoHid, HHFRTOLERE
DHETH 5, Wieladek and Ernst (1977), Ernst(1981i%, —MICFFHEIFEK TO
INEBBOBEEIAEHEERICE_RTHEERLVWE LTWS, £ I T, McMechan
and Barrodale (1985), Spagnolini (1994)i%, MK CERBICEBEDOHEE 2
ToTWb, Z2oHiT, BHE - AEEERCHEEEEHEET 55 TH S, Chant
and Hastier (1992) X, @M 7 -V = ZHOBERICL Y, K - BEEOmEHE
HMTHR I IGEEKZHET S5 HE%2E & H L7, Zhang and Paulson (1997)i%,
Tx—7 by NERIZLIZEMEEEBEEOHEEELZRREL TV,

7— Yz ERICBTIMEMBEECESRAAERIT, TOEEV=—T Ly |
FTHIZIIYTEELRVWEWSEHBMNA DS (Lindsey,1994), Z Hicx L,
Pérez-Rendén and R. Robles (2004)iX, ##E v = —7 Ly NERICL D2 EAHRALE
MBLCHEBEBEKZEC LT, REEE~OBERARFARETHDH Z L EIAEHALL,
ThicESE, ABRXTHERYV=—T Ly NEBROBREZENT D,
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1.4 Hx—JLvy +EH

RBEOY=—7 vy FERIE, 1980 FRYPARX 77 V20 HMRERMTH 5
J. Morlet 2% % 7= “wavelets of constant shape” (Morlet et al.,1982a,1982b) #
HERLEH LV - BEEBENICHEED LENRTVS (e.g. FH - I, 1997),
Morlet IZATHBIZC L 2 M TEEREDT — 700, EBTAHEHBERERTGN LD
REEE25BT2edicv—7 vy bEHERALE, TRETORRE - BBEEENT
iX, EIZ Gabor Z# (Gabor,1946) LMIN 5, EHEBEKICH Y ABEHEEZRLL
vx—7 Ly FBBEHENRTWE, Gabor B# TIE, ¥V ABEHERBOBEEATIC
BEBMBOBEHRLZEX T, BRFA~Y T T 52 LIk o THE - BEEAENR
175, LehoT, B BEEOSBEIEBEOBICLIVRESL LD, AN
7 PVORE, BEZOFMER CHMELED DI LITTE WY, £k, BiTOoXN
BLRDBT—FIDARY PNOKERETOMDLENH 5 (e.g. Chui, 1993), ZhiZ
LT Morlet v =—7 by NEHIL, BHEBEHOEREZ—ELLT, UV RXH
BOBELEMT 22 LICEv Ry—n (AEK 2REAL, BEHEOKMIA~D
YT M VEBMEBAREATS, JhiCkY, RS B BEEERE TS EE
DWRMPAEEL 725 (Fig.1.7),

(a) Example of Time Series Data A (b) Wavelet Transform
A ; 3
&
9
[+ ]
Intensity o

0

time
ort-Time Fourier Transform A (d) Fourier Transform

period

period

.
t

2
>

time time

Fig.1.7 Schematic of time-frequency plane decomposition using different bases. (a) An
example of the time series data. (b) Wavelet transform. (c¢) Short-time Fourier transform.
(d) Fourier transform.
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mx—7 Ly MEBROLEIZRIBMERLFEIL, TRUANCS, BF, wEE,
EEHR, HBELBZOBRLRSHFTTITICALNATEY, &4 OHH THMIIZH
AEXhTWiz, Mallat (19892,1989b)iC K » TE OB HENREBERI N THLLIE, £
S OHE—BRBRIOFEN 2 E N7 (e.g. Daubechies, 1989,1992; Meyer,1992;
Chui,1992; Holshneider,1993), £h & & biZ, WEFE, L%, HMERMEOFEIC
b I FAREBH A3 IR 23 o 7, '

HERBZEOZHFTOBEMAAIL LTIX, KRKOEKO=—L v MEE, BREOK
M- ZRIS A, HEFENREOMmE, /A4 XABRE, BROKERS L UCBRROKH,
BEME~OBRICLI2BEHBOMUHENZET NS (see Foufoula-Georgiou
and Kumar,1994; Kumar and Foufoula-Georgiou,1997), HiERKEM K ¥ D 2 ¥ T,
Pi2 HESIREI O BB HiE (Nosé et al.,1998), HBKEEOBRE (Kovices et
al.,,2001) HiIZHA I hTW 5,

1.5 FHEXDEMELUHEK

ATk, ULF® COBRABHEBRA L, HREHLERTILOOFERLL
THYTH I EE2HERHREEL LTV, E0HICE, —RIZEEIZHBETH
LEhD, HBERLCKUEBICEET 2BERRRARELOMOESTKT»OHHNT
HEHEOBMENEERBEL 2D, S0, BRATFT— P o hBERIRROEHEDN
REFEHHTEZ LR, BEAI=XLZHLNPCTHILTEERMALLZEBLSZ
LEBE®RT D, ABRXTIE, ULF#ICBITAHE - BT —#0b, OFa—1n
HEEES, ORMOFZEAEHERY PREEZRL L. UE OLOOREMETS
O—NLVEBERBEEE] LMHEZEICTE, MHELTIAHFET, BHENI»LH
LOOO B ETIKRET D, T4bL, SqBEE2ZEET~EAM 6 MU LICH~TH
FIZEWERRENE, Tu—N"LVEBHEBSEHERETLILEDIC, AV FI—RAT—
VaVERZEAL, V7P LUYRAT—F L LTRETHEKERR (M) OB
KR7F—% (1LPE) 2ERT 5,

7a— N NVHBRESIEHEREEESEELAL, MATREARZR TS - €5
F—2 ik, TREREEOETREI PF PV MEFWEHEEN D, BY)
RIEERMNETIEZDICIE, PPz MEBOMERHRLARNDL, Ja—2
NEBBETHARESNDIZLBEThE, Thbh, BE - BEEERTRET
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HIESOHEDR, MERTEURIMETRINILELEDHDS, V=—TVLy ME
BIIEER] - R — v (BB SMEERFRTLIILT, EEORMUMEELZHE
I RTIEBTEL D, EFFEZORME - AREMBITCEL TS, XFR
TRESHFINOETOBBTY=—T vy FNEBROBERZAA S,

AV E—RAT—va ViR EBREPLEREREREIE, Wb 2 Ah 1 HARK
ROGEEETHD, BEZNALR V-V TEMTERSIND LD, HFlicy=—
TV FPEBRTOEXNLLBLETH D, Aiw X Tik, Pérez-Rendén and
Robles(2004), Zhang and Paulson(1997), Li 1998z L A E v =—T L v b E
BTOHBEBRE, BLHALZBRICESVWT, EHETvx—7 Ly PEBICKBIGE
E#zERLET I,

ARXIL6ENGRY, BRIIKDOEY THD, E2ETIE, FFEICRBITLIE
MEOBAFERBIVRET —FOMBELRRDL. E3ETH, AV F—AT =3
VEFFIRALE S u— RV BEBEBERET I FHEICOVWTERS, b, #
RIELURETHI 7V EROBEABR L LB LT, BREOEMME LRI
+h, BAETIX, AV F—RAT—LavERYES - BET— B0 EBEEIC
BL, EBET— 4400/ u— " LVHBREBICLI2FEEERTERET S FiESL
EHL, BAKRZEBRS, &b, HBEHRKES (SES) E7 4+ AVWEY I
L—va v ETY, HBEERKRASOREOFEELRIET S, £5ETIE, AF
BEEREBERBICBVWTRAELE 2002 EEREBAr—R Y vy A X FDOH
M~ERALERRZBATE, F6ETIE, ARICBVWTIHREINZESLEF
BoORREELDEYE, SEORBEERET S,
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2

ULF FIC & 1T 5 BHIHE A

21 BXIZETSH ULF FEHISE R

199 FEOREREHHBICLIBREZIT T, 1996 £E L 0 BERHT (LK)
DEBFREANCELDIER T s b THEREG 7o T4 THELI 23Xb LT,
FOPT, BREBKFHULRFEZ2AVIMBTAMOERAOTA L LT, BLFEH
REFIC THBEERE o7 4« THRA, FHREBREEHIC MBI E—bE V07
TursT4THRE] EREBEL, ELHAB L, HEBEKRZ o T 4 THRETIL,
HEBICHETAERIERLEARYW REMIIMATIZLAEANL Eh, FIZ
XYy D VAN EOREE, ULFHOBBEEHOBA, BLUPIhL0EMRIERR
DREREOHBHEBEOHERG - ERWEBHELRHEES LT, 72 Y=7 FTH,
HERZEDERIFENFECESKBARZ2BALBRICERL, REShETY
INTF—FIIBERB- AT —Fy PEBB L THRLRICEE - EREIh TE I,
HMEHROBHE AEIX, BEHM TP 4ORICELS (LHIED, 1999),

oY=y FTiX, BARNSOHZERE L OBMBRZERFELTLR, HER
MICbRZFICB T2 FLAEEERLLTE, Z0OM, 1998 45 FRACE HE,
1999 EEBELEMBE, 2000 FFTHEBHRME - KIUEHE THIRESICBEET
HLALNIEMIBESKEREL, ARENTEL, 2002FEZ2b->TTuvx”
MITLEDS, ZORLVBAAOCRFTFRLIVCEAT -7 0RESMK S THRE
E D,
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Fig.2.1 Configuration map of the observatories for electric and magnetic field
measurement installed by RIKEN/NASDA Frontier Research. Red stars and circles
indicate the stations for measuring the electric field and magnetic field, respectively.
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Fig.2.2 ULF geomagnetic field observatories in the Kanto and Tokai area, Japan
(July, 2000). Kakioka Magnetic Observatory (JMA), and Matsushiro Seismological
Observatory (JMA) are also shown.

coordin:

Kiyosumi (7§ &) 211.86E, 28.09N | 1.28
UNB Unobe (F838) 140.20E, 35.21N | 211.91E, 28.14N 1.29
UCU Uchiura (A7) 140.10E, 35.16N | 211.82E, 28.10N 1.29
IYG | Iyogatake (¥~ &) | 139.92E, 35.10N | 211.65E, 28.04N | 1.28
SKS Seikoshi (JF#¥) 138.82E, 34.90N | 210.63E, 27.87N 1.28
MCK | Mochikoshi (###) | 138.86E, 34.88N | 210.67E, 27.85N | 1.28
KAM Kamo (&%) 138.83E, 34.86N | 210.64E, 27.83N 1.28
KAK Kakioka (ffi[#) 140.18E, 36.23N | 211.93E, 29.20N 1.31

Table 2.1 The geomagnetic stations used in this study. Geomagnetic coordinates and
L-values are estimated with the use of GEOPACK-96 software (e.g. Gustafsson et al.,1992;
Tsyganenko et al.,1987). Altitude of the given point above the earth's surface at 1-Re are set
to 0 km in these case.
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22 BRALATLA

221 BE

FERAE, B - FEMFICB TS ULF H#OEHSE ML, BLEHREF (#
BEB 7 T4 T7THE] OXE0L L, FHHEARFEHR, REXE, EREEX
¥, TERZOBAICEIY 1998 EnLREMN{TOI, 2003 FHRE, Fig2.2
FTBEAERBREBEINTWVWS, BAIAEEBLE 60—70km MR TREINL TV S,
“hix, BERFHECLS, HEORKE ZLICHEET S ULF FOBEMKEZTOR
HIR R IEEE (Molchanov et al.,1995) IZESWVWTW5b, Zhicksd L, M=6.0ICB
WTH# 60km, M=7.0 IZEWVTH 100km & ShTW3, IFoMZ, BHlla»d
H¥Z 60km PHEZFRLATERLELOTHY, Rz 7HRIEEBEBEILTND
TENbME, HEROBAREMBOBAIX, AMEDHICIIAL/ A X0OEEZK
EZFRTV, 20, ThLOBARE, AT/ A AOEBRLLIERER
BESCTLE, ZER, AFE, @RERSEVLOLEBAELZERCRESAL TV S,

E#¥& (UNB, UCU, KYS) LHFE¥E (MCK, SKS, KAM) TiX, 38D
Fh—a VBB HE (a7, SPbF IZMIRAN #) %% 5km MR C L FRICEE
LT7 VA 28RLTVS, ERATHBBIER SRS BLUERKTE 2 Ry &l
BLTWS, Hv 7Y IR 0.02% (50Hz) THDH, FROKEIT GPSHE
DEEENLLBEAFEREZMVALIETCRAMINATEY, TAICLVESTHSSH
MBEEEOBLRESLBFEOBRABTRICRS, MESTRILGIBAREEY
WP L TEFHICBRAIRTDLDRA TV,

Fig. 2.3 ic, By ULF ERGBARCB T 28 ABSRETY, Bl 7 1 —
VMR, b= a VBEIBAHBREBEINTWVWS, BEAORAEIE, S 100cm ©
RIZEDONETITAFy 78OS —2ORBICPEEIEDONTEEEODDH LW
BIU Yy FREEESRTWS, BEAH By —8RYr A rickvRants
D, BICKERRERATWSE, PTRF v 7y —AONEIIREHIC LV BEHFH
BENLTWS, 74—/ FRIZITXEE 3~4 A% 30~100m M@ CTHEM# L T, #
BUNEZHATS, ERICIIMH—EHTHEEE (Pb-PbCle) ZERAL TS, &
BT EHMEFERA (Fa—S 0 BAMTHE) KRV EIPN TV, EEMRER,
30m~100m BETHD, 74—/ FRICEWHBAFHREI N, 7—F NEH
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from 50 to 150 m
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Fig.2.3 The block diagram of the system installed at ULF geomagnetic stations in Japan.

ayvbta—4, BHREE, ISDN V'Y E0HABEM ZRML TS, BREIEID
BAEECOERIX, 50m 25 15mBETHS, 72, BABICIENREBR
L, XX 50Hz (B# - FE) /60Hz (i) BREZZHELTWVD, &biZ, NTT
(BAEBEEFEN OBEEREZMBRL, I3 TOT—XDOEEEZFREICL
TW3,

222 HHstTATA

77 IZMIRAN # o r— 3 VBB A3 (MVC-2DS) X, DC~15Hz DR
FEIRABLUBEE SHOEZRET D LNRTES, VAT AE, BBV ¥ —
2=y b, ADC242=y },GPSa2=y FD 3=y P THKEEINTEY, Linux
a2t a2—4# (Redhat Linux Ver.5.2 £721% Ver.6.2) IZT 4 VX NVT —Z NEHE
Ehd, ERIIEAER (ACI100V, 50Hz/60Hz) BLXUBHERNNy T U —

(DC12V) OB ITxiE L TW5, Table 2.2, VAT LADOHMELREL D D,

BEtr¥—=a=y MI, KETHBEKBUFHED @~V LAFLY IV E
AWEBAHBREL AT AL T, BEXTLATWVS,
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System MVC-2DS
Manufactured SPbF IZMIRAN (Russia, St. Petersburg)
Type of magnetometer Torsion

three mutually orthogonal components of
magnetic field (H,D, and Z)

three components (maximal num.) of electric
field ‘

from 0 to 15 Hz for analog signal and from 0 to 4
Hz for digital signal

Values to by measured

Frequency range

Dynamic range + 10,000 nT (£ 10V for output voltage)
Integral noise level in

frequency range from 0.1 to 10 about 0.01 nT

Hz

Dynamic range for electric +2.5V

component

Integral noise level for electric

field in frequency range from about 10 wV

0.1to 10 Hz

Resolution of A/D converter 24 bit

Supply Voltage +12V (from 10.5 to 18V)
Operating temperature range -5t050 C

Drift of zero-point with ~1nT/C

temperature

Table.2.2 Technical characteristics of MVC-2DS.

