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A summaryreviewof electromagneticinductiondriven in the Moon by the interplanetarymagneticfield is given.
Thepoint of view developedcenterson inversionof Fouriertransformsof themagneticfield in thefree-streamsolar
wind (forcing function) andthe responseon thelunar surfacemeasuredby Lunar SurfaceMagnetometers.Conductivity
profilesareshownto dependupon thecentralanglebetweenthe magnetometergivenby localtime andtheincidentwave-
normaldirection.The inductionexcitesat leastmagneticdipole andquadrupole“radiation”, but anyscatteredfield
is confinedto theMoon’s interior, savefor propagationdown thecavity wherea TE-modesurfacewaveis generated.
Confinementof the inducedfield on thesunwardhemisphereandnearthesubsolarpoint is nearlycomplete,decreas-
ing to thelimbs,while in thediamagneticcavity downstreamof theMoon,partial confinementtakesplace.Both time
and spatialmultipolesof the inducedfield arepresentin thelunar interior complicatinginversioninto conductivity
profiles.Profiles arereviewedandresolutionlimits are given andcomparedto thoseobtainedfrom transientanalysis.
Finally a qualitativecomparisonto conductivity in the Earth is given.

1. Introduction is least,true-vacuumconditionsare still notapproached.
Electromagneticeffectsare still presentbut free of the

In its flow abouttheMoonthe solarwind impacts flow of streamingplasma(Smithet al., 1974).
directlyupon thesunwardsurface;on the darkor The Moonis immersedin an electromagneticfield
antisolarhemispherea cavity is formedfrom the tar- whosecomponentfields are theinterplanetarymagnet-
get obscurationof the solarwind by theMoon itself ic field andthe motionalelectric field of thesolar
(Colburn et al., 1967;Nesset at, 1967;Lyon et al., wind. The latterarisesasa consequenceof the relative
1967).Pressurebalanceacrossthecavity requires motionof the solarwind and theMoon, and the high
that the interplanetarymagneticfield be magnified conductivity of theplasma;it canbeexpresseddirectly
therein,becauseof the decreasedplasmapressurein from theLorentz invarianceof theMaxwell equations.
thecavity.The solarwind is a diamagneticfluid; the Thoughtheelectric field E transformsas —V5 X B,
diamagnetismis manifestedwithin the cavity asan where V~is thebulk speedof the solarwind with re-
increaseof magneticfield. At the limbs of theMoon spectto theMoon, andB is the interplanetarymag-
wherethesolarwind grazesthesurfacethereis usu- netic induction,B transformsinto itself nonrelativisti-
ally a largeincreasein magneticfield, sometimesac- cally,which is alwaysthecasefor the solarwind. Since
companiedby the occurrenceof a weak shockwave E = 0 in the framemovingwith the solarwind, it is
(Siscoeet al., 1969;SonettandMihalov, 1972).These apparentthat the electric field seenby theMoonwill
effectsdisappearwhentheMoonis shieldedfrom the be given by —V~X B.
direct flow of the solarwind, i.e. whenit is within the Both componentsof thetotal electromagnetic
magnetictail of theEarth.There,while restrictedto field containirregularities.Themagnetic-fieldvaria-
theplasmatheetdefiningthe separationof the two tionsarisefrom convectedtangentialdiscontinuities
lobesof thetail, the presenceof a disturbancefield (Burlaga, 1971)anddiverseplasmawaves(Belcherand
is noted(Schubertet al., l974a).Even away from the DavisJr., 1971)which propagatebut are alsocon-
sheet,but still within the tail wheretheplasmadensity vectedat speedsfar in excessof the propagationspeed.
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Fig. 1. Apollo-i 5 Lunar SurfaceMagnetometer(LSM) shownjust subsequentto deploymentatHadleysite just forward of the
ALSEPcentralstation(NASA photograph).

