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Thispaperis areviewof techniquesof processingmagneticvariationdatafrom thepoint of viewof theireffec-
tivenessin determiningtheparametersthatdescribeaparticularelectromagneticinductionproblem.Amongthe
factorsthatinfluencethechoiceof data-processingtechniqueare: (1) therelativeimportanceof induction by vertical
andhorizontalmagneticfield variations,and(2) therelativeimportanceof localinduction in theconductivityanomaly
ascomparedwith its influenceon theflow of worldwidecurrentsystems.

Theresponseof ananomalycanbecalculatedby transfer-functionmethods,andpresentedin the form of frequency-
dependentinductionvectorsor ellipses.Theusefulnessof internal/externalfield separationproceduresis limited by
theproblemsinvolved in estimatingthespatialbehaviourof thenormalvariationfields.

1. Introduction resultingpatternof anomalousfields, it shouldbe pos-

sible to form anideaof how realisticaninterpretation
Theobjectiveof a sequenceof data-processingopera- of theanomalyis likely to beif atwo-dimensionalmodel

tionsappliedto a givensituationshouldbeto present is used.
the informationin sucha wayasto narrowdownto a
minimumthe rangeof modelswhichneedto be con- 1.1.2.The depthand/orthicknessof the conductor
sideredin the interpretation.The interpretationof a is veryoftenoneof theparametersthatwe wish to
geomagneticdeep-soundingexperimentinevitablyin- determine.It is usuallyassumedthat the frequency
volvestheuseof modellingtechniques,whetherthe responseof theanomalyprovidesthebesttestof the
modelis physicalor numerical,andthe smaller the correctnessof theselectedmodel,althoughthehorizon-
numberof parameters,andthe narrowerthe limits on tal scaleof theanomalywill alsoinfluencethechoice.
thosethat it is essentialwespecify,thebetter. Thefrequencyresponseis calculatedin theform:

Theparametersthathaveto bespecifiedin electro- = B (~ ‘B 1
magneticinductionproblemscanbedivided intotwo ~ VJ ~ I

groups— thoserelatingto theconductivityanomaly B~If) is ananomalousinternalfield componentat
itself, andthosethat relateto theexternalinducing frequencyf, andBn (f) = B~(f) + Be(f) is thetotal
field. normal field — the sumof the normalinternalandex-

ternalparts.B~(f) andBn (f) neednotbe thesame
1.1. The conductivityanomaly componentof the magneticfield; oftenthe mostdiag-

nosticresponseisthe ratio Zm(f)/Hn (f) whereZ and

1.1.1.Thelateralextentof the conductorcanbe H arethe verticalandhorizontalcomponentsrespec-
estimatedfrom the spatialbehaviourof theanomalous tively.
internalmagneticvariationfields. If sufficient dataare
available,thefields canbeseparatedinto internaland 1.1.3.Theconductivityof theanomalousbody is
externalparts,andthenormalinternal field removed, similarly estimatedby comparingthe observedresponse
Alternatively, oneof the so-called“transferfunction” Q (f) with thatcomputedfor theoreticalmodels.
methodscanbeused,whichrely on persistentcorrela-
tionsbetweenmagneticfield componentsto detect 1.14. Theconductivityof the“normal” regionsur-
the presenceof anomalousinternalcurrents.Fromthe roundingthe anomalyis oftentakento bezeroin cases
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wherelocalinductionis assumed.In theory,it should externalorigin by theuseof surfaceintegral formulae,
beknownfrom thelong-perioddataandthe solutions requiressimultaneousmeasurementsby a largenumber
obtainedfor the global conductivitydistribution,but of magnetometers.Thetwo techniquesshouldnot,how-
in practicethe conductivityat shallow depths(upto ever,beregardedas mutuallyexclusive.
400km) is notresolvedby the longerperiodvariations.

