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Duringthe last few years,the study of both temporalandspatialvariationsof substormfields hasrapidly ex-
panded,mainly becauseof therelationshipswhich exist betweenpolar magneticsubstormsandmagnetospheric
phenomena.Also duringtheseyears,proposedcurrentsystemsbelieved to beresponsiblefor substormvariations
haveevolved into complex three-dimensionalsystemswith field-alignedandmagnetosphericcurrentscoupledto
the eastwardandwestwardelectrojets.Recentmodel studiesshowthat substormvariationsin andneartheauroral
zonecaneasilybe modelledusingboth two and three-dimensionalcurrentsystems.In thesestudies,inductioneffects
weresimulatedby assumingtheEarth to be infinitely conductingat sonicdepthbelowthe surface.

The useof magnetometersdistributedalongmagneticmeridianshasresultedin abetter understandingof the
complexcurrentpatternsmaking up theelectrojets.For example,duringthe expansivephaseof substorms,the
westwardand polewardprogressionof the overall westwardelectrojetwasdiscoveredto takeplacethroughthe
sequentialdevelopmentof a seriesof westwardelectrojets.

1. Introduction existsin theserecentreviews,theemphasisherewill
be placedprimarily on temporalandspatialvariations

During the pastdecade,polarmagneticsubstorms ofsubstornifields in andneartheauroralzone,alongwith
havebeensubjectedto numerousintenseinvestigations, modelling of currentsystemswhichmay possibly be
which hasbeenprimarily dueto the realizationthat the responsiblefor thesevariations.Such a reviewshould
“polar magneticsubstorni”is an integralpart of what be of particularinterestto scientistsstudying electro-

hasbecomeknownas the “magnetosphericsubstorm”. magneticinductionin theEarth by non-uniform
Becauseof this relationship,thestudyof both spatial sourcessuchas theauroralelectrojets(i.e., Hermance
and temporalvariationsof substormfieldshasproven andPeltier, 1970;HibbsandJones,1973;Nopperand
to bean invaluabletool in furtheringourunderstanding Hermance,1974).
of themagnetosphereandso!ar—terrestrialrelationships
as awhole.

As a resultof this growing interestin polarmagnetic 2. Substorm current systems
substorms,numerousreviewsconcerningsubstorm

fieldsand their relationshipswith other geophysical For sometime it hasbeenknown that currentsys-
phenomenahavebeenpublishedrecently(e.g., see temsin the Earth’supperatmosphereareresponsible
Akasofu,1968; Boström,1968; Feldstein,1969;Hult- for largemagneticvariationsobservedduringaurora!
quist, 1969;Fukushima,1972;Rostoker,1972a,b; displaysin thepolarregions.The first definitive study
FukushimaandKamide,1973; Rostoker,1974a; of suchcurrent systemswasdoneby Birkeland (1908,
Gough, 1974).Ratherthanduplicatingwhat already 1913; seeBoström (1968)for thesereferences),who

concludedthat thecurrentsystemassociatedwith, what

* Illnesspreventedtheauthorfrom presentingthis paperat hetermed“polar elementarystorm”,wasthree-dimen-
theWorkshop. sionalin naturewith current flowing downalongmag-
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netic field lines to the ionosphere,westwardthrough posedof an eastwardelectrojetin the eveningsector,
the ionosphereandbackup the field linesinto space. to explain the observed+H perturbationsin the evening
Birkeland’s polarelementarystormis now calledthe sector,and a westwardelectrojetin themidnight and
polarmagneticsubstorm. post-midnightsectors.Returncurrentsfor bothelec-

Since field-aligned currentshadnot beendiscovered trojetsconsistof polar capcurrentsalongwith broadly
until quite recentlyand due to the fact that ground. distributedcurrentsat lower latitudes.Kamideand
basedmagneticobservationscannotbe usedto obtain Fukushima(1972)(Fig. ib) haveproposeda model
a uniquecausativecurrentsystem,Birkeland’smodel three-dimensionalcurrentsystemcontainingbotheast-
wasignoredfor nearlya halfcentury in favor of a wardandwestwardelectrojetsbutwith returncurrents
purely ionosphericcurrentsystem.Boström(1968) flowing primarily along field lines (alsosee Kisabeth,
and Rostoker(1972a)havepresenteda detaileddis- 1972;CrookerandMcPherron,1972;Rostokerand
cussionof the controversiessurroundingthis particular Kisabeth,1973).Theyhave,however,also included
topic. small ionosphericreturncurrentssoas not to neglect

