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1. Introduction

Short―tilnc earthquake prcdiction is an urgcnt yet clusive goal, but recently clectromagnetic

phenomcna have bccn rccognizcd as a promising basis for future cartlquakC prediction[e・ g.,

メV 路 艦 胡 脳 蹴 ;!i崩 躍 瀧 粗 艦 3紘 禅 糾 品撫 糧 鰐 骨酒毛協 撚 鞘 :
flclds.Among thcse,thcre is rccently proposed a ne、v means of thc possible use of subio■ospheric

propagatio■Of vLF transmitter signals in the earthquake prcdiction【Gokhbcrg et al.(3)].Adぃtional
studics on this subicct havc bccn perfOmed by Gufeld ct al.“),Hayakawa and Sato(5)and Morgounov

et al.(O Beforc any precursory phenomena can be applicd for ca■hquakc prcdiction, thOugh, ふvO
essential requircments must bc me■(1)there must be a suttcient body of cvidencc that supports the
validity of the method,and(2)a modCl must bc creatcd that can gcncrate such propagation

anomalics.We try to satisfy thcsc twO requircmcnts in this papcr.

A large active ttult earthquakc Occurred ncar Kobe,Japan on January 17,1995(5,46 am,L。 ■),
with its epicclter at the geographic c00rdinatcs(34.6°N,135.0°9.ItS magnitudc was 7.2 and its
focus was sha1low(about 20 km dcep).The high lcvel of dcstruction lcd to thc usual questiOn bcing
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Fig。l The location of the transmitter(OInega,Japan)at TSushilma and theコ ロは,i理 的 ll at
lnubo is shown,toge↓her with the great‐circle Path collnecting these two statiogBs and the
epicenler of lhe Kobe earthquake cndiCated by a cttss.

raisedi is it possiblc to nnd a prccursory signamrc of carthquakcs likc the Kobe caHhquakc?

UnfortunatelL convcntional geophysical mcthods havc bccn unsuccessful in p吏 迅は血唱 品:ミalld

prcvious earthquakcs,so、 ve havc cxa■lined the possibility of using radiophysical meastlFeIElentS as

early indicated(1). First, wc considcrcd a VLF signal mcthod, in which、 vc obscrve the phasc and

amplitudc of VLF navigational transmittcr signals propagatcd insidc thc Eaih-lo■osphcrc革■vq野五de_

If the frequency and reccption distancc arc血 【ed,then the observed VLF signal p― eters arc

mainly determincd by thc lonosphcric rcncction hcightた ,which dcpcnds on thc D-la■
‐cr clcao■

density pronlc.mis is why the VLF signal mcthod is often uscd to rccord short,tcm clc― E dC■Sity

variations in the lowcr ionoSphcre that are associated with solar radiation,cosmic mys Kdlc FolblHh

etteco,cncrgCtic particle prcciPitation[e.g・ Waitの ,Alpcn and Fligc10]aIId喚 勢血軸螢血血B認

heating[Armstrong(り ,Inan et al.(10)]・Rcccntiレ thc use of this method to scarch for enquakc

precursory activity has bccn studicd,Gokhbcrg ct al.(3)were the arst tO report an Prc―o守 お田8uclloc

of earthquakcs on subionospheric VLF propagation,which was suggested as a「 8Nmle IBethOd of

carthquake predictiOn, LatcL Russian口 )and JapancscC)rescarchcrs have accLIIllulatcd m

evidence on anomaliぃ in subionospheric propagation associated with鉱組]q¥遺ミ IheF havc

a n a l y z e d  d c v i a t i o t t s  i 五t h c  s i g n a l  p h a s e  o r  a m p l i t u d e ) f r o m  t h e  m o n t h l y  a v c r a g c d  l c ●r e l  m i n g  t h c

n13ht hOurs and found that deviations incrcascd during a pcriod from about ollc month 30 a tt days

before an earthquttc.This papcr dcscribcs thc obscrvcd subionosphcric propagation of VLF Omcga

signals from Tsushima,as obscrvcd at lnubo,Chiba.Thc obscrvcd rcsuits show s屯 述魚ユ正 prccur―

sory ettects as a signature of thc Kobe eaihquake.AIso,we propose an interpreね d9■ of能 曲 rvcd

main ettects and discuss thcir possiblc causes.
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Fig.2 Sequential plots Of the diurnal variation of V工】「signal(f=102朋 つ phaSes Observed at
lnubo.HeHe,す ″andぁ denOte the tilnes where the phase reaches a miniinum zlround sunrise
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2.出Iethod 6f Data Analysis alld WIain EfFects