Both EandB areconceptuallyimportantin induction in the field of global Earthinductionwill recognize
in a “bare” planet,i.e. onedevoid of an insulatingat- theanalogy.There,only the TE modeis excitedbe-
mosphereor amagnetosphereandpossiblyin other causethe insulatingatmosphereinhibits theflow of
cases.* vertical currents.In the caseof theMoon, an “ideal-

Induction by theinterplanetaryelectricfield cor- ized” bareplanet,theexcitationby theelectric field
respondsto thetransversemagnetic(TM) mode,while hasnot beendetected.The low crustalconductivity of
thatdue to the magneticfield correspondsto the theMoonis hypothesizedto inhibit directelectrical
transverseelectric(TE) modeof classicalelectromag- contactbetweenthe moreconductinginterior andthe
netic theory (SchubertandSchwartz,1969).Workers solarwind. If present,suchcontactwould signify a

total-pathimpedancesufficiently small that a steady-
* Planetscan beclassifiedas“bare”, havinganatmosphere, stateelectriccurrentwould be drawnbetweenthe
a magnetosphere,or both. We havepreviouslysuggested . . .solarwind and the lunarinterior sufficientto cause
(SonettandColburn,1967, 1968)the termsgeospheric, . .

atmosphericand magnetospheric,leaningheavilyupon the formationof a steady-statebow shockwave it is
terminologyalreadya partof thevernacular, the lack of sucha wave,with the possibleexception



SOLAR-WIND INDUCTION AND LUNAR CONDUCTIVITY 315

of somevestigialeffectsat the limb, which leadsto dyne/cm2,theequivalentfield intensity is of the
theconclusionthat theTM modeis not significant order 50 y. Sincetheinducedfield of Fig. 2 rises
(SonettandColburn,1967,1968).Althoughit might to thisvalueor more,it is plausiblethat theconfine-
beassumedthat thepeakTM responsecould take mentlimit hasbeenreachedfor this case.Although
placeat non-zerofrequency,this doesnot turn out to all of the detailsof theflow of a tangentialdiscon-
be thecaseand theaboveconclusionappearsfirm tinuity againsttheMoonhavenot beenworkedout
(SonettandColburn,1974).The lackof a perceptible in connectionwith the confinement,it is certain
TM modepermitsevaluationof the inductive signals that a strongnear-surfacecurrentlayer existsin the
in theMoonto be substantiallysimplified, solar-wind plasmaupstreamof the front hemisphereof

Fig. 1 showsthedeployedground station(ALSEP) of the Moon. This current layermustcome from
for theApollo-15 landing.Thisconfigurationat Had- the pressuregradientsin the plasma;an important
ley is nearlythesameas for Apollo 12. The magneto- sourceof theseis the confinementof the field.
meter(LSM) is shownin theforegroundwith the sun
shadeusedto protectthecentralelectroniccontainer
at thebase.Immediatelyafterthe deploymentof the 2. Lunar transferfunction
Apollo-12 Lunar SurfaceMagnetometer(LSM) at the
OceanusProcellarumsite, discoveryof an inductive
signalof spectacularamplitude in theMoonwasmade Forpurposesof analysisthe electromagneticre-
in responseto a forcing field that consistedof a tan- sponseis definedby a strictly empiricalprocedure.
gential discontinuity(Sonettet al., 1971).The signal Time-seriesrecordingsof magneticfield, bothat LSM
transientamplitudeof approximately60 y seenat andExplorer-35lunarsatellite (requiredfor determin-
LSM takesplace in thepresenceof an interplanetary ing the forcing function), are Fourier transformedinto
field of relativelyconstantmagnitude,LBI. the frequencydomain(Sonettet al., 1972).The trans-

Thevacuumresponseof a conductingsphereis at fer function,A~(f)is definedby:
most3/2thatof the forcingfield. For the sunward
lunarhemispherethe solarwind plasmadynamicpres- ha~(f)+ hi~(i)=A~(f) h

