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The processingof magnetotelluricdatainvolves conceptsfrom electromagnetictheory,time seriesanalysisand
linearsystemstheoryfor reducingnaturalelectricandmagneticfield variationsrecordedat theearth’ssurfaceto forms
suitablefor studyingtheelectricalpropertiesof theearth’sinterior.

Theelectromagneticfield relationsleadto eitherascalartransferimpedancewhichcouplesanelectriccomponent
to anorthogonalmagneticcomponentat thesurfaceofaplane-layeredearth,oratensortransferimpedancewhich
coupleseachelectriccomponentto both magneticcomponentsin thevicinity of a lateralinhomogeneity.

A numberof time seriesspectralanalysismethodscanbeusedfor estimatingthecomplexspectralcoefficientsof
thevariousfield quantities.Thesein turn areusedfor estimatingthenatureof the transferfunctionor tensorimpedance.
For two dimensionalsituations,thetensotimpedancecanberotatedto determinethe principaldirectionsof theelectrical
stEucture.

In generalfor realdata,estimatesof theapparentresistivity aremorestablewhencalculatedfrom thetensor
elementsratherthanfrom simpleorthogonalfield ratios(Cagniardestimates),evenwhenthefieldsaremeasuredin
theprincipalcoordinates.

1. Introduction 1.2. The magnetotelluricfield relations

1.1. Background Cagniard(1953)andKeller andFrischknecht
(1966)provideexcellentintroductionsto thetheory

Themagnetotelluricmethodinvolvesdetermining of magnetotelluricfields over a plane-layeredearth,
the electricalpropertiesof theearth’sinterior through which essentiallyis anout-growthof conceptsfrom
the analysisof naturalmagneticandtelluric (electric) the theoryof thepropagationof electromagnetic
field variationsat its surface.Basic conceptsfrom elec- planewavesin alossymediumthatis linear,homogene-
tromagnetictheorycoalescedinto apracticalgeo- ousandisotropic. In sucha mediuman electromag-
physicaltool throughthework of Price (1950)in netic wave propagatesso that the electricandmag-
England,Rikitake(1946),Kato andKikuchi (1950) netic fields vectorsare orthogonal,andso that the
in Japan,Tikhonov(1950) in RussiaandCagniard ratio of electric to magneticfield intensity is a
(1953)in France. characteristicmeasureof theelectromagnetic

The followingdiscussionconcentrateson only one propertiesof themediumoftencalledthe charac-
aspectof themagnetotelluricmethod,dataprocessing. teristic impedance.
We do not considerthemannerin which dataare Fora coordinatesystemat theearth’ssurface,
acquiredandthe problemsof designingsuitablemag- with the axesalignedhavingx-north,y-eastand
netotelluricexperiments,nor do weconsiderthe z-downwehave,for planewavesgeneratedby
interpretationof magnetotelluricdatain termsof the sourcesin the ionosphere:
electricalor geologicalpropertiesof theearth. E

Specifically,our intentionis to reviewcurrent Z = (1)
methodsby which rawdataare processedto a form y
suitablefor interpretation,without suggestingways whereZ is thecharacteristicimpedance,E~is the
in whichit canbe interpreted. electricfield intensity (north)in mV/km andH~is
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themagneticfield intensity(east)in ‘y (1050e).In In regionswheretheearthhasa morecomplicated
eq. 1 aswell asin thefollowing discussioncapital structurethansimpleplanelayers,thecoupling
letterssignify frequency-domainrepresentations, betweenelectricand magneticfields is morecorn-
whereaslowercaseletterssignify time-domainre- plicated.As an example,electricfields maybe
presentationsof thefield quantities. stronglydistortednear a lateralinhomogeneity

If indeedthe earthishomogeneousandisotropic, whereasmagneticfields maybe relatively undistorted.
thenthe trueresistivityof theearthis relatedto the The electricfield is thenlocally polarizedat some
characteristicimpedancethroughtherelation: angleotherthan900 to theregionalmagneticfield.

2 At eachpointin thevicinity of the lateraldiscon-
p = 0.2T Z12 = 0.2T (2) tinuity, thisresultsin a linearcouplingof eachelec-

y tric field componentto acombinationof bothmag-
wherep is theresistivity in fl-rn andT is theperiod neticfield componentsof the form:
insec. E = H +bH

In thecaseof ahorizontally layeredearth(or a X y
one-dimensionalearth),eq.2 becomesanapparent wherea andb are calledcoupling coefficientswhich,
resistivity: asmight be expected,dependon position,coordinate

E 2 direction,periodandthegeometryandelectrical

= 0.2 (3) propertiesof the lateralinhomogeneity.
y Defining animpedancetensorin the following

which is frequency-dependent.Forexample,if the way:
earthconsistedof two layers,the finite depthof
penetrationof thefields would causeeq.3 to be = XX XY 6
asymptoticto theresistivity of layer I at shortperiods L z ~
andasymptoticto the resistivityof layer 2 at long L yx yyj
periods, we cangeneralizeeq.5 to a relationof the form

Moreover,becauseof thesymmetryof theproblem, E = [Z] . H Or:
estimatesof the characteristicimpedancefor either
ahomogeneousoralayeredearthdo notdependon E~=~ +ZxyHy andEy = ZyxHx +ZyyHy (7)
rotation of themeasurmgaxesin thehorizontalplane,
sothat the northandeastelectriccomponentsare However,for a strictly two-dimensionalgeometry,
relatedto the orthogonalmagneticcomponents Maxwell’s equationsseparateinto two modes
throughthelinearequations: (Cantwell,1960;Kovtun, 1961;BostickandSmith,
E —ZH dE — ZH (4\ 1962).In onemode,E-parallel to strike depends

x — y y x “ ‘ only on H-perpendicularto strike,andin the other

Eachof theseequationsis a statementof thecon- mode,E-perpendicularto strike dependsonly on
dition thatat a particularperiodanelectricfield H-parallel to strike.
componentis linearly relatedto its orthogonalmag- In this case,the tensordecouplesinto two modes
netic field componentthrougha single-valuedcomplex representedby:
scalartransferfunction.This is a directanalogfrom E’ = z’ ~t andE’ = Z’ W’ 8
simplefilter theory.The outputsignalof a filter (Er) x xy y y Y~’x
is linearly relatedto the input signal(Hr) multiplied wherethe prime indicatesthat the measuringaxes
by thefrequencyresponseof the filter (Z). (X, Y) arealignedparallelandperpendicularto the