Wc havc cxamincd data bn VLF signals rcceivcd at lnubO(ncar TOkyo)(gCOgraphic c00rdinatesi

35°42N140° 52電)that WCre transmittcd from“ Omega,"Japan(TSushima,34° 37N,129° 27°E).Thc
rclativc 10cation of thc tFansmittcr and recciving statiOn is given in Fig l, tOgethcr wiを

h thc grcat
circlc path bcふvecn thcm.Thc cpiccntcr of thc Kobc earthquakc is indicatcd by a cross and it is abOut

70k■ l from thc VLF signal patho Wc have uscd thc data on thc phasc and amplitudc Ofthe signal at a

icqucncy of 10 2間 H2and phasc of ll.3 kHz during the tilne pcriod frOm about fOur lnonths bcfOrc

thc earthquakc and fOur mOnths aftett Wc considcr this cight‐month periOd suttcicnt fOr statistical

purposc bccausc thc usual timc scalc of clectromagnctic prccursors of carthquakcs is a fcw days or
wccks[Rtttakぎ 11)].

Thc previous wOrks mcntioned abOvc(3x6)haVe dcalt with subiOnosphcric ヽ ■」F propagation

paths Ovcr distanccs Of scvcral thousand kilomcters,but thc distancc behvcen Tsushilna and lnubo is

only about 100o k■1,which can bc cOnsidercd a rather short―distance propagation. FurthcmOrc, in
the casc of carthquakc i価lucnces,wc cxpcctcd to IInd long―tcEn VW Signai variations(With a pcriOd
cxcceding onc day),unlikC thc usual short―time variation、vith a scalc of hOurs or ininutes.Figurc 2
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Fig。3 The temporal vaHatioB ofく す″>and<々 >for the phasc(solid】 ine)and amplitude chin

line)Ofthe VLF signal duHng the whole observatioB period and forr=lo。2 kIIz.Here,く>

denotes the rtlnning mean over±  15 days around a particurar day. The corresPonding

value ofくら>forri ll.3 kIIz(Phase)iS giVen by a dashed line.The star lines indicate tle
times of sunrise and sunset obsewed at Tokyo.The vertical line marks the time of the

Kobe earthquake and we have no data for the period from Oct,S to Oct,23(as in the

other flgures).

shows a scqucntial Plot Of the diurnal variation of thc VLFげ=10.2 kHz)signal phase obscrvcd at

lnubo bcttccn tto weeks beforc and onc wcck aftcr the earthquakc.The scalC Of thc phase(the
v9rdcal attS)お夢VCn in the ngure,and tt thc samc ttr an dayS.Some days wctt omitted缶om thc
ngure, because thc diurnal phase variations on thosc days werc very similar to those ふ7o wccks

bcforc and onc wcck aftcr the earthquakc.Wc pcrforlned a convcntional analysis14x5)by eXaIIlining

the fluctuations in phasc, cspeCially during nighttilne,for the VLF data collcctcd dunng the entire

period dcscribed abovco Wc found that thc fluctuation in the nighttime phasc scemed to incrcase

considerably before thc carthquake(though・ ot shOwn here),but thiS ettct was not particularly

convincing.1■ence,、ve can conclude that the analysis method which was succcssful for long‐distancc

propagation paths(several thousand kilometers long),doCS nOt scem to bc approp五 atc for a path as

short as the one considcrcd in this pape二

As an altcmativc(or COmplcmcnt)to thC COIwentional analysis,wc proposc a ncw method of

using“terlninator timcsメ'whiCh is more suitable for short―distancc propagation paths and which is

much more useful than thc convcntional analysis.Considcr thc diumal phasc variation on January 3,

sho、vn in Fig.2,whcn there sccms to bc■ o cttcct of the earthquakc.Thc tcrminator times,whcn thc

phasc(and amplittdc)rCachcs a characteristic minimum,can bc casily deaned hvice a day as tt and

t夕for thc morning and cvcning,rcspcctively.The formation of minima in thC phase at thc tcrIIIinator

times,t″and tι,is kno、vn t6 bc thc conscqucncc of thc wavc intcrfcrcncc of several modcs[Waitの1,
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and so the tcrminator tilncs are a physical quantity that prOvides us with useful informatiOn Thc

