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_Introduction

Thc clec廿 omagnetlc(EM)wavCS at a broad range of icqucncics arc

reported tO havc bccn obscrved prior to cttthquakcs(01kC and

Ogawa, 1986;FllJinaWa and Takahashi, 1990, 1998:Macda and
Tokimasa,1996;Bclla ct al,1998:Molchanov ct al,1998)Thc sO―

callcd seismic elcctric signals(SES),whiCh ale dctectcd in tllc dircct

curcnt(DC)cleCtllC neld,havc bccn uscd in eartllquよ c prcdiction

in Grccce.This approach is known as tllc VAN(VarotSOS,Alcx―

opoulos ttd Nomicos)mcthOd(VarOtsos ct al,1996;Uyeda,1996)

Howcver,tllc method is still oontrovcrsial(Lighthill,1996)Onc Of

thc issucs in thc contlovcrsy is thc physical naturc of the generation

and propagation of SES,although somc hypotheses to cxplain tllc

possiblc tlanslllission of SES considcring thc local underground con―

ductivity distribution have been prcscntcd(Utada,1993:Varotsos ct

al,1993,1998)
E3/1 signals wcrc also obscrvcd fronl many rock cxpc五 mcnts

(Nitsan,1977;Ogawa ct al,1985;Brady and Rowcll,1986;Cress ct
ral,1987:Enomoto and Hashimoto,1990)SOmc phcnomcna pOssi―

bly relatcd with cartllquakes, such as lightning, cloud, tclevision

noisc,anomalous animal bchavior and so on,wcrc ascribed to scis―

mic clcctromagnetic signals(SEMS)(Ikeya and TaltaH,1996;Ikcya

and Matsumoto,1998:Ilteya ct al,1997b;Huang ct al,1997)
Rcccntly,an elec廿 omagnctic lnodel of a fault,considcring the dislo―

cation tllcory, was dcvclopcd to explain thc possiblc generation

ルおοグιξカム22,れαイこ′′f7)oィーィチ

mcchanism of EM signals associated with faulting(Huang and

lkeya,1998b)

It would be ncccssa[y tO invcstigatc cxperimcntally thc propa―

gation of SEMS,till a scientincally crcdible theory has bccn rnadc to

explain thosc rep9rtcd 10ng distancc propagation ⅣIotivatcd by the

waveguidc concept,a scale― model expcnlnent on the propagation of

EM wavcs in several waveguides has bccn developed(Ikcya ct al,

1997a;Huang and lkcya,1998a)Application to two earthquakcs in

Greecc indicated somc aspect of long distancc propagation of SES

(｀
rarOtSOS et al.,1996)Inay pOSSibly bc relatcd to thc distrlbution of

sca and land(Huang and lkcya,1998a).

In thc prcscnt cxpc五 rncnt,propagation of EM waves fron■ thc

ルf73 Taiwan Stlait ealhquakc(Septembcr 16,1994)is inVestigated

using a scalc gcOgraphic modcl of the Taiwan― Fttian region Wc
invcstigatc thc possiblc in■ ucnccs of the dcptll and thc orientation of

tllc sourcc antcnna on thc propagatlon pattcm of E1/1 waves ln addi―

tlon,wc invcstigate thc in■ ucnccs of thc distl■ bution of sea and land

and the cdgc cffcct of tlle Earthls crust on tlle transmission of EM

waves

Experilnents

Geographic lllodel

A schcmatic diagram of the cxpcrimcntal proccdurcs is dcsc五 bcd in

Figurc la.The Earthis crust(30b)waS Simulatcd by a granite slab

(610 mm× 610 mm× 22 mm)witll a resist市 ity ofabout 106 Ωm alld

a dielectric coefflcicnt,ε =8〔b,whcrc tt is thc diclcctnc cocfficicnt
in vacutlm An alulllllnulll platc simulating thc conductive boundtty

in thc cmst(fOr simplicity,thc MOho planc was assumed in this

cxpcdmcnt)Was placed againstthe lowcr surice ofthe granite slab

Another alu血 num plate at 44 mm abovc tllc uppcr surfacc of thc

granite slab simulatcd tlle lower ionosphere at 60 km abovc thc

ground surface Thc Taiwan― Fllliall rcgion was modclcd in a scalc of

l : 1,360,000 and thc conductivc sca sulfacc、 vas covcrcd witll alu―

minum foil(Flgurc lb)ThC mOdcl hypoccnter was ixcd in a hole

drillcd atthc centcr ofthc bottom ofthc granitc slab Thc EM signals

associatcd with thc 1994■ イ7 3 Taiwan Stlait calthquakc was simu―

latcd by cmission of micro、 vavcs from a loop antcnna placcd at thc

modcl hypoccntcr

Experilnental apparatus

EM M′ avcs wcrc cnlittcd fronl a one― turn loop antcnna placcd atthc
hypoccntcr conncctcd with a microwave synthcsizcr、 vith varicd frc―