Therelation(eq.3) wasformulatedfor thefirst time strikeof the two-dimensional,lateralinhomógeneity.
by Cagniard(1953)andasa resultis knownas the Thisspecialorientation(x’, y’) is calledthe principal
Cagniardrelation. The conditionsunderwhicheq.3 coordinatesystemandZ~yand are calledthe
isvalid arecalledtheCagniardconditions.They are principal impedancevalues.
that the incidentelectromagneticfields areplane For arbitraryorientationsof themeasuringaxes
wavesat the earth’ssurfaceandthat theearthcon- awayfrom theprincipaldirectionsonefinds, as
sistsof parallelplanelayers. might beexpecteda linearcoupling ofeachelectric
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componentto bothmagneticcomponentsexpressed energy at periodsshorterthantwice the sampling
by the tensorformulation in eq.7. interval(or at frequenciesabovethe Nyquistfre-

Rotatingthe newmeasuringcoordinatesawayfrom quency(l/2~t)).
the principaldirectionsthroughananglemeasuredin Thereare anumberof techniquesfor transforming
the clockwisesenselookingdown,thenew tensor the time seriesinto spectralinformation in thefre-
elementsexpressedin termsof theprincipal values quencydomain.Althoughin principle,all of.these
(Z.y,Z,~)andtherotation angle0 are: methodsareequivalent,sincetheyresult in the Fourier

Z — ~Z’ + Z’ ‘sin 20/2 componentsof the record, in practicethereare im-xx xy yx1 portantdifferencesthat dependon thecharacterof

z — z’ Z’ •‘- z’ ~ . 20 thesignalandthe underlyingassumptionsregardingxy — X~ — ‘- xy Yx’ sin (9) thenatureof thedata.Clearly,physicalinsight should

z — z’ ‘z’ + z’ -~ . 20 overridea strict mathematicalapplicationof any ofyx— yx “ xy yx~~ thesemethods.
Z =—(Z’ +Z’ )sin20/2
yy XY yX 2.1.1.Fourier harmonicanalysis

From inspectionof thesetensorelementsseveral The fundamentalassumptionin Fourierharmonic
propertiesappearobvious: analysisis that the timeseriesof lengthT

0 iscyclic~
= (10) or periodicwith fundamentalperiodT0, suchthat

xx yy x(t) = x(t + T0).Thisassumptionplacesstrict con-
and: straintson the spacingbetweenharmonicsaswell as

implying that the recordsectioncanbe optimallyz —z = constant (11) .xy yx approximatedover its length T0 by afinite number

at all rotation angles.During rotation through180°, of harmonics.Thiscanbe seenin the following way.
the off-diagonalelements~ Z~~)eachgo through Over an intervalof time (—T0/2,T0/2) a function
onemaximumandoneminimum.The diagonalele- x(t) canbe expressedasthe sumof a Fourierseries:
ments~ Zyy)eachgo throughtwo minima.Fora k=+o’ 2
purely two-dimensionalsituationthediagonalelements x(t) ~ X~e~, w0 (12a)
go throughzeroeverytime therotating coordinatesystem k=—oo 0

passesthrougha principaldirection. whereXk is givenby:
Thevaluesof the off-diagonaltensorelements

(z~~,z;~)in the principalcoordinatesare usedfor ~ ~ ~2 x(t)e_~wotdi’ (12b)
estimatingthe pnncipalresistivityvalues(Pxy’ Pyx)’ k T0 JT0
oneof which ismaximumandtheotherminimum. - -y

2. Dataprocessing The amplitudespectrallinesXk are spacedat in-

2.1. Spectralanalysisoftime series tervalsk/T0alongthe frequencyaxis,which are har-
monicsof therecordlengthT0. Sincewe haverequired

Since theinterpretationof magnetotelluricdatais that thesignalx(t) beband-limitedtofrequenciesless
usuallydonein thefrequencydomain,spectralanalysis thanthefolding-frequency(1/2At), andsinceT0 =

of therawdatais an importantaspectof dataprocessing. = (N — 1)At, themaximumharmonicis km~=(N 1)12.
This involvescreatinga timeseriesx1, by samplinga However,in eq. 12a,sincewe allow bothpositiveand
signalx(t), at equalintervalsof timeAt, fromj = 1 to negativeharmonics,aswell asa termfor k= 0, the
N, whereT0 =(N — 1) At is the durationof the signal. totalnumberof harmonicsneededisN, the sameas

One intuitively feelsthat for the sampleddatato our numberof datapoints.
representthe original signaladequately,thesignal The Fast-FourierTransform(F.F.T.)is simply a
shouldbe smoothoverthe samplinginterval,At. In a highspeedalgorithmfor calculatingtheN complex
morerigoroussense,anabsoluterequirementis that Fourierharmoniccoefficients(Cooley andTukey,
thesignalto be sampledshouldhavenegligible spectral 1965;Bergland,1969),andfor largetime seriesit pro-
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Fig. 1. Magnetotelluricfield componentsfrom twomagneticsubstorms.Thedashedlinesrepresentnew time seriessynthesizedfrom
first fiveharmonicsof original time series.Datafrom southwestIceland(Thfngvellir).

sidesa majorsavingin computercostandtime com- plane.Electric field polarizationsareshownin thetop
paredwithusingconventionaltechniques.However, circle of eachsetandmagneticfield polarizationsare
no few informationis obtainedfrom the F.F.T.— just shownin thebottomcircle.Therawdataare shown,
cheaperinformation.Ontheotherhand,if onedoesnot aswell as the newtimeseriesdiscussedabove,which
wanttheentirespectrumbutonly afewcloselyspaced wassynthesizedfrom thefirst five harmonicsof the
spectralestimatesin a particularfrequencyband,the original series.We also showtheband-passfiltered
F.F.T.may actuallybe moreexpensiveto run. datato be discussedin alatersection.The ver~tical

Whicheverschemeonechoosestouse for calculating axisin all plotsrepresentsa direction57°eastof the
theharmoniccoefficients,the point is that thesynthesis geomagneticmeridian.
of a newtimeseriesfrom theseN harmonicsprecisely Although theraw datashowa confusedpolarization
equalsx(t) at the intervalst = (/— 1)At; / = 1, N. causedby dominantshort-periodsignals,particularly