1~(f) (1)
sure,approximatelyl0~dyne/cm

2during timesof where [h
2~(f)+ h11(f)] are the Fourier-transformed

solarquiet,forcestheinducedfield backinto the timeseriesof the magneticfield componentsin ALSEP
Moon.That this could happenwassurmisedmorethan coordinatesat ALSEPandExplorer35 respectively.~is
a decadeagoby Neugebauer(1960), in attemptingto the unitvectorpositiveoutwardsandnormalto thesur-
explain the negativefindingsof Lunik II in its search faceof theMoonattheALSEPsite,~is positiveeasterly,
for a permanentlunar field (Dolginov et al., 1961). andIpositivenortherly,in thesenseof customarycom-
Not only is the inducedfield confinedto thelunar passheadings.TheseALSEPcoordinatedarebasicto most
interior,but thehigh-frequencyfield mustbecon- of thefollowing discussion.Theparameterf is thefrequen-
fined to the crust.Otherwisetheinterior volumeof cy andA1(,)’) isa columnvector;nearthe limbs,twisting
confinementin the Moonwould be largeandthe of the field linesmayintroducecross-couplingand
amplificationonly slightly largerthan for a vacuum. makesA(f)a tensor.The summedresponseshownon
From thesecommentsandthe frequencydependence theleft side of eq. 1 is the actualresponsemeasuredon
of skindepthit follows that a steeplyrisingconduc- the surface.Separationof the forcing field from LSM
tivity profile existswithin thecrust.Whenthe solar datais notmadeusingan angulardistribution of sta-
wind is viewedasa fluid, the pressurenormal to the tionsas on Earth;Explorer35 makesa direct mea-
surfaceshoulddecreaseawayfrom the stagnation surementof this quantity.The inducedfield aloneat
(subsolar)pointandtowardsthe limbs. Someimper- thesurfaceis givenby:
fection in field confinementmaytakeplacenear the
limbs dueto thereducedplasmapressure,a result E”~(t)—1] hi~(f)
substantiatedat leastpartially by theexcessfields Fig. 2 showsthe compositecomponenttransfer
oftenseenthere(ColemanJr. et al., 1972).Given a functionsderivedfrom more thanonehundredhours
“quiet-time” solarwind dynamicpressureof 10~ of timeswaths.The solid linesrepresentfront or
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Fig. 2. Compositeof componenttransferfunctionsincluding io-~ 1 1
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Fig. 3. Compositeof current-layer(CL), double-current-

sunwardhemispheredatawhile theshadedlines refer layer (DCL), core-plus-current-layer(CCL),two-layer(2L),

to darkhemispheredata.The front-sidedatarises to a three-layer(3L), andfour-layer(4L) modelsobtainedfrom
peakvalueof nearlyA = 4 while on the dark side inversionof sunwarddata.The iterationis forcedonly toy,z , maintainmodel type; conductivity andradiusaredetermined
theamplitudeof the two tangentialcomponentsA~ by calculation.Currentlayermodelscorrespondqualitatively

andA~~ 2 but is still higher than the vacuummaxi- to the Backus-Gilbertresolutionand “merge” into monotonic
mumof 1.5. The extendedlow-frequencydatafor the modelsas shown.Thesemodelsarebasedupon a scattering

front side of theMoonis a result of having substan- angle 0 = 150°and V~= 200 km/sec(Sonettetal., 1972).

tially longertime swathsthan for dark data.Theless-
ermean-square-standarderrorsfor the front (sun-
wardhemisphere)areindicative of a muchgreater masqueradesasa vacuumresponse.Thesedatacanbe
bankof data. invertedinto a conductivityprofile usingvacuum-

A~is nearlyunity overthewhole frequencyspan scatteringtheory,but theresult indicatesa nearly
confirmingthe useof a confinementof the scattered constantconductivityMoon from themaximumres-
fields by a surfacecurrentlayer in thetheoretical olution depthto thesurface(Schubertet al., 1973a).
analysis.However, the conditionis not exact,as a This is clearly inconsistentwith othercalculationsas
slight rolloff existsat thehigh-frequencyend of the will be seenlater.
transfer-functionrange.This is presentlynot under- One of themostdistinctivefeaturesof the data
stood;onehypothesisis thatplasmawavesare gener- of Fig. 2 is therollover at highfrequencyfor both
atedat sufficiently high frequencysoas to propagate the front anddarkhemispheres.Therollover is at-
upstream,especiallywhenaway from thesubsolar tributableto mutualinterferencebetweenthe dipole
pointwherethenormal componentof the hypersonic and higherordersarisingbecauseof the cavity and
streamvelocity is reduced.If correctthis would mdi- becausethewavelengthof thedriving field is compar-
cate that theboundaryconditionis “dispersive”, able to the size of theMoon. In line with this the

On the darkside of theMoonthebehaviorof A~ upperabscissashowsthescatteringparameters-2lrRm/X
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basedupona solar-windwave phasevelocity V~,= 300 a definablestandardto be given in termsof the
km/sec. mean-squareresidualstandarderrorbetweena for-

Since thefrequenciesinvolved in lunarinduction wardcalculatedtransferfunction andthat representing
are extremelysmall, displacementcurrentscanbe ig- the data(Sonettet al., 1972).The SSPtheoryassumes
nored.The Moon is highly dissipative,and it is cus- a spherical-symmetricMoonwith radially continuously
tomaryto use the decaytimefor eddycurrentsasa stratifiedconductivity.Althoughthe formal identity
measureof the conductivity(Dyal andParkin,1971; of the SSPtheorywith Mie scatteringhasbeenex-
Sill, 1972;Vanyanet al., 1973).This is appropriate plored(SonettandColburn,1974),andthescattering
for transientanalysis,but the formalismusedhere parametershownto characterizethe relativestrength
andfor Earth inductionis castfundamentallyin terms of the magneticmultipolesexcited,it is clearthat
of a waveequationalbeit with highly dampedprop- total confinementof the inducedfield cannotpermit
agation.The theoryis formally identical to Mie a radiatedwave.We employ the termpseudoscat.ter-
scatteringand at long-wavelengthtends to the ing for the phenomenonwherethewave associated
Rayleighlimit, savefor the lackof a radiatedscat- with the inducedfield is entirely containedwithin
teredwave (SonettandColburn,1974). theMoon.