accuracy in estimating thc tcrminator timcs is about 6 minutcs, wc can scc, from thc specially

sclectcd sequcncc Of the daily phasc variations in Fig.2,that the tcrminator timc trz decrcased and tι

shifted to a latcr timc in thc cvcning a few days bcfore thc earthquakc,This cttect、vas fOund t0 1ast

one day aftcr the earthquakc,Judging from the obscttatiOns in Fig.2,it is likcly that thc cxtension of

thc daytiinc hours felt in tcrms Of thc subionospheric VLF radio waves,might bc associated、vith thc
carthquake.HowevcL the data lcngdh is insuFacicnt to complctcly convincc us that this phcnomcnon

is not cOincidcntal,but is actually carthquakc―rclatcd.Thcreforc,、ve attcmptcd to prove this by mcais

of statistical studics.

Figure 3 sho、vs thc tcmporal cvolution of thc ter■linator tilnesく,″>andく を>,tOgethcr with

t h c  l o c a l  t i m c s  o f  s u n r i s c  F m  a n d  s u n s c t  F c  t t c a r  t h C  C n d  P f  t h e  V L F  p a t h ( a t  T O k y o ) . T h e  v a l u e s くr r r l
>andく ら>On a particlllar day are cstimatcd as thc running mcan valucs ofくrrz>andく ゎ>fOr士
15  d a y s  l n  t h c  n g u r c , t h e  t c m h a t o r t i m c  f o r  h e  p h a s多々(p) , a S  W C n  a s t h筑的rth e  a m」並udcらでめ
are included.Thc terminatOr timc fOr thc phasc atメ=11.3 kHz is also plottcd(く 姥ψ),11.3 ZFrz>).It
is not surprising that thc variatiOn in thc ter■linator tilnes correlatcs vcry、vell with thc astronoHlical

sunrisc and sunsct timcs and“sunrisc''in the VLF signal bchavior occurs a little latcら△ら =(rr7r)一″m
> 0 , b u t t h c  V L F ` ` s u n s c t ' ' o c c u r s  e a r l i c t t  Δ々= ( 姥〉

―F e < o . N o t e  t h a t  l Δ花| くΔ r r r r  f o r  b o t h  t h c  p h a s c
and amplitudc variations and it is vcry difncult to nnd any Carthquake signaturcs in thOse

c h a r a c t c r i s t i c s . H O w c v c 与c a n h q u a k e  s i g n a t u r c s  a r c  m O r c  e a s i l y  f o u n d  i n  t h c  d e v i a t i o n s  o r  a u c t u a _
tions)Of thC phasc and amplitude ttrc=を_(ら〉,whiCh arc prescntcd in Fig.4,whercらis the
tcrminator timc on a particular day(a maning mcan over±l day period is uscd in thc ngurc).TO
dctcrminc the statistical importance Of thcsc deviations,wc calculated thc temporal vよriatiOn Of thc
dttpcrsion of data c=(Krc―(花〉)2)1″,aVCragcd Ovcr a±1.5 month pcriod around a particular day,
and PiOttCd thc levc1 0f 2o.Thc bppcr pancl in Fig.4 reFcrs to the phase,while thc 10、ver panel,the
amplitudc.Thc earthquakc datc is indicatcd by an do、vnward arrow in both Paneis.In both pancls Of

Fig。4,thcre is Only onc unsually high peak that cxcecds thc signiflcant 2o levcl、vhich occurred a
fcw days beforc thc carthquakc.This fact,based on the whOlc periOd,suggests that thc rclatiOn of thc

dcviation spikes in Figs.4(a)and 4●
)with the carthquake is not coincidental.Results for the

mOEning deviations arc lcss evident, but thesc deviations werc found tO bc in anti_phasc with thc

cvening oncs,as shOwn in Fig.5.Figurc 5(a)is the Ovcrall view of thc tcmporal cv01ution of the

evcning and mOrning phasc terminatOr times,and Fig.5●
)is a detailed view fOr only January`All

anti―phasc bcふvccnくら>andく rrPj>is cicarly rccognized in Fig。5●),indiCating the cxtcnsiOn of
daytimc hours fclt by the v]ュF signal.

