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Abstract

Anewmethodwasintroducedtoanalyzepaleosecularvariationsoftheearth's

magnetiCfielddirection･Themethodconsistsoffoursteps.First,atimeseriesofa

pairofdeclinationandinclinationistransfわrmedtothoseofaxialdipole丘eldreference

血me.Second,characteriStiCperiodicitiesarededucedbyspectralanalysis.Third,the

secularvariadon(SV)componentsoftheperiodicitiesareseparatedthroughbaJldpass

filters.Last,motionsof負eldvectorsareinvestigatedbypolarproJectionsand

curvatureanalysisforeachsecularvariationcomponent.Validityofthismethodwas

血stexaminedonasedimentarysecularvariationrecordfromcentraltosouthwest

Japanforthelast11500years.Aftersucceededinisolationofsomeintrinsicfeatures

ofthegeomagneticsecularvariation,thesam eanalysiswasperformedontheSV

records丘.omU.K.,NorthAmerica,andAn stralia.TwoSVcomponentsofdifferent

frequencybandswereisolatedf♭reachSVrecord,andanalyzed.

Predominanceofwestwarddriftingcomponentsinthegeomagnetic厄eld

variationdmingthelast10000yearswasshownbyaSVcomponentinthelow

frequencybaJldfromJapan andtheSVcomponentsinbothhighandlowfrequency

bandsfromtheotherthreesites.Thedurationsdominatedbymotionsofclockwise

sensewerelongerthanthoseofcounter-clockwisesense.Almostallloopingfeatures

wereobservedintheintervalsofclockwisesense.Especially,intheinterval什om

4200-1700yearsB.P.,continuousclockwiserotationsoffieldvectorwerecommonly

seenintheSVsoflowfrequencycomponentfromJapanandinthoseofhigh

frequencycomponentsfromtheotherthreesites.Fromthecorrelationfunctions

calculatedforthelowfrequencySVsofthethreesitesintheNorthernHemisphere,the

dr的ingvelocitywasestimated0.160/year-0.130/year.Theco汀elationfunctionofup-

downcomponentsinthelow什equencySVsbetweenAustraliaandJapan,whichare

locatedatequatorialsymmetricpositions,showedthattherewasnotime-lagofSV
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features.TTlisdoesnotdenytheresultobtained舟omthethreeSVrecordsinthe

NorthemHemispherethatwestwarddriftinglSadominantfeature.

Thechangeof丘eldoscillationdirectioninapolarprojectionshowsthatone

standingfieldpersistsfor3000I4000yearslong.Thedurationforbreakofsmooth

clockwiselooplnginthelowfrequencySVinJapanis3500years,whichsuggeststhat

astandingfieldactivelynuctuatesfor3500yearslong.Thetimelengthof3000-4000

yearsmaybeacharacteristicofactivityforstandingfieldsduringthelast10000ye訂S･
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1-1.INTRODUCTION

Pastgeomagnedc丘eldsreconstructedfromremanentmagnetizadonoflacustrine

orrapidlydepositedmarinesedimentsextendourknowledgeaboutnaturesofthe

geomagnetism.Suchsedimentsusuallyprovidecontinuousrecordsofthe

geomagneticsecularvariation(SV)fortimesmorethanseveralthousandsofyears.

771eyenabletoinvestigatethegeomagneticnatureoveratimerangelongerthanthose

ofhistoriCalSVrecords,whichareonlyfourhundredyears.

Anumberofrecordsofpaleomagneticsecularvariation(PSV)havebeenrecently

obtainedfromHolocenesediments.Theyshowverycomplexchangesof負eld

vectorswithvarioustypesaJldsizesofloops,cusps,andoscillatingfeatureswhen

projectedontoacertainplane.Thecomplexchangesmaybecausedbydecayand/or

growthofageocentricdipole丘eld,regionalnon-dipolefields(Yukutakeand

Tachinaka,1968a),andwestwarddriftingnon-dipolefields.Runcom(1959)and

Skiles(1970)suggestedthatawestward(oreastward)driftingnon-dipolesource

producestheclockwise(Orcounter-clockwise)rotationofgeomagneticfielddirection

atasiteoftheearth'ssurfacewhenviewedtowarditsnorth-Seekingend.Single

standingnon-dipolesourcewhichchangesitsownintensltyWillmakeoscillationsof

fieldvectors.Thus,somesimplebehaviorsofthegeomagneticfieldcanbeexpected,

buttheyhaveneverbeenobserved,ItmaybebecausethegeomagneticReldconsists

ordifferenttypesofvariations,resultinglnVeryCOmPlexmotionsoffieldvector･

＼LlnytypesOfcomplexsecularvariationarepossiblewithcombinationofdifferent

～- 汀しCS,e.g.inCreerandTucho】ka(1983b).

TWomajorWaysareCu汀entlyusedtodescribecharacteristicsofPSVdata･One

い いLlでJuceperiodicitiesfromitstimeseries.Theotheristodescribethesenseof

･心t日.nOrgeOmagneticdirection,

-T;pcctralanalystsProvidesapowerfultooltosearchforburiedperiodicfeatures･

ト IlnCrandmaximumentropymethod(MEM)analyseshavebeenusuallyemployed

い.山taofPSV'sduringthelast10000years(TurnerandThompson,1981;Barton
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andMcElhirmy,1982;CreerandTucholka,1983a,b;LundandBanerjee,1985).

Spectralanalysessofarhaveidentはedtwogeneralbandsofspectralpeaks;theperiod

rangesof7000-12000yearspercycleand500-3500yearspercycle(Lundand

OIsen,1987).Barton(1983)suggestedthelatterbandwasfurtherseparatedinto

two,600-1000yearspercycleand2000-3000yearspercycle.

SenseofrotationofthegeomagneticvectorisconvemientlydisplayedbyBauer

plots(Bauer,1896)orVGPplotsandthecurvatureofitspath(Creereta1.,1986).

PlotsofcurvatureoftheVGPpathsasafunctionoftimeusuallyshowcomplex

pattems(CreerandTucholka,1983a,b;SmithandCreer,1986;Creeretal.,1986).

ClockwiseaJldcounter-clockwiserotationsarealtematedinshortdurations.Thereis

nocoherencyam ongtheplotsforPSV.sfromdifferentsites(CreerandTucholka,

1983a,b)･Itmeansthatthelocal丘eldvariationwouldplaynonegligiblepartina

secularvariation.

Bythepreviousanalyses,itisapparentthatsecularvariationsofthepast

geomagneticfieldconsistofseveralcomponentsofmotionprovablyonglnated斤om

differentsourcefields.TheSVcomponentsshouldbeseparatedtoclarifythe

characteristicfeaturesofsources.SpheriCalhamonicanalysisisvaluabletoseparate

anddescribetheSVcomponentsofobservedfields.HowevertheareaswherePSV

datahavebeenobservedarehmitedtoonlyseveralsitesontheglobe,distributed

mainlyontheNorthemHemisphere,SothatsphericalhamonicaJlalysISisinvalid.

SomeotherwaysarerequiredfわrPSVdata.

Weintroduceanewmethodtodescribethenatureofpaleosecularvariation･The

methodischaracterizedbytheanalysisofmteredtime-seriesdata,whichisbasedon

theideathateveryfieldcomponentshasitsownperiodicity･Thismethodis

iHustrated,appliedtoapaleosecularvariationrecordfromcentraltosouthwestJapaJl

(Hyodoeta1.,1992,inpreparation).Therecordhasbeenconstructedfrom

magnetizationofseveralwide-diameter(20cm)coresofmarineandlacustrine

sediments.Itisthedataat50yearsintervalscovenngthedurationfrom11500years

B･P･to400yearsB.P..
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1･2.DATA

1-2-1.Sam DlinE

Sevencoresofsedimentshavebeensam pled血'omtwolakesandfoursitesin

theInlandSeainthecentraltosouthwestJapan･,LakeKizaki(KZlandKZ3･,36.6oN,

137･8oE),LakeYogo(YGl;35.5oN,136.2oE),OsakaBay(OS2;34.6oN,135･3oEand

OS3;34.4oN,135.lOE),Harima-Nada(HRl;34.5oN,134.7oE)andMizushima-Nada

(MZl;34.4oN,133.6oE)(Fig,1-2-1;Horieetal,1980･,HyodoandYaskawa,1980,

1986a,1986b･,Hyodoetal.,19851,Hyodoetal,1992,inpreparation).Thesediment

coreswere20cmindiameterandsplitintohalves.Fouror丘vespecimensweretaken

fromeachdepthlayerofevery5cmintervals.

1-212.PaleomameticResults

Paleomagneticmeasurementsweremadewithacryogenlcmagnetometerof

SCT･Declination,inclinationandintensityofnaturalremanentmagnetization(NRM)

weremeasured.StabilityofremanencewasexaminedbyprogressiyeAF

demagnetizationonpilotspecimensselectedfromevery1-msegment.Thespecimens

ofKZl,KZ3,YGl,OS2andMZlhaveverystableremanencewithnodirectional

shiftafterdemagnetization.Thus,effectofsecondaryviscousmagnetizationinthe

NRM.softhefivecoresarenegligiblysmall.MagnetizationsofOS3andHRIwere

mutti-Component.Themagnetizationdirectionssystematicallyshifteverystepof

demagnetization(Hyodoeta1.,1985;Hyodo良Yaskawa,1986a).Posトdepositional

remanentmagnetization(PDRM)processcancausemulti-componentofremanenceand

e㌔plainthesystematicshiftingofremanencedirectionafterdemagnetizationaccording

tothemodelproposedbyHyodo&Yaskawa(1986a).Theaverageddeclinationand

i-1Clinationwerecalculatedineachdepthlevelfわreverycores.



1-2-3.Chronology

Agecontrolwasperformedbytwelveabsoluteages,tephrochronology,and

pollenanalyses･Shellpieceswereusedf♭rdatingmarinesediments.Woodfractions

wereusedfordadngoftheLakeKizakisediments,andan alysesoftotalorganic

fractionsweremadeforthesedimentsofLakeYogo.

Datingbytephrochronologywasmadeontwothinlayersoftephrainthe

sedimentsofb血eYogobyArai(1981:privatecommunication).Accordingtothe

analysesofmaximumgrainSize,freecrystal,mineralcomposition,typeandco]orof

volcanicglassandrefractiveindex,thetwotephraswereidentiGedas-'Akahoya"and

HOki"･Theirconventionalradiocarbonagesare6300yearsb.p.(Maedaeta1.,1982)

and9300yearsb.p.(Araieta1.,1981),respectively.

Pollen-chronologyreinfわrcedthedepthversusagerelationshipinthecoreofOS2･

LepidobalanusandcyclobalanopsisarethetwomajorelementsofpollenaroundOsaka

BaydmingHolocenetimes.ThecontentofLepidobaLanuswhichisabundantabout

I0000yearsb.p.graduallydecreaseswithtimewhilecyclobalanopsISSuddenlystarts

toincreaseafter7000yearsB.P.andexceedsthecontentoflepidobalanLLfby6000

yearsb.p.(Maeda,1976;Furutani,1979).Ithasbeenrevealedthatthepercentageof

lepidobalanusandcyclobalanopsLSatthebaseofOS2are7.5and27.0%,respectively

(Tojo,1976).Theequilibriumdepthofthetwopollenswouldbedeeperbeyondthe

baseofOS2andtherefわretheageofthebasewouldbeyoungerthan6000yearsb･p-

Theconvendonalradiocarbonagesarecalibratedaccordingtothedataby

dendrochronology(Klein,1982)foragesafter8000yearsb･p･andthedatabyvarve

chronology(Shove,1983)foragesbefore8000yearsb･p･･Forthepast2000years,

especially,Stuiver'S(1982)highprecisioncalibrationdatabydendrochronotogywere

used.

112-4.StackinEOfDirectionalVectors
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Acompositesecularvariationwasconstructedusinghorizon-averageremanence

directionofallthecores.Prominentfeaturesofthesecularvariationrecordsof

declinationandinclinationwereCOrrelatedtothoseofthemastercore,YG1,byvisual

matching.Fifteentonineteentie-pointsWeredecidedforeachcorematchingmaxima

aJldminimaofdeclinationandinclinationfluctuations.Radiocarbondatesinindividual

coresweresubsequentlytransferredtotheequivalentdepthsofYGldeterminedbya

linearinterpolationbetweentie-polntS･Thetie-Pointsofprominentmagneticfeatures

werethendatedbylinearinterpolationstxtweenagedatapolntS.Consequentlytime

scalesofothercoreswereconstructedwithdatesofthetie-points.Then,declination

andinclinationofhorizonmeanmagnetizationofeachcoresweretransferredtoatime

scaleoftheChriStianEra.

ThelowamplitudeofdeclinationandinclinationchangesofOS3andH氏lshould

beduetothemtenngeffectduetopostdepositionalremanentmagnetizationprocess･

neoriginalsecularvariationswerededucedfromthenlteredrecordsbythe

deconvolutionmethod(Hyodo,1984;Hyodoetal,1992).Theremanencedirection

dataofOS3andHRIweredeconvolutedoverthewholelengths.ForthecoresKZl

andKZ3,thedirectionspartlydeconvolutedwithZl/2≡20cmwereusedinthetime

raJlgeOf3500-5500yearsB.P.andtheonglnaldataintherangesbefore5500years

B･P.andafter3500yearsB.P"ForthecoresOS2,YGlandMZl,therewereno

needtodeconvolute.

ReferenceframesofeachcorewereadjustedusingDenham'S(198I)

T.paleomagneticpatternmatching"technique.Thisistomakestackingwithmore

consistentSVdatatoavoidsmoothing-outoffineSVftatures･Adatasetofunit-

vectortimeseriesisrotatedsoastogetgoodagreementwiththeotherdataset.The

framerotationwasmadebyfindinglterativelythepoleandangleofrotationexaminlng

cross-correlationofunit-vectortimeseries,Therotationaladjustmentwasmadeasto

matchwiththeJapanesearchaeomagneticdata(Hirooka,1971and1983)･Fig･1-2-2

showsastackedsecularvariationaveragedevery50yearsWindows･Forwindows

wherenodataavailable,directionaldatawerelinearinte叩Olated.
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Fig.1-211. LocadonofsamplingsitesofLakeKizaki(Corenames=KZlandKZ3)･

LakeYogo(YGl),OsakaBay(OS2andOS3),Harima-nada(HRl)and

Mizushima-Nada(MZl).Starsshowthelocationsofcores･
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1.3.METHODSAND RESULTS

I-3-1.GeocenbicAxialDil)01eFieldRefTerenceFrame

Atimeseriesofunit点eldvectorsexpressedbyapairofdeclinationand

inclinationwastransformedintothatinanewrefTerenceframedefinedasinFig.113-

1.X-axiscoincideswithdirectionoftheaxialdipolefield(ADF)atthesite.Y-axisis

inahorizontalplaneandperpendiculartotheX-axis,eastdirectiontxingpositive.Z-

axisisperpendiculartoboththeX-andY-axes,havingpositivedirectionunderarule

ofrighthandedsystem･IntheNorthemHemisphere,apositiveZ-componentshows

adownwarddirection.Aunitfieldvectorisexpressedbytwocomponentsinthis

referencefram e.Oneiseast-west(E-W)componentdefinedbytheangletxtweenthe

X-axisandthefieldvectorprojectedontotheXY-plane.Theotherisup-down(U-

D)componentexpressedbytheangleofthevector&omtheXY-plane.

TYLetransformation&omanordinarypairofdeclinationandinclinationtoa

pairofE-W andU-DcomponentsisperformedasfTollows.Theinclination(◎)ofthe

geocentricaxialdipolefielddirection(X)atasiteisdefinedas

◎=tan-1(2･tan0)

where0isasitelatitude.Apairofdeclination(D)andinclination(Ⅰ)cantx

expressedwithorthogonalthreecomponents(Ⅹ-,Y-,Z■):

X'=cosD･cosI

Y-=sinD･cosI

Z-=sinI

( 1)

(2)

TheX'-andYT-axesareinhorizontalplaneandtheZ'-axiscoincidestoavertical
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axis･Asetofthreecomponentsoftheaxialdipolereferencefrzune(X,Y,Z)are

calculated打omtheangle¢andthesethreecomponents,

X=X'cos◎+Z'sin(p

Y=Y'

Z=-X.sin°+Z-cos¢

ApairofE-W andU-Dcomponentscanbedefinedasfわllows;

E-W=tan･1(x/Y)

U-D=taJrl[(x2+Y2)l/2/Z】

(3)

AdatasetofsecularvariationfromcentraltosouthwestJapan (Fig.1-2-2)was

transformedintothesetwocomponents(Fig.I-3-2).Thedatapointswereobtained

afterfilteringoutcomponentswithfrequencieshigherthan 5.0cyclesperkyr(period

=200years).