qucncy 「rhe dctcctor was anothcr loop antcnna,placcd closc to thc
sudacc 9f thC granite slab lt scanncd over tllc surfacc by an X― y
plottcr and thc output was conncctcd to a spcctunn analyzcr Dircc―

tions of botll antcnnas wcrc changed so tllat thc loop could bc in a
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ho五zontal plane and a vcrtical plane Tlle scanncd ttca was 400 mln

×280 mm(Figurc lb)The microwave syntllesizcr,X― y plottcr and

spectrum analyzer wcrc all controlled by a pcrsonal computcr and

thc data、 vcrc proccssed to makc a map of power intcnsity distribu―

tion of EM wavcs

The EM wavestattwo fl・ cqucncies of 158 MHz and 1 58 GHz

corcsponding to frcqucncics of l16 Hz and l 16 kHz in thc rcal

earth(conversiOn is based on,■ o'.=∫ m・ ′咀1=θ ,Where suffix r and

m rcprcscnt rcal case alld modり ,c is light velocity)wCre used to
exallune the frequcncy dcpendence of propagation,considcring thc

scalc oftllc gcographic rnodel ln this papcr,we notc quantities in the

rcal casc in thc bracket after tllc modcl quantitics, cg, 158 MHz

(116 Hz),ctC ThC powerintcnsity ofthe source was■ xed at15 dBm

(00316W)Note tlltt dBm is the unit of powcr used in this study,
which is dcined as 10 timcs ofthe logarlthnl ofthe power in unit of

103恥「,ic,Powcr(dBm)=1010g10 Power(103w)

Waveguide lnodel

Gcncrally, waveguidc can be deincd as a system of at least two

mcdia, separatcd by at least one dividing sulfacc, whcrc wave is

guided nere arc many kinds of waveguide due to diffcrcnt naturc

of lncdia The silllplest type would bc a、 vavcguidc consists of two

pcrfectly conductivc pttallcl platcs bct、 vccn WhiCh EM v/avcs ttc

trapped and guidcd This type of waveguide is callcd as 'lparallcl―

platc、 vavcguide‖

Onc lnay■ nd the detailcd discussions in literatures(cg,Reitz

and Milford,1967;｀ Ⅳaldron,1970;Staelin et al,1994)Here WC
only show that thcrc is a cut― off flequcncyた of parallcl― platc wave―

guidc with Jt=ε */2′,whcrc r*is wavc vclocity in tllc mcdium

(ε
*= 1/(3/1)1/2 uSing diclcct五 c coeficient ε and pcmcability μ Of

tllc mcdium)and′ iS tlle separation distallcc bctween two palales of

thc v′ avcguidc VVaves at a frcqucncy∫ く∫c Will bc cxponentially
dalnpcd,instcad of propagating in casc of∫ >∫c Thatis why∫ c iS

callcd as Hcut― off‖ fl・equency Thc lcason why waves at∫ くた alC

dampcd can be explained as follows

For simplicity, 、vavcs are assumed to propagatc alongそ ―axis

(Figurc 2).Tllen,the propagatlon in thc palallcl― plate waveguide can

be descHbed in tcms ofthc cxPonential factor,cg,cxpσ れぞ),WhCre

L iS tllC Wave― numbcr along theて dircctlon Thc guided conditlon for

the simplest mode g市esれ =2π

`(ル

を*)2_(1/2rf12)1/2(eg,Staclin ct

al,1994)The cut― Off frequcncy tt is obtained as∫ c=ε*/2グ fror

たて=0(COrcsponding to thc incidence angle, θ=O in Figurc 2)
nen,One can obtaln 4=2π

`(ク

を*)2_(1/2d)2)1/2=、 la((∫′
=c)2_1)1/2,aftcr subsututing ε*=2グ・ ん int0 4.Therefore,an imaginary coci

ncient(wave― numbcr,れ)in prOpagaing will appcar when∫ <∫c

Namcly,、 vave is dalnped rathcr than oscillating

Thc EM、 vavcs ttc aSSumed to propagate within the following

three parallcl platc wavcguides:(1)iOnOSphcrc― ocean,(2)ocean―

conductive boundal■  in tlle crust, and (3)lonoSphere― conductlvc

boundary in the cltlst
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Results and discussions