1.2. Theinducingfield 2. Inductionby verticalandhorizontalfield variations

1.2.1.Thedistribution of the currentsproducing Threeprincipalargumentshavebeenadvancedin
theexternalfield variationscanbe specified,or alter- favourof inductionby eitherverticalor horizontalfield
natively thespatialbehaviourof thenormalmagnetic variations:
field variationsover the earth’ssurface:B~(f). (a) Aboveahorizontally stratifiedconductor,Z~
Anotherapproachis to determinethevariationof the shouldbezero orverysmallwhenthe spatialwave-
responseQ (f) with thedirectionof the inducingfield, lengthof theexternalfield is large(e.g.,Everettand
eitherby calculatingthe inductionellipse fromthe Hyndman,1967).
transferfunctions,or by determiningthe instantaneous (b) Regionsofanomalousconductivityarelikely to
responseto a particularexternalfield configurationby havehorizontaldimensionssubstantiallygreaterthan
performinganinternal/externalseparationat a given their verticaldimensions.Inductionin sheet-likebodies
instantof time.The chiefproblemin establishingthe by verticalfield variationsshouldbe muchmoreeffec-
natureofB~If) is thatmeasurementscanonlybe tive thaninductionby thehorizontalcomponent
madeovera limited area,andonly thosefieldswhose (BullardandParker,1971).
spatialwavelengthis lessthanthehorizontalextent (c) Theobservedhigh correlationsof Z andsome
of thearrayof instrumentscanbeseparated. horizontalcomponentat anomalousmid-latitudesta-

tionsindicatesinductionby the horizontalfield
1.2.2.Do we needto considerinductiononly by (HyndmanandCochrane,1972).

thevertical componentof thefield, or by thehori-
zontalcomponent,or both?This decisionmayaffect 2.1. Therelativeimportanceofnor~nalhorizontaland
the choiceof approachto theprocessingandpresenta- verticalfield variations
tion of the data.Forinstance,usersof transfer-func-
tion methodsoftenassumethatZn is small, andthat Price (1950)showedthat, for inductionin a half-
inductionis by somehorizontalcomponentof the spaceof uniform conductivityby a spatiallyuniform
field, externalfield:

Z=Z.+Z=0 (2)
1.2.3.Wemust also decidewhethertheanomalous n in e

fields are theresultof local inductionin anisolated i.e., thefield of the internalcurrentscancelstheex-
conductingbody,or whethertheyarecausedby the temal field variations.The horizontalfield, On the
channellingthroughalocal conductorof a worldwide otherhand,is enhancedby the field of theii~temal
currentsysteminducedelsewhere,e.g.,in theoceans. currents.

In this paper,I shallfirst discussthosepointsthat Fromthis resultit appearsthat the existenceof
influencethechoiceof data-processingtechnique,and normalverticalfield variationsrequiresnon-uniform
thengo on to considermethodsof determiningthe externalfields,andthe questionarisesof how rapidly
frequencyresponseof ananomaly.Thedetermination theimportanceof Zn increasesasthewavelengthof
of Q (f) involvesthe separationof B~(f) from the the externalfield decreases.As a measureof therela-.
observedfield, andtwo approachesto this problem tive importanceof ZnandH~we cantake:
havebeenused.Thetransfer-functionmethodis gener- ~ = IA (f~/A f I (3)
ally appliedto theresultsof surveysusingonly a small ‘~ / ZI”’ Hi
numberof instruments.Thesecondapproach,involving whereAZZ(j~andAHZIf) arethecoefficientsfor the
the separationof the fieldsinto partsof internaland termof orderI in a sphericalharmonicexpansionof
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‘~ ‘, the auroralor equatorialelectrojets,externalfields

3 ~ “.. ‘s7 ~ ~ with wavelengthsof lessthan5000 km are quitepossi-
5 “~ “. ‘. ble.In middlelatitudes,thesourcewavelengthmaybe

\~ “, ‘s 10,000km or more.Theamplitudeof verticalfield

2 - ‘N.. \,, “.,. \ variationsshowsa rapidincreaseat geomagneticdip
- ..,,s - \ \‘ latitudesof 50—55°(Fig.2),presumablywherethe non-

- - ~.. -. ‘~‘- -., “s,, \.“ uniform fields of the electrojetsbecomeimportant.It
1 - - 2 -- -. .‘N.” appearsthatZnmaybelargerthanHnat highandvery

- ~_ - - - - - - - - low magneticlatitudes,whileHn is dominantelsewhere

io-2 10-1 10 2.2. Anomalydimensions
Frequency Cc day~)

