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Thegoverningequationsfor theinductionof electromagneticfields in theoceanby ionosphericandoceanicsources
arepresented.A uniformly conductinglayeredmodelanda nonuniformlyconductingthin-sheetmodelarediscussedwith
referenceto theinterpretationof fieldsobservedin the ocean.A procedurefor the separationof the electricfield
continuuminto partsof ionosphericandoceanicorigin is presented.

I. Introduction (HermanceandGrilot, 1970),SanMiguel, Azores
(ThayerandHermance,1972),andMacquarieIsland

Naturalelectromagneticsignalsin the oceanfor (Swift andWescott, 1964).
periodslessthana few yearsare causedby sourcesof
ionosphericandoceanicorigin. Sourcesin theiono-
sphereor aboveinduceelectriccurrentsin theoceanthat 2. Governingequations
aremodified throughthemutualinductioncoupling
betweenthe oceanandconductingmantle.Thedynamo Maxwell’s equationsin MKS-units (Panofskyand
actionof the electricallyconductingseawatermoving Phillips, 1955) for a movingconductingmediumare:
in thegeomagneticfield also inducesoceanicelectric
currents.Observationsof oceanicelectromagnetic V ~D= q, V B = 0, V X E = — aB/at
fields, therefore,cangive information abouttheelec- (1)
trical conductivity structureof the mantleandthe V X B = p(J + aDIa t + q V + V X P X ~.

fluid motionin theoceanprovidedthefields canbe
separatedinto partsof ionosphericandoceanicorigin. Continuity of electriccurrentrequires:
Signalsfrom theearth’score are insignificantfor pen- V / — a a
odslessthanthreeyears(Curie, 1968). q t

Typesof oceanicelectromagneticobservationshave andcontinuity for incompressiblefluid flow requires:
beenthein-situ magneticandelectricfields on thesea
floor andseasurface,thehorizontalelectricfield from V V 0 (2)
instrumentsdrifting with the fluid velocity, i.e., the The materialof the earthis assumedisotropicsothat
G.E.K. (geomagneticelectrokinetograph),andthe vol- theconstitutiveequationsare:
tagedifferencesfrom longsubmarinecables.Measure-
mentsfor conductivitystudieshavebeenmadeon the D = e0E+ p, p = e0(~— 1)(E+ VX B),J= a(E+ VXB).
deepseafloor off southernCalifornia(Cox et al., 1970;
Greenhouse,1972),on the seasurfaceat the dipequa- In theseequations/istheelectriccurrent(Ap/m

2),
tor off Peru(Richards,1970)andon drifting ice sta- E is theelectricfield (Vt/rn), B is themagneticfield
lions in theArctic Oceanby variousRussianssuchas (Wb/m2),D is the electric displacement(C/m2),P is
Shneyer(1971).Islandsitesin the deepoceanhave thepolarization(C/rn2), V is thefluid particlevelocity
beenChristmasIsland(Mason,1963a),Oahu,Hawaii (m/sec),q is the netelectricchargedensity(C/rn3),
(Mason, 1963b;Rogers,1966;Klein, 1972),Iceland = 4ir~i07 is the magneticpermeability(H/rn) of
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free space,e~= 1f(~i0c
2)is theelectricpermittivity vanishesif neithermediais infinitely conducting.

(F/rn) of free spacewherec 3 10~(rn/see)isthe Eq.3 and4 imply that:
speedof light, ~cis the dielectricconstantanda is the . = 0 (6)
electricalconductivity (~2—1rn).

Seawaterhasadielectric constant~ = 78 (Lieber- andthat thenetchargedistributionis:
mann,1962)thatcanbe assumedhere tobe uniform.
Theocean’sconductivitydependsmainlyon tern- q = V p /— e

0F~V X V (7)
peratureandsalinitybutonly slightly on pressure wherep = i/o is the resistivity.Thus,thereare charges
(HomeandFrysinger,1963).On thesurfaceof the associatedwith conductivitygradientsandwith the
openocean,valueslie between2.9and5.8 ~

1rn’ vorticity of the fluid. Consequentlythesechargesset
while theverticalmeanliesmostlybetween2.8and up fields thataffectthe flow of electriccurrent.From
3.7 Ii— 1rn’ with a probablevaluenear3.3~2 1m~ eq.6 and7, theboundaryconditionsat a surfacebe-
(Bullard andParker,1970).Forinductionstudiesof tweentwo mediaare:
theuppermantleitisvalid to assumel.L=,.Loevery- k~J=0, Q—e

0,~pk~J+e0k ~FX ~ V (8)
where(Tozer, 1959).