Rt —a=-—v bk

BEtEtr¥y—a=y MI32OMIY LMK —»71 56745 Magnetic Sensor
Unit MSU) &, HIBB»ORZa 7 M REETHD, MSU BHHEEEOESE
TTEXTHEY, NBRCBREVWCERLE b=V a VEBEREC Y2V FT O
TW3, Er¥y—n “LIEH” 12, E&# 3cm, EEM lem O 7 E/KD MSE
(Magneto - Sensitive Element) Th 5, MSE X K& I&BROMR L, Th
CEVRY THORESEMERENLRY, ITELVARIZY L E L TDDHITHE
ETHEEN T3S, MSE OAEICIZEE A 15 E, HE 9000ADEER IR ¥t
XA A —F (EMT) BEBOIFF LT3, ZORXET A F— Kb OB,
MSEHNOETRKHEEN, 22007 4 A A — Kb 2% XM (PHR) TRXE
N5, MERBICEBRELT, 2 20T+ b ¥ A A — FOTRBICENE L
&, 22907 P A A —FOBROEZEVHBEEFTOREL 22,
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Fig.2.4 Torsion magnetometer, MVC-2DS

ADC-24 11—y b

ADC-24 2=y bI, BREV Y —a2=y oD T7 e/ HABLUOHEME
% 24bit © A/D £#, Rt ¥ —=o=y FNOHIEAEZITS, ADC-24 2=y MIBEL
SEr¥—a=y MOEE (M 1.5m) LTHRESHh, ERER (12V) OoftfEic Xk
DERB T D,

GPSa1=—wvw bk

GPS ==y MZ ADC-24 2=y b e arvCa—FDEREZHNTE, 2=y bO
NE RS IZ GPS HEOKHBERZMV AL I L T, HSox10BORBETRM S L
5, GPS =y bEart=2—#® LPT X— ML I, ADC-24 ==y b+
LEEENDITAVINT—FICRHHEREMAAAT, a2 —F &AL,

223 BHAT—2DEE
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Cen

~. CVC
’ > —>

Fig.2.5 Principle of the torsion-type magnetometer based on the MVC-2DS user’s
manual.

AV a—FIZBYVAENRTET —FiZW oA AT ) CERESN, 1 BEOT—
A 177A4N0ELT, B 105N —FF 4 A7 EBHKEIND, Z0LEDH
7Y 730028 (50Hz) DEETHD, 74—V FOBUETIIER 1 ET—
FEIDECF I P IAVLTLI I 7 ANVIERY LD ET, AT —F v |
PEULCTFERFOREENICHHT —FIRXR—AY—A"~EEEhd, 50Hz 7—
277 ANME, EFHICTo COREBARTFEEORIINA—FT 4 A7 T EER
SNhbd,

FEKRETIE, BRATFT— OB LEROYRLLEEHLLT, Y7 U=
TOBREETFOTWS, AV 7 bv=Tid, BRIT—F0BBEEXELT —FX—2
b, 37—V v, BROHMHBBITARRy Fr—UnbRb, ke RHBERT -7
BEBBOHAN 7 7 ANVERICHIELTRY, MERBETT —F ORE - R7-H
REETh D, IHBITADO RNy r— L LT, 74 VEREY — 0, BERERTY —
MBRHBAENTEBY, BEMNRT - OFBSCHBRIEEHOERLZFREIZLTVDS,

FEAFICEETIENT -1, BY 7 =T 2FEALT, RBRFHET
ARy — (BBARERET) LEXBERY GERBHAMSH) KIYTVIA A
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mew University of

fHg Ceomagnetic Electro-Communications

Observatories
% Database Servers

Boso Area

Telemetry

Tokai Area lzu Area

Fig.2.6 Schematic diagram of the data acquisition system with the use of the internet. The
observed data in the three areas (Boso, Izu, and Tokai) are transferred to the Chiba
University once a day and recorded in the database servers. Three database servers are set
up in different area, and synchronized by using the network.

TIS—J U B3TbhbhTna, RA—F—2z8KnilRicaBEEs &T, K
E EHEICLABRERT—AOEREBIELTWVS, IHIZ, BERA VF—Ry
FOFERBICEABAT—FOLBERNTTH S,

2.3 AXHBXTEARATSIT—4

231 BRERBICBUTIBAR

KR T, BREBICBI ST LA MRATHS, BB (KYS), Wi (UCD),
=8y (UNB) OHBET — % 2 AT 5. Fig.2.7 CBRAHHRERT. —h
LOBERARERERFEORTEELO LT ICRESATNS,

E#¥E T, JR (Japan Railways) #E#, NER, AZEBERO 3 BHEB L
C/NEGERETENRTEY, 20 LAERLAERVELREMTH S, THER
OBEE, ¥ 10km MECRES N ASELEF SV TRESh A ERER
(1,500V) itk 0V EFTTB, TVABRAZIRABRIGEELTEY, £OEM
1t KYS, UCU T# 4km, UNB T Tkm & R > T3, £0O7dH, BEDEFIC
Y B A XOEBERELZTE, TV BBATIE, BHERE04240EVE
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O Power
sub-station
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Fig.2.7 Railway system operated by JR (Japan Railways) in the Boso Peninsula,
Japan. The Uchibo and Sotobo lines are driven by the direct current (1,500V).The
Kururi line is not electrified. Open circles indicate the location of the power
sub-stations. They set up by about every 10 kms.

HIZHEY, KEFE 0029 DTV EEICESIETH 20 RMICEY ZOREBEZX
Do

232 LI27LUREBHERA

AHFETIE, V77 Ly RE LTRETHBKBRR Gl k) 2R T —
ZRERT 3, BT, MRERKENCEELRIEITEROERKE, BEMRE
BIORBBOBRIZEFCIVHRBEINTRY (BEXRFXE EXRFECHETIE
WEEY EDLEE] B2E6H 43%), BRI L EEHN 30km UNDOEREE
RERABEOA TS, Zhickh, HBEKBEUN~52X 2 EOERFAEME 0.1
T2 #HFE LT3 (e.g. HIBEKBRFTR,1994), M3, EREESAFTL LT
MEARGEOL L RERMBEAT — 2 B8BEEShDZ LT, EEMICFHFEIE,
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233 BRHT—2ORH

Fig.2.8~Fig.2.9 iz, #iffl (KAK) B X U'E#&¥E (UNB, UCU, KYS) it8
FHMEE SR 0BT — Bl ERT, Fig.2.81%,20014 4 A 5 H 01:00~04:00
(JST), Fig.2.9 X[ H 07:00~08:00 JSTHZRIFTAF—F ThH b, KEWLMBRD
BEREIEAS,NSCEBPICESE T, KERFICEHLTEL4BRATHBLTY
5, CNUHIIHRBERBEAERE TOIHBREH THY, FJu—"AEBHICHEE
hd, =5, BROTVABRRICOAHBETIEHD Fig.29 LBWTHEICR
b, TLOHRFEELBERYEELZETTIERBEERROEBEHR / A XTHDHLEZ
bhd, KAKICIFHBE LW &b, EREHEBICHEEND,

FBI1EIZBWT, ULF#ICB T2 HRBEEREFEOBHS LI, FEEKLLR
FOCBEAFORENTRTHLZ LER, ZORE, BBHERSITHFEEL
VA, Fig28 % R2LL2TOBRARTHERSPHEL TS, BBEEEHO L —
7ERTRANERDE, KAKICH LTERO T VA HBRAICEETOEANELT
W3 ZeENbnd, HERKBERRBEROCEMBLEBNMER T ZRHOHE, 2TOH
BRCHERBICREBINS D, MHEZZELRZVWBDEEZEXLND, LEXE-T,
Ia—NVHBREBORERS B HFICNENIEE2ERLTRY, FEEEE
DEUEUEFZEMTEILOTH D, HERDIL, HTHEEOKEFROFRHEMEIC &
D, BEKERIPOLFEINIERIMMEIMBLEH THILEAOND, TOE
ZB2RBRUROEDOBD CRFTHLETHEEORYEITEFLTWND, £, BXE
FISGIXEBZHEAKICRYENIND LD, BEROSHERBR L THERBEBRDR
DEBEZZIT5 (e.g. 1K,1972; Rikitake and Honkura,1985),

Fig.2.10~Fig.2.11 {2, LR OB THO KYS ICBITI2EBKE 2R DT — % fi
#7577, Fig.2.8 & Fig.2.10 OLLEIC XV, KEMIZIX Hx & Ey, Hy & Ex34HE
BHdEVZEE, Zhid, #HERBPFROEKCEELZKFOHEERTHD 2D, HIEK
[EBR I > THELERTIFRCHEEBERPIRNDIZLICERT S, ERICIE
KHORHEIZ LY ZELREREFETIZR Y, Fig.2.11 225X, BP CRBESET —
ZLERIC, ERERBEOETICHES /A XDBABEZATHDIZ LR3I S,
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Fig.2.8 The time series of geomagnetic field variations obtained at KAK and the array stations in
the Boso Peninsula (UNB, UCU, and KYS) for an interval of 01:00 to 04:00 (JST) on April 05,
2001. The vertical field at UCU was data missing.
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Fig.2.9 The time series of geomagnetic field variations obtained at KAK and the array
stations in the Boso Peninsula (UNB, UCU, and KYS) for an interval of 07:00 to 08:00
(JST) on April 05, 2001. The vertical field at UCU was data missing.
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Fig.2.10 The time series of electric field obtained at KYS for an interval of 01:00 to 04:00
(JST) on April 05, 2001.
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Fig.2.11 The time series of electric field obtained at KYS for an interval of 07:00 to
08:00 (JST) on April 05, 2001.
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A 3—=—XAT—30FEIZEKSD
HhBktE 5 B IR D
ULF #35Z DR E

31 IELCL®HIC

BI1ETHRRELOIC, ULF#HICBITHEHRE T — T34 RIESRIVE
FhTWd, AETIH, HREXEXCEEEZERL T 70— "V HBERESH %
BRIT—IDPORETEIZEERDL D, IULDIL, AV F—RAT—va VIEEHS
BEOMEEZRBR~D, RIZ, v=—T by NEHEFIA LB CHBEK, HEHEE
BMEOERL —BPUR2AN 1 HAREROKE - BEK (RF—n1) ISEBHA~
DEAEERLL, KRLTOAL V¥ —RTF—a VIGEBB L ENT 5, 2L T,
ERCEREB TRV TENShE ULF 75— 2 cEAT 5. Sbic, REKE
DEMNHEERIET 5,

32 AV —RT—YavEBER

BLETRESNZLIKE, KBRA-HMREIEOHEFEMRIC L > TAE L S MBEKAR
B, MBSEAFOMBKEILL, MERARCRAKICRETIHRTHD, TOL
D, BARDOL S CHBERFEEME T, ANEH~HTORECIBVT, —&K¥F
miE (TEM #) OBEAFOELUNREY LD, Lo T, TV BRABLT
V77 b ABBIRTRERICEA SRS, E8, ERCIKHMOER CHEREE
DRBEHIZEL > T, B4 DBEARTRRZIFEEER BN D, ThbYL,
HLBRRTHAESNDIHRBER 3 Ko (Hy(w)) I, HKBEBEBREROLH L X
MBAKEREEELZ R TBEOTHEHBB L O (Hy(w)) &, HEKABEBEDORY
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EHICER T FERSE (Hi (o)), BLXOEMEE /A X () DEREDLETH
B5EE%2 b5 (Schmucker,1970; Gough and Ingham,1983), T/ b b,

Hs(w)zﬂn(w).{.ﬂa(a)).*.e(w), ................................... (313)
HBHWVIL,

AX (@) (AX,(@0)) (AX,(®)) (JX(w)
AY, (@) |=| AY, (@) |+| AY, (@) |+]| ST (@) | -+-veeevmmeeennenns (3.1b)
AZ (w) 0 AZ, (0)) \ Z(w)

EEREIND, TIZT, X, Y, ZidEhTh, MBIREL, BE, KEXSEENT
NERT, BERDE 77—V AR ML ET B, H(0)IZIEEBE W) ZHWVWTK
ROXSICEEEN S,

Ha(w)= W(a))H"(a)), .............................................. (3.23)

b DWW,

AX,(@)) (Wel@) Wy (@)

AX
AY, (@) |=| W (@) W, (o) .[Ayn((j))) ....................... (3.2b)
AZ, (@) \Wi(®) W, (o) e

Thbb, (3.2) XX, AX, (@), AY,(0), AZ,(@)DBETNEI AX,(0) & AY,(0) D#R
BHETRINDIEEZERKLTVWS, WIX2AH1HABREROGEEET
HY, FERIERTETHD, 2T, AX,(0) & AV (@) IZE WM THEMLE
BHd,

(8.1) & (8.2) KaFews e, RALEFEHZAOND,

H,(0)=H, (o) + W(»)-H,(®) + &)
=W'@) H, () + &) ’

ZIT, W(@=1+W) (1IZEAMITIH) &35, Ak, EHRTTEICEL L,
KAXTRIN B,
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st |-(2 )y W (250,
s = » wl@) 2
sz,@) O @ wy@) O | sw)
(
Wol@)+1 W, () (@) oX(w)
= Wylw) W (0)+1]| AY (@) +| &Y (w) . (3.3b)
( Pa@) W@ ) 5Z(@)
(W, (o) W, (o) (X (@)
AX
=\ Wi (@) W) (@) -(Ay"((;’))]+ 5Y(w)
(@) W, (o) ! oZ(w) )

(8.3) REMWTISEBEE W@ ERDA-DICE, H ()2 HETHIVLERD B,
LaL, (8.1) XL H ()2 0BT A20IXHEEICHETSH Y (Egbert and Booker,
1989), BH L, MRICHERIT ) BHEOBAIANL —D2E2BATLZ 7 L AEH
RELT, H(@%2H,(@RKRATEIHEXEONS (Gough and Ingham, 1983),
VZ7 VY RBBIRIE, AL A XB+HHFITHAINVTERFELY, ZDE X, (3.3)
REIRAD IS IcEXBIOND,

HS(Q})’—'T(@)'H;.(&J)'*'?;(@), ..................................... (3.4a)
H 5V,
AX (@) [T.(0) Ty (@) oX(w)
‘ (@)
AY (@) | = Tyx(a’) Tw(a)) .[AY’(G))] Y (@) | oeeennnnn. (3.4h)
AZ(@)) \T(@) T (@) ~ OZ(w)

T, T@iEAr¥—A7—3a /&R (Interstation Transfer Function; LA
T, ISTF) Th 5, ISTF BHABHASOFHEEBORE EIDLENHEEET VIV
DETRLTRY, BEMAETOERCEHEREOHECE T IERERF O,
ISTF OH#EIR, o — "V HBEKEHOESRENEHEE /(4 Xe(@) itk T+
FERERT—HIEMEBATITDNS, £/, AHARSE O L EREEERBEH
TRIERECHEEZBELERD D, T@OEERORDFIZ, 84HiTHE~5,
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33 x—JLvy b T