Fig. 1. Relativeamplitudeof normalverticalandhorizontal If theproblemwearedealingwith is oneof induc-
field variationsplottedasafunctionof frequencyfor differ- tion in anisolatedconductingbody,theratio of the
entsphericalharmonicsof theexternalfield. horizontaldimensionto thethicknessof the body is of

critical importancein determiningtheeffectivenessof
theverticalandhorizontalmagneticvariation fields inductionby Z~andH~.Bullard andParker(1971)
at frequencyf. In Fig. 1, 1W1(f)I isplottedasa func- showthat for inductionin a discof radiusa, thickness
tion of frequencyfor differentsphericalharmonic h andconductivitya, by a uniform verticalfield B0 of
orders.Theconductivitymodelis onebasedon the frequencyf,therelativeimportanceof the inducedand
long-perioddata,andits principalfeatureis asteep inducingfields is given by:
risein conductivityfrom 10.2to 2 ~*m’ concen-
tratedin thedepthrange500—700km (Banks,1972). ~‘1= B1/BO irp0afah/2 (4)
Its usefulnessfor predictingthe responseat the higher (.z0 = 4~.i0

7 henry.m~)
frequenciesis limited by the inability of the long-period Whentheinducingfield ishorizontal,the relevant
variationsto resolvethe conductivityof thetop parameterfor inductionin a slabof width 2aandthick-
400km. Fig. 1 showsthat, for periodslessthanan nessh is:
hour, I W

1I ~ 1 for 1 greaterthan6 or 7, corresponding 27 B/B ~irp0afiz/2 (5)
to wavelengthsof 7000km or less.In thevicmity of B 1 0

If the verticalandhorizontalvariationfields havethe
sameamplitude,theeffectivenessof inductionby Z
as comparedwithH is givenby the ratio:

0.6 71172= a/h (6)
~,, ProvidedthatZ~/H~is greaterthanh/a, inductionin

anisolatedconductingbody shouldbedominantlyby
t~Q4 0’...• ~ theverticalfield, evenallowing for its smallerampli-

tude.

~‘~o D The maximum plausiblevalue for the thicknessof

~ 0.2 anisolatedconductivityanomalyis 500 — 600km,“c., • i.e., the depthof the conductivity“step”. In anyanom-
— •- ~— — -. z aly whoselateraldimensionsaremorethan a few thou-

0 __________________________________ sandkm, inductionby thevertical componentof the
60 55 50 45 field must be themoreimportant.In practice,thevalue

Dip latitude (degrees) of h is likely to be a gooddeallessthan500km;in
theoceansit is only 5 km, andtheworldwide current

Fig.2. The amphtudeof verticalandhorizontalfield variations
ata frequencyof 5.5c day plottedagainstgeomagneticdip systemm the oceansmustbeinducedby thevertical
latitude. component.
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A majordifficulty in explainingamagneticvariation greaterthan0.8. If this resultis accountedfor in terms
anomalyin termsof local inductionby Hn is theprob- of inductionbyZ, thenZ~= Zn is the inducingfield,
lem of the locationof thereturncurrents.Themag- andH~= H~,assumingthereto beno normalZn/Hn

netic effectsof thecurrentsinducedin anisolatedsheet- correlation.Theimplicationis thatHi/H ~ 0.9,which
like conductorwill almostcancelat the earth’ssurface. seemsunlikely in view of the apparentuniformity ofH
HyndmanandCochrane(1972)suggestthatthe return at mid-latitudes.Inductionby H, on theotherhand,
currentsmayactuallyflow at depthsof severalhun- would requireZc= Z~to beinducedbyH~=H~.The
dredkm. It hasgenerallybeenassumedin thepast consequence,thatZ~JZ 0,9, seemsto be acceptable
thathighly conductingregionsat or nearthe surface to mostworkers.
areeffectivelyinsulatedfromthe deepconducting
mantle.HyndmanandCochranesuggestthat regions 2.4. Conclusions
whereconnectionsexistmay play animportantpart
in controllingtheflow of theinternalcurrents.How- Theoutcomeof the theoreticalargumentsin sections
ever,by allowing the returncurrentsto flow elsewhere, 2.1 and2.2appearsto bethat for isolatedconductivity
we aremovingtowardsa global approachto the induc- anomaliesof almostanyplausibledimensions,thever-
tion problem,andleavingbehindthe conceptof an tical componentwill bemuchthe mosteffectivein in-
isolatedconductingbody. ducingcurrents,in spiteof therelativelysmall ampli-

tude of normalverticalfield variations.Whenthe anom-

2.3. ObservedcorrelationsofZ andH aly with whichwe are dealingisa featureon a global
scale,thenit is probablybetterdealtwith in thecon-