Itisdifnculttovisualizebehaviorofmotionofafieldvectorinseparatetime-

dependencyplotsofE-WandU-Dcomponents.Apolarprojectioncenteredabouta

mom isoftenusedtomapthemotionofsuchvectors.Fig.ト3-3Showsthepolar

projectionsofHCJPN.ThedirectionofADFwasselectedasamom.Secular

variationoffielddirectionscanbeseenasan orbitofendpolntSOfunitvectors

projectedontotheYZ-plane,whichishereviewedalongtheX-axisfromnegativeto

positive.

I-3-2.Spectralanalyses
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ThestartpolntOfthisstudyisthatcomplexfeaturesofPSVaJ'eduetothe

mlXlngOfvariationswhohaveowncharacteristictimes.Spectralanalysisprovidesa

powerfultooltode丘nethemlXlngperiodicfTeatures.

Maximumentropymethod(MEM)analysis(Burg,1967)hasbeencommonly

usedforspectralestimatesinPSVstudies.Thereareoneproblemremalnlnginthis

method.Theoptimumselectionoftheorderofpredictionerrorfilter(m)isundefined･

IntheMEManalysts,aWrongChoiceoftheorderresultsinawrongspectrumfbm.

HoweversuchawrongChoicecanbeavoidedbytheAkaike'S斤nalpredictione汀Or

(FPE)Criterion(Akaike,1969a,b,and1970)asdiscussedbyUlrychandBishop

(1975).Theyexamineditssuitabilityf♭rvarioustypesoftimeseries,andconcluded

thatthiscriterionworksverywell.Atthefollowing,MEMofBurgrsalgorithmand

theAkaike'sFPEcriterionareintroducedbriefly.

Theory

1)AutoregressiveModel

Thevalueofthevariableattimei,X(t),isderivedlinearlyfromapurely

randomGaussianprocessaccordingtothepreviousmvaluesofthevariable:

X(i)=alX(t-1)+a2X(t12)+....+amX(i-m)+B(t) (1)

wheremisknownastheorderoftheautoregressive(AR)process,al,a2,..･.,amare

constants,β(JHscalledtheinnovationoftheprocess,andthemeanofbothARprocess

andB(i)arezero.

Using71･(--a,.),theequation(1)isrewrittenas

X(i)+ylX(i-I)+y2X(t-2)+....+YmX(i-m)=B(i) (2)

13



Theequation(2)isarecursivepredictionequationofX(t)sothesetofcoefrlCients(1,

Yl,Y2,....,Ym)iscalledthepredictionerrorfilter.SincethevariableB(i),the

predictionerror,istheconvolutionofthismterwithvectorX(t).Letusmultiply

throughoutinequation(2)byX(I-m)foreveryt,andtakeexpectedvalues,thenfrom

ElX(i-m)･B(t)]=0:

C(k)+ylC(k-1)+YIC(k-1)+････+rmC(k-m)=O k>0 (3)

isintroduced(Yule-Walkerequation).WhereC(k)isanautocorrelationcoefficientof

lagk.,C(k)=ElX(i)･X(i-k)]･

2)MaximumEntropyMe山od

Burg(1967)proposedamethodofspectralestimationofastationaryrandom

umifbrmlysam pledprocess.ThespectrumisfoundastheresultfrOmmaximlZlngthe

entropyoftheprocess.Themethodwasnam edmaximumentropymethod(MEM)

illustratedasfわllows.

Anentropy(H)ofastationaryGaussianprocesscanberelatedwithitsspectral

density5■の as,

1 .伽

H-- ∫logSU)df
4fN -fN

(4)

"hL･rLl/～istheNyquistfrequency.

Therelationshipt光tWeenthespectraldensltyandtheautocorrelationcoefrICient

･ ､JnbewrittenbytheWieneトKhintchineequation.

血

∫su)zkdf-C(k)
血

14
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Equadon(5)Canbewrittenas

nerefore

where

SU)=

C(k)]df=0 (-cx,≦k≦oc) (6)

1 ｡｡
- ∑C(k)Z-k
2fN -

Z=exp(i27拘t)

Rewriting(4)using(7)gives

H=｣ _ f" 言C(k)Z-kdf
4fN -jN 一-

(7)

(8)

(9)

Ofcourseweonlyknowade丘nitivenumberofautocorrelationfunctionC(k).Letus

assumethatthefirstmautocorrelationcoefficientC(0),C(1),...C(m-1)areexactly

known.ThenextunknownautocorrelationcoefficientC(m)ischoseninsucha

Tlunnerthattheentropyoftheprocessismaximizedatthestep.Anentropyofa

Jl､LrL･teStationaryGaussianprocessX(t),t=1,2,...m,isexpressedas

1

〃=-log[detC′"]
2

"hJ-isequivalentto(4),whereCmisthesemipositivedefiniteToeplitz

Ll仙,COrrelationmatrixoftheprocessX(t),

15
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cm=

C(o) C(1) C(m)

C(1) C(2) ･･･.C(m-I)

C(m)C(m-1) ････ C(1)

ThusthecoefficientC(m)isdeterminedbymaximizingldetcm]withrespecttoC(m)L

nLeSOlutioniseasilyshowntobe

det

C(1) C(0) ････C(m-I)

C(2) C(2) ････C(m-2)

C(m)C(mll) ････ C(1)

ItisalsoexpressedbythespectraldensitySU)as

fNZ-A
l - df=O

-fNsu)

=0
( l l)

(12)

Equation(12)meansthat1/SU)canbewrittenbythe2m+1coefficients,thatis

I lJJ

- =∑ bkZk
S(乃 k=0

Equation(13)isalsoexpressedas

1 2fN m m

S(乃 Pm

(13)

(∑ YkZk)(∑yk*Z-A) (14)
k=O k=0

16



From(14)and(7),

m m

[∑C(k)Z-k][∑ykZk]=

Pm

k=O k=O m

∑ 花*Z-k
k=O

From(15),m+1equationsareobtainedas

(15)

C(0)+ YIC(1) + y2C(2) + ････ + YmC(m) =Pm

C(1)+YIC(2) + Y2C(3) + ････ + rmC(m-1)=0 (16)

C(m)+rlC(m-2)+y2C(m-3)+ ････+ rmC(1) =0

Theequationsexceptthefirstoneareequalto(3)AThus,theseriesof1,Yl,Y2,･･･,

Ym,isthepredictionerrorfilterofthistimeseries',X(1),X(2),."X(N).Pmisthe

outputpowerofthisfilter.TTlerearem+2unknownparametersinm+1equationsof

(16).HereweintroduceacriterionthatPmmustbetheminimumvalueofaveraging

resultsofforwardfilteringandbackwardfilteringofthesignals(X(1),X(2),･.･

X(N)).

Whenwegetunknownparameters,yl,Y2,-,‰,Pm,thentheMEMspectral

densltylSCalculatedas,

Pm 1

S(乃=
2fN m

I∑ γK･Zkl2

k=O

Pm 1

2fN m

l 1+∑ yKZkl2

k=1

17
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whichisobtainedfromequation(16).

3)Burg■sEstimationofParam eters

Burg(1967)suggestedamethodofestimatingthepredictionerrorfilter

coefficientsthatrequlreSnOPnOrestimationsoftheautocorrelationcoefficients.Inhis

formulation,thecoefficients7(m,A(k=1tom),Pm,andalsoC(m)arecalculatedfrom

thoseofstepm-1byrecurrencefわrmulae.

Whenwehaveknownthecoefficientsoforderm-1,Ym_1,k(k=1tom-1),Pm_

1,C(m-1),thoseofordermaredeterminedfromnextprocedures.

(i)Ym,A

Therecurrenceformulaofym,kis

Ym,k=rm-1.k+ymJn･ym-1,爪-k

rm,k=1 k>0

=O k>i

where

(18)

Therefore,ifweknowthevalueofYm" wecanobtainallthecoefficientsoffitterof

orderm.Burg'scriterion,"minimlZlngtheaveragedvalueofPmresultedfromforward

filtenngandbackwardfiltenngofthesignals'',iswrittenas:

1

2(N-m)

N-m m rlJ

･∑ [(Xi+∑ym,k･XL.k)2+(x汁m+∑ym,k･X,･.m-A)2]
I-=l k=l A-I

18



>Min. (19)

I N_m

∑[(bmj+Ym,m･b′m,i)2+(b'm,i+ym,m･bmj)2]
2(N-m)L'=1

isrewrittenwith(18)

natis

Then7(mpICanbewrittenas

N-m

-2∑ bm,E･b′m,i
J=1

bm,,･=bm-I,J･+ym-I" I･b'm_I,,A

b'm,t･-b'm-I.,･.I+Ym_l,m_1･bm-1,i.1

bo,,A=b'0.,･=X,･;bl,i-X,･,b'1,,I=Xl･.I

19
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a2pm 1 N-m

- =- ∑(bm,i+Ym,仇･b'm,,･)>O

arm,m2 N-m L'=1

thereforePmisamimimumvalue･WhenwegetYm,mfrom(20),wecanalSoestimate

alltherm,Abyequation(18)･

(ii)Pm

where

TherecurrenceformulaofP,nis,

Pm_1=C(0)+Ym_1,1･C(1)+...････+ym_1,m_IIC(m-1)

Am_1-C(m)+Ym_1,1･C(m-1)+.....A.+ym_1" 1･C(1)

lllLtbottomoftheseequationsof(21)is

0=Amll+rm,m･Pm_1

7rmp --

=1.1!tヽ

20
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Fromthehrstoftheequationsof(21),

Pm=Pm･1+ym,爪･Am-1

Substituting(22)for(23),

Pm=Pm_1(1lym,爪2)

isobtained･ThuswecancalculatePmfromym,∽･

(iii)C(m)

Fromthelastoftheequations(16),

(23)

(24)

C(m)=-lrlC(m-2)+Y2C(ml3)+ ････+ rmC(1)] (25)

Equation(25)meansthatthenewautocorrelationcoefficientC(m)Can txcalculated

fromfilterscoefficientsYm.kandC(k)(k=0tom-1).C(m)isnotdirectorycalculated

fromsignalsX(i).

WehavecalculatedalItheunknownparametersoforderm;Ym,A(k=1tom),

C(m),andPm.Theparametersoforderm+1canbecalculatedsimilarly.Thenwecan

obtaintheMEMspectraldensltyOfpreferredorderofthepredictionerrorfitterfrom

equation(17).

4)Akaike'SFinalPredictionError

WepresenthereabriefoutLineoftheAkaike'sfinalpredictionerror(FPE)

scheme(Akaike,1969a,b,1970,UlrycllandBishop,1975).AnestimateoftheFPE

ofordermiscalculatedbyafollowlngdefinition,
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N+(m+1)

N-(m+1)
(FPE)m=

Sm2=

where

(26)

1 Ⅳ

- ∑lX(L')+Ym,1X(i-1)+ym,2X(i-2)+..+ym,〝〆(i-m)]
N-m I･=m+1

(27)

Fromtheequation(2),theequation(27)Can berewrittenas

Sm2=
1 Ⅳ

- ∑ 【β(∫)21
N-m L･:m+I

(28)

Thatis,Sm2isameansquareofthepredictionerror･Thefirstfactorofrightsideof

equation(26)increasesastheordermisincreased.TheFPEtendstobelargewhen

unnecessarilylargevalueofmisadopted.WhenmislessthanmostoptimumOrder

forprediction,thenSm2tendstobelarge,andthustheFPEtendstobesignificantly

large.ThusbyseekingtheminimumoftheFPE,weshallbeabletoarriveatan

autoregressivemodelofthemostoptimumOrder.SotheMEMspectraldensityShould

becalculatedattheorder.EveniftheFPEfailstoshowaclearlydefinedminimum,it

isbetterempiricallythatthem<3NlrZ.

OthercommonlyusedcriteriaforselectlngOrdermareUlrychandClaytonrs

criterion:m=N/3orN/2(UlrychandClayton,1976),andBerryman'scriterion:m

=2〃(ln2〃)-1.BartonandMcElhinny(1982)concludedthattheAkaike'sFPE

criteria,whencalculatedusingBurg'sestimatesoftheautocon℃lationcoemcients,is

usefulforestimatlngm.Onthecontrary,othertwocriteriawereshowntotendto

overestimatetheorder,

ApplicationandResults
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Specbd analysiswascarriedoutusingthemaximumentropymethod(MEM;

Burg,1967)onthetimeseriesofE-WandU-Dcomponents,andonthetotalvector

serieseverywhichwasrepresentedbyacomplexnumberof(Y+iZ),wherei=(-1)Ira

(Denham,1975)･Lengthsofpredictionerrorfilter(m)usedinourMEManalyses

werechosensatisfyingtheAkaike'sFPEcriterionandanempiriCalfTormulaofm<

3Nl/2,whereNisthenumberofdata.

TableI-3-1showstheresultsofspectralanalyses.Wepickedupthespectral

peakswhosepowersarelargerthan 10%ofthepowerofthelargestpeak.Thespectral

peaksofperiodslongerthanthedatalength(=11000years)wereomittedbecauseof

山eirlessreliability.Fullher,thespectralpeaksofperiod<500yearswereremoved

becausethehigh丘.equencyslgnalshavesmallamPlitudessothattheyeasilyundergo

theinnuenceoferrors.

Totestthestabilityoftheobtainedspectrathroughoutthelengthofthetime

series,periodsofspectralpeakswererecalculatedwithinaslidingwindowof5000

yearsevery500years.TheresultsaresummarizedinFig.1-3-4,whereeachpolnt

showsaperiodofthespectralpeakwithinaslidingwindow.

Stablespectralpeaksareobtainedatabout2000and800yearspercyclefbrthe

E-Wcomponentalmostconsistentwiththeresultsofwholedataanalysis･FortheU-

Dcomponent,aquitedifferentresultwasobtained.Onlythespectraofperiodof

1400yearsisstablycalculatedandthoseof3700and716yearspercyclejnTableト

3-1arenot.Theperiodicityofabout700yearspercycleappearsjntheU-D

componentonlybefore3500yearB.P..Clockwiserotationofafieldvectoronthe

YZ-planehastwostableperiodicities,I600and750yearspercycle･Theperiodjcity

ofabout700yearspercyclejsratherstablefわrcounterclockwiserotationwhilethose

orlongerthan900yearspercycleobtainedinthewholedataanalystsareunStable･

Theperiodsofspectralpeaksfromthethreedatasetsseemtotxconcentratedin

thebandsofabout600-800and1200-3500yearspercycle,whichareshownby

thethin-andbold-stripedareasinFig.ト3-4,respectively.Thesetwobandsare

consistentwithapreviouswork(Barton,1983),andtheyareconsideredtobedueto
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non-dipole丘elds(LundandOIsen,1987).Especially,thelongerband(1200 -3500

yearspercycle)isconcordanttothetimeforthenon-dipolefieldtorotate360degrees

bythewestwarddri托ngratesestimatedfromthehistoriCal后eldvariation(Bullardet

al.,1950;Whitman,1958;Yukutake,1962,1968,1987;YukutakeandTachinaka,

1968a,b;MatsushimaandHonkura,1988).

1-3-3.SeparationofOuasiPeriodicMotions

ThetwobandsofperiOdicityobtainedabovemaysuggestthatthereareatleast

twodifferentsourcesforsecularvariation.Thecomplexmotionofafieldvector

showninFig.1-3-3wouldbereflectedbythecombinedeffTectoftheseperiodicones･

ThenthetwoperiOdiccomponentswereisolatedfmmtheonglnalPSVdatauslng

Chebyshevbandpassfilters,toinvestlgatethenatureofperiodicmotionssimplified･

Theory

1)RecursiveFilter

Adigitalfilterwhoseinput(xt)andoutputbt)satisfyaformula,

yt=aoXt+alXt-I+a 2XE-2+'-.''

-blyt_11b 2yf_2-･･････

canbeexpressedaRerz-transfbmation,

ao+alZ+a2Z2+････

bo+blZ+b2Z2+････

24

り )



Suchfilters,whosez-transformationisexpressedbyaproportionofpolynomia]s

variablez,arenamedrecursivefilters.

Atransferfunctionofamostsimplerecursivefilteris

ao+alZ+a2Z2

bo+blZ+b2Z2

anditsoutputdataarecalculatedby

y(=aoxT+alXt_1+a2Xt_2-blyT_1-b2yt_2.

where,xt,yt=0whent≦0.Ageneralformulaofsuchfilteris

M

H(Z)=GoJEHj(Z)

1+alJ･Z+a2JIZ2
Hj(Z)=

1+blJ･Z+b2J･22

ThismeanthatafilterH(I)isacascadeoffiltersHj(Z).