On theotherhand,the synthesisof only a few on theelectricchannels,the long-perioddataclearly
harmonicsratherthan allN harmonicsstill approximates showorthogonallypolarizedeventsfor theelectric
theoriginal timeseriesin the least-squaressensebut andmagneticfields,respectively.
doesnot looklike x(t) in detail.In fact,we canusethe We haveobtainedCagniardestimatesat theselong
first few harmonicsto obtaina smoothversionof the periodsby substitutingintoeq.3 the electricand
actualtime seriesasshownin Fig. 1 wherewehave magneticfield amplitudesfor componentsmeasured
synthesizeda newset of time seriesusingthefirst alongthemajoraxis of therespectivepolarization
five harmonicsforeachof the original components ellipse.Apparent resistivitiesobtainedin thisway
shown.In thiswaywe canstudythebehaviorof long- for thetwo eventsshownin Fig. I aregiven in Table
periodphenomena,whichmight otherwisebe buried I. Theagreementbetweenthetwo substormsappearsto
in noise. be substantiallyimprovedwhentherawdataarelinearly

In Fig.2 we show theprojectionof thedisturbance detrendedbeforecalculatingtheFourier coefficients.
vectorsof substorm2 in Fig. 1 on to thehorizontal However,the first harmonic,in particular,seemsto
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Fig.2. Polarizationplotsobtainedby projectingthetips ofdisturbancevectorsof substorm2 onto horizontalplane.Electricfield
polarizationsareshownin the top circles,magneticfield polarizationsareshownin thebottomcircles.Left to right aretheraw
data,thenewtime seriessynthesizedfromfirst 5 Fourierharmoniccoefficients,the time seriesband-passfilteredat 10,000sec
with aselectivityof 0.2

TABLE I beextremelysensitiveto thedetrendingfunction
Cagniardapparentresistivitiesfrom Fouriercoefficientsof chosen,anddoesnotlead to consistentapparentre-
componentsalongmajoraxesof polarizationellipses sistivitiesbetweentwo setsof data.

Harmonic Substorm1 Substorm2
Number 2.1.2.Fourier transientanalysis

Period ~a Period ~a Althoughtheharmonicanalysisdiscussedabove
(sac) (f2-m) (sac) (cl-m)

preciselyrepresentstheoriginal time seriesover the
1 33600 18* (24) 36500 38* (60) recordlength T0, providingNcoefficientsare used,
2 16800 45 (30) 18300 52 (37) a questionwhichis sometimesimportantiswhat
3 11200 57 (68) 12200 49 (55) happensoutsideof therangeT0. Is the signalindeed
4 8400 40 (15) 9100 43 (46) cyclic with fundamentalperiodT0, asassumedin
5 6700 43 (35) 7300 42 (34)

harmonicanalysis,isit stationaryin thestatistical
Site: Thingvellir (S.W.Iceland).Rawdatawerelinearly de- Sense,or is it a transient?
frended.Bracketsdenoteestimatesfor datanotdetrended. In thecaseof a magneticsubstorm,for example,
* First harmonicwill beextremelysensitiveto detrending we knowwe are dealingwith a transientphenomenon.

functionandis notusedin final interpretation It isnotperiodic,andunlessourrecordincludesmany
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daysof continuousrecord,it is notstationary.To re- mid-1950’s.By the early1960’sthesemethodswere
presentadequatelyour timeseriesoverall time(not beingroutinely appliedto theprocessingof magneto-
only over the recordlengthT0) wenot only need telluric data(Cantwell,1960;BostickandSmith,
spectralestimatesat discretemultiplesof thefunda- 1962;Vozoffet al., 1963;Srivastavaet al., 1963;
mentalfrequency,butat all frequenciesin between, Madden, 1964).
sothatwe haveacontinuousspectrumwhich canbe Theapplicationof powerspectraltechniquesto
calculatedfrom theFourier transformpair: magnetotelluricdatahasgenerallybeendoneunder

the assumptionthat the timeserieswere stationary

= ~ 1. x( ~e~~~)t’d randomprocesses,althoughthis characteristicwas
‘‘ 2ir “~ seldomtested.Jenkins(1961)observesthat there

— (13) appearto bethreetypesof timeserieswhich arisein

= I x(t) e_~(~~tdt practice:(1) “thosewFiich exhibitstationaryproperties
/ ‘-‘ \ overfairly longperiods.. . “;(2) “thosewhich arereasonablystationaryif examinedover a sufficiently

Thereasonthatwe were permittedto calculate shortperiod. . . “; and(3) “thosefor which the sta-
Fourierharmoniccoefficientsfor essentiallytransient tionary assumptionsaremanifestlyuntrue.” The
phenomena,aswe did in section2.1.1 for thetwo mag- lattercategoryemphasizesthecautionan investigator
netic substorms,isthat theharmoniccoefficients mustdisplay in applying criteria from theoretical
preciselyequalthe transientcoefficientscalculatedfrom statisticsto realtime-seriesdata.
eq. 13 exceptfor a scalingfactorthatcancelswhen However,thefact thatcertaintime seriesare more
field ratios aretaken,asin calculatingimpedanceval- like transientphenomenathanstationaryphenomena
ues.However,unlike the spectrumof aperiodicsignal, doesnotprecludetheir power-spectralanalysis(or
which consistsof a seriesof spectralpeaksalongthe more precisely,energy-spectralanalysis).Correlation
frequencyaxisat intervalsof lIT0, the spectrumof a functionsandtheir Fourier transformsare well-defined
transientfunctionis a continuumof energy. for transientphenomena(Lee, 1963),sothat it is

Fourier transientanalysishasusefulfeaturesin some difficult to understandanapparentpreoccupationin
cases.Forexample,atvery longperiodsonemightwant the literaturewith applying thestationary-timeseries
to averagespectralcomponentsover a finite band-width analysisapproachof BlackmanandTukey(1959)to
butfind harmonicsfrom the F.F.T. toowidely spaced whatveryoftenare transientsignals.Alternativeap-
to have similarcharacteristicsfor averaging.If upon proachesarepossible,if notrequired.
closeinspectionthe signalis a transientphenomenon The cross-correlationfunctionof two transient
andessentiallyzero outsidethe ranget = 0 to t= T0, signals,x(t) andy(t), is definedas:
the Fourier coefficientsat arbitraryandconvenient
intervalscanbeaveragedoverthe band-widthdesired,
providingonly that the spectrumis smoothenoughfor ~x~v(r) = f x(t)y (t + r) di’ (14a)
theaverageto be meaningful.

whichhastheFouriertransform(called the cross-en-
2.1.3.Powerspectralanalysis ergy densityspectrum):

The termpowerspectralanalysisusually refersto an
algorithmthatusesthe Fourier transformof theauto- I’