The introductionof the cavity into the problem
causesa perturbationhavinga scalecomparableto

3. Theory that of theMoon. It is thereforenot surprisingthat
thesolution undertheseconditionsyieldsspatialmul-

Lunarelectromagneticinductionis complicatedby tipolesof the field. The first version of this theory
the involved geometry,theplasmaconfinementon the useda magneticscalarpotentialwithin theMoon and
sunwardside andthecavity behindtheMoon. Any thecavity,wherecurrentsarehypothesizedto flow
attemptto understandtheprocessaswell as to invert alongtheboundaries,restrictingthe scatteredfield
datain the classicalgeophysicalsenseinto a conduc- (SchwartzandSchubert,l973a). In this problemthe
tivity profile, may fail without adequatetheory. lunarinterior is characterizedby two layers,thecore
Theoreticalwork hasbeenunderwaysincebefore beingof infinite conductivityand thecrustnon-con-
the onsetof theLSM experimentandhasbeenaimed ducting.The limited symmetryof this problemmeans
at solvingthe TE waveequationunderdifficult bound- that the wave-normaldirectionmustbeknown,
aryconditionswhich are determinedpartially by the thoughin the low-frequencylimit thewavelength
magnetohydrodynamicflow field surroundingthe spectrumof the solarwind neednotbe specified.The
Moon. A full theory includinghigh frequencieswould pseudoscatteringangle,0, liesbetweenthe outward
involve “dispersive”boundaryconditions,i.e. higher- positivek vectorandtheposition of LSM on thesur-
frequencywaveshavesufficientcharacteristicspeed facespecifiedby the local lunar time. The solar-wind
in the solar-windplasmato be ableto escapeconfine- bulk speed,V~and the phasevelocity V~will generally
ment.But theenergydensityis likely insufficientto differ. Thelatteris definedalongthe directionof k,
be of interest,andin anyevent,suchfrequencieslie andits magnitudeis V5 resolvedin tl1at direction.
far outsidethe passbandof themagnetometers. Schubertet al. (l973b) havesolved themoregen-

In spiteof theformalsimilarity of the theoryto eralcasefor higher frequency,but in bothcasesthe
Earth induction,loss of symmetryis entailedby the problemis so far restrictedto k parallelto the cavity
introductionof the cavity field. The higher-order axis. Schubertet al. showthat a TE-modewave prop-
modesof the lunarproblemprecludeany simple agateslengthwisein thecavity. A low-frequencycut-
descriptionof theforcing field (Schubertand off of about60 Hz is calculated;this is conceptually
Schwartz,1969).Thesestatementsmust be regarded interestingandshowsthat somescatteredradiation
in the light of somecomparisonstandard.That is is present,butthe frequenciesareprobablytoo highto
furnishedby SchubertandSchwartz(1969),who be of generalinterestin the conductivityproblem.
employedsphericallysymmetricplasma(SSP)con- Arbitrary k vectordirectionstill remainsan important
finement. Forwardcalculations,usingmodelsde- problemfor a full inversionof data.
velopedfrom inversionwith the SSPtheory,permit A physicallyintuitive view of theeffectsof intro-
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ductionof the cavity into the inductionproblemis TABLE I

givenby notingthat linesof the inducedfield on the Meandifferencesaveragedover V~,and0 betweenmodels

sunwardside of theMoonarecarriedbackinto the anddata transferfunction

cavity in completeanalogywith theEarth’smagneto-
Model Meanerrorsphere(Schubertet al., 1973c;SchwartzandSchubert, ____________ ___________________

l973b;Smith et al., 1973).The details seenin calcu- CL 2.97
lation (Schubertet al., 1973c)of theform of the in- 2L 1.01

ducedmagnetosphereshow thateventhedipole axis 3L 0.50

is tilted forward into the solar wind in analogywith 4L 0.60

that for Earth,but the comparisonfails to includethe
null linesof the Earth’smagnetospheresincereconnec- __________________________—________________
tion is forbiddenin nondeformableconductors.