AfrequencyresponseofafilterHj(Z)isobtainedbysubstituting

Z=exp(-ia))

川 い1ranSferfunction(3),thatis,

alJ･+(a2J.+1)cosa)-i(a2J ･ -1)sinα)

blJ･+(b2J･+1)cosa)-i(b2J･-1)sina)

:I(thebyshevFilter(Type1)

25
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Thetype1Chebyshev別terisoneofrecursivefilterscharacterizedbyits

equiripplepassband,whose缶.equencyresponseC(J)isde丘nedby

l

lCn(6)12=

(1+leTn(cr)])2

wherehandearepositiveintegers,Gisanondimensionalangularfrequency,and

Tn(q)istheChebyshevpolynomialofordern,thatis

Tn(J)=COS(ncos-1J)

Attol≦1,coslluisrealandthen

lTn(cr)l≦1

≦lCn(U)I2≦1 1GJ≦1

Thuswehave

OntheotherhandTn(6)isapolynomialofordern,

Tn(cT)=2n-1が +2n-2Gn-1+･･････-

Asldincreasestoinfinity,Tn(cT)isexpectedtorapidlygrow･ThusICn(o)12is

diminishedwithorder

LCn(o)J2- (2n-iECFl)-2 loi≧l

26
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andso,withrelativelysmalleandrelativelylargen,lCn(o)lhasanatureoflowpass

mter,who''passHthesignalswithfrequencyJ,lol≦1.

InordertoobtainadigitalexpressionofthefrequencyresponseCn(J)from

equation(5),wemustfinditspoles.Thepolesaregivenbythezerosofthe

denominatorof(5)thatis,by

I+[eTn(6)]2-o

Tn(J)=±i/E

SinceTn(J)isdefinedasequation(6),thisbecomes

cosncos-lu=±i/e

ncosllu=cos-1(±i/e)

o=cos(¢+iv)

±i/E=COS(α+iP),

-cosacosip-sinasiniP

=cosαcoshβ-∫sinαsinhβ

Le t

andlet

ド ,i･L目しlimaginarypartsoftheequation(12)givetwoequations

cosαcoshβ=0

sinαsinhβ=±i/E
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Fromthefirstofthesetwoequations,sincecoshβ≠0(realβ),

cosα=0

α=7E/2+k7r

andtherefわre

Thesecondequationbecomes

sin(7r/2+k7E)sinhβ=±1/e

(-1)ksinhβ=±1/e

sinhβ=±(I1)A/e

sinh(±(l1)kP)=1/E

±(-1)kβ=logll+(C2+1)1/2/e]

β=±(-1)klogll+(e2+1)I/2/e]

Fromthisresultandexpression(11)

¢+iy=(7T/2+k7T)/n

¢=α/n=(7r/2+k7T)/n

v=β/n=±(-I)k'llogll+(C2+1)1/2/E]/n

cTk=COS[(2k+1)7r/2n]coshv-I-sin[(2k+1)7T/2n]sinhv
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Letk+l=J,

and

cTj=COS[(2j-1)7r/2n]coshv-isinl(2j-1)7r/2n]sinhv (14)

V=±(-1)/logll+(82+1)I/2/g] (15)

From(14)and(15),twovaluesofycan bedefinedforeveryk(j),theyareayo>0

andayl<0.Thereare4npoles[2(vo,vl)*2nU=1,2,.･･･,2n)].Butonlyahalf

ofthemactuallyappearssincev1--Voandsinl(2j-1)7E/2n]hasoppositesignsasj

=lorj=2n-i.Ifwechoosethev/1<0,equation(14)and(15)are

cTj=COS[(2j11)7E/2n]cosh(-1叫)-isinl(2j-1)7r/2n]sinh(-lv/)

=cos[(2j-1)7r/2n]coshy+isinl(2j11)7T/2n]sinhv

=Sj+ltj

v=l/nlogt[1+(82+1)]/E)

(16)

Thepoles払11intheupperhalfplaneinthecomplexuplanewhenjValuesareconfined

to1,2,･･･,n.Andatj=n,thedenominatorofequation(5)hasavalue(2n-le♂).

ThusthefrequencyresponseoftheChebyshevfiltercanbeexpressedas

1 ,l I

Cn(6)=- I1
2n-1e j=l i(cT-CTj)

(17)

Filterlscoefficientsareobtainedfromthefrequencyresponse(17)with

transformation
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1 1-Z

(7=--
1 1+Z

here,l>0.First,

1 1-ニ

i(61Jj)≡-.- -L'aj
l 1+Z

(ト iaj)-Z(I+iaj)

1+～

From(16),apolecTn-j'1is

on-j'1≡-6/

whereafisaconjugatecomplexnumberofOj.From(19),

(I+iJ/)-Z(I+icr/)

i(cT-CTn-j'1)=i(cT+CT/)=

(18)

(19)

usingpairsofcTjandckj.1,Operationabout∩in(17)canbecalculatedbythemultiply

=f-pairsoffactors,

i(G10j).i(0-on-j'1)=i(0-cTj)･i(cT+Jj)

1

=- (t2lL'l(CTj-CT/)+UjU/-2zlL2-cTjCr/]
(1+Z)2

+Z2[12+il(Oj-0'/)+CrjCT/])
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(【(I+tj)2+sJ2]-2Z(121SJ2-tJ2)+[(H j)2+sJ2])

Ⅰfnisoddnumberandequalto2m+1,thencTm.Ihasnocounterpart･Thus,

(I-icTm+I)-Z(I+icTm+1)

L'(6-6m+1)=
1+Z

(I+tm+1)-Z(卜Em+1)

1+～

isremained･Soasaresult,adigitalexpressionofatransferfunctionofatypeI

Chebyshevfilterisgeneralizedby

1 (i+tm+1)-Z(ト1m+1)

〟(Z)≡
2n-1e 1+Z

(1+Z)2

j-1[(I+tj)2+sJ2ト 2Z(12-sj2-tJ2)+[(ト tj)2+sJ2]

where,mis(n-1)/2whennisoddnumber,om /2whennisequalnumberandthen

thesecondfactorofH(I)isneglected･ThetransfTerfunction(20)isproductsof

proportionsofpolynomialsvariablezorder2･Coefhcientsofafilterarecalculated

from(20)and(3).

Weobtainhereatype1ChebyshevlowpassfilterfortheJvariable･Thetype1

Chebyshevfiltershaveripplesinthepassband,whoseamplitudeisconstant(equiripple

passband).Recursivefiltershavesuchripplesatthepassbandand/Orstopbandinthe

transferfunction.Althoughthissituationisofcourseundesirable,thereisan

advantageofallowlngnpPlesintermofanarrowtransfTerband･
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3)SaitolsAlgorithm

Saito(1978)describedanautomaticdesignalgorithmforthetype1Chebyshev

filters･AcompleteFortranprogramisalsoglVen･Itallowsustoobtainthedesign

parametersofafilter,eandn,fromcriticalfrequenciesattheedgesofstopbandVsor

fs)andpassbandVLandfH)nondimensionalparametersthatspecifymaximum

attenuationinthepassband(Ap)andminimumattenuationinthestopband(As)fora

bandpassfilter(Fig.1-3-5).

ThetransfbrmationfromtheOVariabletotheIvariableisgivenwith(18).The

poles,cTj,intheupperhalfplaneinCaretransformedintotheoutsideoftheunitcircle

inthezplane.LettheunitcircleintheIplane,

I≡exp(-ia))

wherea)isanondimensionalangularfrequencydefinedasa)=27tAt.Thecircle

transformedtotherealaxisoftheo■plane,anditcanWritewitha),

J=ltana)/2

As theonglnalangularfrequency,a),goesfrom0to7T,thevariableJgOeSfrom0to

infinity.Thusthenatureoflowpassfilterispreservedthroughthetransformation(18).

UsingJs,ApandAs,thefrequencyresponseCn(o)islimitedas,

1/(1+Ap2)5;lCn(G)12≦l loi≦cTp<CTs (21)

tCn(o)J2≦1/(1+As2) 101≧q (22)

andcTpisdefinedto1from(7)and(8)･Frorn(7)and(21),Sisevidentlylimitedthat

e≦Ap
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From(22),

eTn(cTs)≡eCOS(ncos-1Js)≧As

mustbesatisfied.Ifwenowsubstitute

Os≡(1/i)cos･lcTs=loglus+(os2-1)1/2]

into(24),wehave

ecoshnOs≧As

From(23)and(26),acondition

coshnOs≧As/Ap

requiredtotxsatisfied.Recallthat

real(cos-lx)=loglx+(x2-1)]

n≧(1/0∫)logfAs/Ap+[(As/Ap)2-1]1/2)

wcobtain

(24)

(25)

(26)

(27)

(28)

･,-Hhecondition(27)where,OsiscalculatedfromcTsusingequation(25).From(23)

I:A.卜二(-),amaximumandaminimumvaluesofEareglVenby

Ap≧E≧As/coshnOs
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Thenaconstantpu ametereofthe仙ermaybeesdmatedfromageometricmeanofthe

bothValues,

82=ApAs/coshnes (29)

Thus,ifthereareparametersos･As･andAparegiven,Wegetaminimumvalueofn

andaconstante･Asaresult,allcoefficientsofdigitalexpressionofatype1

Chebyshevlowpassfilter(20)canbeobtained.

Forbandpass別ter,weintroduceanewvariableAwhichis

A2-Ao2
(30)

Forau=crpin(30),wehavetworootsofA,theyareAHand-AL.Arangeofloi≦op

istransformedtoarangeofん.≦lA1_<AHbythetransformation(30).Thusthenew

filteraboutAhasanatureofbandpassfilter.Similarly,foracT=Os,Wehavetwo

rootsofA,theyareAsand-Asl.ThentherangesofstopbandinAaxisarelAは Asand

lAl≦ 5̂'.Thus,alowpassfilterforUVariableisabandpassfilterforAvariable,

simultaneously.From(30),

Up= AF1-AL

os=As-As'

Ao2=AFlAL≡AsAs'

こし【･elead.

Filter'scoefficientsareobtainedfrom(17)withtransforTnation

11-z

A=--
i1+I

l>0
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As sameasu,Aanda)hasarelationship,thatis

^=ltan(a)/2)

WhenweneedafilterwhosepassbandhasarangeofaTL≦lAJ≦alFlandstopbandsaJ･e

Ja)I≦a)StandId≧a)S.all,叫J,a)sanda)fmustsatisfytheequations(31),so

op=Iltan(aTw/2)-tan(a)i/2)]

crs=Iltan(a)S/2)-tan(a)S-/2)]

Ao2=12tan(a)fl/2)･tan(a)i/2)-12tan(als/2)･tan(a)sT/2)

(32)

Thethirdequationof(32)meansthatall,alFl,abanda)fareconnectedwithone

equation,thustheycannotbegivenindependently.If叱 ,alH,anda)sareglVen,a);

canbedefinedfromthethirdequationof(32).

Fromequationsof(32),

Js ltan(a)S/2)-tan(alFl/2)･tan(all/2)･cot(a)S/2)l

op tan(alII/2)-tan(a)i/2)

reglVen.Ofcourse,forthetype1Chebyshevfilter,6pis1.Thusweobtainthat

I=[tan(alFl/2)-tan(a)L/2)]-1

qs=lltan(a)S/2)-tan(aJFl/2)･tan(aJL/2)･cot(a)S/2)l (34)

も2=12tan(a)fJ/2)･tan(叱 /2)

I ､r､pこIrameterSnandScanbecalculatedfromcTsinto(28)and(29).

From(30),
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i(A2-0JA-Ao2) i(A-Ajl)(A一句)

i(cr-cTj)=

1
= [(卜iAjl)-(I+iAjl)Z]･[(卜iAj2)-(i+iAj2)Z]

I(1-Z2)

where,Ajland毎 arerootsofaequation

Å2-crjA-ん2=o

ForapoleJn-j'1,Jn-j'l=-CT/isheld･Then

A2+0/A一木2=o

hastworoots,-Ajl*and-Aj2*･Thus

l

i(cT-Jn-j.1)= 【(t+iAj了)-(i-iAjl*)Z]
l(トZ2)

･[(I+iAj2*)-(I-1Aj2*)Z]

Whenn=2m+1,thetermofj=m+1is

i(cT-CTm.))=iJ+tm+1

12(1-I)2+l(1-Z2)lm.1+ん 2(1+Z)2

i(1-Z2)

Thetransferfunctionofthefiltercanbegeneralizedas
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i(1-Z2)

〟(Z)=
2nlle (12+ltn.1+Ao2)-2(121ん2)Z+(12-LEN.1+Ao2)Z2

m (1+Z)2

j-1[(I+Vj)2+FLJ2]-2Z(12-1kJ12)Z+[(i-Vj)2+FLJ2]Z2

(35)

wherekl.=Flj+ivjandoperatorITrequiresthatthefわllowingcalculationmustbe

donefortworootsforequation(35),̂jandAJ,andmultiplied･As sameas(20),mis

(n-1)/2whennisoddnumber,orn/2whennisequalnumberandthenthesecond

factorofH(Z)isneglected.

Application-andResults

TwobandpassfilterswereusedtoisolatetheSVcomponentsobtainedabove,

Onepassesthecomponentsofperiodsbetween1200years(=1/fH)to3500years(=

1/fL).needgeofstopbandis1000years(=1/fs).Theotherpassestheperiods

between600yearsand800years,andtheedgeofstopbandis400years･

Nondimensionalparametersarespecifiedto0.5(=Ap)and5(=As)inbothfilters.

ThetwoSVcomponentsisolatedbythesefilterswereshowninFig･I-3-61The

componentoflongerperiodwasnamedLPJPNandthecomponentofshorterperiod

wasnamedSPJPN.PolarprojectionsofthesetwoSVcomponentsareexhibitedin

hい .ト3-7and1-318.

TheSVcomponentorlongerperiod(LPJPN)showssmoothclockwiseloops

･=･ト 川一一Cirregularmotions(Fig.1-3-7).Duringthetimesolderthan8000years

H 'J目しIyoungerthan4500yearsB.P.,Clearclockwiseloopsaretracedout･

hJ･Anln8000yearsB.P.and4500yearsB.P.,acounter-clockwiseloopandcusps

L,パ､･･lr.Thisintervalmaybedisturbedbyastrongcounter-clockwisemotionadded

t･-,"･othclockwiseones,consideringthatitissandwichedbythetwointervals
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dominantwithclockwisemotions.Thisdisturbedintervalisstartedwiththeincrease

ofamplitudeoftheU-Dcomponent.

TheSVcomponentofshorterperiod(SPJPN)representsthinellipses(Fig.ト3-

8),suggestingratheroscillatingmotionsthanrotatingones.Suchthinellipsoida】

featureshavebeenalsosuggestedfromthespectralanalysisofthecomplexYZ-

Component.LinearmotionofafleldvectorontheYZIPlane,regardlessofits

direction,yieldsasymmetricalspectruminbothclockwiseandcounter-clockwise

rotations･Ellipticalmotionyieldsanasym metriCalspectrumweightedmoreheavilyin

thesenseoflooping(Denham,1975).Inbothcases,spectralpeaksappearatasame

periodforclockwiseandcounter-clockwisesenses.Thespectralpeakofpehodabout

700yearspercycleisstableforbothclockwiseandcounter-clockwisesenses,

SuggestlnganoscillatingorelliptlCmOtion･

I-3-4.SenseofRotation

CurvatureofVectorMotion

Senseofrotationcancharacterizethecomplexmotionsinthesecularvariationof

fieldvectors.CurvatureorsecondderivativeofmovlngPathsforafieldvector

representsenseofrotation.ThecurvaturequantifiedbyanangleOthatis,

(f2 lfl) *(f3-fl)

∂=sin-1

lf 2-flllf3 -ill

･p､.-1･/トf2,andf3arethreesuccessivefieldvectors,anasteriskdenotesavector

i､ ･､lLILl.

I;I,･t/I(･alionandRe.dts
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CurvatureswerecalculatedfわrthedatasetsofHCJPN,LPJPN,andSPJPN.

Fig.ト3-9showsplotsofcuⅣaturesaveragedwithinathree-polntSmOVlngWindow.

Clockwiseandcounter-clockwisesensesareshowninwhiteandblack,respectively.