P (w)= i p (r)e dr (14b)
correlationor cross-correlationfunctionm the time xy j xy
domain(BlackmanandTukey, 1959;JenkinsandWatts,
1968). Interestin this methodgrewout of statistical By writingy(t + r) in eq. 14aasa Fourier transform:
communicationtheorydevelopedin the late 1940’sand
early50’s.Applicationsof statisticalcommunication (t + i-) = 1’ Y(.,i)eit+T) dci.,
theory to geophysicswere strongly influencedby the y 2ir .) “

activity of theM.I.T. GeophysicalAnalysisGroup in the
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andchangingthe orderof integration,eq. 14abecomes: way to investigatea time series,in particular,if upon

00 00 inspectionof therecordit appearsthatcertainfre-

= J_. f Y(~.,)F i’ x(t) ~ dtl e”~d~ quencycomponentsareimpulsivein origin andnot
XY 2ir L ~00 continuousdowntherecord.By calculatinga spectral

componentfor theentirerecordwe averageshort
or: signalburstswith longperiodsof quiescence.Even

00 thoughthereis no signalduring the quiescentperiods,

p (r) = ~ C i* (~)Y(co)el~~~Tdw (15) we stifi effectivelyintegrateanynoisecontributionXY 2ir J into our Fouriercoefficient, thusdegradingthe

significanceof the spectralestimate.
wherethestar(*) denotesthe complexconjugate. The motivationfor usingdigital band-passfilter
Taking the Fourier transformof eq.15 andcomparing techniquesis to incorporateinto the analysisspectral
it with eq. 14b,we seethat: estimatesasa functionof time,selectingsectionsof
P ((~)\= ~* ~ Y((~~~ ‘16’ recordthathavehighsignallevelsandrejectingsac-

XY “ / ‘ / “ / “ ‘ tionsthathavelow signallevels.Presentapplications
whichrelatesthe cross-energydensityspectrumof two of this techniquedevelopedfrom contemporaneous,
transientsignalsto the productof the Fouriertransform thoughapparentlyindependent,work of Swift (1967),
coefficientsof the individualsignals. Morrison et al. (1968), and Hermanceand Garland

If, on the otherhand,weare indeeddealingwith (1968).
stationaryrandomprocessesthen thecross-correlation Thereare threepopularalgorithmsfor calculating
functionisdefmedas: digital band-passfiltereddata.Theyare:

T/2 (1) Convolutionbetweenthe input time seriesand
1 r a filter impulseresponse.p (r) = hm — i x (t)y(t + r) di’ (1 7a) .T ./ 772 (2) Recursivetechniquesusmgpropertiesof the

z-transform.
wheretheFourier transformof eq. 17aisjust thecross- (3) UsingtheFastFourierTransformto transform
powerspectrum: thetime seriesinto thefrequencydomain,then

multiplyingby a complexfilter responseandtrans-
00 ~lwi~ forming theproductbackto the timedomain.

‘~ ~‘) = J’ ~ (r) e dr (17b) The lastof thesetechniques,althoughpractical
—00 becauseof thehigh speedof the F.F.T.-algorithm,has

The discretesamplerepresentationsof equationset notfoundwide usein the magnetotelluricliterature
(14) andof equationset (17)are significantlydifferent andwill notbediscussedin detail.We shall concentrate
for mostapplicationsandoneshouldtailor the analysis on thefirst two techniques.
techniqueto thephysicalprocessoccurring.Forexample, Convolutionfiltering is an algorithmbasedon the
equationset(17) maybe useful for investigationbroad- convolutionintegral:
bandday-timemicropulsationdatawhereasequationset
(14) is amoremeaningfulway to investigatetransient y(t) = f h(t — r)x (r) dr (18)
substormphenomena. _00

2.1.4.Band-passfiltering wherex(t) is the original timeseries,h(t) is the impulse
Eachof the threetechniquesabove,harmonic responsefunction of thefilter functionandy(t) is the

analysis,transientanalysisandpowerspectralanalysis, outputof thefiltering operation.To illustratean
providesspectralinformationon theentirerecordsec- applicationof this method,the frequencyresponseof
lion that isto~yeachFouriercoefficientisaleast- a typical filter is shown in Fig.3. The responsefunction
squaresapproximationto the entirelengthof the data is:
T0. In a sensethereareaveragespectralcomponents. Hw) = e ~‘ ~~o)2,lF5 + e ~‘~‘~‘ 0)2 ~ (19)

It is not all clearthat this is alwaysthemosteffective ‘
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Fig. 3. Thefrequencyresponsefunctionusedin ourparticular Fig.4. Exampleof convolution-filterappliedto magnetic
convolution-filter.Thecenterfrequencyis 1 radianfsecand substormdata.Fromtop to bottom,we showtheraw dis-
the selectivityis 0.2. turbedZ-field, theimpulseresponsefunction,andthefiltered

Z-fleld.

wherethe centerfrequency(w0) is 1 radian/secand peakamplitudevaluesfor eachsubstorm.Theapparent
theselectivity(s) is0.2 “~‘o-Theresponseof the filter resistivitiesin Table II agreeremarkablywell with the
is unity at the centerperiod, estimatesfrom the Fouriertransformgiven in TableI.

TheFourier transformof eq. 19 isthe impulse The secondtype of filter we intendto discussis the
responseshown in Fig. 4,which is anexampleof the digital recursivefilter. Thisclassof filtering techniques
techniqueappliedto magneticsubstormdatafrom is simply theapplicationof ahigh-speedalgorithm
the standardobservatoryat College,Alaska.We show which relieson specialpropertiesof thez-transform
the disturbedz-field, the impulseresponsefunction, of sampledtime series.An underlyingassumptionis
whichis convolvedwith the original timeseries,and that the timeseriesis discreteandperiodicin time
theresultanttime series,which is the outputof our (with periodT0) andthefrequencyspectrumisdiscrete
band-passfilter, andperiodicin frequency(with periodof twice the

The correlationbetweenthe rawinputseriesand folding frequency).The theoryof thez-trans~ormis
the outputfilteredseriesisquiteobvious.The output givenby Jury(1964),wherean introductionto digital
isnotonly smoothed,butit is band-limited.Wehave recursivefiltering isgiven by Shanks(1967).
eliminatedthehigh-frequencyfluctuationsaswell as
long-periodtrends.As anotherexample,we have TABLE II
band-passedbothsubstorm1 andsubstorm2 (Fig. 1) Cagniardapparentresistivitiesfrom amplitudesof band-pass
at aperiodof i0

4 secanda selectivity of 0.2. The filtereddataalongthemajoraxesofpolarizationellipses
projectionof the band-passedmagnetotelluricdistur-
bancevectorsfor substorm2 on to thehorizontal Amplitude Substorm1 Substorm2
planeis shownin Fig.2 alongwith datadiscussedin num p p
section2.1.1.Thereis a strongorthogonalpolarization (5l-m) (A-rn)
of the electricandmagneticfield ellipses.