— i, BEBBEOHER 7V 2 FRICL Y AEKBERTITbR S, 52, #
BREHOART PNORBELIZIELL, MATHEACBITI2EMRET — ¥ 21X
AL/ ARXZED IV MEBWEREEND, DX I T — 2 ITHEKE
07—V 2EBEERTDE, EEORMERTORAMUMENR AR MLvo2k
MHEE~EBREND D, FERIIRERBELEL, —FH, v=—7Vy N EH
THAEEERBIZL M OMEL 27—V (BEK) SMEEOLREIEFEET S
B, =¥ —v=—T by FOEMBEL > THE - A7 — AV RMRELZINET S Z L8
T&5%, Lo T, ULFEMBET— 4O L5 ICHAEERSBIRER I AL, £
DEFMELNE LVMESORR - AEEMEITICEYT 5, £, P70 Y=V MES
DEBACH LTHRE « A7 —VORBEBE CRANLREBICEDDIZENTEI LD
(Farge,1992), A7 M OHEBREORENRAEND, EHIZ, EHE V- —
Ty MEBICIBEICHERREFEET I LD, TORBRINT—FOBEHEBRNAET
Hd, BV =z—T7 Ly NMEBIFEREBR THI DT LELREME TIT VA,
AL —FOROBREBREICMZ B ENTES (Farge, 1992), 7=, BFET
LW IHEEFIALT, FEORATF—NVEFERALTO7 A NVIHARTETH
D,

AHETE, SEHEBEOHEERCEESRINEOLE2TORRICER Y =—T Ly ME
MEBERT 5,

334 ¥H¥—xx—TJLvk

Vxz—7 by NERIZER T2~ —v=—TVby M, EEOHECHENOR
Btk - TBBENS, WEBEEOHILELT, AV F—RT—va VIEEBEK, CA
MY, ERBEEEE MTA U E—F U R) ERETFLH D, WThbT7—
VxZERICI Y AEEEETRDO O, MEABRERENTVWS, LEB-T,
-y —T Ly NIBERBETHIZLPERIN, 7V ZAEHL R —
VOBBEREMTHLIZERFELY, IHIE, EEORMWREELIERT I
VIZIE, Bl - A7V EBETORVWREESNLETHD, ThbERHLT Y —
Vxz—7 Ly be LT, ZPFFETIE Morlet =—7 L v b (e.g. Morlet et al.,1982a;
Morlet et al.,1982b; Grossman and Morlet,1984) Z{ER T3,
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Morlet Wavelet
1F R Real — -
A Imaginary -

Amplitude

Fig.3.1 Real (solid line) and imaginary part (broken line) of the Morlet wavelet (@, = 5).

Morlet W = —7 L v hi, E&EKe ™ 2 XEEKE LT, FHICHRE - BEK
RERCELEND LSBTV ABEKEZRELEbDE LTRATESRS,

14 i 2
Wo(t)=ﬂ.-1/4e'@o'e 512 e (3.5)

CITHIBRTOBLAEZRT RFIA—FTHD, 0, IBRTOAAEHREZEL,
By 25 BN Ty =—7 by NEABEMKT FI v v T NVEBE%T7=T (e.g. Torrence
and Compo,1998), Fig.3.1 {Z, Morlet V=—7 vy FDOEE (@, =5) 2577,
Morlet V= —7 Ly b7 — ) = EBmIRATHRINS,

9‘70(“))=‘/2_-””4e_(w-%)2/2 R R (3.6)

Jx—T7Vy bORF— N7 -V BEHEOBRIEILTLLXE LRV,

Morlet 7 = —7 Ly MIEHEK S 2 EEBKICE L/, MEOBRITEMIC
EHESND (e.g. Meyers et al., 1993),

@y ++2 + a0}
. . oul s e (3.7)

20
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Spectrum of the Morlet Wavelet

L]

Dilation: 1 ——

i

Magnitude
&

Frequency (Hz)

Fig.3.2 Frequency responses of the Morlet wavelet at dyadic dilations (Zhang and
Paulson, 1997).

TIZT, alFRT—nNERL, oldFRIZELCE7-YVBEKRTH B,

Fig.3.212, a=2°2'222%2* BT BHART "AKKETT., (LY, RF—1%
BEIIAEEICEKELTELT R L3 b2 5, AEEOERIE Af XA ERB LT
Q {EiZ B4 3 (Zhang and Paulson, 1997),

, p .

e (3.8)
¢ Af  24In2

Morlet V= —7 Vv by, t=0ZFLICBELTEY, 7— ) 2 E# y,(0)iT,
BRFEBROF LA 0, =0, DELYVICEFTE, EEOTXLVLF—NAEK 0,
KEFTI2biE, 20v=—T Ly PEBBREKICRA Ty —NVallEHPT5, oF
v, EEOBEK

- L
f0)= 4e (3.9)
J

DYxz—T Ly NEBRIZHONWT, =X AX¥F—|F
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TRREZLDILEERT S,

By =—7 Ly hEBERAVWERS, TOBRERMEICLY, FEOXF—1
KBTHANI FORERTARIZRD, AHETIE, KOLIIC20EHETHE
bNBAT =%k, SLIIDEILTHFET IR — AV 3MESB 5 (Torrence and
Compo,1998),

a=a02ﬂij’ (J20L..J )  rrrrrreeee (3.11)

_log,(Ndt/a,)
di

J

T, JRRTNMA U T v I RERL, JASBUEREKRKORr—L %5
2B, dt, diiZEhEN, Uo7V TR, Ay —1LVEREEXBNR_RFA—FT
Hb, I~ —Uz—T Ly bOART FEBETONRC FIEZEBELTHRD S
N, dP/PhSWVEERTF—VGRENREL 8D, 12, a) IDMRATERRKNR 7 —
NTHY, HET27— ) T AEEPEPMIZ2diic b LB ITNE, KHE
T, di=1/6% L=,

332 EHEvz—JLy b

BRIIF— 5 f(OBEET =—T Ly NEBIE, v F—0z—T Ly by, )0
BRI R 7 — A O, &bICHMELETT b Ltk < & ADERBASOEZAL
LLT, (3.13) RTERINSD,

@ _ t-b |
Wf (b,a) = _[; f(t)a I/ZW(T)dt | eeeereeees (3.13a)

HBVIT,

Wf(b’a)z(fafr”b,a> ...................................................... (3.13b)

ERIND, ZTIZT, albiIEhThy,) oMW, BEFEOY 7 FE&ERL,
VIR DEREBEEERT B, a PRERLOEDOEKTH B,

ERELEORBICLY, V=—T Ly PERI 7V ZZEBMEBOTERATE
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ENhdo,
~ 1 PN N ibw
Wf(b, a) = _2,____ f; f(m)'/’b,a (m)e do R LR EEEE TR PP RRR PP (3‘ 14)
/.

IIT, f@, v@iEEhER, (), yO)DT—Y TEHRTH B, (3.14) Ric
L0, BE7T-YVZEBREFIALT, X —Nall BT 32 TOF—F EDOT = —
TVy MEBEFRRICHBLILITI Z LB TE B (Torrence and Compo, 1998),

=%, V=7 Vy MEEBRIKRXNTEHEIN B,

fin=c;' K f:a_sz(b,a)t//,,,a(t)dbda .................... (3.15)

ZIZT, C i o 2 2EEKChEIEALELOT, vF—vz—F Ly
FCEAETRAT—NVICHERERER TH D, "I T7— ) 2 E#H %2 KT (Farge,1992;
Meyers et al.,1993), FEBABRY L2 DITE, v F—v=z—T Ly by, () B
(3.16) X TREINDIT FI v v TN EHB2HIEITLERD S,

TROL, y,O)BEROER ¢t TBVWTHHEIHEEL, BEERR o L irdZ
LEEBHRT S,

EREY = —7 Ly NEBROFEROBE, BREABLIGRA - L EETCOBRSES
HORBEEEBTILENDHD, L L, —HFTIOBREELEICE>T, =¥ —
Vx—7Vy P RBRLRIEHEEALTCOFEBMRATHEIC AR S (Farge,1992;
Torrence and Compo, 1998), Morlet V= —7 L v b2 FERA L= N EHICIZEL T
NTY ZLBRBEBIN TS (e.g. Shensa,1993), KX TITI s BAKIC L 2E#
Bk (Farge,1992) 2 H T3, ZOFETIE, V=—T Ly FMEEDOED
Re{lf(b,a)} 2 £ Ay — N IOV ERTHZ LT, TOBRIT—F NEHER S
h3,

didt''? & Re{Wf (b,a)}

f(f): e ressersistecsteresananann 3.17
Cm(O); a2 (8.17)
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0.50
0.45
0.40+4
0.35
0.30+
0.25
0.20
0.15
0.10
0.05

Frequency (Hz)

\\\\\\\\\\\W

10 20 30 40 50 60 70 80 90 100
Time (s)

o

Fig.3.3 The area affected by the edge effect. Parameter: A t=1s.

IZTaFRAT—AERL, JEISBAELRBRRKORAr —A %525, dt & djiid
thEh, Yo7V HR, ATr—LERBTHB, e Tov=—F1L v k
E@RBRLL ) A AEHESL D CERILT B, w,0), C,ld~F—v=z—F Ly k
KEAREHETHY, ThEhr™*, 0.776 Th 5 (Torrence and Compo,1998),

BV z—7 Ly NEBRBIVCHEEREZFIALT, XU PSR T 4V Z0ERT
BTHD, (3.11) RIZBITBRATF—NA Ty 7 2REFMALT, 2AF7—nNj, j,H
z@EBANACFETHE, B.17) XEFALT,

didt V'* & Re{Wf (b,a)} |
1) = — e Y e
fbpf() C5 0(0) a;/z (318)

J=h

TERIhD,

EREyv=—7 vy NEBROBIRMIE (3.18a) KDL HIT, (~o40) TEHESHN
D, I8, EBEORRINT —F IIARORIEREOD, T—FOHBALEATO
FEHROKBEEZITT, YA FPOHIEMEIEBVTRALY M OHFEICEE
EHEL D, 2%, edge effect” & MES (Fig.3.3), V=—7 Ly FEAKODOIRIZ R 7 —
NVMTHETFETDHZ b, edgeeffect NBE L R 2RMEIFRAyr—VIZE U TEEL,
V2a T5 % b1 5 (Torrence and Compo, 1998) .,
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333 Dx—JULy FEHRZAVV-HEERS S UBEEEEY

FB1ETRARZLIE, 7V ERICBITIAHEHBEECERALBBIT,
TOEFV =T by PEBRBICIETREELRVEWVWIERNH 3N
(Lindsey,1994), Pérez-Rendén and Robles(2004)i%, #E v = — 7 L v FE#HIC
L2BARAHERBLIVCHBBAKOERN TR THA L AEHLTWS, AT
iX Pérez-Rendén HIZESE, Efivz—7 Ly MNERIC IS HCHBERLS LV
AEABBEHROEH 2T,

3.3.31 wx—JLvy FrECHBEBEAH
(8.13a) KCTEBEIND DV =—T Ly MEEW(b,a)lcB T, BCHBEBEZ
FTRCTEZEEINS,

we im ~ [0 W G.awr (b db (3.19)
plae)=lim — [ Wf(6,a)f (b+7,a)db, :

IIT, a, BIETRTN, RE—ARFA—F, BEFEAOLT FEERT T
A= THD, ik, V=—T Ly FERTOUVz—T Ly MEBOKBBELF
To Wfb,a) X Wf(ba) DEFRKBEERT, WC(anNkv=—71y FACHEEK
ERES (Li,1998) .

V=7 VLy FBCHBBEERWC, (a0, 7Y ZZMTRRATERENS,
wWC ,(a,tr)= Lf P (w)‘y;(am)lzeim) dap . wocrrerreree e (3.20)
SR 27 © S

LRV 2TV y VERLT -V 2 ZBROBKERLTRY, 77—V 2 ERICE
BRU—ARY NVEEBR P (0)IC, @) B3Y 4 FUYERUEKELTY
D

Vxz—7Vy NEBTONRY—ZARY EEBEKILX, kAXTEREN S,
st(a,w)z Pf(m){y}(aa))lz. ......................................... (3.21)

(3.21) X% (3.20) RicRAT B L,
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L i g RO '

WC f(a,e) = —— [ WS ;(a,0)e™ do . (3.22)
FRE7-V BT H L,

WSf(a,a))‘—‘ f WCf(a,t)e~irde ................................ (3.23)

Lied, (3.22) & (8.28) Ric XY, WS (a,0)iZWC (ar)DT7— ) =L L
TERINDZ L, WC (@) 3 WS (a,0) D7 — ) ZHEHRLE LTERSADLZ L%
BT 5. ZOBRRB Y14 FT—-bUrFroFBELRA%STH S,

-V xz—=T Ly bELTHEFEBBEEZERA LSS, v=—T Ly MEKIIHE
FRETRINDD, (3.19), (3.20) XKTEHESINDV=—T Ly FACHBEBEK
WCp(a,r) bEMRICHERBE L 25, EHORMELICL 5 HCHM L FHMRAME
ZLBYTIHBRER/RDILDIE, V=—T Ly FECHBBEEKOKRE S MIR, (a,1) &
fLHEZER (o) 2FIAT 2. BEOE - AOHBEERDZD, vxz—TF Ly}
HEHBEEKDOELRVC, (a,7) 2 EAT S, ZITi, Yy=—7 Ly L ACHBRE
B RWR,(a,7) E TR TEET 5,

RWC ;(a,7)

B R R ETEETRPPEPPPPY (3'24)
RWC ;(a,0)

RWR ;(a,7) =
TIT, RWR/(@0)=1, [RWR (a7)<1ET %,

3332 Hx—JLy FMEEHBEBEK

V=—7Vly FECHEBBKERAKIZ, 2 20V =—T vy MEE W),
Wglba) DUV =—7 Ly MEEMHBEBEHERERESNS , Vx—T7 Ly MEEHBEBELK
WC,(a1)i¥, RATERBIND,

1 T ——
WC (a,t) = Thinw?L/TWf (b,a)Wg (b+rt,a)dh. ~+-eeeeee (3.25)

ZIZT, tiX 2 o0BRINT—FEOBEBETELFT,
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vx—7 by MEEMEBEBEWC, (a0, 7—YZEMTRARTREINS,
wC . (a,r) = ...I__f P (Cl?)!'/;(aa?)lzeiwdw ..................... (3.26)
£ 27 Lo B ' '

LBV =—T vy PEBRL T - T EBOBRERLTRY, 77—V = FHRIC
B/ RRANRY PNVEEBB P (), o) 25T 4 FYERCEHELTY
5,

V=7 Vby hEBRTOI/nRAZARY FHEBRKIZ, RKRATEREND,
Wng(a,w) = ijg (a’)l'/;(aw){z R T 8.27)

(3.27) X% (3.26) KicKAT 5 L,

WC 4 (a,7) = 51;[’; WS 4 (@,@)e'™ de . -voeeneeenmneeinns .. (3.28)
ERXE2T7 -V BT Z L,

WS 4 (a,0) = E., WC 4 (a,7)e ™ dg ~oreeireneeiosisisi, (3.29)

LB, (3.28) K& (3.29) RICLY, WSy(a,0)lkWC,y(a)D7— Y TEHL L
TEREINDZ L, WCi(an)EWSp(a0)D 7 — ) THEHRE L TEBShBZ L
ER%T S, IOBRERY4F— T UOEBRLASETH D,

2 OO =—TF Ly MEBRWI(b,a), We(b,a) DEREIRIEIZ X 2HEEAEE & £
RAIEZECET2HEREEI2HIC, vx—7 vy FEAECHBEBEO KX &

MWR g (a,7) ENLFHZE OWR , (a,7) ZFIRAT D, LA L, MWR(a,7)iZADHEEMEI

By 2R EeHF 2T, ACHBEBEK L HEMABBEEOERERMALT, Vo —
7Vvy MEEMBERERIR, (a,0) EEET D,

|RWC 4 (a,7)|

RWR . (a,7) =
(@) JRWC ((a,0)-RWC ,(a,0)