Whencurvaturemaintainsthevalueofnearlyzero,the伝eldvectormoveslinearly･

ThecuⅣatureplotfわrHCJPNshowsacomplexpattern.Thesenseorrotation

changesfrequentlyanddurationsforpersistenceofonerotationalsenseareonlyabout

severalhundredyears.Furtherthereseemstobenodurationforlinearmovement.

ThelongerperiodSVcomponents(LPJPN)isdominatedbymotionsof

clockwisesense,asinthemiddleofFig.11319.Between8000yearsB.P.and4500

yearsち.P.,counter-clockwisepulsesappearmixedwithclockwiseandlinear

motions.Themotionswithcounter-clockwisesenseseemtotXaddedaccidentallyto

themajormotionwithclockwisesenseduringonlythistimespan.

IntheshorterperiodSVcomponentsintherightofFig.1-3-9,clockwiseand

counter-clockwisesensespersistfわrrelativelylongdurationsaltematively･Curvature

ofclockwisesenseismaintainedfromI1000to8300yearsB.P.,followedby

relativelyshortdurationsofcounter-clockwisesensefrom8300to6500yearsB･P.

andagalnCIockwisesensefrom6500to5300yearsB･P･･Alongdurationof

counter-clockwisesenseappearsfrom5300to2200yearsB･P･,foHowedbyashort

durationorclockwisesense什om2200to1300yearsB.P,andthenadurationor

counterclockwisesense.ThecurvaturefわrSPJPNischaracterizedbysymmetrical

appearanceofbothrotationalsenseswithlongdurations>1000years･
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Table1-3-1. HE托 spectralpeakperiodsofHCJPN

HCJPN PEAKPERⅠODS(yrs/C)

E-Wcomp. 2020 871
U-Dcotw. 3700 1390 716

clockwise 1590 750
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COORDINATESYSTEM

Fig.1･3-1.neadop【edreferenceh me(afterTurnerandThompson,1981).The

X-axiscoincideswilhthedincdonofthege∝enhicaxialdipole点eldatasite･

ncY-axisisahorizontalaxisperFndiculartotheX-axis.neZ-axisis

perpendiculartotheX-andY-axesinlhcrighthandsysteTn.Thethickarrow

showsdlCPaleomagnedcfielddirecdon.
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HCJPN
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Fig･1-312･ S1-100thcdE-W andU-Dcomponentsro一･lhcsecularvariationfrom

ccntra110SOulhwcsLJ･lPan.rIILcr=一g｢rcquCnCicshigllCrlhtl1-5･Ocyclcspcl･kyr･

ThCdaLaPOlnlSarcaLinlcrvalsoF50years.
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～...■ h㌔

80004500 - .i1 ーノ >

_.-′■■■ノ: ＼ 一一■■-

A. A.＼

Fig. 1･3-3. PolarprojectionsabouHheADFoflhesecularvariationfromcentralLo

soulhwcsりapanforscparaLCinlcrvals;I1500-8000yearB.P.(bol10-ll),8000I

4500yearB.P.(middle)and4500-400yearB.P.(top).Thedat'lPOiIILsarcat

inlcrvalsoF50years.Opencirc]esshowevery500yearsdatapolntsFrom

11500yearsち.P.10500yearsB.P‥TI-earrowsShowForwarddirectio一一in

lime.
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Japan

E-WcozzIPOZlenl U･Dcomponent

0 1 2 0 1 7

11500.6550

11000･6050
10500･5550
10000-5050
9500I4550
9000･4050
8500I3550
8050-3050

7500･2550

7000I2050
6500-ユ550
6000-ユOSO
5500-550

5000-400

11500.6550

11000･6050
10500I5550
10000-5050
9500_4550
9000-LIO50
8500-3550

8050-3050
7500-2550

7000-2050
6500-1550

6000-1050
5500-550
5000-LIOO

100 0 500

1 1 bT･/e'

1400 700

dodo▼iserotatiozl COunter-docklTiserolュtI'on

2 1 0 1 2(</kr)

500 10 0 0

十 †
750 1600

Fig･ 113-4･ HEMsfk=Ctralrx=akperiodsoftheHUPNcalculatedwithinamoving

windowof5000years･Spcctralpcakswhosepowers<10%ofthelargestpeak

orwhoseperiods>50m yeam arcomitted･Stableexistenceoftheperiod

consislentWiththewholedataanalyses(Tablell3-1)areshownwitharTOWS･

Thepehodsofspec血 peaksareCOnCentratedintwobands:6∝ト800yearsper

cyclc(thins汀ipedama)and1200-3500yearspercycle(boldstripedarea)･
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1

1+As2

fs'fL fH fs

Fig.1-315. A鮎quencyresponseofbandpassfilter.nlefrequencyresponseis

glVenbyfiveparameters,threeofwhicharec7idcalfrequenciesaHheedgesof

passbandVLandflJ),StOpbandVsorfs7,andtwoofwhicharenondimensional

onessp∝ifyingmaximumattenuadoninthepassbaJld(Ap)andminimum

attenuationinthestopband(As),
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LPJPN

/lt
oo o )

/ ∫～＼､
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ll

Fig. 113-7･ Po一arproJeclionsoFthcsecularvarialionofbandorpcriods1200-3500

ycarspercycleforseparateintervals.Opencirclesshowevery500 ycarsdata

polnlsFrom 11500yearsB･P.10500yearsB.P‥TllearrowsShowForward

dirccLioninlinlC.
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1-4.DISCUSSIONS

Alocalcoordinatesystemwhoseoneaxisalignswiththenormalpolarityaxial

dipolefieldisusefultodisplayapathofpaleomagneticdirectionalchange.Apairof

E-WandUIDcomponentsispreferredtoapairofdeclinationandinclination.Since

thedirectionoftimeaveragedfieldisapproximatelyan ADFdirection,E-W andU-D

componentscanberegardedasdeviationsfromamean direction.Thetwo

componentsarecompensatedfromtheeffectoflatitudeontherelativeam plitude,so

thattheycandescribemosteffectivelyadeviationfroman averagedirectionof点eld

vectorsatasinglesite.Hofhan(1984)appliedthelocalADFcoordinatesystemto

thedatafrompolaritytransitionsandexcursions,andillustratedtheutilityofthe

application.Heusedapolarstereographicdisplayinthespaceperpendiculartothe

ADFdirectionforaglVenSite.OurorthogonalproJeCtionintheYZplanecan

representthepolarstereographicprojectionifthevariationaldirectionsarenotsofar

fromtheADFdirection.

TheSVcomponentsofLPJPNandSPJPNrepresentmostcomponentsinthe

originaldata,HCJPN.ThetwoSVcomponentshavebeenisolatedbyband-pass

filterswiththefrequencyrangesaroundthetwomajorSPeCtralpeaks.Powersof

otherpeaksarenegligiblysmall.

TheresultsofcomplexMEManalysesshowlongtem naturesoffieldrotationas

showninFig.1-3-4.Thenaturearenotrepresentedinthecurvatureplots.Itis

becausethatthecurvatureplotcandescritkdetailedstructuresofvectormotion,but

theyaregovemedbyinstantaneousmotions.

Ori由nsofTheLongerPeriodVariations

Thesecularvariationcomponentoftheperiodicitybandbetween1200and3500

yearspercycle(LPJPN)ischaracterizedbysmoothclockwiseloopingsinthemotion

offielddirection(Figs.1-317,and1-3-9).Theperiodicityofabout2000years,at
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whichaspectralpeakisobtained,isconcordantwiththelengthoftimeneededfわra

fullaxialrotationfortheobservedwestwarddriftingfields･Smoothclockwiseloops

thusseemtotxoriginatedfromcontinuouswestwarddriftinganomaly.Itseems

reasonabletoconsiderthatthewestwarddri允of缶eldanomaliesisanintrinsic

behaviorofthegeomagnetic点eldfわrthelast11500years.

A点eldvectorcanmakeanalmostfullloopwhileadri氏ingsourcemovesonlyon

thesite'shemisphere.Ifasourcedriftsonlyontheanti-hemisphereofthesite,

loopingfTeaturesarehardlyproducedinthefieldvector.TTlerefore,itisreasonableto

considerthatthedominanceofclockwisesenseofrotationintheSVcomponentof

LPJPNverifiesthatwestwarddriftinganomalieshaveexistedinthePacifTIC

hemisphere'.Recentstudiesofthemagneticheldatthecore一mantleboundaryhave

-suggestedthatthewestwarddriftisnotglobal,andisalmostcompletelyabsentfrom

thePacificregionforlastthreecenturies(BloxhamandGubbins,1985,1987;

Gubbins,1991).Ourresultsuggeststhatsuchafeatureisinstantaneousandthe

driftingtTeaturehavenotbeencon点nedtotheAtlantichemisphereduringthelast

11500years.

Thecurvatureplot(Fig.1-3-9)showsthatthecounter-clockwisemotionofa

fieldvectorhasbeenaddedirregularlytothesteadyclockwisemotion･Thehistorical

geomagneticdataforthelast300yearsshowthatdriftingandstandingfieldanomalies

simultaneouslyexistandbothanomalieshavebeenvarylngwithnointeraction

(YukutakeandTachinaka,1969).Thestandingfieldsarechangedintheirintensity･

l川L･nSltyfluctuationsofstandingfieldscandisturbasmoothvectormotionorlglnated

ト､､､tCこIdywestwarddriftinganomalies.Thebreakupofthesmoothclockwise

･W r-1maybeexplainedbyalargefluctuationofintensltyOfastandingfieldnear

h 1.'1

tJL;=州ヽ OfTheShorterPeriodVariation
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TheSVcomponentofperiodabout700yearspercycle(SPJPN)ischaracterized

bythinellipticoscillation(Fig11-3-8).Theellipticpattemmaybeproducedby

intensitynuctuationofsourcefields･Oneellipsecorrespondstoonecycleofgrowth

anddecayorgrowthtooppositeslgn.ThepeaksofcurvatureinFig.113-9would

coincidewith山emaximaand/orminimaofsource'sintensity.
MatsushimaandHonkura(1988)estimatedtheperiodsandamplitudesofnon-

dipolefieldfluctuationsusingGausscoefficientsduring1550to1980A.D..Asa

result,theyclari点edthattherearelargeam plitudefluctuationsofstanding丘eldswith

periodsabout600yearspercycle･Thisseemstobeconsistentwiththattheintenslty

fluctuationswithperiodofabout700yearssuggestedbyourdata.mi§timescale

motionisalsoproposedasanincidentalfeaturetothegeomagneticdynam oimplied

fromthefrozennuxtheorem(Hide,1982).

Oscillationofalongaxisofelhpseseemstobeconfinedtocertainregions(Fig.

1-3-8).Inthefirstinterval from11500to7500yearsB.P.,theazimuthoflongaxes

ofellipseseemsalmostcon丘nedtotheZ-axissothattheamplitudeoftheUID

componentislargerthanthatoftheE-W component(Figs.1-3-6and1-3-8).Inthe

intervalsfrom6500to3500yearsB･P･andfrom2250to400yearsB･P･,thelong

axesarealmostalignedalongtheY-axisandthentheam plitudeoftheE-W

componentislarger.TheseconBnedalignmentsimplythatthesourcefieldscannot

movefreely,conBnedtocertainplacesduringthesethreeintervals.Thefirsttwo

durationsare4000and3000yearslong.AnuctuatlngStandingfieldmakealinear

oscillationinfieldvector.Ifthereareanotherdriftingfieldswhoseintensitiesarenot

sostrongnearthesite,thelinearmotionwouldbechangedtoanellipticOrbit･A

i.hangeofdriftingdirectionmayresultinachangeofsenseoflooplngmOtion･Then

1日Sreflectedinthecurvaturepattern.Onedurationfわrpersistenceofonesenseof

L'UrVaturewouldindicateonestablestageofgeomagneticfieldvariationpattern･

Thoughtheellipsesareverythin,thesenseofcuⅣatureofSPJPNiscritical.

Therearetwointervalscharacterizedbypeculiarmotionsoffieldvector;the

lnterValsfrom7500to6500yearsB.P.andfrom3500to2250yearsB.P.(seeFig.

53



11318).Themodonissimilartothequasi-hypotrocoidmotionproposedfbrthedipole

wobblebyKawaiandHirooka(1967).nleyeXPlainedthemotionofVGPfrom

arChaeomagneticsecularvariadondatabycombingtwodifferentrotationsofamain

dipole;onerotationhasaperiodlongerthantheotheranditsrotationalsenseis

oppositetotheother･Thehypotrochoidmotioninourdataappearswhenthe

curvaturechangesthesense,thatisregardedasthechangesofdriftingdirection.The

twointervalsforsuchmotionsmaybetransitionalforthechangeindriftingdirection,

thentheexistenceofeastwardandwestwardmotionscanbealsoexplained.

SimultaneousoccurrenceofbothmotionshastxensuggestedbyYukutake(1987)in

thehistoriCalgeomagneticdata,
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1.5.CONCLUSION

Amethodtoanalyzepaleomagneticsecularvariationswasintroduced･The

methodconsistsoffoursteps.First,atimeseriesofapairofdeclinationand

inclinationistransformedtothoseofADFreferenceframe.Second,characteristic

periodicitiesarededucedbyspectralanalysis.Third,thesecularvariation

componentsoftheperiodiciriesareisolatedbyband-passfilters･Last,motionsof

丘eldvectorsareinvestlgatedbypolarprojectionsandcurvaturecalculations氏)reach

secularvariationcomponent.ApplicationofthismethodtotheJapanesesecular

variationforthelast11500yearswassucceededincharactenzlngtwoPeriodic

motionsoffieldvector.

Thesecularvariationcomponentofperiodicityabout2000yearspercycleis

dominatedbysmoothclockwiseloopssuggestlngaSteadywestwarddriftingfield･

Thereisabreakupofthesmoothclockwiselooplngduringthetime&om8000to

4500yearsB.P.,whichmaybegeneratedbyaccidentaloccurrenceorgrowlnguPOf

astanding丘eld.

Thesecularvariationcomponentofperiodicityabout700yearspercycleis

characterizedbythinelliptlCmotions,whichareprobablygeneratedbytheintensity

fluctuationofsourcefields.Thesenseofcurvatureinthiscomponentisfrequently

changedandtheazimuthoflongaxisofellipseisremainedconstantfわr300014000

yearsexcepttwoshortintervals.Thelattersuggeststhatthesourcefieldisstationary.

Thecomponentofperiodicityabout700yearsconsistsofsuccessionoftimespansof

differentreglOnalgeomagneticfieldvariations.Duringtheintervalsfrom7500to

6500yearsB.P.andfrom3500to2250yearsB.P.,thefieldvectorshowsa

trochoidalmotion.Theintervalsmaybetransitionalfromonesteadystatetothe

L)ther.
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AGeomagneticSecularVariationStudybySeparationorAField

VariationintoItsSpectralComponents

2.GlobalAnalysesofPaleosecularVariation
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2･1.INTRODUCTION

Inthepreviouschapter,wehavesucceededinseparationofseculaJ'variation

componentsfわrtheJapanesegeomagneticrecord･Asaresult,itwasrevealedthat

westwarddriftingofnon-dipole丘eldsisanintrinsictxhaviorofthegeomagneticfield

forthelast12000years.Inthischapter,thesam emethodisappliedtopaleomagnetic

secularvariationrecordsfromothersitesontheglobe,inordertoexamineifthe

westwarddriftinglSaglobalfeature･

Reliablegeomagneticsecularvariationrecordshavebeenobtainedfrom

lacustrinese-dimentsinU.K.(TurnerandThompson,1981),NorthAmerica(Lundand

Banerjee,1985),andAustralia(BurtonandMcElhinny,1982)･ThesitesofU･K･and

NorthAmerica,bothofwhichareinthenorthemhemisphere,areequallyseparated

fromJapaninlongitudeandclosetoJapaninlatitude(Fig･2-I-1)･Thesiteof

AustraliaisintheequatorialsymmetricpositiontoJapaninthesamelongitude.
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2･2.SECULAR VARIATION RECORD FROM U.K.

2-2-1.Data

TumerandThompson(1981,1982)havepublishedthepaleomagneticrecords

of10unorientedcoresfromLochLemondinScotland,LakeWindermereinNorth

England,andLlynGeirionyddinNorthWales(Fig.2-211)･Allsedimentcoresare

丘ne-grainedorgamicmuds.