HyndmanandCochrane(1972)arguethat the text of theglobal inductionproblem.
largecorrelationsobservedat middlelatitudesbetweei Theexperimentalobservationsdiscussedin section
Z andsomehorizontalcomponentof thefield must 2.3might appearat first sight to contradictthe theore-
indicateinductionofZ~by Hn. Their argumentrests tical fmdings.However,they probablyindicatethat
on the assumptionthatH~/His muchless thanone, the majorityof magneticvariationanomaliesarenot
while it is quiteprobablethatZ~/Zshouldbe of order the resultof local induction,but areinsteadcausedby
one. the channeffingof a worldwide currentsystemthrough

Wecanseethis by writing: local conductingbodies.If this isthe case,the argu

Z ‘~‘ — Z “+ N ~ mentsabouttheeffectivenessof inductionby Z andV ) — cU) Z V / (7) Hare irrelevant.Forreasonsdiscussedin section3.5,

H If) = Hc If) + NH If) suchperturbationsof the inducedcurrentflow canbe
expectedtogive riseto theobservedZ/H correlations.

whereZ~If) correlatesperfectlywithH~If), while
NzIf) andNH If) aretheuncorrelatedpartsof the 3. Transfer functions andtheir presentation
records.TheZ/H coherenceis:

~ ~ The“transferfunction” methodfor the detection
R~H= 5~ C (8) andseparationof anomalousinternalfields from mag-

ZZ HH neticvariationdataaroselargelyfrom thework of

whereSZ~c~5thepowerspectrumof Z~,etc. Parkinson(1959)andWiese(1962).A more formal
S~,,.~/SzzandSH~J!C/SHHcannotbedeterminedin- approachwas developedby Schmucker(1964),
dividually, but it mustbetrue that: EverettandHyndman(1967),andFilloux (1967),and

describedin detailby Schmucker(1970).CochraneandZcZc >R2 < HcFfc (9)• Hyndman(1970)andEdwardset al. (1971)haveintro-
ZH SHH ducedotherwaysof presentingthe transferfunctions.

It is quitepossibleto observeZ/H correlationsashigh 3.1. A theoreticalapproach
as0.8at anomalousstations(H hereis thehorizontal
componentin sucha directionasto maximiseR~H), We assumethat thereexistsa linearrelationship
which impliesthatSz~JSzzandSHCJIC/SHHareboth betweenthe Fouriertransformsof the anomalous
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internalfields and thenormalfield components,meas- satisfyingdefmitionwould involve thespecificationof
uredat somepoint: thehorizontally stratifiedconductivitystructureas

ZlaIf) = WzxIf)X~If)+ WzyIf)Y~If) + W~z(f)ZnIf) beingitself normal,butthe practicaluseof suchadef-
inition would requiremeasurementson aglobal scale.

= W~ (If) + W~1If)Y~If) + WYZWZ~(I’) The responseat a normalstation,asdefinedabove,
will beindependentof thedirectionof thenormal1ja0~= wxx(f)x~(It) + W

1~(f)Y~(f) + WXZWZ~(t) horizontalvariationfield, andtheverticalfield will not
show anypersistentcorrelationwith eitherI or Y

(10) (X andY canbe,asusual,geographicnorthandeast

Although this formulationallows for variationsin the components,or geomagneticnorthandeastcompo-
directionof the inducingfield, it doesnot allow for nents,i.e,,H andD). In otherwords,whenthespectral
theeffect of changesin the wavelength(X) of theex- estimatesare averagedoversufficient quantitiesof data,
ternalfield. Strictly speaking,thetransferfunctions thecoherencebetweenanypairof the componentsX,
(thematrix of W’s) shouldbefunctionsof A aswell as Y, andZ shouldbezero.
off. Thisdifficulty apart,the W’s shouldcharacterize However,if thecoherenceis notzero,it isnotneces-
the anomalousconductivitystructurein thevicinity sarily anindicationof thepresenceof persistentinternal
of the station.Z~,Y~,