The EM waves would propagatc in thc thrce possible caltll一 、′avc―

guidcs having different cut― off frcquencics For simplicity,wc only

cstlmatc thc cut― off frcquency using thc parallcl― plate 、vaveguidc

model Tlle lonosphcrc― crust wavcguidc modcllcads to∫ cl=υλcl=
ε/2グ =2 27 CJHz,which corlcspOnds to 1 67 kHz in tllc rcal casc,
using thc light vclocity θ=3× 108 111 s l(ε =1/(匈Ffo)1/2 uSing diclec―

tAc cocfflcicntぬ and pcrmeability“Э in vaCuum)and diStancc
betwccn thc ionosphere alld thc Moho plancグ =66 mlll(9× 104m)
Howevcr, our v′avcguidc model is cquivalcnt to a real、 vavcguidc

containing two diffcrent media(cg.,Crust and alr)ThCrcfore,thc

cut― off frcqucncy should bc lcss than the above cstimatcd valuc,ie,

■1く 227 GHz(1 67 kHz)If tlle dielect五 c cocfflcient of thc crustis

assumcd as ε=8εO,thcn a tentativc cstimation of thc cut― off frc―

quency considel■ ng an averagc vclocity of EM wavcs(media dis―

cusscd hcrc arc non― magnctlc,ie,μ =μO,sO C*=ι /(υ 8o)12)in tlliS

wavcguide would lead to∫ cl=141 GHz(1 04 kHz)(SCe Tablc l)
Thc cut― off frcqucncics of the ionosphere―occan、 vaveguidc and tllc

oceall― crust waveguide would bc∫ t2=341 GHz(250 kHz)and
∫c3=241 GHz(1 77 kHz),respccivcly as summanzcd in Tablc l.
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Wavcttide Ionosphere‐ cnist Ionosphere‐ ocean Ocean‐ crust

Scparatim distancc

′(b)

Cut― off fに qucncy

′はHZ)

く167

(104)査
)

ExpenmentJ

scparation 4。 (mm)

ExpeHmental cu●oF

■equcncyェ exP(GHz)

く227

(141)al

*Thc nunlber in tllc bracket is a tentativc estimation of cut― off frcqucncy

considcring an avcragc spccd of clcctromagnctic wavcs in tllc ionosphere―

crust、vaveguidc modcl

29f

Notc thatthe height ofthe lo、 verionosphere layeris assumcd as

60 klll in tllis study lf tllc hcight is takcn as 120 km(at night),a

lowcr cut― off flequency than above cstimations(in the cascs of the

ionospherc cmst alld the lonosphere― ocean waveguides)would be
obtained

Thc lnain cxpcnmcntal rcsults arc summanzcd in Table 2

Effect of the distribution of sea and land to the

propagation of EⅣI waves

Figure 3(a)indiCatcs that the EM waves are undctcctablc cxccpt at

some gcographic boundadcs at 158 MHz(116 Hz)whiCh iS lowcr

tllan tllc cut off fl・ equcncy,cg.,■ 1.MorC intcnsc EM wavcs witll a
Hpplcd propaga● on pattern were obsen/ed as shown in Figurc 3(b)at

158 GHz(1 16 kHz)whiCh is highcr thala tllc cut off frcquency

Simplc parallel― platc v′ aveguide model prcdicts that thc intcn―

sity of EWI wavcs at a frequcncy lo、 vcr than thc cut― off frcquency

should decay exponcntially frolll the sourcc Hov′ ever,no obvious

dccay pattcrll(see Figure 3(a))waS Obtained in our experilncnt atthe

low flequcncy of 158 MHz(116 Hz)ThiS iS Considcrcd to bc due to

the rencction cffcct of thc aluminum foil which simulatcd tlle largc

occan rcglon

VVe madc a sinlilar expcriment aftcr removing thc alunlinum

foil from tlle occan pan tO invcstigatc thc occan innuence on the
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Frequency 158 MHz(116Hz)
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Remarks

Dccan cffect With the ocean area

covcrcd by Al foil

Signals only appcar in thc

icgions closc to geographic

)oundaries(Figure 3a)

Disturbed Hppled pattcrn

(Figule 3b)