Agecontrolisbasedon19preferredradiocarbondatesfrom30age

detemi nationsandpollenanalysesonthreecores:theelmdecline,whichisdated

between5000to5200yearsb.p.(14C)forthewholeofnorthwestEurope.The

conventionalradiocarbonages(yearsb･p･)havebeencalibratedtocalenderyears(years

B.P.)usingClark.S(1975)treatmentofthebristleconepinetreeringdata.The

individualdepthscaleswereconnectedwitheachlakefromsusceptibilityandlithology

correlations,andaprefTerredtimescalewastransformedtoeachcore.Transformation

wasmadebylinearinterpolationstxtweenthedepthsdated.Valuesofdeclinationand

inclinationevery40yearswerecalculatedbylinearinterpolationbetweenthetwo

originaldatapointsimmediatelyaboveandbelow,andanequalintervaldatasetofeach

corewasobtained.

Acompositerecordwasobtainedbyaveraglngthedatedrecordsfrom10cores

(UKDORG;Fig.2-2-2).Thesequenceofunitvectorsdescribingthemaglletic

directionrecordofeachcorewasrotatedsoastoplaceitsmeandirection(themean

overthesectionofcorebetween0and7000yearsB.P.)atzerotransformation.The

transformedcoordinatefram eofeachcoreisthusassumedtorepresentthemean

eゞomagneticfielddirectionduringthelast7000years.The10recordscant光aVeraged

日日hiscoordinatesystem.Theaveragedrecordhasbeendetransfomedtoabsolute

(leclinationandinclinationsystem,SoastomatchtheuppemostwesterlyswlngtOthe

LondonobseⅣatoryswingwhichextendsto24oW (TurnerandThompson,1982).
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2-2-2.AnalvsesandResults

TransformationtoTheADFReferenceFrame

Thetimeseriesofunitfieldvector(UKDORG;Fig.2-2-2)wastransformed

intoanaxialdipolereference舟am e.Asitelatitudewassetto54oN.Thetimeseriesof

E-W andU-DcomponentswerecalculatedbytheprocedureshowninthesectionI-2-

1･ThedatapolntSWereCalculatedatintervalsof50yearsbylinearinterpolation

betweentwoadjacentdataforthepointshavingnooriginaldata.Smoothingwas

performedtothedatasetwithaChebyshevlow-passfilterwhichcutthekequencies

higherthan5.0cyclesperkyr(period=200years).

ThetimeseriesofE-WandU-Dcomponentssmoothed(HCUKD)areshown

inFig.2-2-3.Theamplitudesofchangeinthetwocomponentsarealmostequal.Both

componentsseemtotxconsistoflongwavelengthchangeswithlargeamplitudesand

smai1fluctuations.Theam plitudeofvariationalfeaturesissomewhatreducedby

treatmentsofstackingandaveraglnginterpolations.Consequently,short-duration

fluctuationsbecomevague.

Polarprojectionsabouttheaxialdipole缶elddirection(X-axis)clearlyshow

remarkablecharactersofthevariationalfTeatures.Therearetwointervalsoflinear

fluctuations,8600I6000yearsB.P.and6000-1500yearsB.P..Theazimuthof

linearnuctuationsinoneintervalisperpendiculartothatintheotherintervaLBefore

6000yearsB.P.,thefieldvectorislimitedinthefar-sidedarea(Z<0).After6000

yearsB.P.,thefieldvectorshowsmorebroadvariation.

SpectralAnalyses

Spectralanalyseswereca汀iedonthescalarandvectortimeseriesorE-Wand

U-DcomponentsforHCUKD,uslngthemaximumentropymethod･Lengthsof

predictionerrorBlter(m)werechosensatisfyingtheAkaike'sfinalpredictionerror
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Criterion(Akaike,1969a,b,1970)andan empiriCalformulaofm<3Nlr?-,whereNis

numtx:rofdata.

Resultsofspectralanalysesareshownintable21211.TheU-Dcomponent

showsnoclearspectralpeakwithintheperiodbandsshorterthanthedata-lengthand

longerthan500 ye打SPerCycle.Fortheotherthreecomponents,aperiodicityabout

1900yearSpercycleiscommonlyobtained.ⅠtimpliesthatthevariationalfTeatureof

periodicityabout1900yearsislinear･Aperiodicityofabout4500yearspercycleis

obtainedfortheE-Wandthecounter-clockwiserotationalcomponents.Aperiodicity

of1030yearsisobtainedonlyfortheclockwiserotationalComponent.

Toteststabilityoftheestimatedspectrathroughoutthelengthoftimespanof

data,spectralanalyseswereagalnCamiedoutwithinaslidingwindowof5000years

every500years･TheresultsaresummarizedinFig.2-2-5,whereeachpointshowsa

periodofthespectralpeakineachslidingwindow.

Stablespectralpeaksareobtainedataperiodicityofabout4000yearspercycle

fortheE-Wcomponent.Theperiodicityofabout1810yearspercycleisonlyintwo

windows,9800-5050yearsB･P･and5500-550yearsB･P･･Thus,thespectral

analysisdoesnotshowstableperiodicityof1810yearspercycle,however,thewave

morphologysuggestsitsexistence.Therearefourremarkableeasterlydeflectionsin

theE-Wcomponentatages9200,7200,2700and1000yearsB.P.･Theinterval

tRtWeentheoldertwodeflectedagesis2000years,andthatbetweentheyoungertwo

is1700years.Theyseemtofittotheperiodicityofabout1810years･Thereareno

CハILlrlyswlngbetween7200and2700yearsB.P.,atwhichoneortwoeasterly

JL･71"lionsareexpectedtoappearifthevariationofperiodicityabout1810yearsper

･､LI"ontinued.Intheintervalfrom7200to2700yearsB.P.,thevariationof

;-h､hLLILyabout1810yearsmaybediminished.Thespectrumfわrtheyoungest

-".ll- hasapeakwhoseperiodicityis2350yearspercycle･Twopeaksof

ド川,JlLtities,4000yearspercycleand1810yearspercycle,maytxfailedtoseparate･

TheuDcomponenthastheperiodicityofabout2000yearspercyclebefore

lwlOyearsB.P.andtheperiOdicityofabout1000yearspercycleafter7500years
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B･P･.Thusnoclearpeakperiodsareobtainedfromwholedataanalyses･Onlyina

window丘'om5000to300yearsB.P.,bothperiodicitypeaksappear.

ForclockwiserotadonofafieldvectorontheY-Zplane,theperiodicityabout

2110yearsisstablyobtainedbefore3550yearsB.P･andtheperiodicityabout1030

yearsappearsafter7500yearsB.P･･Forthecounter-clockwiserotation,stablespectral

peaksa陀nOtObtainedatthetwoperiods,4750and1810yearspercycle,obtained

&omthewholedataanalysis.An intermediateperiodicityofthetwoperiods,2200

yearspercycle,isobtainedinwindowsbefore3050yearsB.P..Afterthat,nostable

periodicityisobtained.Theestimationofpredictionerrorfiltermaybetoohighinthe

wholedataanalysisoftotalvectorseries,sothatthesplitofaspectralpeaksoccur.

Signalswhoseperiodsareinthebandsfrom4000-1800yearspercycle,

whichareshownbytheboldstripedareasinFig.212-5existinallofSVcomponents.

Theperiodicityabout1000yearspercycleisobtainedforthewindowsafter7000years

B.P.oftheU-Dandclockwisecomponents.Thespectralpowerconcentratesatthe

longersideofperiodicity,consequentlyitisconsideredthatthepeakofperiodicity

about1000yearspercyclebecomesnegligiblysmallinotherwindowsafter7000years

B.P‥

SeparationofQuasiPeriodicMotions

Spectralpeaksareconcentratedinabandofperiodsfrom4000I1800yearsper

cycle.TheSVcomponentofthisbandofperiodswasisolatedusingaChebyshev

hand-passfilter,namedLPUKD(Fig.2-2-6).ApolarprojectionofLPUKDis

representedinseparateintervalsinFig.2-2-7.Theplotssuggestachangeinthe

こl/_lmuthoflinearfluctuations.Themotionextendsfromwest-downdirectiontoeast一

叩 directionbefore6000yearsB.P‥After5000yearsち.P.,itextendsfromwesトup

JlreCtiontoeast-downdirection.After1000yearsB.P.,theelongationdirection

returnstothedirectionbefore6000yearsB.P..Therearetransitionalintervalsofabout
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1000yearslongt妃tWeenthem.Smoothloopsareonlyseenbetween7000to5500

yearsち.P･in仙epolarprqJeCtionofLPUKD.

TYleSVcomponentofperiodabout1000yearspercyclewasalsoisolatedfrom

theoriginaldata,usingafilterpasslngPeriodicitiesbetween1200to800yearsper

cycle･ThiscomponentwasnamedSPUKD(Fig.2-2-6).Apolarprojectionof

SPUKDisinFig･2-2-8･TheplotsofSPUKDinFig.2-216showthattheamplitude

ofU-DcomponentgraduallyincreasesWithtimewhiletheamplitudeofE-W

componentisunchanged.The丘eldvectortracestripleclockwiseloopsintheinterval

from4700to1500yearsB.P.,andthenthemotionisreplacedbythecounter-

clockwisemotionaccompmiedbyamplificationofU-Dcomponent.Before4000

yearsB･P･themotionofthisperiodicitylSVerySmall･

SenseofRotation

Instantaneoussenseofrotationisdefinedwithcurvature.Curvatureswere

calculatedfわrthedatasetsofHCUKD,LPUKDandSPUKD.Fig.2-2-9showsplots

ofcurvaturesaveragedwithinathree-polntSmOVlngWindow.Clockwiseandcounter

clockwisesensesareshowninwhiteandblack,respectively.

HCUKDchangesitsrotationalsensefrequently.Thedurationsforpersistence

oronerotationalsenseare<1000years.IntheshorterperiodSVcomponent

(SPUKD),bothofclockwiseandcounter-clockwisesensespersistfわrrelativelylong

山lr山ionsalternatively.Thedurationsforpersistenceofclockwisesenseareabout

ミf日日years,whicharelongerthanthoseofcounter-clockwisesense(<2000years)･

I-k･LurVLlturePlotofthelongerperiodSVcomponents(LPUKD)Showspulse-like

, i ･川.WhichcanbeeasilyexpectedfromthelinearmotionintheY-Zplane(Fig･2-2-

二二十Discussion
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TheoriginalsecularvariationofU･K･doesnotshowstrongevidenceforthe

persistenceofnon-dipolefieldwestwarddrifting.ThespectralanalysesofHCUKD

showawellresolvedclockwiseperiodicityofabout2000yearspercycle,suggestlng

westwarddrifts,miscomponenthasalooplngfeatureonlyintheintervalbetween

7000and5500yearsB.P.(Fig.212-7),andthesenseofrotationisclockwiseduring

theinterval(Fig.2-2-9).

TTIeelongationdirectionofHnearmotionofLPUKDintheYZ-planemayImply

adirectionofanactiveoscillatingfield.From9800to6000yearsB･P.,anactive

oscillatingfieldmayhaveexistedtothewestofU.K.andthentotheeasttill2000

yearsB.P..After1000yearsB.P.,itretumedtothewest.Itispossiblethat

clockwiselooplngSCausedbywestwarddriftingfieldsaredisturbedbyfieldvariations

generatedbysuchoscillatingfields.

FortheSVcomponentofSPUKD,tripleclockwiseloopsfrom4700to1500

yearsB.P.maybecausedbywestwarddriftingfields.Theclockwisesenseismore

stablethanthecounteトClockwisesenseaccordingtothelengthsofpersistinglnterVals･

ThegeomagneticfielddirectionsobservedinLondonhastx:enmovlngwithclockwise

senseduringthelast300years(MalinandBullard,1981;Fig･212-10)･Thisloopis

consideredtobeapartofaclockwiselooplngOfperiOdicityabout1000yearsper

cycle.Thecounterclockwisemotionsinceabout1500yearsB.P.inthecomponentof

SPUKDmaystopatabout300yearsl3.P.(1650AD).
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Tab le 2 - 211. HEM sp e ctral p eak p eriods of nCUKD

HCUKD PEAKPERⅠDDS(yrs/C)

E-Wcomp.U-Dcomp. 4220 1810

clockwise 2110 1030

counter-clockwise 4750 1810
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Fig.2-211. GreatBritain,showinglocalitiesofuxhLomond,LakeWindermere

andLlynGcirionydd,andCoringsites(afterTurnerandThornpson,198I).
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Fig･2-2-2･AveragedinclinationaJlddeclinadonoftencot℃sfromthnelakesplotted

againstageat40yearsintervals(aftcTTurnerandThompson.1982).
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Fig･ 2-2･3･ SmoothedE-WandU-Dcompo一一enlSrOrlhesecularvarialion什onl

U･K.,rlllCrlngfrcqucncicshigherthan5･Ocyclesperkyr.ThedalュPOinlSarcat

inlerva】sor50years.
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HCUKD

Fig･2-2-4. PolarprojectionsabouHhcADFofthesecularvariationfromU.K.For

separaleinlervals･.9800-8600yearち.P.(bouotllright).8600-6000yearB.P.

(boIIOmlcrl),6000I1500yearsB.P.(LOPright),and4500-300yearr3.P･(LOP

Icll).ThedalュpointsarcaLinlCrValsor50years.Opencirclesshowcvcry500

ycarsdatapomLsrron19500yearsB.P.Lo500yearsB.p-Thearrowsshow

forwaTddirectioninLime.
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タ800-5050
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65〇〇･1550
6000_1050
5500･550
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5000I300

U-Dcomponent

1 2

czockwiscrotation counler･Clockwise7･OLalJ'or1

2 ; 1 0 1 2(C /klr)

500 1000

Fig･2･2-5･ MEMspechlrKakFdodsoftheHCUKDcalculatedwithinamoving

windowof5∝氾ycars･Spectralpeakswhosepowers<10%ofthelargestpeak

orwhoseperids>50m ycamareomitted･Theperiodsofspectralpeaksare

concenI.atedintwobands;1200-800yeaTSperCycle(thins打ipeda托a)and

40W-1800yearsFrCycle(boldsnipedarea)I
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LPUKD

ノ■~

′1000-300 t+

Fig.2-2-7. PolarproJeclionsofthesecularvariationorbandorperiods4000-1800

ycarspercyclc(LPUKD)lol'scPal̀alCinlCrVtlls.Opencirclesshowcvcry500

ycLll.Sdalュr)0日11SrrOIll()500yearsri.P.10500yearsT3.I)..ThearrowssllOW

ronva∫ddirectioninliImC.
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HCUKD

SPUKD

LPUKD

10 (ky8P)

Fig.2-2-9.PlotsofcuⅣatureof鮎1ddirccdonpa血sforthcSVcomponentsof

bandofperiods40(刀 -1800 yeaTSPerCycle(bottom)andtheSVcomponentsof

bandofperiods12CK)-800yearsperCycle(middle),andtheSVcomponentsof

periodslongerthan200yearspercycle(upper),Cl∝kwisesenseisshownin

whiteandcounterclockwisesenseisshowninblack.
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2-3.SECULAR VARIATION RECORDFROM NORTH AMERICA

2-3-1.Data

LundandBanerjee(1985)havepublishedageomagneticsecularvariation

recordfromremanenceofsedimentsinLakeSLCroix,Minnesota(Fig.2-311).The

secularvariationrecordisrecoveredfromtworeplicatedcoresconsistlngOfsuccessive

ll0r3-mcoresegments.Thesegmentboundariesinonecorecorrespondtothe

middleofcoresegmentsintheothercore.Thecoresarecomposedofdarkbrown

clayeygyttJa.

Theagecontrolisbasedonnineradiocarbondatesdeterminedforoneofthe

cores.PollenanalysishasestablishedthatthepercentageofAmbrosia(ragweed)

pollenrisessharplyat70cmbelowthesediment/waterinterface.Thispollenriseis

normallyatbibutedtoculturalinfluencesthatt光ganabout1850A.D.ineast-cenb'al

Minnesota.Theradiocarbonageshavetxencorrectedusingtheerrorcalculatedatthe

Ambrosiarisetoprovideatimefram efordlePaleomagneticresults.Thecoreextends

from0to9600yearsB.P..

Reorientationofdeclinationrecordshavebeenperformedbycross-correlating

withinsegmentsfromdifferentcores.Theuppermostsegmentswererelatedtotrue

northbycompanngtheirdeclinationswithinthelast150yearstohistoriCalrecords.

Acompositedataset,LSCSUM(I,D),wasformedbystackingtheinclinations

andthedeclinationsreconstructedfrom山etwocores.Thecompositesecularvariation

versustimeisplottedinFig.2-3-2.ThedatapolntSbecomesparseatolderparts

becauseofthechangeofsedimentationrate.