TIT, RWC,(a0) L RWC,(a0) i r=01kBIBY=—FLy FBEEHBEROE
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HThHD, £72, 0<SRWR,(a,1)<] BT,

334 Dx—TJLy FEBREFRUVEEMR - Ry—)L (BEY) SEEY

BEIL, 2 AN 1 HAOBRBROEEBEIE, 227 FASKFOFREIC L Bk
BEHTHEIND, AEH T, Morlet V=—7 Ly hAFEHALEES, EfEY = —
Ty PEBICLVEEBEOBEHA TR THD Z L xi#L,

RER U T, ARG (1), x,(0) & BAARS y(r) DBFRIZ, A4 VRV REE h (),
hO)ZRWTTRTREIN S,

y(t)=h,(i)*x,(t)-*—hz(t)*xz(t), ........................................ (3‘31)

T, *IZFBAHIABDARL—va &K T, (331) ROvz—T7 Ly NEHIZ
KXTEZLRD,

Wy(a, z’) = hl (2') * le (a, r) + hz(‘[) * sz (a’ z‘) .......................... (3'32)

ZIT, Wx(ar), Wxy(a,7), Wya,D)iZENEHN, AHARSDO Y =—F Ly MR
BThD. W@, h@EA Y SVREETHD, aBAT—ARTA—5, i3k
MEB~DBHETH S,

BT, S =—T Ly NEROSEBERILT — ) TEHE R NCESRE L,
ZLT, EBORF 7 — ) BB e EAEFIC Y2 —T Ly NEBRMDEDE
FEHENBZ EEFTT,

Morlet V=—7 Ly by@t) O7—YV E#H yw)it, AEEERCIPLER
BoDEbYITZFIAX—PBER LTS (see Fig.83.2), MHEDOEDH, KO LD
KETODTRINVFEF—BHRLEAEE o, » D tADBICEFLTVB ERET S,

v(aw) if |w-o]<A
0 if }a)—a}c!>A

y(a,0)= {

IIT, o, BFATY—NVallHETI2EAEHTHS (3.7TR),

(8.31) X7 —J = EH#HIZ (3.14) KOV =z—T Ly NEHRET—Y LHD
MRzEAT?E, TROX IR B,

P e R P e o e e O e e s
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l c*'ﬁ“ A ~ i
e n)=—— [ (@) 4@ (a0) e do
1 e+ o A ~ ior
+=— [ (@) £(0) ¥(0,0)- ¢ do
27{ c“A

IIZT, MNIT7— Y =E¥AE KT, Zhang and Paulson (1997)i1%, A ¥ B kdh < 1
decade @ 0.2 ERE L TNIE, [0, -A:0, +A]DHEETHEBEOHEMEMNITE A

PEDLLRRDEBHBLTVS, BEBEEA(0,), h)BERELRESLS
&, (3.34) Rk kricksh s,

. . A . :
(@, 0) = h(@) o= [ @) i(a0) ¢ do
27{ c-A

......... (3-35)
rhy(o) f‘”sc (@)-§(a,0)-¢* do
c 27 o, A 2 via,
TIT, (3.14) K&
1 A ~ iwr
Wx’(a,r)___g'E:—Axl(a)),w(a’w)_e dap, wrrrerrerre (3.36)
1 o +A R .
sz(a’z.).:___f xz(a))-w(a,a))-e"'”dw (3_37)
2 w -4
ThHhdI Enb,
Wy(a,7) = i;,(a)c)-Wx](a,r)+I;2(mc)-Wx2(a, T) e (3.38)

BBLND, ZIT, ), h@)BAr—LalcBiFdv=—F Ly NEHED
B E WH, (a), WHy(a) bt RETHHERBRTDOT,

Wy(a,t) =WH,(a) - Wx;(a,7) + WH,(a) - Wx,(a,t) =:--oreeeemereereeeenes (3.39)

EREND, T2bb, (339 Rix, V=—7Vy FEMTOREBEES AHAR
ADOV=z—7 Ly FEBRMLLEENIIRDOLNDIZLERKLTWVS,

EX» S WH (a), WH(a) 21857202, V=—T7 vy MEE Wx(a,1), Wxy(a,r) D
BHRIE® W (a,7), @) 2 TN FhELE2REETT, EXHFERNE LTHEL,
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WCxy(a,7)=WH,(a)-WCx,x,(a,7) + WH,(a)- WCx,x,(a,t)
WCx,y(a,7) =WH,(a)-WCx,x,(a,t) + WH,(a) - WCx,x,(a,7)

I T, Wlxx(ar), WCox(a,n)Ev=x—7Ly FECHEBEEE, Wiixar),
WCxyxi(a,t), WCxy(a,r), WCox,y(a,n)iZV =—7 vy NEEMBEBEEKETCHS, #lx
X, WCxyy(a,7) DFEIX, WCxy(a,r)= Wil (a,7) - Wy(a,r) TH 2 L5,

(8.40) XEMSLWHIZ, v=—7 Ly FECHBEMEK, HAEHEBEBELKE Y =—
Try VEBOBFTHBICK T2 FEHEL LTE X2, MREAEFAKRRATESL
%o

Zk WCxy(a, ;) Zk WCiyxy(a,ty) - Zk WCxyxy(a,7y) - Zk WCxyy(a,7;)

WH, 1 (a ) = 2
Zk WCxx(a, rk)-Zk WCiyxy(a, 1)~ Zk WCxyxy(a,7,)

Z; WCx,y(a,t,)- Zk WCx,x,(a,7,) - Zk WCx,x,(a,t,)" Zk WCx,y(a,t,)
2

WH.,(a) = (3.42)

LR, AN ES LOMBE Y. (an)#1 THIEEICKY L2, AHRSNRE
WIRB TRAWEE (5, (ar)=1), (3.41) & (3.42) REpHEA¥riciY,
eIV, FLBHBEOHLEEORACE > THHBREITELSRY, K
EREOHETICRERBELMED,

EANBG EHARSEOLEREEBEIL, SBR¥FELLTTRTRELS,

2
Ry? (a,7)=Re PH (@) W, (@ 0) + WH, @ WOxima@ ol | (g 40y
" WCx,x,(a,7)- WCyy(a,t)
2
R}’f J(@1)=Re IWH, (a)-WCxyx,(a,7)+ WH,(a) - WCx,x,(a,1) e (3.44)
ks WCx,x,(a,t) - WCyy(a,r)

e, EANBZCHTIHARSHOLEBREEBKIX, TRTEHREh S,
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WH,(a)-WH,(a)-WCx,x,(a,7)+ WH,(a)- WH,(a)- WCx,x,(a, )

+WH,(a)-WH,(a)-WCx,x,(a, 7) + WH,(a) - WH,(a)-WCx,x,(a, 7) (3.45)
WCyla,t)

Ry, ,(a,7)=Re

IIT, BWEBBRBEMRACKITIEHETH D, WH (a), WH(a)lEhEh,
WH\(a), WHy(a) DBER¥ERERT, T2, 0<Ryl (a0)<1, 0<Ry} (a,1)<1,
OSRyi'z’y(a,r)Sl‘%?ﬁf:’?‘o

3 Dx—JLy rEBRMEZRAWVEA VA —RAF—2 a3 Vs
AHOERIE

HIEiET, V=a—7 Ly MEMOBERAIC X 2 B CHEEBEY, MEMBEZOEE,
BXUMorlet V=—7Vy bEEHRLEZE2 AN I HEIBERZROKER - 27— (B
B#) NEEBOBEBHEIT oM, £, REBERORFERI 7V LB ERY
TRV =2—7 by MEEMLEENICROOND Z L BB LM o7, KETIL,
ISTFOZEFRE2V=—7 by MEMTEHT 2 TCOBELZRRT S,

(3.4) ATERLZ 2BAROHESR M OBHRRIT, BMEBEK TRKOL S I
REIND,

Xs(t)=Txx(t)*X,(t)+Tg,(t)*Y,(t), ................................... (3.46)
};(t)=Tﬁ(t)*Xr(t)+Tw(f)*Y,(t), .................................... (3.47)
Zs(t)=Ta(t)*X,(f)+sz(t)*Y,(i) ........... ey (3.48)

ZIZT, *IZEARRARDEFRL—Ya v ERT, (3.46) ~ (3.48) KDY =—T L v
FME#ITENRL TR, KR TEER S,

ij('[) =Tﬁ(2‘)*X,j(Z')+Tw(T)*Y,j(T) .................................. (3.49)
};j(t) - Tyx(f) * X,’(Z‘) + TW(Z') * KJ(T) ................................... (3.50)
Zsj(z')=Tz(r)*Xf(t)+TzJ,(t)*Kf(t) ................................... (8.51)

IT X@. V@, 2@, X@), VoRy=—T Ly MEKTH S, T.(),
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T,@)> Tu(®, T,(@), T.(0), T,() 31 Y RAREETHD, jRRAT—ART
A—%, BB A~OBHREERT S,

Morlet V=—7 Vv by@) O7— U ZEBR (o)X, AEEERTEIILERK
Mo, DEDLYVICZRVF—PRER LTS (see Fig.3.2), (3.33) R Lz, £
TOZRNF—BPLEER o, D tADEICEFLTNE LEX S, (3.46) ~
(3.48) RO7—V =EHRIZ (3.14) ROV =z—F Ly NEWMET— U = LEHBDHY
REBRATDE, TROLOILR B,

Xl (@=o- E T (@) X, (0)- 7 (@) - do

......... (352)
1 et ior
+— T (w)- Y (@) v/ (w)-e'"dw
2
. 1 .+ A n .t .
H@=o [ 1@ X,@) 9 (@) do
2 -4
. . e (3.53)
I A o .Y . . elor
+— ﬂ " 1@, ()9 (@) ¢ do
1 e+ A A " n :
z/@=o= [ To@)- X, (@) -9 (@) do
2” Ca .
. mk ......... (3_54)
+— | T, (@) Y (o) -y’ (0)- e do
27 .-

LIT AT — ) 2 ERERTSERE T @,), Ty (@), @), T, (@), Tu(@,),
T,(0,)BERELERESNBES, (3.52) ~ (3.564) RIFKDLICRENB,

X (n)=T_ (»,)- -——f X, (@) -y’ (@) e"‘”‘dw

........ (3_55)
+T (@,)- ——f ¥ (0) v (@) do
Y (0)=T . (0,) — E X (0)-v (@) e do
........ (3.56)
+Tw(wc>-; f ", @) 9 @) e do
Zi(r) =T, (0,) — E X (@)-v! (@) - do
........ (3‘57)

+1y@) 5= [ T (@) (@) e do

<
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-z T, (38.14) Xk,

Xj(r)__l__'E'”m)Z* (@)- kj(ﬁ))'eia”dw .............................. (3.58)
r 2” an ¥ W ’ .
Yj(r)=—1—- f‘m}? (w)_y;f(w),ef@rdw ............................... (8.59)
r 2” -4 r ’ *
THdHI NG,
X.{(T)=fn(wc)'X;i(r)+fxy(wc)'Yrj(t)’ ............................. (3.60)
Kj(f)=f,x(wc)'Xf(f)““fw(@c)'yrj(f), .............................. (3.61)
............................... (3.62)

Z/(0)=T,(0,)- X] () +T,,(@,) ¥/ (7)

RELND, 22T, REERT,(0,), Ty@,.), T,(,), T,@,), T.@), T, @,
B, RIETEAF—NjicBT sy =—7 vy VEBROEHET., T), T, T),

T, TJLRASTHBLERRZTOT,

ij(f)szi -Xf(r)+T1§, 'Y,j(r) ......................................... (3.63)
Ysj(r)=T){; -X,j(r)+T)j, -Y,.j(r) ........................................ (3.64)
(3.65)

Z§(7)=Tbj,. 'X,{(r)-l-Tz; CYI(T) e

ERIND, (3.63) ~ (3.65) NI, ICEHENPEERIL, MBT —S0v=z—7
Ly MEMPOEENICROLOND ZEEERT D,

(3.63) ~ (3.65) XZMNT ISTF 2RDB7EDHIT, V77 L ZBRAIAOK
BT—0yz—T Ly MEE X/(0), V@) DBHREXE X/ (1), V()2 EThEhER

Ll 2X&7T3, +22bb,

Wy =Th - WCypy @ +TY W ) (3.66)
WCyyys (O) =T -WC,, ) (£) + T, -WC,y),, (1)
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WC ) (O)=T - WC,, (0) 4T, - WCyyys (7)
WCyys (D) =Tj - WCy (1) + Ty, - WC,yy,, (7)

WCy1yi (@) =T -WCy) ) (1) +T5, -WC,,,, (7)
WCypy (@) =TS -WCyy ) (1) + T, -WC,,,, (2)

::—6, WCX}X,"(T)' ch/yfj(f)&iljlh_j‘l/y '\ é am@%ﬁs WCX!X;I(T)' WCX;’Y,j(T)’
WCy131(2)s WCyypyy (1), WCyyy (1), WCyyy(2), WCy,,(2), WC,y (DIRY =—F Ly
FMEEHBEBEETH B, Hlxi, WCyyy D DHEIL, WCypy (1) = X}(2)- X} (1) TH X
bh 3,

(3.66) ~ (3.68) X&M< =iZ, v=—T7 Ly ECHEM%, HEHEME
Bev=—7Vy MEBOBITHMICBT2FEHEL LTERS, MIETLERK
ATRIN D,

_Z chle(rk) Z WC, sy (k) = Z wec X1y} (T")'ZkWCK’XJ’(T") ..... (3.69)

D WCsxy @) D WCyy (20 - {Zk WC xirs ),2

T/
x:c

- 2 Chns (1) Z WC 1 (5= D WCy s (24)- D WC,y s (1)

xy ..... (370)

Zk WC 1) (T )'Zk WCysyy (1) _{Zk WC sy (i )l
TI = Zk WC vy (i) Zk WCyys (Te) - Zk WC iy (i) Zk WCpyy (@) (3.71)

»w 3 .
Zk WCyixs (Ta) Zk WCyiy (mi) = IZ WC yays (i )I

T/ = Z WCY’Y’ (i) Z WCX/Xf (7))~ Z ch!x! (7¢)- Z chiyf @) (38.72)

W 3
Zk WC ysxs (Ti): Zk WCysys (k)= le WCXZY,/ (% )I

T = Z WCXJZ’ ) z WCY’Y’ (7i) - Z chfyf (72): Z chizf (@) (3.73)

Zk Wy )’Zk WCymy (0) —‘Zk WC s )I
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T/ = Z Wz (1) Z WCxixs (@) - Z WCy)xs (Te)- Z WC 171 (T4) N
T e e e (3.74)
L HCysy () T HCypy (0) =[S WC gy e

o
N

ot (k=121 BE - 27— (B BTOBAEET 5 A —¥
ThB, LRI, ANES (e X @), Y @)) 3 LOBIEE 2, (5,)#1 T

HZBEITEK D SO,

AR EFEANBRSHOSEREEBSIL, AH X/, v/, HAH X/ %6IcH

5L, TROXSREIN B,

. ; 2
ri-we,,, @)W, @)