Next,wc analyzed thc phase valuc itsclf at thc terminator timc 2じたin thc cvening(Fig。2)Thc
same analysis proccdurcs 、verc f01lowcd as fOr the tcrlninator times. i「he rcsults on the phasc
dcviadon arc shOwn in Fig.6 at frequencics of(a)10。2 kHz,and●)11・3 kHz.Thcse paramctcrs also
SCCIIl tO bc relatcd tO the scismic activity,but this relationship is■Ot as clcar as for the dcviations in
Fig.4.

■b gather additiOnal pr00f that thc precursOry cttect in thc tcrHlinator timcs in Fig. 4 is not

coincidental,we alsO investigated the tcmporal evolution of scvcral phenomena which Hlight havc an

influencc On the VLF anomaly.Thesc werc:(1)magnCtiC indiccs,which could lead to particlc

prccipitatiOn intO thc lower iOnospherc,(2)soiar radiation,and(3)a rainfall indOx,which is rclatcd to

lightning clectric neld pC■urbations, etc. Wc found that nonc of thcsc could havc caused thc

ab■omal VLF signal peFturbations shOwn in Fig。  4.
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Fig。4 Temporal evolution in the devia1lon inぁGn hOurs)from mOnthly average values for the
phase oanel a SOlid line)and amplittde Oanelぅ ,solid liBe)。A running mゃ an for the

peボOd Of主 l day amulld each day is used. The と 2σ level(two tilnes the standard
deviation)'S also plotted for compariso■(dlin lines).The earthquake date is indicated by
the armw at the top of each Pallel.
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Fig.6 Deviation of phase froln the monthly averaged level(in relative unit9 fOr the evening

lerlninatoL The ± 2o level is shown by thin lines.
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3.Interpretalioll of the VLF AIlomaly in Te....s oF SubionosPhe五 c VLF Propa白

gation Theory

A pcrfcct explanatio■ of thc Obscrvcd cttcct is difacult to prOvidc, We pcrfoFmcd a simplc

computation of subionospheric VLF propagation by using thc fOrmulation by Wtait(7).Thc obscrvcd

VLF electric llcldどz is givcn ast

残 =7ど 0…
……………………………………………………………………… (1)

whcrcど θ the Flcld in frcc space and ttF is an attcnuation function associated with thc mcdium

propcrtics that is dcscribcd as a sum Of thc propagation modes.

7=βΣδ″ギ馬り(た義D).……………………………………………………(2)
″=0

w h e r c  D  i s  d i s t a n c e , たi s  t h e  w a v c  n u m b e r  i n  f r e c  s p a c e  d c p e n d i n g  o n l y  o n  f r c q u c n c y  t t  β a n d
c x c i t a t i o n  f a c t o r あa r c  c o n s t a n t s  f o r  a  n x e d  D  a n d 五宮θ( 2 ) i s  t h e  H a n k c i  f u n c t i o n  o f  t h c  s e c o n d  k i n d
and S″ is given bL

島=ら一′翡/ら十一………………………………… 0

YhCrC● 0=1,cn=2● ■り,αヵ=[1-(両 ″/協)2112 andん iS the hcight Of the rcnection point.Hcrc,

Δ is a function rclated to thc disslpation of VLF encrgy ln the conductivc ground and iOnosphere and

can be cstimated監 oIII thc obscrvcd attcnuation of the dominant mode ovcr a long distance.Wc madc

the fol10wmg assumptions as in Wait(の:(a)there arc four modes of propagation,●)attenuatiOrof the
nrst,dominant modc is 3.O dBれ000 km,(o thC height Ofthc VLF wave rcncction is 85 km at night
and 75 km duttg thc day(see Fig.7(c))and(d)the charactcristic time of thc terminatOr changc is 2

hours. Givcn these assumptions, 、ve can reconcile our theorctical rcsults with thc observcd rcg,lar

diumal variation in phase and amplitudc,as shOwn in Fig.7(a).T00btain thc obscrved changcs in thc

terlllinator tilnes during thc sOismically pcrturbed pcriod,、ve nccd Only tO assumc a total dccrcasc in
thc renection height ofぬ ろ～ 1.5 km as shown in Figs.7● )and 7● ).ThiS dCCreasc in rencction
height lnight bc rclatcd tO eithcr all incrcase in thc rcfcrcncc atlnosphcrc conductivity of about 30%

or an incrcasc in thc density of charged particles assuming an unchangcd scalc hcight Of an
exponcntial altitudc conductivity profllc.