Amplitudesof the filtered dataprojectedon to 1 34 43
themajor axisof therespectivepolarizationellipse
in Fig.2 were substitutedinto eq.3 to estimatethe
Cagniardapparentresistivities.The resultsare sum- Site: Thingvellir (S.W. Iceland).Centerperiod= 10,000sec.
marizedin TableII forbothsubstormsusingthree Selectivity= 0.2.
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Fig. 5. Applicationof digital recursivefilters to electricfield datafrom Iceland.At center-leftwe showthez-planerepresentation
of the particularresponse.At center-rightwe showtheimpulseresponserepresentationof the samefilter. Rawdataareshownin
thetop trace,filtereddatain thebottomtrace.

In Fig.5 we ifiustrate thez-planecharacteristicsof
afilter functionthatwe havefoundparticularlyuseful, RAW DATA

aswell asthe resultof operatingon rawelectricfield ~ ~° ‘97’

data.Thez-transformof thefilter functionconsistsof
two polessymmetricabouttheorigin andtwo zerosas ~
shown.Thedisplacementof eachpoleoff theunit circle
is ameasureof the selectivity of the filter response.
Therecursiveoperationof the fIlter function on the __-____~_—-~---------—‘——.——-—____---__

raw datageneratesthefiltered outputseries. H, 11000A

Theprimary advantageof digital recursivefilters
is thegreaterspeedof the algorithmsincetheoutput
of a recursivefilter is exactlywhat onewould getfrom
a convolutiontype filter. This is stressedin Fig.5 by
sketchingthe impulseresponseof the samefilter used
in therecursiveoperation.The dashedarrowsbetween
therawandfiltereddataattemptto draw attention
to phasesin the rawdatathatcorrelatewith phases 0TI~E.HOIWS

in the filtereddata.Theuseof digital recursivefilters in
Fig.6. Magnetotelluriccomponentsalonggeographiccoordi-

preferenceto csnvolutiontypefiltersatlongperiods,has natesfrom magneticsubstormrecordedin north-central
decreasedthe costof a computerrun from $25.U.S. Iceland(Suduthhraun).Long-periodphasesin thebeginning
to$2. U.S. of recordcorrelatewell betweencomponents.
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formation,we now turn to methodsfor estimatingthe
SI.*XWAHRAUN

9NL)-~SSFLTERED DATA tensor elementsof eq.6 from spectralamplitudesof the
200 sec AAJG. 30. 1971

SELECTIVITY • o magnetotelluricfield components.
H, ~~ bA 2.2.1.Estimatesfrom Iwo independentrecordsets

Cantwell(1960)proposeda methodfor estimating
H,

~. - the tensorelementsby taking the Fourier transformof
two independentsetsof recordsof ex,e~,h~andh~.

2oA Denotingthesedatasetsby I and II respectively,theH,
0 tM$P1PI+ .‘*sfsss ~ ~ electricfield componentin thex-direction,asanexample,

canbe written in termsof its spectralestimatefrom both
- __ datasetsas:

,_*uI* •0*

I20M~~M (20)5,

4- ..eft*uec*+.~. ~ I_______________ y I
The two simultaneousequationsin expression(20)canberaE. ions

Fig. 7.Magnetotelluriccomponentsfrommagneticsubstorm solvedfor~ and~ In asimilarmanner,anotherset
of Fig.6 band-passfilteredat 200-secperiodwith selectivity of equationscanbesolvedfor andZ~.
0.1.Correlationof eventsbetweenorthogonalmagnetotelluric BostickandSmith(1962)proposedan alternative
pairs(Es,H~or E~.

11X) is remarkablyclear, approachin which theFourier transformsin (20)were

replacedby auto-powerandcross-powerspectrausing

An importantapplicationof digital filters is to the BlackmanandTukey (1959)approach.A formulation
cleanup datafor visualinspectionof quality andcor- equivalentto BostickandSmith’s might be written as:
relation. In Fig.6 we showafive-componentsetof
magnetotelluricrecordsabout15 hourslong from ~ = ZxxJilhxhx +ZXYIJhXhY
North-CentralIceland.The recordingsare shownin (21)zPII I
geographiccoordinates.Frombottom to topwe have ~‘hxex =Zxx1:dhlxhx + xy h~h~ I
Electric-north,Electric-east,Magnetic-north,Magnetic- wherefrom dataset I for example,the cross-spectrabe-
eastandMagnetic-verticaldown. tweenthetime seriesh~(t)ande~(t)is:

It is fairly clearthat long-periodeventscorrelate
on thisrecord.Whereasburstsof signalseenon the
electriccomponentshaving periodsof theorder of ~ = f Phe (r) e_~WTdr
200secnear thebeginningof thesubstormandin its
laterphasesare notclearly correlatedwith magnetic providing thecross-correlationfunction is definedas:
activity. By band-passfiltering thedataat the period T/2
of interest,or 200sec,thesecorrelationsarevery
clearasshown in Fig.7. Ph~e~(r) = him ~ f h~(t)e~(t + r) dt

T-+oo -T/2
Not only do theburstscorrelatebetweenortho-

gonalelectricandmagneticfields asthey should,but The set of equations(21) canbe solvedfor thetensor
theenvelopeson orthogonalcomponentsareremark- elements~ andZfl,, and a similar set of equations
ably similar, while the envelopeson parallelelectric canbe solved for and~
andmagneticcomponentsare grosslydissimilar. Grillot (1973)hasdevelopeda thirdvariationof this

approachby first band-passfiltering eachmagnetotelluric

2.2. Estimatingthe tensorelements time seriese~(t),e~(t), h~(r), h~(t) usingrecursivefilters
havingselectivitieson the orderof 0.1. Horizontal

Having describedin the lastsectionvariousmethods polarizationsof themagneticfield areplottedfor different
for convertingtimeseriesinto spectralamplitudein- eventsor burstsof signal.Two eventsare selectedhaving
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differentpolarizationsandaFourier transformof each andZ~by minimizing themeanof the squared
componentis calculatedat the centerperiodof the differencesbetweenEff ans.andEd.
filter overfour cyclesof theevent.TheseFourier
coefficientsare substitutedinto eq.20 to determine 2.2.3.Estimatesusingcross-correlationanalysisof
the tensorelements, singlerecordsets