Displacementandpolarizationcurrents,compared The electricfield measuredfrom a site drifting with
with the true electriccurrent,canbe ignored,i.e.,the a velocity V~will be:
quasi-stationaryapproximationis appropriate(Bullard Em = E + VmX F = p1+ (v’~— Y) X F (9)
andParker,1970;Sanford,1971)becauseuseful fre-
quenciesfor oceanicinductionproblemsare lessthan The G.E.K. field assumesthat vm = V, i.e., theelec-
one cycle perminute.Higherfrequenciesare corn- tric field apparatusdrifts with thefluid. ThenE~is
pletelyabsorbedwithin theocean.Advectionof charge a measureof theelectriccurrent.
canbeneglectedbecausethefluidvelocity will beof or-
der lm/secor less(Sanford,1971).Finally, thetime- 3. Inductionin horizontal layersof uniform conduc-
varyingmagneticfield B will bevery small compared tivity
with thesteadygeomagneticfield F. Forexample,
tidal inducedmagneticfields are notlikely to be Theelectromagneticequationsgoverningthis case
greaterthan 10 ‘y (1 y = 10~Wb/m

2) comparedWith reduceto thedifferentialequationin the magnetic
thegeomagneticfield of order30,000‘y (Larsen, 1968). field:
Thismeansthat magnetohydrodynamiceffectsarenot
importantfor oceanicinducedsignals.The electromag- V2B 1.10 aR/at= — so(F V) V (10)
netic equationsthensimplify to: when the conductivity ais uniform within eachlayer

VD=q, VB= 0, V X E=— aU/at, v xa=,.~i(3) andthegeomagneticfieldFis assumeduniform. The
secondtermon theleft containstheeffectof selfand

and theconstitutiveequationsare: mutualinduction,andthesourcetermdue tofluid
motionis on the right.

DE
0KE+e0(K— 1)VXF, J=a(E+ VXF)(4)

for which V X F V F 0. 3.1. Solutionsfor flat earth
Theboundaryconditionsat thesurfacebetween

two media(PanofskyandPhfflips, 1955) are: Choosex,y, z-coordinateswithzvertically up from
theearth’ssurface.Let solutionshavetheform:

k-~DQ,kB=O,kX~E0,kX~B1.zI (5) _

[B,E, J, V] = [B(z),E(z),1(z),V(z)] exp [i(kx — ~t)1
wherek is a unit vectornormalto thesurface,Q is the (11)
surfacecharge,~ standsfor the changein thefield whereB, E, / andV are theFouriertransformsin k

acrossthe surface,andI isa surfacecurrentwhich and~ of, respectively,B, E, / andV. Substitutionof
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eq.11 into eq.2, 3, 4, and6 yieldsthe following re- ~ k) = Z’ (w, k) =

lationsvalid for eachlayer:

= (i/k) di’2/dz,~ = (i/k) d~2/dz I evaluatedatthe surfacez = O~Thesecontain, in a

+ F2V~— F~V2= — ~ i = compactform, the informationabouttheconductivity
structurebeneaththeobservationsiteandarerelated(12) (Schmucker,1970)to a commonfactor:

= (~/k)~= J~,/a+ ~ — F~V2

Z(co, k) = — k.,C(w, k), ~‘(w, k) = — ik~(w,k)

+ FY~VX— FX~VY= ik(pa)~B~ z
1~ Forthe simplecaseof a uniformiy conductinghalf

When V is presumedgiven, theelectromagneticpro- space,0m’ at a depthz= ~ andwithno other
blemreducesto solvingforB~andB

5 which areso- conductorsbetweenit and thesurface:
lutions of thedifferentialequations:

C(c~.,,0) = hm + ~ +
4Pm (15)

d2B~/dz2= (k2 — ii.Lao~) — ikPoF~V~ wherePm = (2/pam~)1/2 is the skindepthfo~the

conductinghalfspace.Schmucker(197OLhasshown,

—paF
2 dV~/dz(13) by theuseof convolutionintegrals,thatC is a length

scalethatdeterminesthedepthandwidth of the

d
2B

5/dz
2= (k2 — 4Lao.)B

5+ ikpa(F5V~— F~v2) spacethateffectivelycontributesto the inductivere-
sponse.