2-3-2.AnalysesandResults
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TransformationtoTheADFReferenceFrame

Atimeseriesofunit氏eldvectoratintervalsof50years(LSCORG)was

constructedbylinearinterpolation(Fig.2-3-3).nletimeseriesofLSCORGwas

transformedintotheaxialdipole点eldreferencefram eatasitelatitudeof45oN.Time

seriesofE-W andU-Dcomponentswereobtainedbytheprocedureshownjnsection

1-2-1.SmoothingwasperfTormedtothedatasetswithaChebyshevlow-passfilter

cuttingfrequencieshigherthaJ15.0cycleperkyr(period=200years).

neE-WandU-Dcomponentsofsmoothedtimeseries(HCLSC)areshownin

Fig･2-3-4･TheamplitudesoflongdurationswingsOfE-Wcomponentareslightly

largerthan thoseofU-Dcomponent.ThevariationofU-Dcomponentischaracterized

byshortdurationnuctuadons.ApolarproJeCtionabouttheADFdirectionforthelast

8200years(Fig.2-3-5)Showsdominantclockwiseloopingof丘eldmotion From

8200to4550yearsB.P.,thefielddirectionsarewesterlydeflected,aJldafter4550

yearsB.P.,theyareeasterlydeflected.

SpectralAnalyses

SpectralanalyseswerecarriedonthescalarandvectortimeseriesoftheE-W

andU-DcomponentsforHCLSC,uslngthemaximumentropymethod･Lengthsof

predictionerrorfilter(m)werechosensatisfyingAkaikelsfinalpredictionerror

L.rHL･rion(Akaike,1969a,b,and1970)andanempiricalformulaofm<3Nl/2,where

＼.､-1LImberofdata.TheresultsareshowninTable2-3-1.Theresultantspectra

･小 t･州Lldfromthreedatasetshaveonecommonpeakperiodsabout1000yearsper

Toteststabilityoftheestimatedspectrathroughoutthelengthoftimespanof

･!･-∴1.､PCCtralanalyseswereaga】ncarriedoutwithinaslidingwindowof5000years

･:げ･)500years.TheresultsaresummarizedinFig.2-3-6,whereeachpointshowsa

卜 ･-ll,Aofaspectralpeakineachslidingwindow.
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Theperiodicityofabout1150ye打SperCyclefbrtheE-Wcomponentwas

stablyobtainedfromthewindoweddata.Stablespectralpeakswereobtainedatabout

2150and1010yearspercyclefわrtheU-Dcomponent.Theperiodicityofabout700

yearsappearedonlyinyoungerthreeWindows.Twospectralpeakperiodsof

clockwiserotationatabout2480and1150yearSpercyclewerestablyobtained.The

periodabout1240yearspercycleofcounter-clockwiserotationwasstablerecalculated,

however,theperiodicitiesof4530,836,and608yearspercycleobtainedfromwhole

dataanalysiswerenotobtainedstably.

TheperiodicitiesobtainedfromtheaJlalyseswithoutusingawindow(Table2-

3-I)areclassiGedintotwo.Oneistheperiods>1000yearspercycle.Theseare

stablyrecalculatedforthewindoweddatasets.Theotheristheperiods<1000years

percycle.Theseseemunstablebecausetheyarenotobtainedforalldatasets,andthe

analysesusingaSlidingwindowshowinconsistentresults.Theperiods>1000years

percyclearefurtherdividedintotwogroups.Oneislimitedinabandofperiodsabout

4000I2000yearspercycle,whichisshownwithaboldstripedareainFig.2-3-6.

Theotherisabout1600-1000yearspercycle,thatcorrespondstothethinstripedarea

inFig.2-316.

SeparationofQuasiPeriodicMotions

Theresultsofspectralanalysesf♭rthefulト1engthdatasetsandfわrthe

"′indoweddatasetsrevealedtwobandsofperiod,withinwhichspectralpeaksare

L･onL.entrated.TheSVcomponentsofeachbandwereisolatedusingChebyshevband-

卜1､､I-llLerS(Fig.2-3-7).TheSVcomponentoflongerperiodband,4000-2000years

ド rL)Llle,wasnamedLPLSC.ThepolarprojectionsofLPLSCareshowninFig･2-3-

･ T1-eSVcomponentofshorterperiodband,1600-1000yearspercycle,wasnamed

Iヽ'LSC.ThepolarprojectionsofSPLSCareshowninFig.2-3-9･

TheSVcomponentofLPLSCshowssmoothclockwiseloops什om8200years

【='･101700yearsち.P.(Fig.2-3-8)･Theloopsexhibitaslightelongationalongthe
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directionabout40degreesfromtheY-axis･Between2000and1500yearsB.P.,the

motionchangedtocounter-clockwiserotation.Theam plitudesofchangeinboth

componentsareuniformoverthewholedatalength(Fig.2-3-7).

TheSVcomponentofSPLSChaslargeamplitudechangesintheE-W

componentbetween1000and3000yearsB.P.(Fig.2-3-7).Ontheotherhand,theU-

Dcomponentshowsslightlylargeamplitudechangesbefore6000yearsB.P..From

8200to3500yearsち.P.,theSVcomponentofSPLSContheYZ-planerepresents

linear伝eldmotions.Thelineationisalmostcon丘nedtotheZ-axisinthedurationof

8200-5300yearsB.P.,andthenittiltsclockwisebyabout45degrees(Fig･213-9).

After3500yearsB.P"thefieldmotionshowslargeclockwiselooptillabout1700

yearsB.P.,associatedwiththeincreaseofvariationamplitudeofE-Wcomponent･

From2500to1000yearsB.P.,thefielddirectionrepresentsalinearmotionconfined

totheY-axisIDuringthelast1000years,itshowsalinearmotionconfinedtothe

directionabout-45or135degreesfromtheZ-axis.

SenseofRotation

Instantaneoussenseofrotationisdefinedwithcurvature.Curvatureswere

calculatedfわrthedatasetsofHCLSC,LPLSCandSPLSC.Fig.2-3-10showsplots

ofcurvaturesaveragedwithinathree-pointsmOVlngwindow･Clockwiseandcounter-

clockwisesensesareshowninwhiteandblack,respectively.

PredominanceofclockwisesenseisseeninthecurvatureplotsfわrHCLSCand

LPLSC(Fig.2-3-10).Thedurationsofpersistingonesenseareatmost1000yearsfわr

HCLSC.Dominanceofclockwisesensepersiststill1500yearsB.P"6700years

l川一g,forthecurvatureplotofthelongerperiodSVcomponent,LPLSC.Afterthat

LIOunter-Clockwisesenseofmotionappeared.TheappearanceOfcounter-clockwise

‖10tionseemstotxtriggeredbyasuddenchangeoffieldvariationtowardnegativeZ

し】lreCtionbetween2000andloo°yearsち,P.(Fig.2-3-8).IntheshorterperiodSV

component(SPLSC),clockwiseandcounterclockwisesensesarefrequently
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altemated･From4200to1700yearsB･P･,smoothclockwiselooplngmotionsare

impliedbythecurvaturepattern.Onthecontrary,intheintervalsofcounter-clockwise

sense,linearmotionsaresuggestedbythepulse-likefeaturesofcurvaturefeatures.

2-3-3.Discussion

TheSVcomponentofLPLSCsuggeststheexistenceofasteadywestward

driftingfieldatleasttill2000yearsB.P..IftheintensityOfthedriftingfieldis

unchanged,thentheresultantsecularvariationissymmetricaboutY-axis.The

clockwiseloopsaresomewhatelongated,suggestlngIntensityChangesofthedrifting

fieldorothercomponentsofgeomagneticfieldvariation.

After2000yearsB.P.,the丘eldvectorissuddenlypulleduptowardnegativeZ

direction,followedbyacounter-clockwiserotation.Thecounter-clockwiseloopIS

elliptlCanditslongaxisiscon丘nedtotheZaxis.Themotionmaybecausedbyan

intensityfluctuationofastanding缶eld.ThewholeareaoftheNorthAmerican

Continentisdominatedbynon-dipolefieldanomalyatleastsince16thcentury

(YukutakeandTachinaka,1968).Thecenteroftheanomalyislocatedatlatitudeof

400Nandlongitudeof265oE.ItisveryclosetothesiteofLakeSt.Croix(267･2oE,

45oN).Thevectormotioncon缶nedtotheZaxiscanbeexplainedbyanintensity

nuctuationofastandingfieldbelowthesite.Thismaysuggestanappearanceofa

standingfield.SuddenoccurrenceofastandingfieldhasbeenobservedinJapan

duringtheintervalfrom8000to3500yearsB.P.inthelonger-periodSVcomponentof

LPJPN(Fig.1-3-7).

TheSVcomponentofSPLSChaslargeamplitudechangesandshowscomplex

fieldmotionsontheYZ-plane,duringtheintervalfrom4200-800yearsB･P･･Before

thisintervaltheelongatingdirectionofmotionhasbeenfixed.Afterthisintervalthe

directionischangedtothedirectionpe叩endiculartopreviouselongatlngaXis･The

senseofrotationchangesatabout1700yearsB.P.fromclockwisetocounterl
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clockwise.Thismaybeassociatedw仙 仙esuddenbreakofsteadymotionat2000-

1500yearsB,P.inthecurveofLPLSC.Thepattemofthe氏eldvariationofNorth

Americamayhavelargelychangedatabout2000yearsB.P..
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Table2-3-1.HEHspectralpeakperiodsofHCLSC

HCLSC PEAKPERⅠODS(yrs/C)

E-Wco皿P. 1150
U-Dcomp. 2150 1010 700

clockwise 2480 1150
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Fig･2-3-1･ LocationmapforLakeSL･Crojx,Minnesota･Thesolidtriangleshows

thecoringsite(afterLundandBanerjee,1985).
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Fig･2-3-2･ Combinedinclinationanddeclinationdatafromrwocores(af(erLundand
BancTjee,1985).
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Fig･2-3･3･Averagedinclinationanddeclinationrecordsconstructedevery50years

intervals･Opencirclesaninterpolateddala･
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Fig･2-3-4.SmoothedE-WandU-DcomponentsrOrneSeCularvariaLionfrom

NorthAmerica,rllleringrrcquencieshigherthan5,0cyclesperkyr.Thedata

polnlSareatintervalsor50years.
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HCLSC

Fig.2･3-5. Polarpro)ecLionsabouHheADFoFthesecularvariationfromNorth

Americaforseparateintervals;8200-4500yearB.P.(bouom),4500-150year

B.P.(lop).ThedataPOintsarealinteryalsof50years.Opencirclesshow

every500yearsdatapolnLsfrom8000yearsB･P.10500yearsBIP･･The

aTTOWSShowforwarddirectioninLime.
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E･Wcomponent

0 1

N.America

U･Dcomponent

2 0 1

8200･3550
8050.3050

7500･2550

7000_2050
6500.1550
6000･1050

5500･550
5000.150

8200_3550
8050I3050
7500I2550
7000･2050
6500･1550
6000-1050
5500.550
5000.'150

500 1000

Fig.2-3-6. HEMspec打出 rcakperiodsof山CHCLSCcalculatedwithinamoⅥng

windowof5000years.Spectralpeakswhosepowers<10%ofthelargestpeak

orwhoseperiods>50(泊yearsa陀0mittcd.Theperiodsofspectralpeaksare

concentratedintwobands;1600-1(X氾yearspercycle(thinsdpedarea)and

4∝氾-2(X沿yeampercycle(boldsdpedaJta).
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LPLSC

Fig.2-3-8. PolarproJeClionsoFthesecularvaTiationorbandofperiods4000-2000

ycarspercycle(LPLSC)Forseparateintervals.Opencirc)esshowevery500

ycarsdalュpOmlsfrom8000yearsB･P･10500yearsB.P..Thearrowsshow

rorwarddirectioninlinlC.
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N.America

HCLSC

SPLSC

LPLSC

10 (kyBP)

Fig･2-3-10･ Plotsofcurvatt)reoffielddirecdonpathsfortheSVcomponents

ofbandofFCriods400 0 I20(氾yearspercycle(bottom)andtheSVcomponents

ofbandofperiods1600-1000yearspercycle(middle),andtheSV

componentsofperiodslongerthan2∝)yeaJSperCycle(upper),Cl∝kwise

senseisshowninwhiteandcounter-clockwisesenseisshowninblack.
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2･4.SECULAR VARIATION RECORD FROM AUSTRALIA

2-4-1.Data

BartonandMcElhinny(1981)havepublishedapaleomagneticsecularvariation

recordfromremanenceofsedimentsinLakeKeilam txte(38013'S,142052'E),Lake

Bullenmerri(38015rS,142006'E),LakeGnotuk(38014'S,143006'E)insoutheast

Australia.

Eighttothirty-twohorizonsfromeachlakehavebeenradiocarbondated

(Bartonetal.,1981).TheradiocarbonageswerecalibratedaccordingtoClark(1975).

Transformationfromadepthscaletoatimescalewasaccomplishedbyassuminglinear

sedimentationratestXtweendatedlevels.Itisexpectedthatsmallscalefluctuationsin

sedimentationrateapeaveragedoutbythisinterpolation.Itisthereforeimprobablethat

usefulinformationcanbeexpectedaboutperiodicitiesshorterthan400years(Barton

andMcElhinny,1981)･

Eachsequenceagreeswellwiththebetween-lakescorrelationofsecular

variationcurves.BartonandMcElhinny(1981,1982)obtainedthecompositerecords

bytaking100yearsmeansofthecombinedsetofstackeddatafromthreelakes

(ASTCOM;Fig.2-4-1),Alldeclinationresultsofeachcoreweredetrended,i.e.,a

least-squareslinearfittothedeclinationvaluesv.S.depthwasremovedtxfore

slacking.Meanswerecalculatedafterdiscardingtheupperandlowerquartilesper100

yearsinterval(arobustsmoothingtechnique).Declinationswereresetaboutthescalar

meanva一ue.

2-4-2.AnalysesandResults

TransformationtoTheADFReferenceFrame
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TTletimeseriesofunitfieldvectorASTORG(Fig.242)wastransformedinto

anaxialdipolereferencefhme.Thesitelatitudewassetto38014'S.Theseriesoff-

WandU-Dcomponentswereobtainedbytheprocedureshowninsection1-211.For

consistencywiththeSVrecordsofotherthreeSitesontheglobe,theAustraliandata

wereinterpolatedevery50yearsintervals･Thedatasetsweresubjectedtosmoothing

withaChebyshevlow-passfilterwhichcutthefrequencieshigherthan5.0cyclesper

kyr(period≡200years).771eresultantdmeseriesofE-WandU-Dcomponents

(HCAST)areshowninfigure2-4-2.

TheamplitudeofsecularvariationinAustraliaforthelast10000yearsisvery

small.Especially,between8000and4000yearsち,P.,theE-Wcomponentshows

almostnovariation.Apolarprojectionabouttheaxialdipole丘elddirection(X-axis)is

showninFig.2-4-3.From8000yearsB.P.,thefieldvectorisconfinedtotheZ-axis.

ThisalsosuggeststheabsenceofEIWcomponentinthevariation.

SpectralAnalyses

SpectralanalyseswerecarriedonthescalarandvectortimeseriesofHCAST,

usingthemaximumentropymethod.Lengthsofpredictionerrorfilter(m)usedjnthe

aJlalyseswerechosensatisfyingAkaike'sfinalpredictionerrorcriterion(Akaike,

1969a,b,and1970)andanempiricalfbmulaofJ乃<3〃1/2,where〃isnumberof

data.

ResultsofspectralestimatesareshowninTable2-4-1.Theperiodicityabout

:叫 ).YearspercycleisobtainedforbothoftheE-WandU-Dcomponents･The

･iYLLruOr2710and2380yearspercycleforclockwiseandcounter-clockwise

･J=川IS,respectively,maycorrespondtothisperiodicity.TheE-Wcomponentand

･､､L"lSerOtationalcomponenthaveaspectralpeakataperiodof1230yearsper

L､J Ll.Counter-clockwiserotationalcomponenthasaspectralpeakataperiodof927

･し･･.r＼PerCycle,whichmaybedistinctfromtheperiodof1230yearspercycle.Both

ドrlL)dsaresomewhatshorterthanthepeakperiodsobtainedforclockwiserotation･
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Totestthestabilityoftheobtainedspectrathroughoutthelengthofthetime

series,spectralestimationwithinaslidingwindowof5000yeaJ'Severy500yearswas

performedtothedatasetofHCAST.TheresultsareSummarizedinFig.2-4-4,where

eachpointshowsaperiodofspectralpeak.Theperiodsabout2240yearspercycle

werestablycalculatedfortheUID,clockwiserotational,andcounter-clockwise

rotationalcomponents.Theyprobablycorrespondtotheperiodsobtainedfわrthethree

componentsoffulldatalength,2500,2710,and2380yearspercycle,respectively･

FortheE-Wcomponent,thispeakperiodwasnotobtained缶.omallsetsofwindowed

data,whichmaycausedbythepowershifttothehighfrequencysideofspectrum,The

E-W componenthasastableperiodofabout1200years･Thoughtheperiodofabout

800yearspercyclealsoseemstobestableforEIWcomponent,itisnotobtainedfor

thewholedata.Fortheclockwiserotationalcomponent,withinthe丘veyounger

windowstheperiodabout1200yearspercycleexists.Theperiodabout1200years

percycleisstablyrecalculatedonlyfortheE-Wcomponent.