In Fig. 8 we showamodel in which two independent
2.2.2.EstimatesfromNindependentrecordsets stationaryrandominput signals,x1(t) andx2(t), are

Simset al. (1971)describea procedurefor op- coupledthroughtwo linearsystemscharacterizedby
timizing theestimateof a tensorelementif oneis the impulseresponsefunctionsh1(t) andh2(t), re-
providedwith a largenumberof independentrecord spectively,to producea third signaly(t) suchthat:
sets.They definethebestestimateof ~ and
in away thatminimizesthemeanof the squared r P

y(t) = j h (r)x (t — r) dr+ i h (r)x (t— r)dr
differencesbetweenthe measuredelectricfield com- ..‘ i i j 4 4

ponent,E~
5,andtheelectricfield predictedfrom (24

themagneticfield componentsthroughthe relation:
=Z H + Z H Tick (1963)describesamethodfor determiningthe

xi xx x/ XY Yl characteristicsof the linear systems,h
1(t)andh2(t).

wherethe subscript/ denotesthej-th dataset.The This, of course,is preciselythe time-domainanalogof
differencebetweenthemeasuredand predictedelec- determiningthe tensorelementswhich coupletwo
tric field isE~)esa— E. Multiplying this quantity magneticcomponentstoeachelectriccomponent.
by its complexconjugateandaveragingoverNrecord By writing eq.24 at the lag time(t + s) insteadof
setswe obtain: t, and cross-correlatingwith x1(t)we obtain:

T/2
= L, (Er, — Z~H~,— ZXYHY/) lim 4~f x1(t)y(t + s) d t =

j1 T-~oo —T/2

— Z~II~J— Z~,,HJ)(22)

whereeachcomponentis theFouriercoefficientof . 1 T/s
themeasuredtime series.ThevaluesZ~~andZ~~ =hrn -~- f,xi(t) f h1(r)x1(t+s—r)drdt
thatminimize eq.22 canbe determinedby first set- —

ting thederivativeof ill with respectto therealand T/2
imaginarypartsof ~ to zerowhich leadsto: +lim 4 f xi(t)f h2(r)x2(t+s—r)drdt

N N N T-s~oo —T/2 —~ (25)
~ EXJHX~,= ~i HXJH~J+ Z~,~i H~1éi~1 Invertingtheorder of integrationwecanintegrate

‘23a’ overt andexpresseq.25 in termsof cross-correlation
‘ ‘ functionsof theform of eq. 17a.In thiswayeq.25

Thenby settingthederivativeof ~tiwith respectto becomes:
therealandimaginarypartsof ~ to zerowe obtain:

N N N p~ (s) = f h1(r) i~~ (s— r)dr

7~E~~H;,= Z~,~ HXIHI + Z~,~ H~,H1 i)’ — i(23b) + f h2(r)p~~ (s — r)dr (26)

The two relations(23a,b) canbe solvedas simultaneous i 2

equationstoyield thetensorelementsZ~,andZr,. A or, in thefrequencydomain:
relationsimilar to eq.22 canbe formulatedto give -

~ ,(w) H1 (w)P~~ (w)+H2(w)P~~i ii 12 (27)
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over the smoothingband-width.*, It) h It)

A schematicof analgorithmthatwehavefounduse-
STA11ONARY LaEARINDEPENDEN~~~>__.~.,. are,in a sense,averageestimatesof the tensorelements

~, It) ful for frequency-bandaveragingisshownin Fig.9.The
RANDOM (T~IEaE~RIAN

INPUT SIGNALS raw dataare first band-passfilteredat the frequencyof
halt) TI interest.Thefiltereddataarethen replottedboth asa

set of time seriesaswell as asetof horizontalpolariza-

Fig. 8. Time-domainmodelof twoindependentsignalsx1 (t) tiondiagramsfor theelectricandmagneticcomponents.
andx2 (t), combiningthroughtwolinearsystemsh1 (t) and A visualinspectionof theseplotscanbecheckedquail-
h2(t), to producea third signaly(t). tatively for correlationbetweenthemagnetotelluric

componentsandfor independencebetweenthe data
wherethe cross-powersaredefinedin eq.17b and sets.
H1(~)andH2(w) are theFouriertransformsof the Examplesof this techniqueappliedto the two
impulseresponsefunctions.In a similarway, x2(t) substormsin Fig. I are shownin Fig. 10 and 11 where
canbe cross-correlatedwith eq.24 at the lag-time
(t + s) leadingto: RAW DATA

~ =H1(~)P~~(w) 1H2(W)Pxx((’.))(
28) I DIGITAL BANDPASS FILTER I

S’O.2

Eq. 27 and28representtwo simultaneousequations I
which canbesolved toyield H

1(w) andH2(w), pro-
I PLOT FILTERED I I PLOT E B Hviding thedeterminant: I TIME SERIES I I HORIZONTAL POLARIZATIONS I

I I
~ ~~~1X2

(29) VISUAL CHECK I
FOR I

~x2x1 ~x~x2 INDEPENDE~SAMPLES__I

is non-zero.Thisconditionis met if x1(t) andx2(t) ,j.
are independentandrandomlycorrelated. CALCILATE

MaddenandNelson(1964)were thefirst -workers 5-CcacLEX
FOURIER COEFFICIENTS

to apply a variationof this techniqueto estimatingthe O9~

tensorimpedanceelements.Theyformulatedequations
similar to eq.27 andeq.28 in termsof the smoothed

FORM
auto-powerandcross-powerspectra. CROSS-POWER PROOUCTS

More recentlyotherworkershavesuggestedsimu- AND AVERAGE OVER

latingthe smoothedauto-powerandcross-powerspec- 5 COEFFICIENTS

tral densityestimatesin eq.28 by averaginga number
of Fourierharmonicsover a discretebandof frequencies CALCULATE

(Simsand Bostick, 1969; Vozoff, 1972).In this case, TENSOR ELEMENTS

tónsorelementscanbedeterminedfrom simultaneous FOR MEASURING
COORDINATES

equationsof theform:

<ExHx*>=Zxx <HxHx*>+Zxy<HyHx*>~ ROTATE

I (30) TENSOR ELEI~ENTSAND DETERMINE ANGLE FOR

<EXH~> = Z~<HXH > + Z~y<H~H~> MINIMUM DIAGONAL ELEMENTS

wherethe bracketsdenotefrequency-bandaverages
of termslike relation(16)asapproximationsto FREQUENCY BAND-AVERAGING
smoothedpowerspectralestimatesfrom relations Fig.9. Schematicof an algorithmfor estimatingtensorele-
like (17b) for afinite lag.The two termsZxx andZxY mentsusingfrequency-bandaveraging.
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ELECTRIC FIELD 15 MV/KM

60101.