An estimateof the conductivitystructurecanbe(14) obtainedby comparingtheg~iservedCObSwith eq.15

Assumingthe conductivityis nowhereinfinite, the and~,plotting
0a = [2p~(Im Cobs)2)— versusha =

boundaryconditionsrequireB andhorizontalE tobe Re Cobs.This is calledthe modified apparentcon-
continuousacrossthe h~jiz~ptalboundariesof the ductivity profile (Schmucker,1970) anddiffers from
layers.ThismeansthatB~,,B~dB

5/dzand the usualapparentresistivityprofile in which the ap-

(iiaY ‘dB~/dz+ F2V~— F~,V2 arecontinuousat the parentconductivity is u = [p~(Mod Cobs)
21—i.

boundaries. For oceanicmantleconditionsit is clear from Cox
et al. (1970)that:

3.2. Ionosphericinduction
C(~,k)~C(~,,0) (16)

The caseV= 0 hasbeensolved manytimesin both whenk < 6/RE (RE = 6370km, earth’sradius)for
rectangularandsphericalcoordinates.Recentexamples frequenciesgreaterthan 1.5 cyclesper day.Formid-
areWait (1970)andCoxet a!. (1970).Thesolutions latituderegionsawayfrom the auroralzones(68°N
reduceto two differentmodes,theB-polarization and S)and theelectrojetat thedip equator,approxi-
modeforwhichB

2 = 0 and thereforeby eq. 12, mation(16) is valid at evenlower frequenciessince
B~= E~= = 0 everywhere,andtheE-polarization thecontinuumwill generallyhavesmallwavenumbers
modeforwhichE2 =0 andthereforeby eq. 12 k<

2/RE (Banks,1969).The transferfunction is
By = = = 0. TheB-polarizationmode,givenby thenexpressibleas:
eq.13 is animportantmodefor the interpretationof Z(w, k) ~ — iwC(w, 0)
signalsin thefrequencyrange5—100c/secbecauseof
lightning strokes(Liebermann,1962).At lower fre- andis insensitivetowavenumber.Thus,regardlessof
quencies,however,the appropriatemodefor the in- the complexity of the layeredconductivity structure,
terpretationof ionosphericsignalsis theE-polarization the transferfunctionZ will be a smoothlyvarying
mode(Coxet al., 1970)givenby eq. 14. function of frequencythat canbe estimatedfrom the

A desiredresult of thesolution toeq.14 is there- generalbackgroundcontinuum.Surfaceconductivity
lationshipbetweentheelectricandmagneticfields, structurewill notchangethis resultwhentheinduced
i.e.,thetranferfunctions electriccurrentsareparallelto the conductivitystruc-

ture.



392 J.C. Larsen,Electromagneticinduction in theocean

The transferfunction: Theelectromagneticresponse,for two-dimensional
flow, separatesintoE- andB-polarizationmodes.

~ (w~k) — ik(w, 0) (17) Irrotationalflow, e.g.,surfacewaves,resultiii onlyE-

however,is sensitiveto thewavenumberandtherefore polarizationmodewhereasrotationalflow, e.g.,
canonly beestimatedby a studyof specialgeomag- baroclinicwavesor tidalmotionon a rotatingearth,
netic eventssuchasbay disturbancesfor which the resultin bothE- andB-polarizationmodes.
wavenumberremainsuniformandcanbeestimated. Self andmutualinductionplay a critical role and
Thegeneralcontinuumisnot suitablebecauseit will are relatedto thetime variationandthe sizeof the
containdifferent typesof geomagneticeventssothat inducedelectriccurrentsandtherelationshipbe-
at anyparticularfrequencytherewill bea distribution tweenthemasgivenby thepropagationequation.
of wavenumbersratherthanasingleunique wavenum- The longsurfacewave solution(Larsen, 1971)shows
ber. The restrictionto specialeventscanbe relaxed, thatselfinductionactsto inhibit theelectriccurrent
however,in the caseof abruptsurfaceconductivity flow andthatmutual inductiontendsto cancelthe
structure,e.g.,the coastlineeffect,becauselarge effectsof selfinduction.Selfinductionis moreim-
verticalmagneticfields are observeddue to thecon- portantfor largeoceandepthsand,subjectto the
centrationof electriccurrentsalongthe conductivity propagationequation,highfrequencyandsmall
contrast.Thentheverticalmagneticfielttendstobe wavenumber.For smallfrequencyandwavenumber
lice thehorizontalelectricfield sothat~Z’ will belike the conductingmantlepl’ays a significant role through

thatis asmoothlyvaryingfunctionof frequency mutual induction.Theconductivityof the ionosphere,
thatcanbeestimatedfrom any partof thebackground however,canbe ignored(Larsen,1968) becauseits
continuum. conductivity,a< 10—s ~