R}'Z (r)=Redt——2227 =~ i T L (3.75)
x7.xd WCyy (1) WCy s (7)
riwe,,,, @+ 1swc,,,
R}’f,, " (r)=Re v X; L2 T (3.76)
roe WCYerrj (T) : W ,jX{ (T)
wWFhb

R 0@ RO ECTROEBTHY, #BBEL LTALAS,
0SBy}, (<1, 0<Ry} , ()SIEHT,
IO, BANEACHTOIHARAOSEBEEBERKIITRCTRENS, AH

X/(x), Y(r), HA X (©)izoW\Ti,

TLTL Wy, () +TL TS - WC, ), (2)

+T‘, Tj wcC jX/(f)‘*'TJ Tj wcC J I(T)

R}';/ v x (F) =Re; s (
ririts WCX!X!(T)

TEz2LND, AKRIC, HAY/ @) Ic>0TiE,
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T Ty WCy ) (D) + T4 T} WC,y 1y (7)

+T}’;, -T}{, ‘chrjx;i (0)+ Tjgj» 'T;{;’ ’ WCY,!}',»’ 2
WC, )y @)

R}’;; Yf];Y,i (T) =Re<

THEx b3, RY 1y )@ RV @ BTN O RBTH Y, FBFFHEL LTHLN

5, £72, 0SRYy (@Sl 0SRY,,  ()<1 &I,

AWX T, (8.77), (3.78) X TCRI N2 S EWEXBKLAA L TAHIES
MOHEBIEZEE T 5,

3.5 JO—NILHMBESESORE

ISTF RPEUICHEIN, 28RN T—ETHILEEINDIES, TR L
VI 7 VIV RAROBMET —#Z%AWT ULF BRISICBI3 /0 —R"A T
AR PAVBHEEEEINS,

H};(T):T’i Hﬁ(r) ...................................................... (8.79)

2T, H (), Hi@), T'ZEh®h, jEEORr—A BT 5 ULF BRIAT
DI u—ALBREEBOREE, L7 7 L2 AOMBER, ISTF Th b, i
HEASTM~OBEHETHD, Vo—7 Ly PERICBWT ULF BRIAICBITSE
BEH/ 7o — A "VEBGOREBEH, (HDEEX L S L, BEAM/ ()3, ULFE
MRAEOLRHES L RFNEBORESMERRENS,

AHj(r)=H§(r)—H;’:g(t) ............................................... (3.80)

AH/ (D)2 BINRIT LR THERT I LT, BRIIF—INEERENS,
oL ZE, (3.18) REFIALT, BEDOARF—NLEHENL T4 NI HABRTETH
%,
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3.6 BRIT—2~DEHR

AEH T, REFELZEROBNT —FEATHZLICLY, AN RIET
5, 78— SNVHBKEBORELZRL MBI, BREBDOT LA B A (UNB,
UCU,KYS) ICRITHMBER SO THD, VUE—FL 77 LU ZBAIAL LT,
KRETHEIB A (M KAK) 2#EHT 35,

361 9x—JLvy rEBROBEAHB

Fig.3.4 ~Fig3.5 2, V=—7 Vv NEBRO—Fl%RT, Fig.3.4 X, I
ALEERINT—FD 940 HWTONANRAT A AVIHATHB, F—Fix, KYS
BRIATO 2001 £ 4 A 5 B 4:20~4:50 (JST) R HMBEEILERDS TH B, 4
B 35 y bl 39 4 £ T, MBKIRE (A#KH 125 8) BRRLN B, Fig.3.5 i,
Vxz—7Vy NEWTH D, ER, BREITNETh V-7 Vvy NEBROERLE
HeERT, BRI OBAMIZ 8HNS 18HIIMTTHML (Kd 1), HEFI
AR AU~ 7 FT2HKFRIDLND, Ebiz, ZOFAHHETIE, £FRICHE
KRB D HBRBELUSMI AR MAREREVVEMICH D, A SHLUT TCIEA~Y
MBE RN 2EMIZ/ XV, Fig.3.61X, RU—ZART MO/ - R — A KT
H5,

NS component

-1

Magnetic Intensity [nT]
o

e |
-2 Geomagnetic
Pulsation
-3 . . v . .
4:20 4:30 4:40 4:50

April 05, 2001 (JST)

Fig.3.4 An example of the time series data for calculation of wavelet transform (T < 940s).
The data were obtained at KYS station for the period of 04:20 to 04:50 on April 05, 2001. NS
component is shown. The interval indicated by arrow (1) represents the period when the
geomagnetic pulsation (T = 12.5s) was turned up.



= EIE AVH—RAT—va L AHRERBERD ULF BREEHOkRE 58

scale ' ' . ‘ . . period
N )
2.00 s + -t + 2.07
2.24 ot + 4+ 2.32
2.52 4—tot boor- + +v 2.60
2.83 - L ot + * - +{ 2.92
3.47 o gmnan + + + 4 3.28
3.56 . ane + + - { 3.68
4.00 e + ++ - 4.13
4.49 b -+ - 4.64
5.04 - + 5.21
5.66 — > - 5.84
6.35 - L - +4 6.56
7.13 e  — Aot 3 "l 7.36
8.00 |tinammvaris ol roccmtfres e Siibe AN » ” W 8.26
8.98 Rt v | e y M : A ’ 9.28
10.08 . m ptElf-aenlfip- oot NN 10.41
11.31 M 11.69
12.70 13.12
14.25 i 14.73
16.00 A 16.53
17.96 A 18.55
20.16 4 20.82
22.63 A 23.38
25.40 /1 26.24
28.51 1 20.45
32.00 1 33.06
35.92 37.11
40.32  41.65
45.25 £ 46.75
50.80 7] 52.48
57.02 58.90
64.00 66.11
71.84 \ 74.21
80.63 J 83.30
90.51 \1 93.50
101.59 104.95

04:20 04:30 04:40 04:50
Time (JST)
April 05, 2001

Fig.3.5 An example of the wavelet transform. Original data is shown in Fig.3.5. Solid lines
and broken lines indicate the real and imaginary part of the wavelet transform, respectively.
The numbers shown at left and right side of panel indicate the scale and corresponding
period in seconds, respectively. The area which is surrounded by circle (1) indicates the
period when the geomagnetic pulsation (T = 12.5s) was turned up.




== HIE A F—RT— a3 EILLIMKEHBERD ULF BEEHOKRE 59

scale * * : ‘ * p— -~ period

T T (s)
2.00 / 0.5 2.07
2.24 . Q @ 232
252 - 2.60
2.83 - - 2.92
3.17 - - — 3.28
3.56 " 3.68
4.00 A 4.13
4.49 ~ 4.64
5.04 ~ 5.21
5.66 -~ ~ 5.84
6.35 f—— A P e 6.56
7143 A S A 7.36

8.00 N~ S, 1 e s K. 0]
8.98 \ ‘ 9.28
10.08 ‘ 10.41
11.31 \ 11.69

12.70 ' #‘ AN 13.12
14.25 \ w 14.73
16.00 w 16.53
17.96 18.55
20.16 \ 20.82

22.63 23.38
25.40 X 26.24
28.51 > 29.45
32.00 . 33.06
35.92 37.11
40.32 ; ) 41.65
45.25 / 46.75
50.80 52.48
57.02 58.80
64.00 66.11
71.84 74.21
80.63 83.30
90.51 93.50
101.59 104.95
04:20 ' 04:30 ' 04:40 ' 04:50

Time (JST)
April 05, 2001

Fig.3.6 The time-scale (period) variation of power spectra. Original data are shown in
Fig.3.4. The area which is surrounded by circle (1) indicates the period when the
geomagnetic pulsation (T~ 12.5s) was turned up.
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362 A3 —RAT—2 a3 IGERYK (USTF) oixE

3.6.21 ISTFORMZELORHH

B 1EIBWTERBLELDI, ISTF RARMOBR CEEHEIZET 5 HEE M
EENDTD, RMMICIEBS TSNS D, &1, ISTF O#EEICEL,
ANMEFRTHIMKBEBEROERGEEHORETREN /NS, AL/ A XL
DSNUEBRAR+73THIHE, ISTFOHEBREZIRERDZRELSLTEELH
B, EZT,IILDIC200lFE 1AL 4AFEFTCOTF—FR2FEMALT1HI LICISTF
EROEFEREZRL, ISTF LHBEKESHEOBEKRIZOVWTERT S, KIZ, 2000
FE£2A00H 2008FE 6 AETOTF—FIZOWT,ISTF D#HEDOEBICAH RSO
SEMEEBEZEZEL-EREZTL, RRNEHICOVWTHRRS,

Fig.3.71%, 2001 £ 1 ANLRE 4 AL TD 4 5 ARBIZ2VWTHKE (01:00-04:00,
IST)DTF— DA ZERLT,1RAZLICISTFAHELEZKERTH S, Z 2 Tid,
KYS & KAK M@ ISTF ORIEEZXTT 5, ISTF ¥, LED 3 HEMOFHESR 1
FORRELLTEZLLDOTH S, EHIZ, HMREHELRTHEETH S, Kp
ATy 7 RERT, &Y, #HARS (T,,T,) i, 7oy FMIBZELTO.1
~02BETT Iy bRERETRY, —F, ARG (T,,T,) TiX, B#H 10 L
ETHR=1 LR HMBRONDZDICKH LT, 10 LT Tk 28 Y 04 E
Rohd, T2bb, RECRELBRETI2HEL, ~1 2T IHETHS,
—RIZ, A 10 BUTOMBIEHOBREIHEEICIEL, SNEBF+LTHD
GEVREV, AL/ AXPE-THHEE, BEEROHEEIIRE 2oB@EHE%2 =
L, EHEIZTFHF~NSAT AT 2MEANH S (e.g. Kao and Rankin, 1977), BiE L
TORBEZITTVIMEERE., EB Kp A VT v/ X28BI 2L, @ER
HMBEKEGHEICRECEKFELTEY, HBRKEHEI&H VR IIBREEOFEM 2R
L, BNBERAFEOEMEZTRYT., AH 10 05 100 BOFHIRICEWTT, LT, %
kgyse, T, O0BBES T ICHESNTREREREZTT, Jhid, HEKES
MEFEtRSICRIKBREh, RERS~OEER/ SV LICEET 2,

Fig.3.81%, LD 4 7y AMD > H Kp2s 07— # KM% EA L T, ISTF & &/h
TREBEICE o THELELKERETY, T2 TR, KERSMO ISTF OEH, EH
ERTFT D, EWMCERTDL, T,, T,¢bIZARMK0BULEICENTIZEIEL
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CEHETHY, FBEGHEG/DNIVVERIEH S, SRRV EREZRL, BY
IOMUTTIZO0O BETRKERSB@BEALRT, Zhid, fTROSEBEEOFTHA
ATATHDEEZOND, Zhb kY, BHMS0MUTTIE, Kp A VT v 72D
BRIZTTCRALI/AXELD+S SNEBZELRTOARWIEREERE W, Lk
BoT, VIFVYARDT—ZLOMBEZRD, HEER+SKBEVT -4 K
MZERALTISTF2#HETISLELD D,

Fig.3.9, Fig.8.10 iZ, ISTF O#HEDOBICL EBEEEE L ERL=HEE (see
3.6.2.2 i) DR EL DR E R T ISTF i3, Kp=5 D&M F — # (01:00~04:00,
JST) 5%, ZEMEEME (3.77,3.78 RK) : 2209 OF—FZXBOH % HER
LTHES I, T2 TiX, AHH 308 L 300 DIZHIT D Tw & Tyy DER - EH
ERT, TN BEEREOHKHEERT., £MIC, ey MM EEL T Ty
BT —S—=BPEL, Ty BENICERTREREREZRT, =7 — =2/l &W
BE, Tax » Ty FEBHMP CHEENIZTE—ELTRY, FELFHEELSE
Do, TI7—NR—PREVWFEIMEEN/ NS RD2ERMPH S, Zhix
AIBDFTHENRAT ADEBNEZOND, TOREIL, AH 30D T, T~0.15 8
B, T,y T~027RE, BAH 300D T, T~0.05RE, T,y T~0.1EETHYH, =
TR =BNERBEOSBBEHERBEICNRE>TWS, £Z T, KRXTIE
ISTF OHEDOBRICT T —R_A—B+RI/hSREMEBRL, S HIZRHRF CIX
ISTF BB RETH D & BRABTZ LICT 5,
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Fig.3.7 Variations of the amplitude of ISTF calculated from KYS and KAK stations for
the period of January 01 to April 30, 2001. The midnight time data (01:00-04:00, JST)
were used. ISTF has been averaged within three hours every night. The bottom panel
indicates the Kp index derived every 3 hours.
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Fig.3.8 Estimated ISTF between KYS and KAK stations inferred with the use of midnight
data for an interval of Jan. 01 to Apr. 30, 2001. Error bar indicates the lower and upper limit
of the standard deviations.
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Fig.3.9 The variations of the estimated ISTF between KYS and KAK stations for an
interval of Feb. 2000 to Jun. 2003 at the period of T=30s. (a) Txx (real), (b) Ty« (imaginary),
(c) Tyy (real), and (d) T,y (imaginary), respectively. The error bar indicates the upper and
lower limits of the standard deviation.
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Fig.3.10 The variations of the estimated ISTF between KYS and KAK stations for an
interval of Feb. 2000 to Jun. 2003 at the period of T=300s. (a) T (real), (b) T« (imaginary),
(c) T,y (real), and (d) Tyy (imaginary), respectively. The error bar indicates the upper and
lower limits of the standard deviation.
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Period range (s) Num. of
cycles
~ 8 10
8- 100 10
100 — 1,000 5
1000 ~ 2

Table 3.1 The relationship between the period range and the
number of cycles within each subset.
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(a) Example of Time Series Data
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Fig.3.11 Schematic diagram of the time-scale (period) variations of the correlation
function. (a) An example of the time series data. (b) Distribution of correlation function
between f(t) and g(t).
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Fig.3.12 The example of the geomagnetic field variations at KAK and KYS stations for an
interval of 01:00-04:00 on March 29, 2001 (JST). (a) NS, and (b) EW components,
respectively. The Kp index of this time range was 6.
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Fig.3.13 Time-scale (period) distribution of multiple coherency functions for an interval of
01:00-04:00 on March 29, 2001 (JST). (a) Multiple coherency between NS component at
KYS and horizontal 2 components (NS,EW) at KAK. (b) Multiple coherency between EW
component at KYS and horizontal 2 components (NS,EW) at KAK. Shaded region indicates
the “cone of influence” where edge effects of the wavelet transform become important
(Torrence and Compo, 1998).
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Fig.3.14 Multiple coherency of the magnetic field between KYS and KAK stations at the period
of T=11.6 (s) for an interval of March 29, 2001 (JST). (a) Multiple coherency between NS

component at KYS and horizontal 2 components (NS, EW) at KAK. (b) Multiple coherency
between EW component at KYS and horizontal 2 components (NS,EW) at KAK.
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Fig.3.15 The experimental results of the correlation dependencies in the ISTF
estimation in the period of 11.6 seconds for an interval of March 29, 2001 (JST). (a)
Ty (real), (b) Ty, (real), (c) Ty (imaginary), and (d) Ty, (imaginary). The upper and
lower limit of the standard deviations are also shown.
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Fig.3.16 The histogram of the number of subsections which are classified by the multiple
coherences based on eqs. (3.77) and (3.78) in the case of the period of T=11.69s. (a)
Multiple coherency between H, at KYS and horizontal 2 components (H,,, H,,) at KAK.
(b) Multiple coherency between H, at KYS and horizontal 2 components (H,,, Hy,) at
KAK. Total number of subsections is 121.
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Fig.3.17 Estimated interstation transfer functions (ISTF) between KAK and KYS stations by
using the subsections of multiple coherency »2>0.0 at the interval of 01:00-04:00 on March
29, 2001 (JST). Open and solid circles indicate the real and imaginary part ISTF, respectively.
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Fig.3.18 Estimated interstation transfer functions (ISTF) between KAK and KYS stations by
using the subsections of multiple coherency 72 20.9 at the interval of 01:00-04:00 on March
29, 2001 (JST). Open and solid circles indicate the real and imaginary part ISTF, respectively.