CCL andDCL, butCL and2L modelsare emphatically
4. InversionandconductivityprofilesusingSSPtheory ruled out. (The squareinternalerror of the data

summedover thepassbandis e
2 = 0.70.)It is clear

Conductivityprofiles resultingfrom inversionof that the resolutiondeterioratesbeyondusefulnessin
sunwardhemispheredatatakenfrom Sonettet al. attemptingto distinguishbetweenthemorecomplex
(1972)aregiven in Fig. 3. A rangeof standardmodel models.
types is included.Their suitability is testedby com- The readeris referredto Sonettet al. (1972)for a
parisonof the squareerrorresiduebetweenthe forward completedescriptionof thecalculationsandtheir dif-
calculatedtransferfunctionusingthesemodelsand the ferences.The bestfit is found for V~= 200 km/sec.
actualdatatransferfunctions. But thisis puzzlingfor themeanspiral angleof the

The inversionis carriedoutby demandingan itera- interplanetarymagneticfield is 450; thusV~would be
tive fit to a specifiedcase,e.g. threelayer,butthe expectedto be about300 km/sec,if Alfven wavesprop-
radius ofeachlayerand its conductivity arefreely agatingdown thelinesof force(Belcherand Davis
determinedin the iteration. In addition,thephase Jr., 1971)are assumedto constitutetheforcingfield.
velocity, V~,and the pseudoscatteringangle,0, are It is quitepossiblethat this simpleassumptionabout
chosento cover a rangeof valuesapproximatingrea- the form of the forcing field is in error.The effects
sonablesolar-windconditionsandthe positionof the upon the conductivityprofilesis not seriousfor the
LSM in local lunartime. For purposesto be madeclear deeplimit but raisesdifficulties if fine resolutionnear
shortly,themodel choiceis divided into monotonic thesurfaceis required.Am~usedin thesecalculations
two layer (2L), threelayer (3L), four layer(4L), and representsthe minimum valuefor A andis foundby
a groupincluding currentdiscontinuities,i.e. current makinga compassrotationof the transferfunction.
layer(CL), double-currentlayer(DCL), andcore-plus- This is requiredbecauseof the anisotropyin A~and
currentlayer(CCL). Currentlayersare characterized A~,which at the timeof thesecalculationswas
by their radialpositionandconductivity—thickness thoughtto be associatedwith the permanentmagnetic
product,no, anadmittancegiven in unitsof mho. field at theApollo-12 site. Similar resultsare found
Conceptuallytheseare qualitativelyindicative of res- for conductivityprofile changeswith changein the
olution. pseudoscatteringangle.

A rangeof valuesof V~= 200, 300, and 400 km/sec
is given in Sonettet al. (1972) togetherwith 0 = 120°,
130°,150°,and180°.Thereis little choicebetween 5. Darksideinduction
the3L and4L modelssignifying a lackof resolution
at this level of detail.Table I showingtheaveragedif- This sectiondiscussesthe inductionproblemwhen
ferencebetweenthemeanerror of a specificmodel the LSM is in lunarnight (Dyal andParkin,1971;
andthe datatransferfunction takenoverall choices Schubertet al., 1973a),and thuswithin thediamag-
of V~and 0, indicateslittle differencebetween3L, 4L, netic cavity. Fig. 4 givestheoreticaltransferfunctions
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2.4 (2~~Rm) 05 .1 .3 .5 .0/ 3.0 theory intrinsically implies the speedof light and

ordersof the forcing field.)2.0 ‘ 09, 9.72’ thereforefundamentallycannotsupply thehigher

~ A succinctsummaryof thetheoreticalaspectsof
the day—nightdifferencesandvacuumtheory is given

: ~ vacuum(SSV) and asymmetricplasmaconfinement~A~,9.45 by Schubertet al. (1973b).That work showstangen-90’ tial transferfunctionsfor sphericallysymmetricat midnight (0 = 0°),while the sphericallysymmetric0 ~AR,9’90’
I I I plasma(SSP)and asymmetric-confinementresultsare

c
IO~ I0~ l0~ ~I0~’ comparedat midday (local noonor the stagnation

f(Hfl

point of thesolar wind with 0 = 180°.)The peakvalue
v~ (FORCING WAVE PHASE VELOCITY) 2x IO~cm/sec of A for asymmetricconfinementis reducedfor 0 =