During thepastten years,the ideaof field-aligned their possibleinfluenceon low latitude geomagnetic
currentshasbeenrevived,especiallyafter satelliteand variations.It shouldbe emphasizedthat the parameters
rocketobservationsconfirmedtheir existence(Cloutier, of bothcurrentsystemsin Fig. 1 canbe adjustedto
1971),andnow representan integralpart of themost yield thesamemagneticfield variationson thesurface
recentmodelsof substormcurrentsystems(i.e., Bos- of theEarth. In fact, Fukushirna(1968, 1971,1972)
tröm, 1964;Boström,1968;Atkinson, 1967;Akasofu hasdemonstratedthe equivalenceof two- andthree-
andMeng, 1969;MengandAkasofu, 1969;Bonnevier dimensionalcurrentsystemsin detail,which is, of
et al., 1970;Kamideand Fukushima,1972;McPherron course,dueto the non-uniquenessof currentsystems
et al., 1973;Rostoker,1974b). inferredfrom magneticobservations.

Two “equivalent” currentsystemsproposedto cx- Even thoughvariousthree-dimensionalmodels
plain substormfields are shown in Fig. I - Thecurrent havedifferentclosurepathsin the magnetosphere
systemin Fig. Ia (SugiuraandHeppner,1965) is corn- (i.e., cross-tailcurrent,ring currentetc.),this fact will

Model Current System for
SUN Polar Magnetic Substorm
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Fig. 1. a. Equivalentionosphericcurrentsysteminvolving a strongeastwardehectrojetin thepre-midnightsectoralongwith a
westwardelectrojetin thepost-midnightsector (after Sugiuraand Heppner,1965).
b. Equivalentthree-dimensionalmodel for the eastwardandwestwardelectrojets.From groundobservations,thiscurrent*ystem
mayhook the sameastheequivalentionosphericcurrentsystem(after KarnideandFukushima,1972).
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not be of concernherebecausetheprimary contri- completedby Bonnevieret al. (1970), Bostrom (1971),

butionsto substormfieldsin andneartheaurora!zone Kaniide and Fukushima(1971), KawasakiandAkasofu
arefrom field-alignedcurrentsandelectrojets.It should (1971), Kisabeth(1972), CrookerandSiscoe(1974),
also be notedthat mode!substormfieldsat lower lati- Richmond(1974)andKisabethandRostoker(1974b).

tudesaredue primarily to thefield-alignedcurrentsand Of these,only Boström (1971),Kisabeth(1972)and
not theclosurecurrentsin themagnetosphere.Field KisabethandRostoker(l974b) havetakeninto account
variationsat lowerlatitudesdueto variouscurrentsys- fields of inducedcurrentsin regionswhere largegradi-

temsarediscussedin greatdetail in a recentreview by entsin substormfields occur(i.e., in theauroralzone).
FukushimaandKamide (1973). Ashour (1971)deriveda setof relationshipsbetween

Field-alignedcurrentsdeducedfrom rocket and thecomponentsof themagneticfield of currentsin-
satellite observationsare in the form of east—west- ducedin theEarthandthoseof an externalinducing
orientedsheetcurrents(Cloutier, 1971; Armstrongand field whosedistribution is known numerically.For the
Zmuda,1973 andChappell,1974). Thesedownward- caseof an infinitely conductingEarth at somedepth
and upward-flowingsheetcurrentsarebelievedto below thesurface,Kisabeth(1972)andKisabethand

penetratethe ionosphereall alongthe auroraloval, Rostoker(1974b)havecombinedtheserelationships
arid areassumedto beconnectedin theionosphere with thegeneralizedform of theBiot-Savartlaw, thus
through north—southcurrentflow, thusproducing yielding a simple matrix equationwhichgivesthe corn-
largetoroidalmagneticfields in andabovetheiono- ponentsof thetotal magneticfield (induced+ exter-
sphere.Although thesetoroidal fieldsarelargeabove nal) dueto an arbitraryvolume distribution of cur-
theionosphere,it is thoughtthat their contribution to rent.This formulation hasbeenappliedsuccessfully
the total magneticperturbationmeasuredat thesur- to variouscomplex three-dimensionalcurrentsystems
faceof theEarth is negligible(see Fukushima,1971). (Kisabeth, 1972;KisabethandRostoker,1973; Rosto
However, this may not necessarilybe the case(see ker andKisabeth,1973 andKisabethandRostoker,

SectionSe). 1974a).Also, magneticfieldsdueto currentsystems
In this paper,thecurrentsystemsproducingthese confinedto the ionospherecan be calculatedrapidly

toroidal fieldswill be referred to asnorth—south(N—S) usingthis formulation.
three-diniensionalcurrentsystems,whereasthe three- Bonnevierci a!. (1970)useda distribution of in-
dimensionalcurrentsystemscontainingtheelectrojets finitesimal magneticdipoles (currentloops) along
will be calledeast--west(E—W) three-dimensionalcur- dipole field lines to obtainthe scalarmagneticpoten-
rent systems. tial and thus the magneticfield associatedwith field-