1m1, isrelatively small
Finally, the transferfunctionscanbe invertedto comparedwith seawater.

find thelayeredconductivitystructure(Parker,1970; TheB-polarizationmodeis controlledby theleakage
Weidelt, 1972). If wavenumberis independentof of electriccurrentsfrom the oceaninto theconducting
frequency,theconductivitystructurefor a spherical crustandmantlethat areconnectedonly by ohmic
earthcanbefound directlyfrom theconductivity pathsto theocean.Selfinductionplaysa roleby
structurefor aflat earthby an algebraicformula modifying thedistribution of theseelectriccurrents.
(Weidelt, 1972).

3.4. Steadyoceaniccurrents
3.3. Baroclinic wavemotion

Thishasbeentheimportantcasestudiedby ocean-
Thiscaseinvolvestheelectromagneticresponseto ographers(Longuet-Higginset al., 1954).Two-

fluid motion V. Barotropicmotion isdiscussedin the dimensionalflow is pureB-polarizationmode.Measure-
next section.The theoreticaltreatmentsof baroclinic mentshaveconsistedof voltage differencesfrom
wavemotionhavedealtwith: (1) surfacewavesWith submarinecablesbçneathoceancurrentssuchasthe
recentpapersby Weaver(1965)andLarsen(1971);(2) Gulf Stream(Wertheim,1954)andG.E.K. measure-
internalwaves(BealandWeaver,1970;Coxet al., 1970); ments.For a recenttheoreticaldiscussionof G.E.K.
and(3)homogeneousisotropic turbulence(Coxet al., measurements,seeSanfordandSchmitz(1971).
1970).Themagneticfield dueto surfacewaveshas Theelectricfield isexpressibleby apotential
beenobserved(Maclureet al., 1964;Fraser,1965, function as:
1966;Kozlov et a!., 1971) withvaluesamountingto
a few gammasnear the surface.Longswell is moreef- E = — V ~
fective thanshorterwaves.Thesesolutionssuggestthe and thegoverningequationis then:
following remarks. V2 ~ = F V X V

It isessentialthat theoreticaltreatmentsusea
velocity field consistentwith at leastthe linearized Theoreticaltreatmentshaveignoredlateralcon-
hydrodynamicequations.Thismeansthat frequency ductivity changeswithin theocean(Longuet-Higgins
andwavenumberarerelatedthroughthepropagation et al., 1954),butoceaniccurrentsarea different
equation.
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watermassfrom the surroundings.Forexample,east- Parker,1970).Fig.1 showstheverticalsectionof the
wardat 35°Nacrossthewesternboundaryof theGulf conductivitymodelthat includesa conductingman-
Stream,the temperaturecanchangefrom 16°to 20°C tle andallows for variationsin surface(z- ~)andbot-
andthesalinity from 34to 35%o (Stommel,1958). tom(z=—h1)topography.In thefollowing let thesub-
Thiscorrespondsto a conductivitychangefrom 4.4 scriptss andz represent,respectively,horizontal
to4.9 f~‘rn~,an increaseof 10%.A simplemodel andverticalcomponents.
is thentoassumeavelodtyandconductivityeverywhere Theelectromagneticequationsfor the oceanwith
uniform exceptat someinterfacewhere thereis a step sedimentscanbe simplifiedto thin-sheetapproxima-
~ V and~ a. At the interfacethe boundaryconditions lions followingPrice(1949)for signalslessthanone
from eq.5 and 8 are: cycleperhourbecausetheoceanplussedimentdepth

= ~, aij~/ax= (1 — Aa/a~)açb~ will besmallcomparedwith thehorizontalwavelengthof
the ~ignalandthedepthof penetrationof the signal