V
5 (SCATTERED FUNCTION PHASE VELOCITY) 3 x 1010 cm/sec 180°from the SSPvalue, indicatingthat someupward

Rc 1278km; R5 1600 km
revisionof the conductivity profile obtainedthereis

1.55 x IO~mho/m; cr~ 2.92 x IO’~

—odopted t,om ScPlobe,t, Cr01, 973 required,providedthat the assumptionis madethat the
Fig. 4. Nightsidelunar transferfunctionswith superimposed propagationis parallelto the cavity axis. That this is
forward calculatedtransferfunctionsbasedupon themodel an oversimplificationfor the solarwind seemslikely.
of Fig. 3. The transferfunctionsshowncorrespondto varying For the darkside it is clear that differencesalso exist.
0, which hasa profoundeffect upon thedeviationsfrom fit. But little morecanbe said exceptthat thesediffer-
The theoryusedfor theforward calculationsis quasi-vacuum. encesare due to thepartial confinementand to the
The forcing field phasevelocity, V~= 200 km/sec(adapted excitationof higher-orderspatialharmonicsof the
from Schubertetal., l973c).

field becauseof the presenceof thecavity.

in a sphericalpolar set.A,. correspondsto A~in the
ALSEP set.For0 = 45°,the LSM is midwaybetween 6. Signalanisotropy(polarization)
the antisolarpoint (lunarmidnight) and the limb of
the Moon. In thegreatcircle cross-sectionon the Recentresultsfrom Apollo 15 (Schubertet al.,
Mooncontainingthe vectorB, A~correspondsto the l974b;Sonettet a!., 1974) showthat strongpreferen-
ALSEP (compassnorth) direction. tial (anisotropic)excitationtakesplaceat this site.

The transferfunctionsof Fig. 4 covera more re- Theeffectbeginsto becomeapparentat about5 mHz
strictedrange thanfor the sunwardhemispherebe- anddominatesthe responseat high frequency.The
causeof the restrictedtime-swathlengthsavailable. implicationof this polarizedresponseis thepresence
A forwardcalculationusing the3L modelshown in of a local or regionalconductivityanomalyin the
Fig. 3 cannotbe madeto fit the datafor anypseudo- Moon. A likely candidatesupportedby calculation
scatteringangle.The complicationsbecomeevenmore is theImbrium basin.
extremefor thetangentialfunctions,for it is apparent A similar but lessprominenteffect,notedin the
that no fit is attainableover the entirefrequency earlyanalysisof the Apollo-l2 signals(Sonettet al.,
rangefor anyreasonablyconceivedvaluesof 0 and~ 1972),showedthedirectionof maximumresponse
(Schubertet al., l973a). The transferfunctionsused to be alongthepermanentmagneticfield. This, to-
for thesecalculationsare derivedusing a modified getherwith the finding of a correlationbetweenplas-
vacuumtheory.That is, zero confinementis assumed ma dynamicpressureand theintensityof the local
butthe forcingfield V~,= 200 km/sec On the basis permanentfield (Dyal et al., 1972),suggestedthat
that theplasmadensityin thecavity is very low, the plasma-pressurefluctuationsat the site contributedto
wave speedthereis assumedto be that of light in vacua, the recordedinductionin additionto that from the
The purposein this artifact calculationis to attemptto interior (Sonettet al., 1972).However,an adequate
force a fit by the ruseof introducinghigher-ordertime theoryfor this effect hasnot beendeveloped.It was
multipolesvia the low phasespeed.(Ordinaryvacuum later determinedthat the anisotropyat Apollo 12
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persistedinto thecavity (duringlunar night)whenall 8. Comparison to Earth induction
effectsof the incident solarwind shouldhavebeen
screenedaway.Thustheconditionsproducingthe In Fig. 5 we give a compositeof severalEarth
anisotropyat Apollo 12 remainenigmatic;perhaps modelstakenfrom reviews givenat the lastEdin-
it is associatedwith thatproducingthe Apollo-lS burghWorkshop(ElectromagneticInduction in the
response,but this is presentlyconjectural. EarthandPlanets,1973).The model of Banks(1969)