Fig. 10. Band-passfiltereddatafromsubstorm 1 (Fig.!), thepolarizationplots to theright arefor the electricfield (top) andfor
themagneticfield (bottom) to thesamescaleasthetime series.

~C~FIE~4~T MV/KM

EyV~w~w~w

60 MIN
I:

MAGIOTIC FIELD I IS C

H~~A4~4~

Fig. 11..Band-passfiltereddatafrom substorm2 (Fig.1) drawnwith thesameconventionasFig.10.Eventsbetweenorthogonal
magnetotelluricpairs(Er, H~and~ H~)correlatewell. Thepolarizationplotsdemonstrateastronglinearcorrelationbetween
Er E~andHrH~.

therawdatahavebeenconvolutionfiltered at dinatesystemdefinedin section1.3, which is doneby
1000-secperiodusingthe frequencyresponsein Fig.3. rotatingthe tensorelementsand determiningthe angle
Five complexcoefficientsare determinedfor eachmag- that minimizesthediagonalelements.This technique
netotelluriccomponentat equallyspacedfrequencies is discussedwith two contrastingexamplesin thenext
within the band±10%of thecenterfrequency.Cross- section.
powerproductsof the coefficientsareformedat each
frequencyandthefive complexcross-powercoefficients 2.3. Determiningtheprincipaldirections
areaveragedtogetherasshownin eq.30. Onemay
solvethesetwo equationsfor~ and~ A similar In section 1.2 it waspointedout thatduringa
setof equationscanbeset up and solved forZ,~and coordinaterotation,thetensorelementsZ,~and

in eq.9 go throughminimaeachtime thero-
Having calculatedthetensorelementsfor our tatingcoordinatesystem(x, y) passesthrougha prin-

measuringcoordinatesystem,thelaststepin the al- cipal direction(eitherx’ ory’). Bostick andSmith
gorithm of Fig.9 is to determinetheprincipalcoor- (1962)appliedthis featureby actuallyplotting the
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tensorelementsas a function of rotationangle,se- 2.4. ComparisonbetweenCagniardestimatesand
lecting the anglesat which thediagonalelementsare tensorestimates
minimumas theprincipal directions.

As an example,we showin Fig. 12, the rotationof In our final example,we contrastapparentre-
tensorelementscalculatedfrom substorm1 (Fig. 10) sistivity estimatesfrom theCagniardrelationeq.3
usingthe algorithmfor frequency-bandaveraging with estimatesfrom theprincipalvaluesof the ten-
describedin section2.2.3.The rotation of the tensor sor impedanceeq.7.
elementsbehavesproperlyasthereare two minimain The magnetotelluriccomponentsrecordedduring
1Z11I andone minimumin 1Z1 21. thesubstormin Fig.6 were band-passfilteredusing

On theotherhand,tensorelementscalculatedfrom recursivedigital filterswith a selectivityof 0.1 at a
substorm2 do notrotateproperlyasshownin Fig. 13, periodof 150 sec.Following the methodof Grillot
since1Z11I goesthroughonly one minimumwhile (1973), complexFouriercoefficientswere calculated
rotating through180°.Wemight well be suspiciousof for a numberof eventsselectedby inspectingthe
tensorestimatesfrom substorm2 sincethe polarization filtered recordsection.Eacheventwasfour periods
plotin Fig. 11 suggestsa linear correlationbetweenthe or 600 seclongandthe entirerecordwasmore than
two electricfield components,aswell asbetweenthe 54,000seclong. Apparentresistivitiescalculated
two magneticfield components,whichimplies that the from the complexFourier coefficientsof eachevent
two magneticfield componentsarenotindependent are given in the left handcolumnsof TableIII where
asrequiredfor solvingequationset(30). The polariza- the subscripton theapparentresistivity denotesthe
tion plotsof substormI in Fig. 10 showa morerandom senseof theelectricfield component.TheCagniard

0.7

AMPUTLOE OF TENSOR ELEMENTS 06 - AMPIJrIX)E OF TENSOR ELEMENTS

05 I~1000 SIC. STORM - 2

01 IZIII 0.2

0 20 40 60 80 100 120 140 160 160 0 I -

ROTATION ANGLE, DEGREES I I I I I I I

Fig.12. Amplitudesof tensorelementscalculatedfrom sui,- 0 20 40 TATI0NIGIDEGREES 140 160 80

stormI asfunctionsofrotationangle.Two minimaare Fig.13. Amplitudesof tensorelementscalculatedfrom sub-
apparentin Z11 (orZxx) andoneminimum is apparentin storm2asfunctionsof rotationangle.Theelementsdo not
Z~2(orZxy). properlyrotate,asthereis only oneminimum in Z1 i ,do

not two asrequired.correlationbetweenthefield components;hencethis
datasetprovidesmorereliableestimatesof the tensor estimatesdisplayarelativelybroadrangeof scatter
elements, with a standarddeviationof approximately50%of

Clearly,onemustexercisecautionnotonly in themean.
usingfrequency-bandaveragingtechniquesto esti- ThesamecomplexFouriercoefficientsthatwere
matethe tensorelements,but in usinganyof the usedto maketheCagniardestimateswereusedto
techniquesoutlinedin section2.2 sincetheyall require determinethe tensorelementsby solvingequations
independentsamplesof the magnetotelluricfield corn- of theform (20) for the event-pairsgiven in Table
ponents.Onedoeswell, therefore,to investigate III. The tensorelementswererotatedto an angle
carefully the natureof the dataat eachstagein its thatminimizedthe diagonalterms,and the apparent
processing. resistivitiescalculatedfrom the principal impedance
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TABLE ifi
Comparisonof apparentresistivitiescalculatedfrom thesimpleCagniardrelationandfrom off-diagonalelementsof rotated
impedancetensor.