— k . F X [V~ — (1 — ~a/a~)V—] into the mantle.Thelong-wavelengthresultsof
Sanford(1971)for inductionby fluid motionin a

wherex is the coordinatenormalto theinterface.The layerhaving smallperturbationsin bottom andsurface
questionis whethera smallchangein conductivity topographyagreewith the thin-sheetapproximations.
associatedwith theoceancurrentboundarycansig- Theseare foundby vertically integratingthe electro-
nificantly alter theflow of electriccurrent.Thisprob- magneticequations(3 and4) over the oceanplus
lem is beinginvestigatedby L. Spielvogel(privatecorn- sedimentdepth,applyingtheboundaryconditions
munication,1972). at thetop andbottomandletting thedepthbecome

Harvey(1972)hasmeasuredthetime variationsin small.Then:
theverticalelectricfield from a site in the deepocean k AD=Q, k ~B= 0, kX ~E= 0, kX ~BpI2 (18)
nearHawaii. Vertical electriccurrentstend to be van-

wherek is averticalunit vector,~.B= B(z= ~)—ishingly smallsothatselfinductionwill be small.
Steady-statetheoryis thereforeappropriateandhis — B(z= —h2),Q is thesurfacecharge,and thevertical-

ly averagedelectriccurrentis:signalsarea measureof the fluid velocity in themag-
neticeast—westdirection.

I~=f ‘J2dz

4. Inductionin athin sheetof variableconductivity Note the similarityof eq.18 with theboundarycon-
andthickness ditions(eq.5).

Ohm’s law for amovingconductorbecomes:
Theconductivityof air is lessthan 10—12 ~ 1~ 1

andthe conductivityof basaltbeneaththe oceanis I~= S(E~-s-~
2~”XkF

2) (19)
probablylessthan 10—2 ~ (Cox,1971).There- whereS is the layerconductivity:
fore the oceanand its sedimentsare asmmedhereto
be boundedaboveandbelowby perfectinsulators. S(x,y) = f a dz
Thisapproximationpreventselectriccurrentfrom
leakinginto the conductingmantle,i.e.,B-polarization
is suppressed. andtheconductivityweightedaveragedvelocity

In the openPacific, theoceandepthslie between (Sanford,1971)is:
3 and6 km with a meannear4—4.5km andthe sedi- —

ment thicknessis usuallylessthan 600rn andnear V~= f 01 V2 dz
300 rn fhr areasnot coveredby abyssalplains(Shoret
a!., 1970).Theconductivityof sea-floorsediments The main contributionto V’is thebarotropicmotion
dependsmainly on porosityandis probablyno more asthe baroclinicmotion tendsto be averagedout.
than onehalf asconductingasseawater(Bullard and No electriccurrentsleakinto theassumednon-
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wherer isdirectedfrom anelectriccurrentelemento~O z~
~ at(x’, y’, z’) to the observationpoint(x, y, 0) on

the thin sheet.Substitutionof eq.20 into eq.24and

OCEAN ~ integrationoverthe thicknessof thesheetgives:

z: - I

SEDIMENTS ~ B5—~
1ff(k.G)V

5~Iidx’dy’ I
1(25)

CRUST& o~:O B5”~ ffG.v8~&dx’dy’
MANTLE A

MANTLE a- 0~, wherethe integrationis overthesurfaceareaA that
containstheelectriccurrents.LettingJ5= 15/d0, the

Fig. 1..Modelof electricalconductivityof oceanandupper kernelatmid-oceandepthfor the oceanicelectric
mantle. currentsis:
conductingair orcrust.Thus,.evenwith surface

topography,V5 ‘f~= 0and!5is describableby a stream L~j= r5
2 (r~+

function: Justaboveandbelowthesheetthehorizontalmag-
= — k X V

5 ,t’ (20) neticfield due to theoceanicelectriccurrentscan

whereV5 is thehorizontalgradientoperator.Conti- bewritten, respectively,as:
nuity of fluid flow requires: B~=— }pV~’, B= ~p V5~I

V5 (h1J~)= — aria t (21) The simplestcasefor themantle is to assumeit is
infmitely conductingat anapparentdepth:

where V5 is thevertically averagedvelocity.
Defmean electricalequivalentdepthas: ‘~a= hm+ (2P0mC~))~

1I2

d(x,y) = S(x,y)/a
0 (22) Note thatha is therealpartof C in eq.15. Theef-

fectof the mantlein this casecanbe givenby electric
where00 is themeanconductivity of theoceanandd0 currentsat adepth