The effect upondeterminationof a conductivity showsa cutoffin resolutionat depthsless thanabout
profile remainsto be assessed.The deepconductivity 0.1 Earthradius.The high-frequencylimit for the
appearssafe from majormodification from this cause datausedwas 2.9 ‘ 106 Hz. Thelunardata shows
sincethe effect seemsto vanish for very low frequency, conductivity profileswith greaterinternalconsistency
butseriouscomplicationwith thedeterminationof andvaluessomefour orderslower than for theEarth.
thecrustalconductivitymayexist. This is analogousto The scaledcrustal resolutionis similar to that for the
Earthwhere,for deepsounding,sphericalsymmetry Earth,thenearcrustbeingunaccessible.Thehigh-
canbeassumed(Banks,1969),butfor high frequen- frequencylimit for the lunardatais 4 102 Hz. The
ciesthe near-surfaceregionsareknownto require a lunarhigh-frequencylimit is some1.4 • l0~times
morecomplexdescriptionthanaffordedby a sym- that for the Earth.Conductivitiesfor the two bodies
metrictheory (Rikitake, 1966). differ widely, but an obviousscalinglaw usingskin-

depthargumentsis apparent.
Thelunar datashowstheconductivitymodelsdis-

cussedearlier and given in Fig. 3, while theshaded7. The limit of deep sounding .regionsare estimatesfrom transientresponse(Dyal
andParkin,1971).Theconductivity is shown to 0.3

Lunar inductionhas the distinguishingfeaturethat Rm,butbasedupon thediscussionof Section7, there
theconfinementintensifiesthe returnedsignal;this appearsno reasonto assigna realsignificanceto these
aidsmaterially in raisingthe signal to noiseratio and estimates.Indeedboth the Fouriertransformand
is mostapparentat thehigh-frequencyendof the transienttimedomainresponsesfail to give significant
spectrum.As thefrequencyis lowereddeeperpene- resolutionbelowaboutO.7Rm,a conditionexpected
tration of themagneticfield takesplaceandthelunar to improve only by the analysisof moredata,which
volume excludingthe field linesincreases(Schwartz would improvethe statistics.A key differencebetween

andSchubert,1973b).Thus thedeterminationof the time andfrequency-domainmodelsis theradiusof
whethera conductingcore is presentdependsupon theshell in the3L model.The transientresponsere-
low-frequencyamplificationwhich in turn becomes sultsvary from 0.9 to 0.97Rm. Since thesearebased
lessimportantasthe coredepthis increased.The upon a vacuummodelin thedipole limit, thereap-
secondsignificant effectwith increasingdepthof pearsno reasonto place a high-confidencelevel upon
core is the geometricalinversecubedecreasein signal them.On the otherhandtheadditionof theaniso-
strength.Togethertheseform themostsignificant tropy togetherwith thegenerallyincompleteaccount
constraintsuponwhethersignalto noise ratio is suf- givenby theorydoesnot lend theutmostconfidence
ficient for detectionof a core of specifiedconductivity to theresultsin general.
at a presumeddepth.Schubertet al. (1973a)have Although theBackus-Gilbertresolutioncriterion
examinedthis problemusingcomputersimulations. (BackusandGilbert, 1967, 1968,1970) hasnot been
Theysuperimposea core of conductivity 10”2mho/m explicitly discussedin this paper,the spirit of it is
upona Moonof constantconductivity 1.7 1 0~ containedin the combinationof modelsfor thefre-
mho/m.A core of radius0.7Rm is just detectibleusing quency-responseanalysis.Unpublishedresolution
the radialtransferfunction datafor the darkside calculationsdo show a highconsistencywith thecon-
shownin thispaper.The theoreticalfoundationfor clusionsdiscussedhereregardingthecurrentlayers
thesecalculationsis quasi-vacuumtheory,butthere andthe generalnon-uniquenessof the models.The
is no reasonto supposethat morerefinedtheory lattercanbe arrivedat by noting theequivalentof
would leadto substantiallydifferentconclusions, the monotonicand non-monotonicsphericalMoon



SOLAR-WIND INDUCTION AND LUNAR CONDUCTIVITY 321

FRACTIONAL EARTH RADII
.5 .6 .7 .8 .9 IO~

I I —

SN EARTH DATA
- .‘.~••. ‘••%

YUKUTAKE (1959)

— RIKITAKE (1950)

- - (0’ ••••••••• PRICE-MCDONALD (1957)

~ ~ BANKS’ MODEL AND LIMITS

- — 3L~ER~L) DATA! ~IO~ ~ ~— CORE PLUS CURRENT LAYER (CCL)
4 LAYER (4L)

7 DCL CL 2 LAYER (2L)

\/ \ \ D~L DCL DOUBLE CURRENT LAYER

/ \,; ;~yCCL - SONET~ET AL (/972)