SeparationofQuasiPeriodicMotions

TheSVcomponentwhoseperiodisabout2500yearspercyclewasisolated

fromASTORGusingaChebyshevbandpassfilter･Thefilterpassesthecomponents

ofperiodsbetween3000to1600yearspercycle.ThiscomponentwasnamedLPAST.

AsshowninFig.2-4-5,theamplitudeofE-W componentisalmostzero,representlng

absenceofcomponentsinthisperiodicityband.PolarprojectionsofLPASTare

showninFig.2-4-6.1tisclearlyshownthatthevectormotionontheYZ-planeis

confhedtotheZ-axis.

TheSVcomponentofperiodabout1200yearspercycle,whichisexpectedto

existstablyintheE-Wcomponent,wasalsoisolatedusinga刷terwhichpasses

periodicities1500-800yearspercycle.ThiscomponentwasnamedSPAST･As

showninFig.2-4-5,theEIW componentofSPASThaslargeamplitudevariations

thanthatorLPAST.PolarprojectionsofSPASTareshowninFig･2-4-7･Thevector
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motionontheYZ-planeshowstwo-dimensionalvariationunlikethatofLPAST.Most

oftheintervalsseparatedinFig.2-4-7aredominatedbyclockwiselooplngmotionsof

a点eldvector･Especially,from3950to1500yearsB.P.,twolargeclockwisefulレ

loopsaJlethere.After1500yearsB.P.,themotionchangestocounter-clockwise

looplng.

SenseofRotation

InstaJltaneOuSSenseOfrotationisdefinedwithcurvature.Curvatureswere

calculatedfわrthedatasetsofHCAST,LPAST,andSPAST.Fig.2-4-8showsplots

ofthecurvaturesLaVeragedwithinathree-pointsmOVlngWindow･Clockwiseand

cdunter-clockwisesensesareshowninwhiteandblack,respectively.

ThecurvatureplotforHCASTshowscomplexpattern.Thereseemstobeno

systematicpatteminthechangesofrotationalsense.Thedurationsforpersistenceof

onerotationalsenseareshorterthan1000years.

TheSVcomponentoflongerperiods(LPAST)aredominatedbythelinear

motionsasmentionedabove.Thereforepeaksofcurvatureplotcorrespondtotumsor

changesofmovingdirectionofvectorontheYZplane.ThetumngpolntSaremainly

dominatedbyclockwisesense.ItshouldbenotedthatthetumlngPointsOfcounter-

clockwisesenseareatevery2500yearsinteⅣals.

TheSVcomponentofshorterperiods(SPAST)isdominatedbythemotionof

LIl目しkwisesense.Counter-clockwisesenseisobtainedonlybefore8500yearsB.P.

･L‖llLlrler1500yearsB.P..

1ミL)iscussion

Thelow-amplitudesecularvariationinsoutheastAustraliaismainlycausedby

･仙Illamplitudeofthedeclinationvariation･BartonandMcElhinny(1982)asserted
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thatitisarealSVfTeatureinAustraliatxcauseofreproduciblevariationfeaturesin

individualcores.However,all仙ecoresweretwistedindeclination,anditwas

correctedapproximatlngequallyapparentbylineartrends.Itisreasonablethatthe

treatmentbydetrendingaffecttheSVrecord･Smallvariationsofthedeclinationand

theE-Wcomponentmaybecausedbyunnecessarycorrectionbydetrending.Linear

driftofthegeomagnetiC坑eldvariationaboutdepthwasalsocleanedwhenthetwisting

ofcorewasremoved.Thelongerperiodvariationsareconsideredtobeaffectedmore

stronglybythedetrendingtreatment.

Analtemativeinterpretationforthelow-amplitudeSVisthatAustraliamay

belongtotheareaofthePacincdipolewindow(DowellandCo又,1971;Hyodo,

1989).The丘eldvariationinAustraliacausedbynon-dipolecomponentsmaybe

reducedbyamagneticinsulatorunderthePaci丘carea(Hyodo,1989).Possibilityof

thisinterpretationisstillremained.
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Table2-4-1.HEMspectralpeakperiodsofHCAST

HCAST PEAKPERⅠODS(yrs/C)

E-Wcomp. 2530 1230 514
U-Dconp. 2530

clockwise 2710 1230
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Fig･2-4-1･Combinedinclinationanddeclinadondataobtainedby100yearsmeans
oftheslackeddatafromu血Keilambcte,L水eBullcnme汀iandL血 Gnotuk.

SouthcastAus打alia(afterBartonaJldMcElhirLny,1982).
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SoutheasLAustralia,rllleringFrequencieshigherthan5.0cyclesperkyr.The

daLaPOInLSareatintervalsof50years･
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HCAST

¥ ｣′ヽ八

しl リ700-8000

8000-4500

Fig.2-4-3. PolarproJeClionsabouLlhcADFoflhesecularvarialionrromsouthcasL

AustraliaForseparateinlCrVals:9700-8000yearB.P.(bouo111),8000-4500

yearB･P.(middle).4500-200yearB･P.(lop).Thedatapointsarealinlcrvals

oF50ycars1OpencjrcLcsshowcvcry500yearsdatapointsfrom9500ycaTS

B.P.10500yearsB.P"Thearrowsshowforwarddirectionintime.
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Austratia

E-Wcomponent

1 2 0

9700･5050

9500･4550

M O･<050

8500.3550

8050_3050

7500_2550

7100.2050

6500.1550
一000.1050
5500'.550

5000･200

9700･5050
9500･4550
9000･L1050
8500･3550

8050I3050
7500･2550
7000･2050

6500-1550
6000･1050
5500･550
5000･200

tJ･D亡OErlPOntJlt

1 2

500 1000

rig･2-414･ MEMspecmlrx=akperiodsoftheHCASTcalculatedwithinamoving

windowof5000ycars･Spectralpeakswhosepowers<10%ofthelargestpeak

orwhoseperiods>50W yearsareOmitted･TheperiodsofspeC血 peaksare

c｡ncentraledintwobands;15∞-8∞yearspercycle(thinS申pedarea)and

3000 116CK)yearsrcrcycle(boldstripeda代a).
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LPAST

8000-4500

Fig･2-4-6. Polarpro)ectionsofthcsecuLarvariationorbandoFperiods3000-1600

yearspercycle(LPAST)rorseparalCinlCrVals.Opencirclesshowevery500

yearsdatapOlntSFrom9500yearsち.P.10500yearsち.P‥TIICart.Ow≦SllOW

rorwarddirectionintime.
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SPAST

Fig.2･4･7. PolarproJeCtionsofLhesecu一arvariationoFthepehodband1500I800

yearspercycle(SPAST).TheunderHnedinlen/alsarcdominatedbyclockwise

motionlOpencirclesshowcvcry500yearsdatapolnlsfrom9500yearsBIP.to

500yearsB.P..ThearrowsShowforwarddirectioninLime.
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SPAST

LPAST

10 (kyBP)

Fig･2-4-8･ PlotsofcurvarureoffielddirecdonpathsfortheSVcomponentsof

bandofperiods3000-1600yearspercyc一e(bottom)andtheSVcomponentsof

bandofperiods15(刀-8∞yearspercycle(middle),andtheSVcomponentsof

periαislongerthan2(氾ycaISperCycle(upper),Cl∝kwisesenseisshownin

whiteandcounter-Clockwisesenseisshowninblack.
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2･5.CORRELATIONSBETWEEN FOUR RECORDS

Commonfeaturesinthesecularvariationsobservedatthefoursitescan t光

derivedbycalculatingcorrelationfunctions.ThethreesitesintheNorthem

Hemisphere,U.K.,NorthAmerica,andJapan,locatewithinathinlatitudinalband

(Fig.2-1-1).Ifsomelatitudinaldriftingfieldspassthroughthethreesites,then

correlatingfTeatureswillappearintheSVsatallthesites.TherecordfromAustralia,

theSouthemHemisphere,isnearJapan･Latitudinaldrifting員eldsaffectSVsatJapan

andAustraliasimultaneously.CorrelationfunctionsoftheE-W,theU-Dandthe

vectorcomponentswerecalculatedbetweenrecordsof仇ethreesitesintheNorthem

Hemisphere.CorrelationfunctionsbetweenrecordsofJapanandAustraliawerealso

calculated.

2-5-1.Co汀elationFunction

AcorrelationfunctionC(I)betweentwotimeseriesal,a2,...,andbl,b2,...,

isdefinedas

∑(aL･b,･_{)

( 1)

[∑α,12I∑b.･2]1/2

whereて∫主salagbetweentworecords･MeanvaluesfわreachtimeseriesareO･

Thevectorco汀elationismeasuredbycosineorallglebetweentwovectors

(WatsonandBeran,1967).Aserialcorrelationbetweentwounitvectortimeseriesai,

b,･,isglVenaS
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∑cos0.･ ∑ (a,･･bi)

〃 〃

SothecorrelationfunctionC(I)iscalculatedby

∑ (a,･･bLイ)

TimelagTisde丘nedaS

T=7′･AE-lT(all)-T(b,･)]

(2)

(3)

whereT(ai)andT(bi)aretimesofi'thdata;aLandb.I(Fig-2-5-1),dtistimeintervalof

data.

Numbersofourdataarelimited.Whenthenumberofoverlappeddatawasless

thanahalfofthetotalnumberofdata,thencalculationofcorrelationcoefficientswas

stopped.

2-5-2.Resultsofco汀elations

Fig.21512,parts1,2,3,and4,showthecorrelationfunctionscalculatedfor

ru IrSOfHCJPN-HCLSC,HCLSC-HCUKD,HCUKDIHCJPNandHCJPN一

川 t＼ST.Timelagsatwhichcorrelationfunctionshavemaximadisagreebetweenthe

E≠ 州dtheU-Dcomponents.TherefわrethecorrelationofvectorpalrStendtobelow.

ForthepairofHCJPNandHCLSC(Fig.2-5-2,part1),remarkablyhigh

r･･JILIL)Onisobtainedattime-lags1600yearsand4400yearsfortheE-W component.

17-し･Ltluermaybecorrelatedwiththemaximumpe akofvectorialcorrelationaltime-lag
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4350years･ThecorrelationfunctionoftheU-Dcomponentgenerallyshowssmall

amplitudechanges･Amaximumcorrelationisobtainedattime-lag-2950years.

ForthepairofHCLSCandHCUKD(Fig.2-5-2,part2),correlationfunctions

ofthreecomponentstendtohavelargervaluesatnegativetime-1agsth肌 POSitiveones.

MajorcharacteristicfeaturesmayhavebeentransmittedfromU.K.toNorthAmerica.

Remarkablylargepeaksareobtainedattime-lags-4650fortheEIW component,and-

3800yearsfわrtheU-Dcomponent.

ForthepairofHCUKDandHCJPN(Fig.2-512,part3),thecorrelationof

vectorpaArSisverysmall.Attime-lag3000years,thecorrelationfunctionoftheE-W

componentshowsclearmaximum.

ForthepairofHCJPNandHCAST(Fig.21512,part4),thecorrelationofthe

U-Dcomponentishigherthanthoseoftheothertwocomponents.Clearpeakis

obtainedattime-lag5250yearsfortheU-Dcomponent.

rnleCOrrelationfunctionsobtainedabovefromtheSVrecordswithoutband-

passfiltersgenerallyhavesmallvalues.Correlationmaximawereusuallyobtainedat

largetime-lags.Thismaytxduetosmallnumberofdatawereusedforcalculationof

conelationcoefficients.

Paleomagneticsecularvariationrecordsconsistsofmanycomponents,inwhich

someareglobalandsomearelocal,sothattheyshowcomplexvariations.Thelow

correlationmaybecausedbylocalfieldvariationcomponents.

ThefourSVrecordshaveaspectralcomponentofperiodabout3000-2000

yearspercycle,asrevealedabove.ThiscomponentintheJapaneseSVhastxen

explainedbyasteadywestwarddriftingfield,basedontheconsistencyoftheperiod

withtheestimatefromthepresentfielddriftingrate,andtheclockwisesenseofthe

･･cctormotion(Itotaetal.,1982).ThecomponentintheNorthAmericanrecordhas

hecnalsoconsideredtobegeneratedbywestwarddriftingfieldatleasttill2000 years

fi.P..ToconfirmthiscomponentgtobaJ,correlationfunctionswerecalculatedfrom

l､nIatlnglongerperiodicitycomponents.Fig2-5-3,parts1,2,3,and4,shows
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co汀elationfunctionscalculatedfわrpal一sOfLPJPN-LPLSC,LPLSC-LPUKD,

LPUKD-LPJPNandLPJPN-LPAST.

ForthepairofLPJPNandLPLSC(Fig.2-5-3,part1),thecorrelation

coefBcientattime-lag1500yearsfTortheEIWcomponentisespeciaJlylarge.This

maximumisalsoobtainedfromthecorrelation九mCtionoftheE-Wcomponentbetween

HCJPNandHCLSC(Fig.2-5-2,partl).Othertwopeaksareat-1000and4300

years.Maximumcorrelationsareobtainedevery2500yearsintervals.Maximainthe

correlationfunctionoftheU-Dcomponentareobtainedattime-lagsofintervals2000-
2500years.TheE-W andtheU-Dcomponentshaveconsistentmaximaattime-lags

1825士325and-725士275years.Theformermaximumalsocorrespondstothe

maximuminthecorrelationfunctionat1800yeaJLSOfthevectorpairs.Valuesofthe

correlationfuncdonofvectorpalrSaregenerallysmall.

ForthepairofLPLSCandLPUKD(Fig.2-5-3,part2),thecorrelation

functionsforallofthreecomponentsshowqutestrongcorrelationsatsometime-lags.

ThemaximaofE-W componentattime-lags18(カand-1900yearsmaycorrespondto

themaximaobtainedforthevectorpalrSattime-lags1700and-1450yeaJIS,

respectively.¶eymayalsoco汀eSpOndtothosefわrtheU-Dcomponentattime-lags

1500and-1200years.Thetime-lagabout1650±150yearsisconsistedamongthree

COmpOnentS･

ForthepairofLPUKDandLPJPN(Fig.2- 5-3,part3),anextremelyhigh

correlationisobtainedatatime-lagof3000yearsfortheE-W componenLCorrelation

maximaareobtainedattime-lags-4250,11050,and4250yearsfortheU-Dcomponent

withlargevalues.Forthevectorpal一s,thehighestco汀elationisattime-lag2950

years･ThusthehighestcorrelationisobtainedforthevectorandtheE-Wcomponents

attime-lagabout3000years.TheU-Dcomponenthasnosuchcorrelation･Attime-lag

about-1125±75years,thethreecorrelationfunctionscommonlytakeamaximum･

ThecorrelationfunctionsofthreecomponentforthepairofLPJPNandLPAST

showsymmetricpattem(Fig.2-5-3,part4).Allmaximaofcorrelationexceptoneof
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E-W component(3900years)simultaneouslyappearfわrothercorrelationfunctions.

Themaximumpeaksobtainedattime-lagsnearzeroforthreecomponentsarenotable.

2-513.Discussion

ThecorrelationfunctionscalculatedforthepalrSOfthelowfrequency

componentsfromtheNorthemHemispherehavenotabletime-lagsatwhichmaximum

correlationswerecommonlyobtainedwithrespecttothreecomponents.Forthepairof

LPJPNandLPLSC,thenotablemaximaisat1825±325years.ItmeansthattheSV

featuresaretransferredfromJapantoNorthAmericadelayedbyabout1825years.A

notabletime-lagis1650±150yearsforthepairofLPLSCandLPUKD,suggesting

thattheSVLTeaturesaretransferredfromNorthAm ericatoU.K.delayedbyabout1650

years.ThepairofLPUKDandLPJPNhasanotabletime-lagataboutll125±75

years,thatis,theSVfeaturesmovefromJapan toU.K.delayedbyabout1125years.