2Iza that are thenegativeimage
is themeandepthdeterminedfrom themeanofS of the oceanicelectriccurrents.For thespherical
divided by 00. case,the imagewill beat a radiusR (RE_ha)2/RE

Theelectricfield is: (BullardandParker,1970).Fortheflat earth,when
d

0 <<
2ha, thekernelfor themantleelectriccurrentsis:

E
5=(V5~,/S_..~fF5)Xk (23)

and theG.E.K. field is: Gm =(‘~~4h~)

3~12(r
5 + Vialr)

The combinedoceanandmantlewill beG = G0— Gm
= [V5P/S+ (V8 — Pf)F51X k wherethenegativesign is due to thenegativeimage

TheG.E.K. observationsleadto the estimatesV~—Vs?, currentswithin themantle.
thelocal effects,butclearly the observationsneedto Theverticalmagneticfield, by the useof the di-
be correctedfor V5iP, i.e., the effectsof large-scale vergencetheorem,canalsobe written (Larsen,1968)
electriccurrentflowthat,inprinciple,aredependentoi as:
theoverallconductivitystructure.

The magneticfleid canbe expressedin termsof the B ~ I If~VSG ~‘dy’ C dsj
streamfunctionby theBiot-Savartlaw: Z ‘~ L A

F dx’ dy’dz’ (24)
B = The secondtermon theright isa line integralabout
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the boundaryof theconductingregionA andn5 is the If d, ~, andF5 areuniform, therewill be noelectric
horizontalnormalpointedinwardsfrom the boundary. currentseventhough V X F maybenonzero.If d is
Theboundaryis a streamline asthe regionoutsideA is uniform,thefirst termon the right is themostim-
nonconducting.If thereis only oneboundary‘/‘B can portantfor tidal motion.If thefluid motionhas
besetto zeroandthe line Integralvanishes.Thethird wavelengthsof orderRE, the secondtermwill alsobeimportant.If the flow tendsto behorizontally
termis dueto the line integralaboutthe hr8 nondivergent,e.g.,planetarywaves,thesecondterm

singularityin G0.ThekernelV3’ G0, however,hm ~‘° playsthe significantrole for theverylargestscale
singularity,ausefulfeaturefor numericalcalculations, motion.The third termdependsmainly onbottom

The thin-sheetapproximationsimply: topography,andwhetherit plays a significantrole
or not,outsideregionsof largetopographicgra-

t• v5 x ~ = —aB5/at dients,is notobvious.If oneevaluatesthe third term
solelyon thevalueof possiblebottomslopes,then

Substitutionof eq.22and23 yields: the third termis the predominanttermalmostevery.

v~(v5~/s)— aB~/at= aB/at+ V5 (F5V;) (27). wherein the ocean.However,theothertermsmay
be moreeffectivein generatingelectriccurrentsas

whereB5 hasbeensplit into anexternalpart,B~,that their effectsare organizedwhereastopographywill
is dueto theexternalionosphericelectriccurrents be irregularfor most regions.Topographyalsodif-
andaninternalpart,B~,that is given in termsof ‘1’ fractsfluid motion aroundit. That is, barotropic
by eithereq.25oreq.26. flow hasa tendencyto be parallelto thebottomcon-

Eq.27 is thegoverningequationfor the induction tourssothat theeffectof topographyis reduced.
of electriccurrentsin a thin sheetorshell. It is an Finally, stratificationand friction will reducethe
integro-differentialequationin the two horizontal flow nearthebottom.Whetherall theseeffectswill
spacecoordinatesandit thereforelendsitself to makethe third term of eq.28 insignificant,however,
numericalsolutionfor theworld oceanusingthe is notreadily apparent.
actualshapesand topographyof theoceans.Bullard Solutionsof eq.27 havebeenfound for a semi-
andParker(1970)havenumericallysolvedeq.27for diurnal tidal Kelvin wave propagatingnorthward
theinductionof electriccurrentsin the world ocean alongthe Californiacoast(Larsen,1968).Observations
dueto diurnal ionosphericvariations.Includedin agreewith the solutionsin which it was assumedthat
eq.27 is the coastlineeffect, i.e., theenhancement thebottomcontourswereparallelwith thefluid
ofB5nearanonconductingboundary.Coastlineeffects motion.
havebeenobservedatdeepoceanicislands(Hermance, Measurementsof voltagedifferencesfrom long
1968; Mason,1963a;Klein, 1972). submarinecablessuchasacrosstheNorth Atlantic

The termsof eq.27fromleft to righthavethefol- (Stommel,1954)andacrossthePacific(M. Richards,
lowing interpretation: privatecommunication,1972)are probablybest

(1) The resistivetermthat includesthe lateral interpretedin termsof theglobal solution of eq.27.
changesin surfaceconductivityor depth.