~ TRANSIENT LIMIT

I i~JJ~ I0~ — DY/IL, ET AL (/972)

I <.. //~
_____ I Li

.3 6 .7 8 9
FRACTIONAL LUNAR RADII

Fig. 5. Comparativeconductivity profilesfor the Earthand Moonusingrepresentativemodelsfor EarthandMoon. Theshaded
areain thelower figure is therangeof transientmodels.The leftmostpartis the deep transientestimate.Frequency-domain
modelsarediscussedin thetext. Thehorizontalscale,similar for Earth andMoon is arrangedfor convenience.The verticalscale
is identicalfor thetwo bodies.Both showa steeprise in crustalconductivity with depth,probablyindicative of theeffect of the
thermalgradientuponconductivity.

models.Theelectricalresponseis quite similar for frequencyanalysis.Differencesdueto corifipement
thesemodels. are given in detail in thetext andnotsummarized

An importantconceptualdistinctionmay exist here.
betweenthe frequencyandpulseanalysesfor the Measurementof lunar conductivity.;begunsome
Moon; theformer are baseduponrestrictedheuristic four yearsago,now affordsan internalview of the
inversionsof transferfunctions,while sofar as this Mooncompetitive with that developedfor theEarth.
authoris awarethepulse responseusesa priori models. Becausethe lunarproblemis still youngandbecause
The difficulties of anisotropicinductionarepresent theremainingpath seemswell establishedthrough
equally for thetwo cases;a key differenceis in the our knowledgeof thepresentlimitations,thereis
theoryusedfor fitting. In thefrequency-domaincal- hopethat theconductivity profile for the Moonmay
culations,higher-ordermodesareadmittedbecause be satisfactorilyresolvedto a depthgreaterthanpres-
the phasevelocity canbe takeninto account.In the ently available.If the problemsof thehigher-order
vacuumtheoryusedfor the transientanalysisthis is modescanbecompleted,then we shouldbeable to
impossibleexceptfor theartifactof quasi-vacuum resolvethecrustalconductivityin a moresatisfactory
theorywhich,howeverhasonly beenappliedto the mannerthan the presentdatapermit.
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It is still likely, in thelong view, that theconduc- ElectromagneticInduction in theEarthandPlanets,1973.
tivity profile maybemore an indicatorof the internal Proc.of theWorkshopon ElectromagneticInduction,

chemistryof theMoon thanof thetemperature.In University of Edinburgh,September20—27, 1972. Phys.
Earth Planet.Inter.,7: 227

anyeventit seemscertainthat theconductivitypro- Lyon, FE., Bridge,1-1.5. andBinsack,J.H., 1967.J. Geophys.
file, by itself, canbestgive understandingof theinter- Res., 72: 6113

nal thermalprofile in associationwith othergeophysi- Ness,N.F., Behannon,K.W., Searce,CS.andCantarano,S.C.,
cal experiments. 1967.J.Geophys.Res.,72: 5769

For thestandpointof plasmaphysicstheMoon, Neugebauer,M., 1960.Phys.Rev.Lett., 4: 6
Rikitake,T., 1966. ElectromagnetismandtheEarth’s Interior.

beinga “bare” planetprovidesan unparalleledobject
Elsevier,Amsterdam,308 pp.for thestudyof the solar-windinteraction,aproblem Schubert,G. andSchwartz,K., 1969. Moon, 1: 106

of equalimportancefor planetshavingan atmosphere Schubert,G.,Smith,B.F., Sonett,C.P.,Colburn,D.S. and
or magnetosphere.I havedeliberatelynot discussedthe Schwartz,K., 1973a.J.Geophys.Res.,78: 3688

permanentmagnetizationof theMoon,a subjectoutside Schubert,G.,Schwartz,K., Sonett,C.P.,Colburn,D.S. and
Smith,B.F., 1973b.Proc.4th LunarSci. Conf., Geochim.

thescopeof this paper.Neverthelessit shouldbe said CosmochimActa, Suppi. 4, 2909
thatthefinal untanglingof lunarhistory will probably Schubert,G.,Sonett,C.P., Schwartz,K. andLee,H.J., 1973c.
includethisproblemuponwhichthethermalevolution J. Geophys.Res., 78: 2094
obviously hasaprofoundbearing. Schubert,G.,Lichtenstein,B.R., Russell,C.T., ColemanJr.,

P.J., Smith,B.F.,Colburn,D.S. andSonett,C.P., 1974a.
Geophys.Res.Lett., 1: 97
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