In the abovc discussion,、vc have shown fronl thc standpOint of、vave―prppagatiOn thcOry that a
dccrcasc in thc VLF rcrlection height of about l.5 knl is sufacicnt to explain thc changc in the

tcrlninator tilnes.Ncxt,wc must considcr ho、マand Why such a conductivity or dcnsity pcrturbation

might bc produccd by scismic prccursory crccts.At prcscnt,we spcculatc that thc prilnattF reason for

these changes is associatcd with an intensiflcd emission of radioactive radon frona thc carth bcfore an

carthquake,which incrcascs thc clcctric llcld in thc uppcr atl■osphcrc as suggcsted in a thcOretical
schcmc devclopcd by Piercc(121.Inde9d,therc havc bccn many papers On thc increascd appcarancc of

radioactivc gascs bcfOre an carthquakc(e・g,King(13),Yamauchi(1つ )and thCrc havc becn rcports of
radon cmanation with iOn dcnsity incrcased by about 10 tilncs beforc the Kobe earthquakc.Another
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Fig.7 Computed results for the expected diurnal variations in phase(thiCk line)and amplitude

(thin line with small squares.The Open circles correspond toらin Fig.2 and″ β is the
change inら due to upper atmosphere perlurbation,(つ  Diurnal variation of phase and
amplitude for regular behavior of the iollospheric height ttrrp.Gb)Diurnal variation of

phase and amplitude ttr perlurted behavior of the ionospheric height ttrrp.(o Assumedれrrp

(SOlid line)andれれ,(thin line with crosses);乃r7iS the value oftt near↓he termillator point,

possiblc rcason for thc changcs could bc an intcnsiflcation of planctary atmosphcric wavcs with a
pcriod of about 10 days as can bc sccn from Fig.5●)。Wc WOuld cxpcct icss ionization duc to solar
radiation(EUL or sOft X―ray)at Sunrise and sunsct than during thc day,and this is why wc cxpcct

noticeable effects duc to thc possiblc radon cttcct at sunrise and sunsct. A more detailed and

quantitativc discussion will bc publishcd clscwhcrc by Molchanov and Hayakawa(15)。n thc basis of

cithcr thc intcnsillcation of the troposphOric electric llcld abovc thc cpiccntctt or thc cxcitation of

planctary wavcs with a pcriod of 9-10 days.Howcvc与nJthcr study is stili nccdcd。

4. 〕Remar臨

Thc prilnary purposc of this paper has been to describc thc scismic influcncc on thc subi―

onospheric propagation of ′ヽLF OIncga signals before and aftcr thc Kobc earthquake. Though thc

propagation distancc bcふvccn thc transmitter and receiving station in this study was about l,000 knl,
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wc initially applicd thc convcntional analysis mcthod,■ ormally uscd for a long‐distancc(scVCral

thousand kilomcters)prOpagation path, to study thc nuctuation in thc phasc (and amplitudc),

espccially at night. Our analysis sho、vcd that thc lluctuation in phasc at nighi sccmcd to incrcasc

slightly bcforc the earthquakc,but it was not convincing.Thereforc,、vc devclopcd a ncw method of

using tcrminator timcs whcrc thcre arc Obscrvcd minima in thc phasc(and amplitudc)around Sunrisc

and sunsct.A detailed statistical study of thc long‐ icrm data← monthS bcfore and aier thc

earthquakc),has indicatcd that abnormal precursory bchavlor in thc phase(and amplittdc)terminator

timcs is closcly relatcd to thc carthquake.HO、vcvc与thC phase valuc itsclf at thc tcrminator times,、vas
found to bc not so uscful in idcn↓ ifying any precursory cttccts.

Thc changcs in thc tcrlninator ↓imcs before thc Parthquake wcrc interprctcd in tcrms Of thc

subionosphcric VLF propagation theory by assuming that thc VLF rcncction height dccreascd by

about l.5 kmo Wc spcculatc that this dccrcase may havc bccn caused by cither an increascd cmission

of radioactivc radon beforc thc carthquakc, or by an intcnsiflcation of planetary atmospheric、vaves

、vith a pcriod of about 10 days To dctcrlninc thc actual mechanisHl、vith ccrtainty will rcquire morc

work.

In conclusion,we bclicvc thc subionosphcric VLF propagation is a vcry promising candidatc for

short‐tcm carthquakc prcdiction.
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