Appcarancc ofthe broad occan

not only disturbed thc五 pplcd

pattcnl at a high frcqucncy,but

also lcd to a colmplete diffcrcnt

patteln at a low frcquency,

、vhich inay provide a partial

explanation for the selcctivity

of SES

Without thc occan

zone covered byノ lヽ

foil

Exponentlal decay from the

model cpicenter(Figurc 3c)

Ripplcd pattern

(Figure 3d)

3ource cffcct Shallo、 v73 1nalll

(10 km)

Signals appear around geo―

3raphic boundarics(Figurc 3a)

Disturbed五 pplcd pattcm

(Figure 3b)

Signals at a low frequency arc

Very Weak ifthe source is at a

decp sitc Sourcc dcpth does

not in■ ucncc thc propagation
Decp 16 1 mm

(22 km)

Similar pattcm as above with

relatlve weak signals

Silnilar pattcm as above

results

pattem of EM wavcs.

Effect of thc

,ource antenna

Vcrtical oHcntation Signals appcar in tlle regions

31ose to geographic boundaries

Disturbcd五 pplcd pattcm

(Figurc 3b)

vcnica1 0五 cntatlon of tlle

sourcc antcnna cnhances the

signal intensity a little at a low

frcqucncy

Orientatlon of the sourcc loop

antcnna lnadc littlc in■ uence

on thc propagation

Horizontal orientatlon Sinilar to Figurc 3a with rcla―

tivc wcak intcnsity

Rippled pattern almost the

same as abovc

Edge cffcct W lth COnCluctlvc Slde

edgcs of granitc slab

(CmSt)

Signals appcar only in thc

rcgions closc to geographic

boundancs(Figurc 4a)

Disturbcd dpplcd pattem

(Figurc 4b)

Rcncction of conductive edges

cnhanccs thc signal intensity at

alow frequency Rcncc● 。n

frolll cdgcs also in■ ucnce the
nron,oation nnftelln nl,hioh

Without conductivc

sldc cdgcs

Sinlilar pattcrn with relativc

we■【intcnsiサ .

RIppled pattc劇l slightly

modincd
frcqucncy

コンJSοグ
`S,VO′

22,ποイ
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propagation of EM wavcs Figure 3c is tllc expcrilnental intcnsity

distrlbution of ENI waves at a■ cqucncy of 158 NlHz(116 Hz)Thc
EM 、vaves dccaycd cxponcntlally, which is completcly different

from thc rcsult sho,′ n in Figurc 3a No signals can be detcctcd ovcr

a long distance frolll the modcl cpiccntcr

Thc intcnsiサ map of EM wavcs at1 58 GHz(1 16 kHz)with―
out alunlinun■ foil ovcr thc ocean is shov′ n in Figurc 3d An obvious

ripplcd propagation pattcrn is obtaincd in this casc This propagation

pattcrn is disturbcd whcn the ocean arca is covcrCd by thc alunlinum

foil as shown in Figurc 3b

Effect of the depth of the source antenna to the

propagation of EⅣI waves

We havc madct、vo cXpcrimcnts with thc sourcc at a shallowcr posi―

tion,cg,73 mm(10 bn)(Experiment Si Shallow sourcc),and at
tllc modcl hypoccntcr,ic,161 mm(22 hn)(Experiment D:Deep
sourcc),rcSpcctively

Experimcnt S:Tllc powcr intensiけ mapS Of EM wavcs atalow
frcqucncy and a high frcqucncy wcrc obtaincd as shown in Figure 3a

and 3b as discusscd alrcady

Expcrilncnt D: The propagation pattcm of ENI wavcs at 158

MHz(116 Hz)is Similtt to that of Figure 3a Howcvcr,thc intensity

forthc dcep sourcc is much loM′ cr tllan tllat of thc shallow onc The

intcnsity map of EM wavcs at 1 58 GHz(1 16 kHz)iS almOst thc
same as Figure 3b

Thcsc rcsults indicated that thc intcnsity of thc EM wavcs at a

frcqucncy lo、 vcrthan thc cut― offfrequency would be inuch weakcrif

thc sourcc is at a dccpcr sitc However,the propagation pattcrns arc

Jmilal

Thc wavelength of EM wavcs lnight bc roughly cstimatcd from

thc rippled― pattcrn of the experimcntal results,ic,thc approximatc

half wavcguide―、vavelcngth would be equivalent to the distance

bctwccn thc npplcd― lines Thcrcforc, thc wavcguidc_wavclcngth
260～360 km obtaincd from Figure 3b would corcspond to ∫ =
1250～ 833 Hz v′ ith an avcragc of about 1 04 1sIIz,which is close to

the flequcncy ofthe sourcc EM wavcs(1 16 ШHz in the real cttth)