1th. Z~,Y~,1n,haveto be currents;it canequallywell be theresult of persistent
determinedfrom theobservationaldata.If this canbe externalcurrents.The observedmagneticfield variations
done,the W’s canbeestimatedby calculatingsuitable at a particularpoint canbe consideredto bethesumof
cross-spectra. contributionsfrom a seriesof linearly independentcur-

Providedthenormalfields are known,theanom- rent systems.Whentherelativeai~iplitudeof thecontri-
alous fields canbe calculatedfrom: butionsfrom thesesourceschangesfrom onerecord

to another,theeffectis to causethe phasedifference
Z~(f) = Z If) — Z~If) etc. (11) øzxIf) betweenZ andI (for ins~ance)to vary in a
which leadsto theset of equations: randommannerbetweenrecords.Consequently,when
Z If) = W

21(f)X~(If) + W2~,U) ~ (If) + averagesaretakenovera sufficient numberof differ-
ent disturbances,weexpectto find that the cross-

+ [1 + ~ If)] Z~If) (12) spectrumof Z If) andX (t) averagesto zero,and
R~x(f)0.

etc. If, on the otherhand,the relativepositionsandcon-

Theproblemis reducedto thatof estimatingthenor- figurationsofTheionosphericcurrentsremainunchanged
mal field componentsXn If), Y~(f), andZ~If) at from onerecordto another,the measuredcoherence
thepointof observation.If simultaneousrecordsare will not bezero.Magneticvariationscausedby persis-
availablefroma stationnotaffectedby the anomaly, tentelectrojets,by the Sqcurrentsystem,by the ring
onethatcanbeclassedas “normal”, thenormalfields current,andby persistentinternalcurrents,will show
at theanomalousstationcanbe approximatedby the asignificantcoherencebetweenthefield components.
totalobservedfields at the normalstation.Suchan In passing,it isperhapsworth notingthat the coher-
assumptioncanonly beusedif the normalfield is enceof a particularcomponentof the field, determined
effectivelyuniform over thedistanceseparatingthe betweendifferentstations,canbe usedto mapthe
anomalousandnormal stations. position of internalcurrents.Theinterstationcoherence

of theverticalcomponentshouldfall off mostgradually
3.2 Criteria for choosingnormalstations in a directionparallelto the strikeof anyanomalous

internalcurrentconcentration,andmost.rapidlyin a
A practicaldefinitionof anormalstationis thatit directionat right anglesto it.

shouldbe onesituatedabovea horizontallystratified
conductivity structure,andsufficientlydistantfrom 3.3. Calculationof transferfunctionsin practice
anylateraldiscontinuitiesas to beunaffectedby
the associatedanomalousinternalcurrents.A more Theset of equations(12) is notoftenusedin prac-
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tice.This is duein partto thevery realproblemsin- inherentassumptionin this calculationisthat
volved in finding a stationthatsatisfiesthe criteria <e (f)X” (f)> = 0; in otherwordsit is assumedthat
outlinedin section3.2, andwhich isoperatingsimul- <Z~If)X* (f)) = 0.
taneouslywith thevariometersdeployedaroundthe The cross-spectracanbe estimatedeitherby calcu-
anomaly. latingtheFouriertransformsof individualdisturbances,

Instead,somefurthersimplifying assumptionsare andthentaking a suitableaverageovertransferestimates
introduced: obtainedfrom differentstretchesof data,or by comput-

(1) ThatZn is smallcomparedwith Z, andthe terms ing the powerandcross-spectrafor a complexdisturbed
Wz?J,~ W1~canbeignored. recordsuchas thatof a magneticstorm.In eithercase,

(2) That thereis no correlationof Zn withX~or ~ theremustbe sufficientpoweratthe frequencyof inter-
(3) That

1n and~n canbe replacedby X andY, estfor thespectralestimatesto bemeaningful.
respectively,i.e.,thatX~/XandY~/Yare small.