== $3F A F—-AT— a3 ECIINRBHEERED ULF BEEHoOBE 75

4 Txy(Re)

-1 ; -1 ; r
10' 102 103 10! 102 10°
5 ; ) 5 ‘ i ;
4 Tz (Re) - 4 Tzy(Re)
17 F 14 -
Y et S SO oot
0000000008000 0OD0O00060000006060000000°
7 3 E M.
-1 " " -1 . :
10! 102 108 10' 102 108
Period (s) Period (s)

2 A 4.
4 Toox (im)
1. -
0§25 en e
-1 v T
10! 102 108
2 . N
1 Ty (im) 3
1. -
0 SeAREEEEn.
1 . - : ]
10 102 10° 10! 10? 10°
2 N ; 2 h h
4 Txx (im) - 4 Tzy(im) 3

Period (s) Period (s)

Fig.3.19 Estimated interstation transfer functions between KAK and KYS stations. Upper
panels and lower panels indicate the real and imaginary part of the ISTF, respectively.
Solid lines indicate the limit of standard deviation.
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Fig. 3.20 Estimated interstation transfer functions between KAK and UNB stations. Upper
panels and lower panels indicate the real and imaginary part of the ISTF, respectively. Solid
lines indicate the limit of standard deviation.
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Fig.3.21 Estimated interstation transfer functions between KAK and UCU stations. Upper
panels and lower panels indicate the real and imaginary part of the ISTF, respectively.
Solid lines indicate the limit of standard deviation.
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Fig.3.22 The geomagnetic field variations observed for an interval of 04:20 to 04:50 on April
05,2001 at UNB, UCU, KYS, and KAK stations. (a) NS, (b) EW, and (c) Vertical component
(data missing at UCU in this interval), respectively. The numbers in the figure correspond to
the time when the geomagnetic pulsations turned up (1), and the artificial noises which are
generated by the DC trains appeared in array stations simultaneously (2), respectively.
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Fig.3.23 The geomagnetic pulsations (T ~ 12.5s) appeared at all stations simultaneously. (a)
NS, (b) EW, and (c) Vertical component (data missing at UCU in this interval), respectively. It
is found that the geomagnetic pulsations are not appeared in vertical component. The amplitude
of pulsations at KAK is generally smaller than that of in the Boso stations.
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Fig.3.24 Variations of power spectrum in the Boso array stations (UNB, UCU, KYS) and
reference station (KAK) for the interval of 04:20 — 04:50 on April 05, 2001. Although
horizontal components are quite similar among these four stations, vertical components are
different for each other because of the local artificial noises. The solid circles (1,2, and 3)
indicate the geomagnetic pulsations which are coherent for those four stations, and classified
into the global signals. The broken circles (5 and 6) indicates the regional noises mainly
associated with the leaked current from the DC driven trains nearby the array stations.
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Fig.3.25 The configuration map of the JR (Japan Railways) Sotobo Line in the Boso
Peninsula. The open circles and solid squares represent the location of the passenger
stations and power substations, respectively. The alphabetic indices are corresponding to
the location of the railway stations where the first train of the day was running through

nearby the magnetic array stations (¢f Fig.3.33). The time are picked up from the diagram
(departure time).
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Fig.3.26 Experimental results of the global signal reduction in NS component ( H,) at KYS
station. (a) shows original raw data at KAK and KYS. (b) illustrates the filtered and
estimated external source field at KYS with the use of the ISTF approach. (c) plots the
residual. The arrow (1) corresponds to the period when the geomagnetic pulsations turned

up.
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Fig.3.27 Experimental results of the global signal reduction in EW component ( H y) at KYS
Station. (a) shows original raw data at KAK and KYS. (b) illustrates the filtered and
estimated external source field at KYS with the use of the ISTF approach. (c) plots the
residual. The arrow (1) corresponds to the period when the geomagnetic pulsations turned
up.
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Fig.3.28 Experimental results of the global signal reduction in vertical component (H,) at
KYS station. (a) shows original raw data at KAK and KYS. (b) illustrates the filtered and
estimated external source field at KYS with the use of the ISTF approach. (c) plots the
residual. The arrow (1) corresponds to the period when the geomagnetic pulsations turned

up.
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Fig.3.29 Reduction of the geomagnetic pulsations (T = 12.5s) with the use of ISTF
approach. The case in the KYS station. (a) NS component, and (b) EW component. Upper
line in each panel indicates the wavelet filtered (T < 940s) original data. Lower line in each
panel indicates the residuals of the differences between original data and estimated global
signal. Almost whole pulsations has been eliminated efficiently.
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Fig.3.30 Correlation of H, component of geomagnetic field variations between KAK
and KYS stations (T=11.68s). The data period is 03:00 — 06:00 on April 05, 2001
(JST). Squared coherency are averaged within above three hours. (a) Original data,
and (b) the result of global signal reduction, respectively.
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Fig.3.31 Frequency distribution of correlations between KAK and KYS stations
calculated at interval of 03:00 — 06:00 on April 05,2001 (JST). Correlations are
averaged for above three hours. Open circles and squares indicate the correlation of
original data and result of global signals reduction, respectively.
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Fig.3.32 The time-scale (period) distribution of power spectra. The case of NS
component. (a) and (b) illustrate the original data at KAK and KYS, respectively. (c)
plots the estimated global geomagnetic field at KYS station. (d) shows the residual
component.
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Fig.3.33 The comparative results of the global signal reduction in Boso stations (NS
component, April 05, 2001). (a) NS, (b) EW, and (c) vertical components, respectively.
The vertical component at UCU was data missing in this period. The arrow (1)
corresponds to the period when the geomagnetic pulsations turned up. The alphabetic

indices indicate the location of the passenger stations where the first train is running
through (See Fig.3.25).



l == H3E ALVF¥—AT—valEIlLHMEKBEHERERD ULF REBE# O £ 92

(c) Vertical component

051 | KYS |

| A B C D
151 > >} >t

4:25 4:30 4:35 4:40
April 05, 2001 (JST)

ym

Fig.3.33 Continued.
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Fig.3.34 Experimental results of the global signal reduction at KYS station in the
period of geomagnetic quiet time (Kp=3; March 31, 2001. 02:00-02:30,JST). (a), (b),
and (c) shows the NS, EW, and vertical components of panels, respectively. (i)

High-pass filtered (T <940s) original data at KAK(1) and KYS(2), and estimated global
field at KYS(3). (ii) Residual component(4) (T < 940s).
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Fig.3.35 The results of the ISTF approach with the use of Fourier transform (NS
component, T <940s). The same time period was examined as in the case of the wavelet
transform shown in Fig.3.26(b). (1) and (2) indicate the high-pass filtered original data at
KAK and KYS, respectively, which are corresponding to the original data in Fig.3.22(a).
(3) indicates the estimated external source field at KYS, which is corresponding to the
curve (5) in Fig.3.26(b). (4) shows the residuals of (2) — (3), which corresponding to the
curve (6) in Fig.3.26(c). The arrow (1) shows the active periods of geomagnetic
pulsations.
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Fig.3.36 The results of the differences between the high-pass filtered (T < 940s) original data
at KAK and KYS (NS components). (1) The result of the Fourier transform. (2) The result of
the wavelet transform. (3) The residuals of the global signal reduction using ISTF approach
with wavelet transform (c¢f. Fig.3.26(c)). The arrow (1) corresponds to the period when the
geomagnetic pulsations turned up.
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baBBE, FTue— A" NVHBEKEHICEET IFEEER S OMEMEICIE, HEBE
BRBAZOFKENEELTLEY, ZOHE, BHET /0O HMBERIKBEZOR
FHHTA I LI TERY, Lo T, BEET —F AL/ A AU+
MEL, HBEHMKBARBEENRVWIEBULETH D,

AEHRIXTIE, BIED2HAOHET — FHOBREBERICESIA VI —RT—
vavikDEZ S S - BEHBOGEBEICIERT 5, AETIE, FTLDIC—K
MRBRBECEEEOEZEBLUHEIZOVWTHRR, KNWTA VI —RXT—va v
BEEHHAANTHRLICA VI —RAT—2a VERBBISEEEE2EET S, &b,
BIETHEH LEY=2—T Ly FEBIZE D 2 AN 1 HABRERICB T R - 2
F—n (BEE) HBEBERERARASR, AV F—RAT—2a VEHBBEEBRREE
T2, RiZ, REEOADIMELRIET 272D, BR¥EBIZBWTBHBE L
WEMZET - X ICHEAT 5, £z, HEBHUKIES (SES) ORHOAITE L RIET
B, HEMIZCSES EFAVEETF—FICRALTET AT —F 2ERL, XFE
YEALTSESEFLORHEBAETHSNFAET S,

4.2 #hE LI ZEDER

MEBIZBTHMBEMEZOBRAIE, EBEROESICLEN->T, HBERLERER
D2BMPFIZKHEN S, Figdli, MFA F7ORBYELABEBERZ R, G
RERTIE, H+~HEEA—-ILOMBCTHEL - EEFMICERZERL, 2 20
EBMOMBMEZRET S, BEO7X T v 2 (MT) BRZhiCdh
Y, SHLIZMAHEZRELCHELZRET S, ¥J v+ D VAN 5Tit, SES &
WREKESHICLIZBFEABEROIRCANL ) A X2BUNT 5701, RAUFMEICEER
WORLZZBBERIT S, £/, MHTHEOERWESFMEZERELT, &HKEH
LogsB—nzgEmt s, RERBEHN T, NTT (AAEEEE®R) OBEERR
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(a) Magnetotellurics / VAN station

magnetometer some 1

(b) Network-MT

remote
magnetometer 1km ~20km

Fig.4.1 Typical electric field measurement. (a) Short-span measurement used for
magnetotellurics and VAN method. NS and EW components of electric field are
measured by perpendicularly set up electrodes. The magnetometer is also installed
in the same field. (b) Long-span measurement used for the Network-MT observation
(Uyeshima et al.,2001). Electric field is measured by using the earth and telephone
cable facilities of NTT (Nippon Telegraph and Telephone Co.).

MEBEBMZ ORI —TAE LTHAT S Z Lic k> T, % km~20km 2 D[
BOMBEZELBET S (e.g. 7,1985; Kinoshita et al.,1989; Uyeshima,1990;
Uyeshima et al.,2001), BEMITAALELMBLTHB Y, £50OH#A TOERAMR
TETHBZ Lo, BROEBLAIA L CEMCEREOSH X EHT 5 - L AT
%, BRESEMEOMREORICIE, BE, H+-~¥E kmBhiL 7> L v 2
BRI s T - BERENS, REBRCTOMBMERBZITV, BB
W%E@%&O)%ﬁaﬁﬁ*ﬁﬁilﬁ}%%%ﬁ%%b\fi&?@%ﬁﬁ%ﬁ%%%?&ﬁ?éﬁ?ﬁ
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#%v hU—27 MT & LML (Uyeshima, 1990; Uyeshima et al.,2001),

4.3 BIAE

431 BHBTEBRR

B1ETHRANILLIWE, BEERSEMBLERLT5 ULF & (Z 2T, EAH
HO~BTH) OBRBBEEHIL, TLUMCTFEEE L TRKETE2EHRL, KHiloxt
LTEECAHTIEHRETED, 00L&, hROHH 1BRATHESINIH
BARERM Sy L BB KK T ORIIZROBEHRANKY LD (e.g. Cagniard,1953),

Ex(a))}= Zal®@) Zy(@) .[H"(w) ............................. (4.1a)
E,@) \Zp@) Z,@))|H, () 4.1a

bBHWIT,
E(w)=2Z(w)- H(w) PP (4.1b)

IIZT, x, yFEhTh, HEKEZERTOREIL, EERY TH5, Z(o) I EHME
BEBEHDVIEMT A v E—F R EETh, 21T 25 0OEET Y ALTERER
5, WDRIZ, HREBHEEL2ER L TIERBELHEANRS L LT, KifcHE
SNEFEEBRLHLEOMICKY IO, KB 2RIEHETHIHES, Zo) % 2K
THREODEMIEBEGIEZ L, Ty LOHARDS TP OIcR B
(Z)(@)=Zp(@)=0), K#D 1 REWETHIHE, 7o Y LOERARKRL O BEIE
B Z(@=-Z, ()72 D, BEEBEEEEIRMOM TOBER CEEREICET
SEREAT ALY, BREBECELKAA IR TS (eg Vozoff,1972;
Rokityansky,1982),

Ffkic, BEREBLUBEBOMICK Y TORTBEHRIE, BEKERSL 120
BB (¥4 R—L) THESHIERLOMICHRY L,

H, (@)
V(@) =Ty (@) Ty(@)]'[ }

H ()

CIT, V(@) EHBFAR—NITBT2ES (mVikm) Thb, Ty(), Ty(@)id
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o —

EHEREBRTHL, AR LVOFMIIERETH D, (42T, RO Y A4 K—
ABPEEETHEECAVHDESS, BEBBEIHE A - M ~ET oAt — iz
EEBREZTOIBECBVTENTHS, Thabb, ZLOMBREMSTIIHEK
NEBEAEML, xR FMOBMEBRUNEZIT), HTHEOAHEIER CEE
DEFHELTHN, BELBEBOEMOHzbIELT, YA R—ABAYVHEDE
&, BEOHBPEDLENLERKE 2R EEY, WDRICL Y ERGICEBREE
HETHE, BEEKOTRm EOMBICET I ERZERNLEDLD, ThiT, #
CEEBRTOBRAICHETHY, FIZIEHTHEEDET ) v VY ORBEICELNREE
% %1¥3 (Uyeshima et al.,2001), £7-, HERIIHMBORYEAMOEELZ 1T T
s, BETHIBEBAAESD LTHL SESORHOTEFICENE LY, BER
RETIEENHD L EN D, Z i selectivity rule & FEIZN TE Y (e.g. Varotsos
et al.,1984a,1984b), EEBR COBANCE W TIXF A F— N T LT SES D H #E
BRRIBEVELDAREMEND D, TOHE, REHFEORLR D 2HOF A K—
NERWTEBBKE 2R EZRDD L, —FHOFAR—NICOHRHERT HEE %K
F2RAIWO BT D LR, TOREOHELHFLR2VWEREH D, L
BoT, BIZEERICBVLTIE, 4.2) RCIVEFEFA RN T LICERELEHE
BEHEL, BERMNETOFINGELVEE LD,

ARXTIE, LRO2EFEOEMBSEEKIZOWTA VF—AT—VvariEr
BAL, T4 v —AT—a VEMBISEBERYEET S,

432 A3 —RF—LaVEDER

BERSGEEEIT, ANEECTHOIMBLEDHN, KEFMICHERLEE (TEM
B) LLTKREPEZEHL, RHMEH L TEERARTIERETEHAHAICBY
TV D, LEERBoT, TNRUSNDEFRFIE/ A XATHDIERLsND, BE
DEBBEECTIE, R—0BARATHEINZES, MET Y2 ERAL TEMRS