(2) Theverticalmagneticfield dueto electriccur-
rentsin the oceanandmantle.This term containsthe 5. Separationof fields into ionosphericandoceanic
self andmutualinductioneffects. generatedparts

(3) Theterm thatinduceselectriccurrentsin the
oceanby ionosphericsources.Notethat it isthe time Seafloor electricfield measurements,atadepthof
rateof changeof verticalmagneticflux throughthe 4.4kmandadistanceof600km offshorefrom Califor-
oceanthat is themosteffectivecomponentin inducing nia,clearlyshowapronouncedoceanictidal signal
horizontalelectriccurrentsin a thin layerof suchan (Larsen, 1968)sothatonemustconcludethatelec-
extensivesize astheocean. tric currentsdueto oceanicandionosphericsources

(4) The terminducing oceanicelectriccurrentsby may beof comparablesize.Thus,in order to interpret
barotropicfluid motions.Usingeq.21, anddV5 ~ h1ys oceanicelectromagneticfields, onemustbe able to

thissourcetermexpandsinto:

v5-(1~)=—q~/d)a~/at+V~.v/~—(FJd)v;~Vsdl(28)
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,__ ,—. -,

separatethe fieldsinto ionosphericandoceanicgen- = E — Z1B
eratedparts. andtheproblemhasbeenreducedto estimatin,~the

Onemethodof separation(MaIm, 1970) dealsjust transferfunction2~.ThepartcorrelatedwithB is
with the tidal variationsandisbasedon the observa- ~ andtheuncorrelatedpartis
tion that themagneticfield due to ionospherictides The transferfunctionbetweenhorizontal~ and
will benegligibly smallnearmidnight. Thenby a corn-

canbe assumedto be a smoothlyvaryingfunction
parisonof night- anddaytimevariations,thetidal of frequencyandto be insensitiveto wavenumber(see
variationscanbe separatedintooceanicandiono- section3).Thenthe transferfunction is expandedin
sphericpartsprovidedthe tidal periodisnot a har- polynominalsof frequencyas:
nionic of thediurnalvariation.Onecould alsomake N
aseparationof the tidal variationsby comparingan ~ = ~ ~ (29)
oceanicsite with acontinentalsite(Larsen,1968). n~O

A separationprocedure,presentlybeingexplored
for electricfield observationson Oahu,Hawaii, is whereA~arethe complextermsto be determinedand
basedon a cross-correlationof the electricfield with variousvaluesof N up to 10 are tried.The factor
the islandhorizontalmagneticfield. Only a brief out- ZM(c~)is thetransferfunctionbasedon a first estimate
line of the separationprocedureandsomeconclusions of the possibleconductivitystructure.This factor is
will be presentedhere.The detailedcalculationswill foundto be necessaryin orderthat a low-orderpoly-
begiven inanotherpaper.Imagine,therefore,for sim- nomialcanadequatelyapproximatetheactualtransfer
plicity’s sakea singlecomponentof thehorizontal function.Thisprocesscanbe iterated,i.e.,having
electricandmagneticfield, andlet thesubscripts0 determinedZ andarealisticconductivitymodel
andI refer,respectively,to partsof oceanicand frorn it, themodel is thenusedto supplyanewfac-
ionosphericorigin. TheFourier transformsof the tor ZM. Onestopswhen2~~ ZM forN lessthan say
timeseriesinto frequencyspacecanbewritten as: 10.

Thecoefficientsof thepolynomialsareestimated
F + E1,B = 80 + B1,E1 = Z1,B1, E0 = Z0B0 Usingthe generalbackgroundcontinuumby finding

wherethe
2”s arethe transferfunctionsand~(w) and theminimumof:

are theFourier transformsof the simultaneously N
observedfieldsE(t) andB(t). Solvingfor , onehas: R2 = ~ wt((~