Thevalidity of theseassumptionshasalreadybeen 3.5. Thesignificanceof theobservedrelations
discussedin sections2.1 — 2.3 and3.2; they areprob-
ably quite safe in middlelatitudes.If they areaccept- The equationZ~If) = A (f) X If) + B (f)Y(If) de-
able,we canreplaceX~and~n by I andY,and re- finesa “preferredplane” alongwhich magneticfield
ducethestatusof the terminvolving ~ (f) to that variationsof frequencyf tendto occur.Parkinson
of a smalluncorrelated“error”. Thisapproachhasthe (1959,1962)studiedpreferredplanesby a graphical
attractionthat the transferfunctionsW~

1(If) and method,andindicatedthedirectionof theplaneby
~ (If) canbe estimatedfrom the threecomponents plotting thehorizontalcomponentof aunit vector
of the field recordedat a singlestation.Theverymuch orthogonalto theplane.The “Parkinsonvector” de-
simplified equationbecomes: fmedin this waypointstowardsanomalousinternal

Z If) = A (f) ‘If) + B (f) Y If) + e Ct) (13) ~ notallow himto study

wheree (f) is aresidualpartof Z If) thatdoesnot phasedifferencesbetweenfield components.In gen-
correlatewithX or Y — presumablyZn and instrumen- eralA (f) andB If) arecomplex,andmanyauthors
tal noise.The remainingtransferfunctionsinvolved in calculatebothrealandimaginaryinductionvectors
the other two equationscannotbe estimatedby a at eachfrequency.The lengthof therealvectoris:
single-stationmethodof thiskind. GR= [(Re (A))

2 + (Re(B))2]~ (15)

3.4. Estimationof thetransferfunctionsusingcross- withanazimuth:
spectra 0R= arctg(Re(B) /Re(A)) (16)

A If) andB (f) areestimatedby minimizing the andsimilarexpressionsareusedto calculatethe mag-
residualpowerS�~(f) = (e If) e~(f)) with respectto nitudeanddirectionof the imaginaryvector.As de-
A andB (Schmucker,1970;EverettandHyndman, finedin this way, the vectorlies in the preferredplane,
1967;CochraneandHyndman,1970).A simplecalcu- andpointsawayfrom internalcurrents.Someauthors
lationsuppliesthe following formulae forA andB: (e.g.,Edwardset al., 1971)then changethe azimuthby

S 180°,so that its directionis thesameasthat of the
A = Z~SYY— ZY~YX Parkinsonvector.

~ — ~ It is generallyagreedthat the vectorssodefined
point to anomalousconcentrationsof the internalcur-

s c — s s~ ~.14) rent. Many workerswould further arguethat the exis-
B = Z I XX ZA YX tenceof the correlationsbetweenZ andX andYmust

~ — ~ indicatethat the anomalousinternalcurrentis“in-
duced” by thehorizontalcomponentwith which Z

where~ is thecrossspectrumofZ (t) andX (t) etc., showsmaximumcorrelation,i.e.,the componentin
andthe asteriskindicatesthe complexconjugate.An the direction°R- I think that this argumentis prob-
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N scaleis inducedby H~.It follows that thereshouldbe
a linearrelationshipbetweenZandH~:

Z(f)=G(f)H~If) (17)

By writingH~(f) = X (f) sin a+ Y(f) cosa, we can
showthat this equationis equivalentto eq.13 provided
that:XL ~ e condu~Or and: IG (D~2(~(f)I~+ w (f)l~) (19)
tgO=BIf)/A(f) (18)

Fig. 3. Geometryof atwo-dimensionalconductivityanomaly. (0 is theazimuthof H ratherthanthe strikeof the
conductor)which is in1’agreementwith the waythe in-

ably correct,butthatwehaveto be a little carefulin ductionvectorsarecalculated.Weconcludethat the
defmingwhat we meanby the word “induced” in observedcorrelationof Z andH~canbe interpretedas
this context. indicatingthat theverticalfield variationsare largely

JonesandPrice (1970)haveinvestigatedthe per- producedby anomalousinternalcurrentsthat areper-
turbationof the internalcurrentflow andthe asso- turbationsby a conductorboundaryof normalcur-
ciatedelectromagneticfields producedby a two-di- rentsinducedon a worldwidescalebyH~.
mensionalconductorboundaryorstructuresuchas
thatshownin Fig. 3. They showthat theequations 3.6. Inductionellipses
canbe split into two groupsdealingwith two setsof
field components.In theH-polarizationcase,thecur- Very often,G (f) hasa phasecloseto zero,andin
rentflow is perpendicularto theboundary,andthe suchcasesthe separatecalculationof realand imagi-
field componentsareE~,H