ISEBBEHET S, LL, B -HMETHEOHS /4 X (fixid, EREE
CA4R) ORAR, REBROBREICKERBRELZ LT, TORD, THET
Kb+ km P OHE km B AL/ A AL ALV OBEVHBRKBERAOT—% %
BRI ZHE(VE—FLT77 LU RE)BEDNTE & (e.g. Gamble et al.,1979a;
Gamble et al.,1979b; Goubau et al.,1984),
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AHETIE, A I —AT7—La E2EMAL, ULF BEBEAAICRT 5 E1E
F—H V77 VY ABRRICBIT DG T — YOI v 7 —RF —2 3 VEBH
BREEBREZERT D, VIFLVYAT—F L LT, MBICBITARET— % 2
At 5. LIEX-T, (4.1a), (4.1b) RiFZhTh, KRAO L SicEEXHBI SN S,

E.@) (7@ z@) (H@) 0

E (@) \Z)(0) Z}(w) Hy (@) 4.3a
bHBHWVIE,

Es (a)) = Zi,g(a)) . Hr(a)) e (4.3b)

IZT, E@=(E,(),E,(w)ix ULF BEHEZEA S O EH K ERE5,

H (0)=(H,(@),H, (0)E V77 Ly ABARICBITIMBKERS TH D, Z,(0)
BA VI —RAT7—va VEBBEEEKTH D, Z,(0)it, ULF EREEAAICE
FTO2BEBICEBERZ,(0)k, 1V F—2AF—a VnZEB%H (ISTF) OB TH S
ha,

Za(@) Zy(@)_(Zx(@) Z@,(m)]. Ta(@) Ty(@)) (4.4a)

Z, (o) Zy (@) \Zx(@) Z,(0))|\T, (o) Tyy(a))’ 4.4a
HDVIE,

Zis (a)) = Z(G)) . T(a)) L e (44b)

CIT, Z(w) X ULF ERBEARICB T2 EREGEBEYE, T)iX ISTF Th 5,

RERIC, BBAFERDE 1 FA RN OBHBMOBEBEIZONTE, (5 —
AT—vasENERENS,

H, (w)J

V(@) =[T§ (@) T (w)] { H (o)
yf

SIT, V(o)iEhBFAE—ALDEE (mVikm), H,(@), H,(@tv7 7L~
ABURAOBEHEL, RERSTHD, Tiw), TF@iEIArF—2F— a8
BRI EBEETH B,
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433 Tx—JLy FEBREFRAVEAVE—RAF—L a3 v ERBEESHE
BOEXIE

AT, FIETHEHLAEKE Y =—T Ly FERICLAHCHEMEEK, HAE
MR, BIXU Morlet Vx—7 Ly b2HAWE2AND 1 HABERZORE - 2
r—n (B ISEBBICESE, (V¥ —2F— s VERESERES ERX
{Ei?’-éo

(4.3) RCTEBLIEA VI — AT — 2 a VERERSZBEHOBEERIT, HREER
TREROEIIZEREND,

Exs(t)=zii(t)* er(t) +Z§,(t)*Hyr(f), ................................. (4'6)
Eys(f)=Z;§(1‘)*Hx,(l)+Z;‘;,(!)*Hy,(t) TN (4.7)

R#RIZ, (4.5) RiICBL TR TREL B,
Vs (f) = T}r (f) * er (f) + T;s (f) % Hyr (t) ................................. (48)

SIT, #REBEARBOFR V=T arERT, (4.6) ~ (4.8) ROV =z—TF Ly
PEBRITENREh, kXTSI 5,

E£(1)=Z§(r) *Hj,(z-)+ Zi‘;(r)* H)’;,(r), ............................... (4.9)
E;{s(f)"fo(T)*H,{r (7) +Z;(f)*ﬁfr (7), woreeee e, (4.10)
P;j(r)=T§(r)*H,{;(r)+T{ﬁ’(r)*Hj,(r), ............................... (4.11)

SITELD, ER®, V@), HL @), @Y = =T Ly MRETH 5. 25(),
Zy@), Zh@, Z@), TE@), TE@ORA Y AVASETH D, jIEAL—AST
A=F, CEEMARMA~OBEBRE BT 5,

Morlet V=—7 Vv hy() D7 — ) =EHh yo)id, BEREKERTIZDLE
BB o, 0EDLYVICTIAF—RER LTS (see Fig.3.2), (3.33) KDL 3 ic,
ETOZIANF—RELEAE K 0, D tADHICER LTINS L EL S, (4.6) ~
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(4.8) XOT7—V TEHIC (3.14) ROV =z —T Ly FEME 7 — ) = EHOBIE
¥ERATDHE, TROL TS,

EL(r)=o- f 75 (@)-H, (0)- ¥ (@) do
Umean e (4’12)
o f "2k @) B, (@) 9 (@) ¢ do
L0 == [ 25 @) A, @) 9 @) do
27 w-A O (4.13)
+ -; E‘A 25 (@) A, (@) (@) do
V’(z’):—-— E 75 (@) H, (@) -9 (@) ¢ dw
----- (4.14)

+— f T (@) - A, (@) (0) - do

MIT7— Y E#HE KT, Zhang and Paulson (1997)ic L B ¢, AR B
[0, A0, + A|OFEER P T2 R & B % o 5t

ZIZT,
¥4 T 1 decade ® 0.2 fERRE L + 1T,
BRESZLAEEDLR D LEML TV B ESEEK Z (0,), 2 s@,), Z5.(a,),
TE@,), Tf(w)BBERELRESNDIHE, (4.12) ~ (4.14) XIFKO

ny(wc),
ILREINB,
j 5 is | s ~ j ior
EL(0)=25@) o [ A, @ @) do
T L. { w. e (4‘15)
+Z3 (@) o f " A, @) (@) do
j 5 is 1 e+ ~AJ iot
E,0)=250) = [ A, @)y’ (@) e do
2 w-a T T T (4.16)
Sis 1 f*AI_} ~j ior g .
+25@) 5= [ A, @) @) do
. i 1 A A A .
V0= @) [ A @) @) do
TR (4.17)

. HA A . :
+ T @) o= [T, @) 9 (@) do
27 do.-A

(3

ZZT, (3.14) & v,
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. o +A A L .
Hi’r{f)z_i" f er(a))'l//j(ai) -e“‘”dw, ............................. (4.18)
2 -4

W e*h A o 0T g i
@)= [ A, @) 0 @) e do, (4.19)

THHI EMD,

Ej (z.) Z*S (m ) H (1.)+le (60 ) H (T), ........................... (4.20)
(‘[) Zw (w ) H (T)+Z‘3 ((1) ) H (z) .......................... (4'21)
Vsj(z')‘_‘f,{’s(mc)’Hir(T)’*‘f}fs(wc)‘H;r(T)v ............................ (4.22)

BEOND, ST, BEBEIL(,), Z5Ww,), Z5,), Z5(,), Ti(,), Ty (@,)
B, HIET DA =N jilB T2V =—T vy VEROEHEZL,, 2}, ZL,,

Zliwr Thyr T, ERAETRAZENZDT,
E&’s (T)=Z,ix,' (z‘) + ny i }J;r(z.), ................................. (4.23)
E;S(T)=Z HY (T)+Zyy:s H;fr(t‘), ................................. (4‘24)
Vsj(z.)zT){,ig 'H;:r(z')*'TY{is H}J,,,(T), ................................... (4_25)

ERIND, (4.23) ~ (4.25) KT, BEBBOSERNRKE - EHT -0V =—
Tvy NEBEMOEBEHICRD LN Z LEEKT 5,

Zf

J
z [

(4.23) ~ (4.25) REMNTZL,, Z).. ZL,. Ti,, Ti,2RKDBI
DI, VI7 VO RBRROMBT — % HL (1), H,)OBERERHL(1), H ()%

INENICRLZ2R%ETS, T2bL,

xx,is ?

WC !’EJ (T)=Zj i 'WCH]HJ (7)+ WC IHI (T)

fEJ (0= ZJ 51 Hi (n)+Z, Hf HY, ()

WCy1 5y, ()= Ziis WCyy ) (D) + 25, - WC AL

),

wc HE/, (m= Z i WC HLHL, (D+Z;,; WCH)J;H}{P ()

bidl
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WChyys @) =Thss WCy s D)+ T, -WC, ) ()

WCH;VS, (D)=Tf - WCH},;H){, () +T{, WCH;; " ()

WCyy s @ WCyy yy (Y = — Ty FECHBEREY, WCyy 1 ()5 WCypy s (D),
WCyyy 51 ()5 WCyyyy @), WCy, ) (1), WC,, (0, WCy1ys (D), WCy ()3T = —
7vy MEEMBEBKTH D, FREWC,,,, OOBE, we,,, ©=HL@ EL@0 TE
Abhd,

(4.26) ~ (4.28) K& =L, v=—7 Ly FECHMEME%, HEHEYH
¥ExUv=z—T7 Ly NEBROBITHBICBITAEHREL LTELXS, MIZFNFhK

RTERIN D,
7 2y ) 2oy 1y @0 = 2 WChyy ) D WCh 5y (B (4 909
xeis = 3 .
> LI AT WCyy (1) = > WC,yy s (72)
72 - ZI;WCH;’,E,{, (’k)'ZkW CH{,H;,("k)‘ZkWsz;,H,f, (Tk)'ZkW Corpr @) | (4.30)
s -

)
Zk WCHLH,’, (@ )‘

Zk WCH;H,{, (#)- Zk chfryf’ (Te) -

Zhs= 2oy, 00 2P oy, 0 = X ¥ Coy iy (Tk)‘ZkWCféE,f, ) (4.31)
PILCHMICOD ICHICOR ILLHPNCY

_ 2oy, 0 D W Coga 0 = 2 W oy ) LWy 00 g0

Z}’,'N-, = 2
Zchﬂiﬂi (7)) ZkWCH{,Hj, () - leWCfo,H{, (@)

) _ZkWCHi.V,I(Tk).ZkWCH;Hj{,(T&)*ZkWCHéH;(tk).ZkWCHyj?Ki(Tk) . (4-33)

J
TX'is = 2

2 Chsns (01) 2 W Chy (20 = tzk WChimy, (70

2 O 2 oy 0= 2 Wy @) 2 W @) 2

T = 2
ZkWCH;{,HQ',(T‘t).ZkWCHf,Hf,(rk)‘leWCHxIrH;jr(rk)
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w1, (=120, B - 27— (AR BTORLERT ST A—F
th B, ERIT, AARS (e X (), Y @)) ¥ LOBIEE 7}, (2)#1 TH
BEEITHY LD,

AMAR MO L EBEEBEIL, AARD HL(G@), HL@), HWARS EL@) %
flice b &, TROXSIZREINS,

xy,is

Ry? —Red I T VT Tl T L L (4.35)
Y sz, (F)=Re WCy u, (7)-WCg g (1)

. . 2
12 WCo i, @+ 2y WChy i, (@)

: . 2
5 |ij:txs WCy n, (DV+Z5, - WCy u, (7)'
Ry;, o (t)=Re e (4.36)
yrox WCH},H}, (T) * WCEHEB (T)

R (@ Ryl p@EVTROERBTHY, ERFELLTHLND, T,
0<Ry}, o, (<1, O<Ryh, ., (D<1ZWIET,

EhiZ, EANESCATIHIRSOLEHEEMRZIZEA TN, TRATRE
nd,

2L ZL Wy, (D+ 2424, WC,,, ) (7)

+Z),-Z] - WC,, s (1) + VARV AR WCy, ;) >

Ry, g (£)=Res
H Hyp By WCE,{,EL ()

(4.37)

2324 WCyy ) (D)4 2023, WCyyy s (7)

+Zi,-z5 wC,,  (1)+Z),-Z1 -WC,, , (z)

RY% 1 g1 (7)=Res » T HpHy » w  HRHy L - (4.38)
= Hyw B WCpy ) ()
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—

Ti'(,u ‘Tj{,is 'WCHf,Hf,(T)+T‘%*‘:§ Tyia ‘WCH;’,H;,(r)

T Thie WCyy ) )+ T T -WCy ) (0)

WCV‘I V,j (t)

L -+ (4.39)

Ry;é H;I,,V,} (T) = Reﬁ

IZT R}’z,{,ﬂ';,aﬁ,(f)’ R?'fi:,fi{,.zf;(r)’ Rﬁig‘;ﬁf,y/(i’)mwfh%igﬁﬁ&U’ & RISE &
LTELND, £, oszey:,w&(r)sl, 0S Ry}, 4 (@<L OSR}';i'H,W%,{r)Si%WE
Fd., BRI TIE, (4.837) ~ (4.39) X TRINI2ZEBPEERBRHELFAHALTAH

HR B OHBEEZ YT 5,

434 JO—NLVEHMSEBDORE

AvE—RTF—a VEBBIGCEBKZ,, T, T/, tENCHESHh, H5H
MNT—ETHALEEINDIEES, VIFLVUVARIZBITBIHMBT —h0,
ULF ERMBEA SBT3/ a— ALV HBKESICEET 2FEEER S B HE

&b,
El (D) =2} -H](x), - (4.40)
VI@) =T, Hi () + T/ - HJ(2) oo (4.41)

IIT, EL(), V()i ULF BREEBAACOFEEELHOREEO Y = —7
Ly bREK, (XREFA~OBBETHS, £IZC, ULFERBEUIIIBT S
BRIEE/(r), Vi) toEER L DL, BEMRSIT ULF BRSE A EICREO
bEBEEHTHLERREND,

ﬁE}({)zE}i(f)—ugig(?), e e e is (4.42)

,ﬁV}(f};—: st{g—)-gys«;(;)‘ D {4,43}
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pmm———

AE/ (), AV/(D) & (3.17) RIS LB -> THERT D LT, BRIIF— ¥ NEH
REhd, ToEE, (3.18) REHALT, FEORF—AGENL, 74 L X H
HRFETH B,

44 BRT—2~0DEH

ABTR, AV —RA7—va VEPEMBISEBEBICERT - Licky,
ULF BEREBARICK T 2B T — 4 0b, HEBERBLYER L T2 B E®HIC
LOFEEBEERSORENTETH 50, BEREBOEE (KYS) BRA0BHF —
FERAVTRIET 5,

441 FERAT—4

ERY 27— %1%, 20004 7 A 16 B 00:00~06:00 (JST) T» KYS I8} 3
PRROBEBAET -2 L, Hill (KAK) BT3B KE LIRS THD, -0
RHEOHBKIEHEIZ OB 3 E ¢ Kp=9~, 30 b 6 ETH Kp=9 Th
D, BOTEWEBMTHD L REE 5, vk, AEHEIFTEEOKLESS L
UHEMBOEFBMIC LY =5,

Fig.4.2 iZ, KYS BlHlRICK T 2 BEREBR 277, BHATIE, 3 XA0BEHH
EVWCERTD LS5 cHESh, 2 >DOH# (ch.l, ch.2) 2fE->TW5, F7-,
BRIRMICIZ b —va VEIBAFARESNTEY, FBICHEBES 3HYZHE
LTWw5, MEMZEE, b—va BREHEHO ADC-24 2=y + (Fig.2.4 B8)
CTFaZANEN, 24 By D A/D BHO%, RYavicmEgahs, o7
VY 73RBS T — % LRI 50Hz TiTbh 5 28, A X TIIMEIC BT 2881
ELETIHEIA YL YL FY L LCHERT S,
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Torsion
Magnetometer

O ch.1

Fig.4.2 Configuration map of the electrodes at KYS station. The azimuth
represents the rotation angle from the geomagnetic north to the positive
electrodes.