TheSVcomponentsofLPJPNandLPLSCaredominatedbyclockwise

looplng,Suggestingtheexistenceofwestwarddriftingfields.Ifthenotabletime-lags

areattributedtothewestwarddrift,adriftingrateisestimatedfromthetimellagsas

0.160/year-0.130/year.Thenthetimespan forfullrotationis2300I2800years.This

isconsistentwiththeperiodoftheisolatedcomponents.Thuswestwarddriftingfields

seemtopersistatleastthroughthepast8000years,andtheyhaverotatedallaroundthe

earth.

Itisstrangethatthecorrelationmaximaattime-lagabout-525yearsisnot

u一mrnonlyobtainedfわrthepairofLPJPN-LPLSC.Themaximaattime-lag525years

l､CXpeCtedfromthenotabletime-lagsofLPLSC-LPUKDandLPUKD-LPJPN,if

theircorrelationsareresultedinthewestwarddrift.ThecorrelationfunctionsfortheE-

WandtheU-DcomponentsobtainedforthepairofLPJPN-LPLSChaveamaximaat

M一一elag-725±275.Thistime-lagmayco汀eSpOndstotheexpectedone･Forthe

vectorcomponent,thepeaksinthecorrelationfunctionsarenegligiblysmallatnegative
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time-lags.Inthelowfrequencycomponentsofthethreesites,variationsgeneratedby

standingfieldsareincluded･So,onlyroughestimationofthewestwarddriftingrateis

probable.

InthepolarproJeCtionsoflowfrequencycomponentsinthethreesites,counter-

clockwiseloopsareobservedonlyattheintervalbetween8000-7000yearsB.P.in

LPJPNandafter1500yearsB.P.inLPUKD.Consequently,1tlSunrealisticto

considerthatthetransformationsofSVfeaturesareduetotheeastwarddriftingnon-

dipole丘elds.

necorrelationfunctionscalculatedforthepairofLPJPNandLPASTshow

highcorrelationattime-lagabout100-550years.Althoughasloweastwarddri氏ora

quitefastwestwarddriftseempossible,itisreasonabletoconsiderthatthismaybedue

totheeffectofthedetrendinginthedeclinationofAustralian SVrecord.TheU-D

componentislessaffectedbythedetrending.ThecorrelationfunctionoftheU-D

componentshowshighcorrelationattime-lagonly100years,whichmaybewithin

datingerror.TheSVfeaturesshouldhaveoccurredsimultaneouslyatJapanand

Australia.Consequently,theresultofcorrelationfunctiontxtweenLPJPNandLPAST

isroughlyconsistentwiththeresults什omtheNorthemHemisphere･
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Fig.2-511.CorTelalionfunctionC(1)iscalculaLcdfromoverlappeddataofLwO

rccords,Positivelime-Jags(T>0)meanslhaLaccrlainSVfealurcinRecord1

pTCCCdcslhcsamelealurcinRecord2･Negativelimel1ags(でく0)meansits

opposilecaSe･
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HCJPN-HCLSC
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Fig.2-5-2. (I) CorrclationfunctionscalculaledbclweCnHCJPNandHCLSCfor

E-W (upper).U-D(111iddlc)andvectorCOmPOt-Cnls(bottom)･Posilivclime-Jags

meanth{lHhevarialionalpaucrnsappearinHCJPNlrans｢Onn【oHCLSCI

NcgaLivclime-lagsll-CanlhaHhcvarialionalpauemsappearinHCLSClranSrOrnl

loHCJPN.
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HCLSC-HCUKD

CORRELATIONFUNCTION
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(:ig.2-5-2. (2) CoTTelaLionfunctionscalculatedbetweenHCLSCandHCUKDfor

E-W(upper).U-D(middLc)andvcc10rCOmPOnCntS(bouom)･Posit')vctiTllC-lags

nleanlha川1eVariaLionalpaucrnsappearinHCLSClransfomH0HCUKD･

Ncgalivctimcllagsl一一Ca州-a川-CvaTialionalpauemsappearinHCUKDEra-1SrOn-i

10HCLSC.

119



HCUKD-HCJPN
CORRELATIONFUNCT10N
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Fjg･2-5-2･ (3) CorTelalionrunclionscalculaledtx:lweenHCUKDandHCJPNro√

E-W (upper).UID(middle)andvectorcomponents(bottom)･Posilivcli一一一C-Jags

lllC'lnthtltlhcvarialionalpaltcrnsappearinHCUKDLransrormLoHCJPN.

Ncgalivctin-C･lagsmeanthatthevarialionalpaucrnsappearinHCJPNtraIISrOnll

loHCUKD.
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HCJPN-HCAST

CORRELATIONFUNCTION
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Fig.2-5-2. (4) CorrelationFunctionscalculalcdbctwecnHCJPNandHCASTFor

EIW(upper).U-D(middle)andvccIOrCOmpOnCnls(boLLom)･Posilivclime-Lags

mcanthatthevariaLionalpaucrnsappearinHCJPNtransformLoHCAST.

Negativclimc-lagsmeanlhaHllCVariaLionalpaucrnsappearillHCASTtransform

toHCJPN.
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LPJPN-LPLSC
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Fig.2-5-3. (1) CorrelationfunctionscalculaledbetweenLPJPNandLPLSCforEI

w (upper).U-D(middle)andvectorcomponents(bouom).Positivelime-Jags

mcanlhaHhcvarialionalpauernsappearinLPJPNlranSFom toLPLSC･

NcgaLivelirnc-)assmeanthatll-cvariationalpallCrnSappearinLPLSClranSrOm

toLPJPN.
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LPLSC-LPUKD

CORRELAT10NFUNCT10N
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Fig･2-5-31 (2) CorTelaLionrunclionscalculatedbetweenLPLSCandLPUKDFor

E-W (upper).UID(middle)andvecLOrCOmPOnentS(bottom):PositiveLime-Lags

mCanthatthevaTialiona-paltCmSappearinLPLSCITanSfonntoLPUKD･

Ncgalivctime-lagsmeanlhaLlhcvarialionalpauernsappeariI-LPUKDlra一一srOn-1

10LPLSC.
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LPUKD-LPJPN

CORRELATIONFUNCTJON
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Fig.2-5-3. (3) Correlationfunclionscalcula【edbetweenLPUKDandLPJPNfor

E-W(upper).U-D(middlc)andvectorcomponents(bouo111)･Positivelime-lags

lllCanlhaHhcvarialionalpaucrnsappearinLPUKDlransrOrmloLPJPN･

Negativelime-lagsmeanlhaHhevariationalpallernSappearinLPJPNLranSrOnll

loLPUKD.
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LPJPN-LPAST

CORRELAT10NFUNCTION
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Fig･2-5-3. (4)Corre]alionfunclionscalculaledbelWCenLPJPNandLPASTlorE-

W(upper),UID(middle)andvectorcomponents(bottom).Positivetime-lags

nlCantha川-cvarialionalpaucrnsappe{vinLPJPNlranSrOIllltOLPAST.

Negativetime-lagsmeanthaHhevarialionalpatternsappe{vinLPASTtransronTl

【oLPJPN.
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2-6.GLOBALGEOMAGNETIC FIELD VARIATIONS

DominanceofTheWestwardDrift

ThesecularvariationcomponentsoflongerperiodbandfromU.K.,North

Am erica,AustraliaandJapanarecharacterizedbydominanceofclockwisesenseof

vectormotion(Fig.2-6-1).Especially,inNorthAmericaandJapan,fieldvectorsdraw

smoothclockwiseloops(Figs･1-3-7and2-3-8),suggestingasteadywestwarddri氏ing

field.

Thewestwarddriftingratewasestimated0.160/year～0.130/yearfromthe

correlationfunctions.Awestwarddriftingratehasalsobeenestimatedbyphaselags

ofinclinationmaximaandminimabetweenU.K.andNorthAmerica(Creer,1981).

Theestimatedratewas0.160/year ～0.140/yearbefore2500yearsB.P..

A氏er2500yearsB.P.,clearmaximaandminimaappearedintheinclination

changesfromU.K.andNorthAmerica(Figs.2-2-2and2-3-2)suggestsanincreaseof

apparentdri氏ingrateupto0.50/year(Creer,1981).Howeverthisinterpretationis

doubtfulbecauseofnon-uniformdata-polnt-interyalsintheNorthAmericandataset;

n∬rowinteⅣalsinyoungerpartandwideinolderpart(Fig.2-3-2).Anotherreasonis

inthedatafromU.K..TheUIDcomponentofSPUKDclearlyshowstheincreaseof

amplitudeafter1500yearsB.P.,andthesenseof厄eldmotioniscounter-clockwise

(Figs.2-3-8,and2-6-2).Itissimilartothefeaturesoftheaccidentalcounter-

clockwisemotionappearedintheSVcomponentsofLPLSC(after2000yearsB.P.)

andLPJPN(during8000to6500yearsB.P.).ThemotioninSPUKDafter1500

yearsB.P.shouldbeattributedtoothersourcesthantoawestwarddriftingfield･

InU.K.,looplngfeatureofafieldvectorisnotclearlyobserved.Thehigh

latitude(54oN)oftheU.K.sitemaycauseit.Thesizeofloopingdependsona

distancefromsourcefield.IfasourcefielddriftsinalowlatitudeareanearJapan,the

smallestloopwillbeobservedatU.K.amongthefoursites･The丘eldmayhave
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driftednearequatororintheSouthemHemisphere,sothatclearlooplngOffieldvector

doesnotappearinU.K..ThisinterpretationisconsistentwiththeresuItsfrom

historiCalgeomagneticrecords,thatis,drifting缶eldsderivedfromobservedfield

variationareconcentratedintheSouthemHemisphere(YukutakeandTachinaka,

1968a;BloxhamandGubbins,1985).Suchconfigurationofnon-dipolefieldsmay

havetxenanatureofgeomagnetic抗eldforthelastabout10(氾Oyears.

Thesecularvariationcomponentsofperiodicitybandabout1200yearsper

cyclewereisolatedfromthreesites,U.K.,NorthAmerica,andAustralia･Duringthe

intervalfrom4200yearsB･P.to1700yearsB･P.,thecomponentsrepresentc)ockwise

rotationsoffieldvectorsonYZ-plane(Fig.2-612)atthethreesites.Theamplitudesof

variationsarerelativelylargeduringthisintervals(Figs2-2-8,2-3-9,and2-4-7).The

persistenceofclockwiserotationduringthisintervalisalsoseenintheSVcomponent

ofLPJPN,theSVofbandofperiods1200I3500years(Fig.216-2).Duringthe

interval,thesecularvariationcomponentoftheperiodicityabout1200yearspercycleis

dominatedgloballybythewestwarddrifting点eld.

AlmostalllooplngfeaturesateObservedintheintervalsofclockwisesenseover

thefわurrecords(Figs.2-6-1and2-6-2)･Theintervalspredominatedbythemotionof

clockwisesensearetendtobelongerthantheintervalsofcounter-clockwisesense.

Theymaysuggestthepredominanceofthewestwarddriftingcomponentsinthe

geomagnetic斤eldvariations.

(ー11.1TこTCteristicTimeofTheStatandingFields

SuddenoccurrenceofstandingfieldswasobservedintheSVrecords什01m

＼ rlh･へmericaandJapan.ThelinearfieldmotionintheSVcomponent0flonger

l､･川 -JbandinNorthAmericasuggeststhatafieldsourceisclosetotheobservation

㌔.≡: TheNorthAmericananomalyofnon-dipolefield(YukutakeandTachinaka,

LWIHLl)canberegardedasasource.Thisanomalymayhavepersistedthroughthepast
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20(カyears,oscillatingItsintenslty.SimilarlyinJapan,thelinear缶eldmotioninthe

SVcomponentoflongerperiodbandduringtheintervalfrom8000to3500yearsB.P.

maytxregardedasaresultofintensitynuctuationoftheMongoliananomaly

(YukutakeandTachinaka,1968a)･Hence,itisinferredthatstandingfieldsfluctuate

theirintensifiesduringcertaintimeintervals,andconsequentlytheystopf]uctuatlng.

FortheSVcomponentofLPUKD,theelongationdirectionsoflinear

fluctuationontheYZ-planeareconstantduringtheintervalsof9800-6000yearsB.P.,

5000-2000yearsB.P.,and1000-300yearsB･p-Suchpersistenceoflinear

nuctuationsisalsoseenintheSVcomponentofSPJPN,whoseperiodicityisabout

700years,atintervalsof11500-7500yearsち.P.,6500-3500yearsB.P.,and2250

I400yearsB.P.AIftheshiftoffluctuationdirectioniscausedbythechangeofthe

sourcefield,theneachintervalcorrespondstothetimewhenastandingfieldisactive.

Duringthelast10000years,the丘rstintervalis3800yearslongforLPUKD,and

4000yearslongforSPJPN.Thesecondintervalsare3000yearslongforboth･The

intensityfluctuationdurationofastandingfieldsuggestedbytheSVcomponentof

LPJPNis3500yearslong.Thetimelengthsof3000-4000yearsmaybe

characteristicforstandingfieldsactiveatleastduringthelast1(氾00years･

Thesecularvariationofperiodicityabout700yearswassuggestedfromthe

SVsofSoutheastAustralia,NorthAmerica,andJapanbyMEMspectralanalyses.

Unfortunately,wecannotdiscussthiscomponentmoreindetail･Amplitudesofthis

componentfromSoutheastAustraliaandNollhAmericaaretoosmalltobediscussed

aboutvariationalpattem.ItmaybecausedbythefiltenngeffTectofpostdepositional

magnetizationprocess,and/orbythesmoothingduetostacking･
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2･7.CONCLUSIONS

Amethodtoanalyzeapaleomagnedcsecularvariationbyseparationintoits

spectralcomponentswasproposed.Themethodwasappliedtothesecularvariation

recordsfromU.K.,NorthAmerica,Japan,andsoutheastAustralia.Fromallsitesa

spectralcomponentincludingperiodicityof3000-2000yearspercyclewasisolated･

ThecomponentfromNorthAmericaisdominatedbyclockwiselooplngOffieldvectors

suggestlngaSteadywestwarddriftingfield.ThecomponentofU.K.showslinear

motionsimplyingexistenceofoscillatingstanding丘elds.Thecorrelationfunctions

calculatedbetweentherecordsofU.K,NorthAmerica,andJapanshowconsistent

resultsthatthereexistwestwarddriftingfields,andthatthedriftingvelocitylS

estimatedO･160/year-0.130/year.Theabsenceofclockwiseloopinginthefieldmotion

ofU･K･maybeduetodisturbancebyothersources,orthehighlatitudeofthesite.

ThecorrelationfunctionofU-DcomponentsinthelowfrequencySVcomponents

betweenAustraliaandJapanshowsthatthereisnotime-lagofSVfeatures.Thisdoes

notdenytheresultobtainedfromthethreeSVrecordsintheNorthemHemispherethat

westwarddriftinglSadominantfTeatureinthelowfrequencySVcomponents.

Continuousclockwiserotadonsoffieldvectorwerecommonlyseenattheintervalfrom

4200yearsち.P.to1700yearsち.P.intheSVcomponentofshorterperiodbands

includingperiodicitiesof1200-1000yearspercycleatallthesitesexceptJapan/In

Japan,thesamethingswereseenintheSVcomponentofperiodband3500-1200

yearspercycle.Thedurationsdominatedbythemotionofclockwisesenseare

general一ylongerthanthoseoFcounter-clockwisesense.TheamplitudesoFclockwise

vectormotionsarelargerthanthoseofcounter-clockwiseones.Hence,thepresent

analysesconcludethatthepredominanceofwestwarddriftingfieldcomponentsshould

beanatureofthegeomagneticfieldvariationsduringthelast10000years.

Suddenbreaksofsmoothclockwiseloopswereobservedat2000yearsB･P･in

thelowfrequencySVcomponentfromNorthAmerica,andat8000yearsB.P.inthe
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lowbequencySVcomponentfromJapan･Standingnon-dipole丘eldsmayhave

fluctuatedtheirintensitiesduringacertaindmeinterval,andconsequentlytheiractivity

mayhavestopped･nleChangeofGeldoscillationdirectioninapolarprojectionshow

thatonestandingGeldpersistsfわr3000-4000yearslong.Thedurationf♭rbreakof

smoothclockwiselooplnginthelowfrequencySVinJapan is3500years,which

suggestthatastandingfieldactivelynuctuatesfわr3500yearslong･Thetimelengthof

3000-4000yearsmaybeacharacteristicofactivityfわrstandingfieldsduringthelast

10000years.
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