1, andE~(E~is theelectric naryvectorsisa satisfactorywayof presentingthe
field componentperpendicularto theboundary,H1 transferfunctions.However,whenG (f) hasasub-
is themagneticfield componentparallelto thebound- stantialphase,it is probablypreferableto computean
ary, andE~istheverticalelectricfield). Jonesand inductionellipse,as describedby EverettandHyndman
Price showthat,in this mode,the magneticfield at (1967).Theypoint outthatA (f),B (f) canbe
the earth’ssurfaceis unaffectedby the conductor
there.will beno contributionto the verticalfield
boundary.If theexternalfield is essentiallyuniform, / //
variationsfrom theH-polarizationfields.

In theE-polarizationcase,the currentflow is par- /
allel to theboundary,andthe field componentsin-
volvedareE1,H~,andZ. The currentflow canbe
split into two parts: thenormalhorizontalcurrent ~ —

sheets,anda currentwhich representstheperturbation
- _0o

of thenormal currentsby theconductor.Thenormal
currentsheetsproducea magneticfield at the earth’s
surfacethatcancelstheexternalverticalfield varia~-
tions.The only contributionto the verticalcompo- / / ) ~. Nairobi
nent comesfrom the anomalousinternalcurrentflow
associatedwithE1,whichis itself a perturbationof .l~ / —~ GR = 05
the main internalcurrentflow parallelto the conduc -_______

tor boundary.Theverticalfield variationsmustthere- 100km
fore correlatewith the componentof thenormal cur- Fig.4. Realinductionvectorsat 50-minutesperiodfor sta-
rentflow parallelto theboundary,which on a global tionsaroundthe EastAfrican Rift Valley.
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Kabianga.

representedby an ellipse,andthe azimuthof the
major axis(Om) relativeto the I-directionis calculated Theellipticity of theellipse is a measureof how far
by maximizingthe expression: thetwo-dimensionalassumptionisjustified. In atrue

* . * * . two-dimensionalcase,the effipseshoulddegenerateZ~(0)Z~(0) = (A cos 0 + B sm0) (A cos0 + B sin 0) into a straight line perpendicularto the strike of
(20) theconductor.Horizontalmagneticvariationscanbe

withrespectto 0. Zc(0) isthe correlatedverticalfield resolvedinto componentsalongthemajor andminor
associatedwith ahorizontalvariationof unit amplitude axesof theellipseandwecandeterminetheZIH~
andzerophaseat azimuth~ 0~is givenby the equa- phasealongthe majoraxis. Thephasealongthe minor
tion: axiswill differ by 90°.

AB* A *B As anexampleof the different approachesto the
tg 20m= *_— (21) presentationof thetransferfunctionsA If) andB (If),

AA — BB I havecalculatedinductionvectorsandtheinduction

ellipsefor a stationin Kenya,justwestof theRift
Valley. In Fig.4,realinductionvectorshavebeen
plottedfor a periodof 50 minutes.Theirdirection

S • 0 •e e• hasbeenreversed,so that theypoint towardsthe
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Fig.6. Azimuthsof real(°R)and imaginary(Os) induction Fig.8. Lengthsof themajorandminoraxesof theinduction
vectors, ellipse (solid circles= majoraxis,open circles= minoraxis).
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anomalouscurrents.They clearlyindicatea concen- —r (Zy) = 2ir (Ye—Y~)I0=

trationof currentflowing alongthe Rift. In Fig.5,the
+ (y—y0)Z(x,y)

magnitudesof the realandimaginaryvectorsare
plottedasfunctionsof frequency.Forthis station, — f f ~ + 2 ~ dx dy (22)
G1 isverysmall, indicatingthat theanomalousvertical
field is almostin phasewith H The azimuthof the I

realvector(
0R)is veryconsist~nt;the imaginaryvector 4° (Z,x) = 2ir (Ie_Xi~)Iø=

showsaconsiderablescatter(Fig.6). Theinduction + 0* (x—x
0) Z (x,y) I

ellipse doesnot throw a lot of extralight on thesitua-
tion in this case,becausethe phaseof G issmall. Fig.7 — ~ K~—X)~+ 2 ~dx dy I
showstheazimuthof themajor axisof the induction
effipse;it coincidesalmostexactlywith