Figd3 A V¥ —AF— a VBB EBRORE CHEAT IRSET — 4 %
Y, T I Tk 34 (Fidk, W, $hiE) 2#RT7T 5, £ €h, L2 KAK,
TIXKYSICK T 2EHR B EERT .7 — % OHHE L, 200047 H 16 B 01:00~04:00
(JST) TH D, KRAWLMROBEAIIFEAAATED TLIPT V3B,

Fig4.4iz, KYSIZBIFB3EFAR—NVIT L OEHEH (mV/km) OBAEZ =
To Fig.4.512, KYSIZBITE 2200 F A R—ADLHBESNEEREBKE2LIRS %
Y, BBEEE (Figd.3) LOWEICXY, H L E,, HEEOHEBEBEWVCE
EFazend, BRSNIEELTHII S 0 —ANALHBKEEIC L 3FEKRS CF
RRAINDZ L E2TRT 5, T bbb, FJu— L HBEKEEICEET 25T
Bid, ERMESEEEZERAL TRESNITEEADDLZLEEKLTWV S,
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NS component

60 i 1 1 i i
404 EWcomponent

§ Verticalcomponent

01:00 02:00 03.00 04.00
July 16,2000 (JST)

Fig.4.3 The observed geomagnetic field at KAK (upper line in each panel) and KYS
(lower line) stations for an interval of 01:00 to 04:00 (JST) on Jury 16, 2000 when the
geomagnetic activity was extremely high (Kp=9").
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30 . .
204 ch.1 (L=25m, D=160" )

20] ch.2(L=30m, D=70" )

01:00 ' 02:00 i 03:00 ’ 04:00
July 16,2000 (JST)

Fig.4.4 The observed electric field at KYS station for an interval of 01:00 to 04:00 (JST) on
July 16, 2000 when the geomagnetic activity was extremely high. Upper and lower panels
indicate the ch.1 and ch.2 of electric channels shown in Fig.4.2, respectively.

204 NS component

204 EWcomponent

Ey [mV/km]
3 o

0

N

o
N

“30 T T T T T
01:00 02:00 03:00 04:00

July 16, 2000 (JST)
Fig.4.5 The observed electric field at KYS station for an interval of 01:00 to 04:00 (JST) on
July 16, 2000 when the geomagnetic activity was extremely high. Upper and lower panels

indicate the NS and EW components of electric field which are calculated with the use of
two channels shown in Fig.4.4.
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Fig.4.6 Time-scale (frequency) distribution of multiple coherency functions for an interval
of 01:00-04:00 on July 16, 2000 (JST). (a) Multiple coherency between E,, at KYS and
horizontal 2 components (H,,, H,,) of magnetic field at KAK. (b) Multiple coherency
between E,, at KYS and horizontal 2 components (H,,, H,,) of magnetic field at KAK.
Shaded region indicates the “cone of influence” where edge effects of the wavelet
transform become important (Torrence and Compo, 1998).
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Fig.4.7 The estimated interstation electromagnetic transfer function (Z;) between the
electric field at KYS and magnetic field at KAK. Z,, was calculated by using the observed
data at interval of 00:00 to 06:00 (JST) on July 16, 2000 when the geomagnetic activity
was extremely high (Kp=9"). Left and right panels indicate the real and imaginary part of
the impedance tensor, respectively. The upper and lower limit of the standard deviation
are also shown.
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Fig.4.8 The estimated interstation electromagnetic transfer functions (T ){,;s , TY{ ;s ) between
the electric field at KYS and magnetic field at KAK. Transfer functions were calculated
by using the observed data at interval of 00:00 to 06:00 (JST) on July 16, 2000 when the
geomagnetic activity was extremely high (Kp=9). (a) and (b) shows the ch.l and ch.2 of
transfer functions, respectively. Left and right panels indicate the real and imaginary part,
respectively. The upper and lower limit of the standard deviation are also shown.
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Fig.4.9 The magnetic field variations obtained at KAK (upper line in each set) and KYS
(lower line) stations for an interval 0f 04:10 to 04:30 on July 16, 2000 (JST). (a) Hy (NS), (b)
Hy (EW), and (c) H, (vertical) components, respectively.
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Fig.4.10 Two channels of electric field variations obtained at KYS station for an interval of
04:10 to 04:30 on July 16, 2000 (JST).
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Fig.4.11 The horizontal two components of electric field variation obtained at KYS station
1 for an interval of 04:10 to 04:30 on July 16, 2000 (JST).
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Fig.4.12 Experimental results of the reduction of the inductive fields associated with the
external source field in NS component ( E,) at KYS station. (a) shows the high-pass filtered
(T <940s) original electric field at KYS. (b) illustrates the estimated inductive field at KYS
with the use of the interstation electromagnetic transfer function. (c) plots the residual
component.
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Fig.4.13 Experimental results of the reduction of the inductive fields associated with the
external source field in EW component (E,) at KYS station. (a) shows the high-pass
filtered (T <940s) original electric field at KYS. (b) illustrates the estimated inductive
field at KYS with the use of the interstation electromagnetic transfer function. (¢) plots
the residual component.
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Fig.4.14 Experimental results of the reduction of the inductive fields associated with the
external source field at KYS station. The case of the channel 1 (V1).

- high-pass filtered (T <940s) original electric field at KYS. (b) illustrates the estimated
inductive field at KYS with the use of the interstation electromagnetic transfer function.
(c) plots the residual component.
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Fig.4.15 Experimental results of the reduction of the inductive fields associated with the
external source field at KYS station. The case of the channel 2 (V2). (a) shows the high-pass
filtered (T < 940s) original electric field at KYS. (b) illustrates the estimated inductive field
at KYS with the use of the interstation electromagnetic transfer function. (c) plots the
residual component.
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Fig.4.16 An example of the SES observed at ASS station in Greece (Varotsos et al., 1996).
All the scales are in mV/m.

i FILE: 1109500 DATE: 1974/95  TIHE: 5 ts 10 (CHT) ‘IMNNM. Lot
- s M
M ‘ RS MR Y
EeWe o AT V\NM
Wxﬂ:’w
NbSh WWWM/A:MW \Y‘W
3 ‘ “M%M*W*%M
EbWb “\/\Nm@y\w
NaSa .|
T ‘ /“’\\
EaWa .W/W\\ . \A‘W\//w W
Hiis m
40mv
Hew
" ss:ee o708 s:08 19:08 s

Fig.4.17 The example of the “SES activity” recorded at IOA on April 18, 1995 which
led to the prediction of the M6.6 EQ (Varotsos et al.,1996). All the scales are in mV.




== F4E A ¥ AT—L a3 L AMEEET—5 )b ORISR ORE 129

15 ll.'ll! i{‘lfil;‘llil!lll!ll[i‘! l!l'ilil
| 2 311234 5 6 7 3
> 3 ; 3
E o3 LA 11 1 f | 5
-5q L] 'I’"! itll l'l‘l‘ III"I‘I’!!I"I l"l"‘l'l LI -
1 300 600 300 1200 1500 1800 2100 2400
Time (s)

Fig.4.18 The SES model used in this study. The amplitude of rectangular signals is 3
mV/km. The duration time (7 ) are 10s, 10s, 20s, 10s, 100s, 200s, and 300s,
respectively.
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Fig.4.19 The model data used in this study. (a) The raw data of electric potential
changes of ch.1 at KYS station for an interval of 04:00 to 04:40 on July 16, 2000 (JST).
(b) The data with the “SES model” shown in Fig.4.18. The feature of the SES model are
also illustrated. '
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Fig.4.20 The results of verification of the signal discrimination of SES from background

- noises. (a) The high-pass filtered model data (T <940s). The feature of the SES model are
also illustrated. (b) The results of the elimination of the inductive fields associated with
the external source field (T < 940s). The numbers in the figure correspond to the indices of
the SES model shown in Fig.4.18.
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Fig.4.21 The high-pass filtered (T < 30s ) electric field data at KYS station at the interval of
300 to 600 data points (corresponding to 04:05 to 04:10 ). (a) Original data. (b) Residual
component. The amplitude of the background noise changes from =~1.5 to ~0.5 [mV/km]
by using the ISTF approach.
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Fig.4.22 The comparative results of the detection of SES model, in which the amplitude
of signal are set to 1.5, and 2.0 [mV/km], respectively. SES models are also shown
simultaneously.
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Fig.4.23 The comparative results of the detection of SES model, in which the amplitude
1 of signal are set to 0.5, 0.7 and 1.0 [mV/km], respectively. SES models are also shown
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Fig.4.24 Random noise with Gaussian distribution generated with the use of the
Box-Muller method (¢f. Numerical Recipes in Fortran 77).
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Fig.4.25 The distribution of amplitude of random noise shown in Fig.4.24.
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Fig.4.26 The high-pass filtered (T < 940s) rectangular signal. Upper panel: signal model
(amplitude = 5 mV/km, t =300s). Middle panel: Reconstructed random data with signal
model (T < 940s). Bottom panel: Residuals of the raw data (see Fig.4.24) and
reconstructed data shown in the middle panel (T < 940s).
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Fig.4.27 The high-pass filtered (T <940s) rectangular signal. Upper panel: signal
model (amplitude = 5 mV/km, t =3,000s). Middle panel: Reconstructed random data
with signal model (T <940s). Bottom panel: Residuals of the raw data (¢f Fig.4.24)
and reconstructed data shown in the middle panel (T < 940s).
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Fig.4.28 The high-pass filtered (T <940s) rectangular signal. Upper panel: signal model
(amplitude = 5 mV/km, t =6,000s). Middle panel: Reconstructed random data with signal
model (T <940s). Bottom panel: Residuals of the raw data (cf Fig.4.24) and reconstructed
data shown in the middle panel (T < 940s).
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Fig.4.29 Experimental results of the global inductive field reduction in the electric field at

i KYS station for an interval of 04:20 to 04:50 on April 05, 2001 (JST), which are

corresponding to the geomagnetic field shown in Fig.3.26, Fig.3.27, and Fig.3.28. (a) The

high-pass filtered original data. NS (upper line), and EW (lower line), respectively. (b) The
estimated global inductive field. (¢) Residual component. The arrow (1) indicate the period
when the geomagnetic pulsations turned up. The alphabetic indices indicate the location of
the passenger stations where the first train is running through (cf. Fig.3.25).
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Fig.4.30 An example of the residual components in the time interval when the DC-driven
train is running through nearby the KYS station. (a) NS, and (b) EW components,
1 respectively.
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’ Fig.5.1 Detrended ground displacements in the period of September 1 - December 2, 2002, at GPS
stations in the Boso Peninsula relative to the Ohgata station. Open circles represent hypocenter
determined by JIMA (Mw=2 Oct. 1 to 31, 2001). (after Ozawa et al., 2003)
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Fig.5.2 Relative crustal movement at Chiba-Ohara station in the Boso Peninsula from Ogata
station in Niigata Prefecture (after GSI).
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Fig.5.3 Seismic activities in the period of Sept. 17 to Oct.27, 2002 (after IMA).
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 Tme | Len (e | Lat(dep) | Depth Gem) | Mag.
I 00:54:16.58 E140.616 N35.287 26.1 3.0
2 01:23:12.55 E140.625 N35.292 18 1.5
3 01:29:30.29 E140.588 N35.286 27.1 2.7
4 01:30:14.74 E140.583 N35.298 23.2 2.6
5 01:34:18.45 E140.667 N35.218 24 1.4
6 01:35:41.36 E140.591 N35.291 26.3 3.1
7 02:07:21.81 E140.590 N35.288 26.7 2.5
8 02:08:33.34 E140.601 N35.252 27.9 2.2
9 02:18:05.87 E140.476 N35.307 253 1.5
10 02:54:28.88 E140.548 N35.262 29 1.4
11 03:35:25.97 E140.592 N35.294 24.5 2.3
12 03:39:50.00 E140.537 N35.399 33.6 1.9

Table.5.1 The list of the earthquakes in the rectangular area shown in Fig.5.1 at
interval of 00:50-04:00, Oct. 06, 2002 (JST). The data are obtained by JMA.

BERExUTHTRELEHBOREBIUORAEHEREZTT, Au—2) v 7OH
FITiX, 108 5 B2H 6 BIZ T THEEE LY — 2 /- L7, Table 5.1 1Z 10
H 6 B 0:50~04:00 (JST) O#MIZ Figs. 1 DEF U THTEEL-HEBOY X
FERRT B,
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Fig.5.4 Magnetic field variations obtained at the array stations in the Boso Peninsula (FDG
UCU, and KYS) and KAK for an interval of 01:00 to 04:00 (JST) on Oct. 06, 2002. (a) NS,
(b) EW, (c) Vertical components, respectively.
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Fig.5.5 Electric field variation obtained at the KYS station in the Boso Peninsula for an
* interval of 01:00 to 04:00 (JST) on Oct. 06, 2002. (a) NS, (b) EW, respectively.
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Fig.5.12 The residual component of the difference between observed electric field at KYS
and estimated inductive fields by using the ISTF approach for an interval of 01:00 — 02:00 on
Oct. 06, 2002 (JST). (a) NS, and (b) EW components, respectively. The origin time and
magnitude of earthquakes are also shown.




REFEOBEAIC L D HBERIHESBHORM

== HHE

o
X 4 b - x < i i i L i 8
= L & - =
4 E 5 8
b 2 L -
3@; 3 [ 2,; =
ot = -
&3 LE” 3
9 (=] E 3
- R-I. 3
< & = i
] = s [ &
g - L .
4 ~ o o - -
- - s o
4 = X . i
4 = o L
- - . T o _g
& A
E - S F 2 L g
J . i L
- = — - g
4 3 E i @
- - - S
E : 3 E 3 5 (é‘
9 - o - L
o = 8 «
- _'CWVV -y =l . e {o
1 S 4 L N =]
E o 5 S
F = L d X
h 3 E 3
- - - O - -
- Ry &
&N - .
S 1 F O 8, A - S
et | L B <o - i
~ ;:‘.E
L i 5
d & L E = 3
L = 5 i = |
b =) - 5
[ S ‘O—
a3 N oo =
ggﬁ o §§>- = 5 8
&‘Q“ s i ety 3
e = - Som A
] ® - 2 -
Z - i L
© b ) -
o - N -
2 o - Jr o o
T T T L — T T (=] r f T oy =}
© © ®S o © g

(wy/Aw) piaid omyos|3

(unyAw) piai4 0139813

Fig.5.13 The residual component of the difference between observed electric field at
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Fig.5.14 The residual component of the difference between observed electric field at
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Fig.5.15 The epicenter of the seismic event originated at 01:35:41.36 on Oct. 06,
2002 (JST). The distribution of the magnetic stations in the Boso Peninsula are also

illustrated.
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Fig.5.16 The direction of the magnetic field variations at the interval of 01:35:00-01:35:40
on Oct. 06, 2002 (JST) associated with the seismic event generated at 01:35:41. (a) The
distribution of the horizontal components of the magnetic field and estimated direction of the
source. (b) The plot of the direction on the map. The epicenter of the seismic event generated
in the period of 01:00 — 04:00 are also illustrated. “X” indicates the epicenter of earthquake

generated at 01:35:41.
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Appendix

Appendix A ZANBEROBEHIEEREH (cf Bendat and

Piersol, 1971)
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Fig.A.1 Multiple-input / single-output model for arbitrary inputs. After Bendat and
Piersol (1971).
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