One at least can conclude fronl thc cxpcrimcnts tllat the cut― off fre―

qucncy would bc loM/cr than 1 04田 z in this complicatcd wavc―

guide

Effect of the orientation of the source antenna to the

propagation of EⅣl waves

All prcviOus pov/cr intcnsity maps of EM waves were obtained for

tllc case v/hcre the source loop antcnna 、vas placcd in a vcrtical
plane Similar cxpcrimcnts have been done to investigatc the effcct

of changcs of the ollentation of thc sourcc antcnna from a vcltical

planc to a horizontal plane Almost thc samc propagation pattcrns as

seen in Figures 3a and 3b Ⅵ/crc observed at botll frequencics,except

a littlc diffcrcnce in the powcrintcnsity Thcrcforc,、 vc may conclude

that thc ol・lcntation of the sourcc antcnna、 vould not havc rnuch in■u―

cnce on tlle propagation pattern of EM、 vaves

Effect of the edge re■ ection to the propagation of

El■ I waves

ldcally, thc crust should bc continuous horizontally lf the surface

arca of thc granite slab is much largcr than thc scanncd region,the

cdgc cffect on tllc propagation of EM、vavcsゝ/ould bC ncgligiblc

Howevcr,the sizc ofthc granitc slab is only 610 111m× 6 10 1nanl duc to

thc cxperilnental constlaints,whilc tllc scanncd region is 400 mln×

280 mm(Figurc lb)ThCrebre,there might bc somc cdgc cffcct to

thc propagatiOn of EM waves in our cxpcrilnent ln nature,the con―

ductivc fault planc or subduction zone might act as conductivc

edges

We havc made tlle expcrimcnts witll thc four side cdges of thc

granitc slab、vrappcd by aluminunl foilto invcstigatc tlle eEect of the

cdgc rcflcction Figurc 4a is the intensity distribution ofEM v/avcs at

1583/1Hz(116 Hz),whiCh is lowcrthan the cut― off fl・cqucncy Com―
paring with the rcsult of Figure 3a,wc can atlcast concludc that thc

intcnsity of EM wavcs tcnd to bccomc morc illtcnsc duc to thc cdge

rcncction.
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The experimental rcsult of EM wavcs at 1 58 GHz(1 16 kHz)

was obtained as shoM′n in Figurc 4b Evcn though a ripplcd propaga―

tion pattcnl、 /as obtained,onc lanay ind thatthc present pattem is dif―

fcrent from thc previous onc、vithoutthe edgc wrapped by alunlinum

foil(Figure 3b)It sCCms tllat the propagation pattcm of EM waves

is distllrbcd by thc re■ ection oftllc conducivc cdgc(aluminum foil)

This indicates that fault planc or subduction zone,which may be

conductive,rnay affcct the general rcflcction pattcrn of EⅣI waves

Our prcvious cxperimcnts of thc Grcck ttchipelago indicatcd

that the occan effect was not obvious enough if the sourcc is in thc

main land.Some disttlrbance to the propagation appcarcd v′ hen the

sourcc is close to a gcOgraphic boundtty,c.g,the Ko五 nthiakos Iく ol―

pos bay in thc ccntral(]rcccc(Huang and lkcya,1998a)In our prc_

sent cxperiments, tllc source is in tllc occan Therefore,the broad

occan zonc、 vould play an illlportant rolc in in■ ucncing thc propaga―

tion of EM waves This v′ as conirmed by our experilnental results

(Figurcs 3a and 3c,3b and 3d)ObsCrvations of SEトンIS should be

made taking thcsc simulations into consideration

Conclusions

A wavcguidc model experimcnt v/as performcd to invcstigatc thc

propagation charactc五 stics of EⅣ I wavcs,taking,as an example,the

gcography of tllc Taiwan― Fttian rcgion with the occan pat covered

by aluminunl foil The EM wavcs at a frequency lo、vcr than tllc cut―

off frequcncy can only bc dctcctcd close to gcographic boundal■ cs

The EM waves highcrthan thc cut― off frcqucncy showed a roughly

rippled pattem of propagation Thc conductive occan innucnccd the

propagation patterns Thc source deptll and thc orientation of thc

source antcnna made little in3ucncc on the propagation of EM
waves,whilc the effect of thc aluminum edgc、 /as found somc、 vhat

signincant.
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