0R~In Fig.8, and,of course:
the lengthsof themajorandminoraxesof theellipse
are plotted.Forperiodsdownto 8 minutes,the ellip- (Ze+ Z~)I

0= Z (x0,y0)
two-dimensionalsituation.
ticity is large,indicatinga closeapproximationto a (Y + Y~)Io= ~ ~ y0) (23)

(X~+X~)f0X(x0,y0)

4. Separationof fields into internalandexternalparts (x0,y0) is the pointat whichseparationis beingat-

tempted.
The formalseparationof magneticvariation fields The procedureemployedby Porathet al. (1970)is:

into partsof internalandexternalorigin hasnotoften (a) To draw,by interpolation,contourmapsof
beenattempted,exceptfor somework on two-dimen- field componentsat a singleinstantof time,or maps
sionalproblems(e.g.,SiebertandKertz, 1957),and of Fourieramplitudesat a particularfrequency,calcu-
thearraystudiesby Reitzel et al. (1970),Porathet al. latedfrom the samestretchof dataat eachstation.
(1970),etc. It is only sincethedesignof a relatively (In thelatter case,two mapshaveto bedrawnfor each
inexpensivevariometerby GoughandReitzel(1967) component,for thecosineandsinetransforms.)
thatit hasbeenpossibleto deploylargetwo-dimen- (b)Themapsof thehorizontalcomponentsare
sionalarraysof instruments,andto considerthe sepa. adjustedto meetthe conditionthat theverticalcompo-
rationof threedimensionalfields.What follows is nent of the curl of the magneticfield is zero:
largelyby wayof commenton the problemsthat
Gough,Reitzel,Porath,andtheir co-workershaveex- ax= a~ (24)
periencedin attemptingto separatemagneticvariation a’ ax
fields. Thiscanbedoneby drawingthecontoursof I andY

in a suitablewayonthe samemap,or by relaxingthe
4.1. Surfaceintegralformulae residualsof the line integralsof the magneticfield eval-

uatedaroundgrid squares(PriceandWilkins, 1963).
Theseparationformulae thatPorathet al. (1970) (c) A “summationwindow” is chosen,overwhich

useare: the surfaceintegralsareevaluatedaroundeachsepara-

tion point. Fortheseparationto be possibleat points
J
0* (1,1’) = 2ir (Ze_Zi)I

0 = neartheedgesof ~hearray,thecontourmapshaveto

beextrapolatedoutsidethe array.

f (x—x0)X (xy) + ~—y0) Y (x,y) 4.2. Theproblemofthe “normal” variationfields
dx dy

[(x—x0)
2+ O’Yo)21~ The surfaceintegrals(eq.22)shouldbeevaluated

over aninfmite domainaboutthe separationpoint
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(x0,yo)’ In practice,theycanonly beevaluatedover
theareaof thesummationwindow (domainD), with

1’n = YJ(1—13) - (30)
theconsequencethat only thosefields canbe separated
whosescale-lengthsarelessthan thedimensionsof D. and: = — j3 ~n (31)
Thenormalvariationfields, withscale-lengthsgreater
thanD,haveto beremovedeitherbeforeor aftereval- canthenbedetermined.Forinstarice,if the normal
uation of the integrals, verticalfield haszeroeast—westgradientacrossthe

Removalof thenormalfieldsBn beforeseparation array,
1D (Z, y) = 0, andj3 = 0.5.

shouldleavezero fields outsidethe areaof the anom- It is not clearthatanyrealadvantageis gainedby
aly. Problemsarisein estimatingthe spatialbehaviour postponingtheestimationof the behaviourof thenor-
of Bn acrossthe array,especiallyif the arraydoesnot mal fields to thisstage.Nor is it obviousthatan inter-
coverthewhole of the anomaly.The experienceof nal/externalfield separationsubjectto theseuncer-
groupsworkingwith arraysseemsto bethatsimple taintiesgivesbetterestimatesof theanomalyresponse
graphicalmethodsof interpolatingthenormal field than thosederivedby theapproachdescribedin sec-
are aseffectiveasany.More usecouldperhapsbe tion 3.
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