1)IE~((~.)1)— ~ ~(c~~)E An(J
212

~

Oneobservesthatfor frequenciesless thanone by leastsquareswhereJ is thenumberof frequencies
cycle perhourtheoceanicgeneratedpartcompared consideredfor a particularfinite recordlengthand
with the ionosphericpartis more prominentin the ~4~(w)is a weightingfunction foundto be absolutely
horizontalelectricfield thanin thehorizontalmag- necessaryin order to arrive at transferfunctionsthat
netic field (Larsen,1968). This is becausethehori- give realisticconductivitystructures.Theleast-square
zontalelectricfield is a measureof the in-situ elec- procedureis justified if the residues,here have
tric currentwhereasthehorizontalmagneticfield, awhite noisespectrum(JenkinsandWatts,1969).The
by theBiot-Savartlaw, is an integraloverall electric weightingfunctionis chosen,therefore,to prewhiten
currents.The interpretationof the sea-floormeasure- the spectrumof the uncorrelatedfield. After several
mentsis consistentwith thefactthat low-frequency trials, it wasfoundthat theuncorrelatedspectrum
electriccurrentsin the ionospherôareverymuch hada trendw 1 andpronouncedpeaksat the diurnal
strongerthanthe oceanicelectriccurrentsinduced andsemidiurnaltidal frequencies.Therefore,the
by eitherionosphericor oceanicsources.The hori- weightingfunctionwas chosentogo as w with deep
zontalmagneticfield on anislandwill thereforehave notchesaroundI and2 cyclesperday.The correlated
a verysmallcontributionfrom oceanic-inducedelec- anduncorrelatedtime serieswere thenfoundby taking
tric currents.Thisamountstoletting ~ so that theFourier transformof, respectively,F

1andF0.
it is valid to assume: Fig. 2 showstheseparationof a monthof electric
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(3)Weidelt(1972)hasshown,for alayeredearth
E BAND PA5S~D 0.13—4.13 dO80 andwavenumberindependentof frequency,that the

transferfunctionand its derivativeswith respectto
frequencyhave to satisfycertaininequalities.These
conditionsof inequalitiesareeasilycheckedfor the
polynomialexpansioncase.

Thebestprocedurefor thepresentis to first
computethe transferfunctionby narrowfrequency

~20
bandsin orderto determinethedegreeof smoothing
thatseemsto be allowedand thento apply the proper

0 10 20 30 deDAYS (APRIL 1970) gree of polynomialsmoothing.
It seemslikely that the aboveseparationprocedure

Fig.2.Monthly sampleof separationof electricfield on Oahu, couldbe appliedto midlatitudeG.E.K. observations
Hawaii. Bandpassedoriginal serieslabeled0, seriescorrelated
with Honolulu magneticfield labeledC, anduncorrelatedseries in order to removeionosphericsignalsthat canbe
labeledU significant(Coxet a)., 1964).If the conductivity

structureis knownatboth thebasemagneticsite

field observationson Oahu,Hawaii into partscorre- and theG.E.K. site, then the transferfunctionscan
latedanduncorrelatedwith the two horizontalcorn- be computedandusedto estimatethe ionospheric
ponentsof the magneticfield at the HonoluluObser- electricfield at theG.E.K. site using theobserved
vatory.The correlatedpartshowsthe typical diurnal basemagneticvariations.The bestprocedure,since
variationsof the ionosphereand,for this record,con- the G.E.K. field isobservedfor shortdurationswith
tainsmorethan90%of thetotalenergyof the original manyInterruptions,is toestimatethe ionospheric
record.Theuncorrelatedparthasthe appearanceof field in thetime domain.Thiswill involve a con-
a typical sea-levelrecord. volution integralbetweenZ

1 andB.
A checkon thereliability of the transferfunction is Attemptsto separatethe continuumof~’5at

providedby a studyof the oceanictidallinescontained theHonolulu Observatoryinto oceanicandiono-
in the uncorrelatedsignal.That is, estimatesof dif- sphericpartshavefailed. Themain reason,it is
ferent tidal linesfrom separate,independentsegments believed,is that at anyparticularfrequencythere
give nearlyidenticalamplitudesandphases,provided cannotbea singleuniquetransferfunction2~’
theweightingfunctionis used.Thisshowsthat the becausethe continuumwill containa distributionof
transferfunctionsarequite reliableatdiurnal and wavenumbers.Thiswill resultin low coherencebe-
semidiurnalfrequencies.Thetransferfunctionsare tweentheverticalandhorizontalmagneticfields.
also notbiasedby thewhite noisepartof E, seefor
exampleMunk andCartwright(1966).
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