Cagniardestimates Rotatedtensorimpedanceestimates

Event p~ Event ~xy Pyx Rotationangle
no. (fZ-m) (~Z-m) — pairs —- ffl-m) — (fl-rn) (eastof North)

5 41 12 5,6 38 18 —5°
6 42 13 6,12 48 21 ~150

7 44 13 7,5 35 18 —10°
8 46 10 8,7 36 21 —10°

11 26 31 11,6 34 19 —5°
12 35 48 12,5 48 19 —15°
13 102 32 13,11 46 16 +15°
14 90 36 14,11 46 18 +15°
15 74 34 15,11 43 17 +10°

(P~)
56 (Py)=25 (Pxy)~42 (Pxy)19

s.d. 25 s.d. = 13 s.d.= 5.4 s.d.= 1.8 s.d. n 12°

Site:Sudurarhraun(N. CentralIceland).Period: 150 seconds.Analysistechniques:ComplexFouriercoefficientscalculatedfor
Individualeventson filteredrecord.Coordinates:Geographic.

values(Z~~orZ~~)aregiven in the right hand showsa greatdealmorescatterthanthe scatterin Pxy-
This is dueto the factthatwhencalculatingPx, onecolumnsof TableIll alongwith the rotationangle.

In comparisonwith theCagniardestimates,the usestheelectricfield componentE~which, from eq.7,
rotatedtensorimpedanceestimatesclearly separate is in a sensecontaminatedby a contributionfrom the
into two modeswith principal resistivitiesof approx- parallelmagneticfield componentFf~ throughthe
imately20 and40 cz-m.The standarddeviationis now couplingtermZ,~.Althoughthis termis small, it
approximately10%of themean,a significantim- neverthelessis notzero,andleadsto instabilitiesin the
provementovertherangeof Cagniardestimates. Cagniardestimateswheneverthe magneticfield is

A furtherobservationis that by inspectingthe stronglypolarizedparallelto thecoordinatealong
columnof rotationanglesin TableIII, it appearsthat which theelectricfield is measured.
theprincipalcoordinatesystemismoreor lessaligned Therefore,it appearsthatapparentresistivities
alongthe samedirectionasthemeasuringaxes,which estimatedfrom the rotatedtensorelementsshouldbe

were alonggeographiccoordinates.This implies,for significantly morestablethan estimatesfrom thefield
this particularexample,thatif theearthwas indeed ratiosthemselves(theCagniardestimate),evenwhen

strictly two-dimensionalthen theCagniardestimates themeasuredfield componentsare known tolie along
basedon field quantitiesmeasuredin geographic theprincipalcoordinates.
coordinateswould separateinto maximumand
minimumvalueswhichwere essentiallythe sameas the 3. Cond~aion

estimatesbasedon theprincipaltensorelements.Close
inspectionof the averageCagniardresistivitiesin the Determiningthenatureof the transferfunction
left-handcolumnsof TableIII doesseemto showa couplingthe telluric andmagneticvariationfields is the
tendencywhich,in retrospect,appearsto reflectthe fundamentalproblemin the processingof magneto-
tensorestimatesin tile right-handcolumns.However, telluric data.In generalthis transferfunctionhasa

Px doesnotpreciselyequalPxy~andmoreoverPx tensorcharacterandoneis facedwith theproblemof
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obtainingreliableestimatesof tensorelementswhich Cagniard,L., 1953.Geophysics,18: 33.
Cantwell,T., 1960.Detection and AnalysisofLow-Frequency

are stablefrom datasetto dataset,andwhich var’ MagnetotelluricSignals.Thesis,GeophysicsLaboratory,

smoothlywith frequency.A numberof techniqueshave M.I.T., Cambridge,Mass.,171 pp.
beendescribedfor transformingtimeseriesinto the Chapman,S. andBartels,J., 1940.Geomagnetism.Oxford

frequencydomain.Theseinvolve: (1) Fourierharmonic UniversityPress,London, 1049 pp.
Cooley,J.W. andTukey,LW., 1965.Math. Comput., 19: 297.

analysis;(2) Fouriertransientanalysis;(3) power Grillot, L.R., 1973.RegionalElectricalStructurebeneath

spectralanalysis;(4)band-passfiltering. Icelandas determinedfrom MagnetotelluricData. Thesis,

Moreovera variety of methodsare availablefor Brown Univ., Providence,R.I., 80pp.
Hermance,J.F.andGarland,G.D., 1968.EarthPlanet. Sci.

manipulatingmultiple electromagnetictimeseriesto Lett.,4: 469.

provideestimatesof the tensorimpedanceelements Jenkins,G.M., 1961. Technometrics,3: 133.
themselves.Theseare:(1)estimatesfrom two Jenkins,G.M.andWatts,D.G., 1968.SpectralAnalysis.
independentrecordsets;(2) estimatesfrom N Holden-Day,SanFrancisco,Calif.

independentrecordsets;(3) estimatesusingcross- Jury,E.I., 1964. TheoryandApplicationofthez-TransformMethod. Wiley, New York, N.Y.
correlationanalysisof singlerecordsets. Kato,Y. andKikuchi. T., 1950.Sci Rep. TohokuUniv., Ser.

It hasbeenour impressionin usingall of these 5, Geophys.,2:139.

methodsthatthereare strengthsandweaknessesin Keller, G.V. andFrischknecht,F.C., 1966.ElectricalMethodsofGeophysicalProspecting.Pergamon,NewYork, N.Y.,
eachof them.By thesametoken,noneof the methods 519pp.

isinherentlysuperiorto theothers.We, ourselves,have Kovtun,A.A., 1961.Isv.Akad.NaukS.S.S.R.,Ser. Geofiz.,
tendedto discourage“routine” dataprocessingandare 1663.

Lee,Y.W., 1963.Statistical TheoryofCommunication.Wiley,
more in favor of closelyinspectingthe dataatall stages New. York, N.Y., 509pp.
of theanalysis.We placemuchgreaterrelianceon our Madden,T., 1964.In: D.F. Bleil (Editor),NaturalElectromag-

resultsif a numberof dataprocessingtechniqueslead neticPhenomenabelow30KC/S. Plenum,NewYork,N.Y.,

to thesameanswer.As impliedearlier,we feelthat 429pp.Madden,T. andNelson,P.,1964.A Defense of Cagniard’s
consideringtheempiricalnatureof magnetotelluric MagnetotelluricMethod.ProjectNR-371-401,Geophysics

dataprocessing,thereis no substitutefor havinga great - Laboratory,M.I.T., 41 pp.

dealof physicalinsight into thenatureof the particular Morrison,H.F.,Wombwell,E. andWard, S.H., 1968.J.Geophys.Res.,73: 2769.
databeingused. Price,A.T., 1950.Q. I. Mech. Appi. Math., 3: 385.

Rikitake,T., 1946.Bull., EarthquakeRes.Inst., TokyoUniv.,
24: 1.
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