It also should be notedthat, from an intensivestudy alignedcurrents.Usingthe sameinfinite conductivity
of theelectrojetsusingmagneticfield observations model discussedpreviously,Boström (1971)applied
from satellites,Langel(1974a,b)hasconcludedthat a the imagedipole methoddirectly to this distribution
sizablecontributionto theZ componentvariationsare of magneticdipoles in orderto obtain the induced
of extraionosphericorigin. This fact alongwith the field.
existenceof the largetoroidalfieldsjust discussed Both methodshavethe advantageof having all
andthenon-uniquenessproblem,makesthestudyof the inductiontermsinside thevolume integral over
causativecurrentsystemsresponsiblefor substorm the source,hencetheycanbe appliedto complex
fields extremelydifficult, currentsystemsjust aseasilywhetheror not thein-

ductionfield is takeninto account.The addedcom-
puter time requiredfor computingthe inducedfield

3. Modelling substorm fields amountsto lessthan 10%of the total. Therefore,a
correctionfor inductionin an infinitely conducting

Numerousnumericalstudiesconcerningthedeter- Earth is includedon a routine basis.
mination of magneticfieldsassociatedwith various Severalresearchershavesimplified theproblemof
three-dimensionalmodelcurrentsystemshavebeen modelling electrojets(equatorialandpolar) by using
reportedin the literature(seeBoström (1968)for a sheetor line currentsourcespositionedhorizontally
review of this subject),with themorerecentbeing over aflat Earth,alongwith imagesourcesplacedbe-
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neathan infinite conductivity layer (McNish, 1938; itudinal currentdistributionacrossthepolarelectro-
ForbushandCasaverde,1961; Chapman,1951;Walker, jet, heightof the ionosphericsegmentabovethesur-
1964; Scrase,1967;LangelandCain, 1968: Reimer, faceof the Earth andfinally thelatitude andlongitude
1969;Heinrich et a!., 1970;Czechowsky,1971; Han- of thecenterof thecurrentsystem.Thelongitude of

seret al., 1973). ForbushandCasaverde(1961)mod- thecenteris commonlyreferredto as thecentral
elledmagneticfield perturbationsassociatedwith the meridian.Also, sincetheelectrojetis known to flow
equatorialelectrojet andfound that avalue of 250 km alongthe auroraloval (Akasofu et al., 1965), auroral
for thedepthof an infinite conductivity layeryielded oval parametershavebeenincludedin the modelling

thebestresults.They also confirmedthis to be true of substormfields(Kamide andFukushinia,1970;
for auroralzonemagneticdatapublishedpreviously Kisabeth,1972; Kisabethand Rostoker,1974b).
by McNish (1938).Kamide (1970)andKamide and Examplesof how successfullysubstormfieldscan

Fukushima(1970)havemodelledboth thepolardcc- be modelledusingboth two-dimensionalandthree-
trojet andreturn currentsconfinedto theionosphere dimensionalcurrentsystemsareshownin Fig. 2. For
north andsouthof theauroral oval,but however,did the caseof three-dimensionalmodelling(Fig. 2a), mag-
not include theeffectsof inducedcurrents. netic datarecordedwith theCanadianmeridian(~-~302°)

Since theconfigurationof an E—W three-dimensional chain of stationsduringa polarmagneticsubstormwere
currentsystem is controlledprimarily by that of the used.The parametersfor themodelrepresentedby
Earth’sdipole field, the physical parametersof the theH, D andZ profilesare: width, 6.5°(~720km);
total systemcan be representedby thoseof the iono- length,50°;centralmeridian,31S0 (‘-~l3°eastof the
sphericsegmentalone.Thesegenerallyinclude length stationline); total integratedcurrent,690,000A (the
(longitudinal extent),width (latitudinal extent),lat- currentwasassumedto be uniform acrosstheelectro-
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Fig. 2. a. Comparisonof theoreticaland observedprofiles for a substormcommencingat0702 UT on June15, 1970. The observa-
tions weremadewith theCanadianchainof magnetometers.Thearrowsrepresenttheboundaryof theauroraloval along thecen-
tral meridianof the three-dimensionalmodel (after Kisabeth,1972).
b, Profile of a two-dimensionalmodelcurrentsystemalongwith substormfield observationstakenin the Europeansector.Note
theexistenceof two distinctelectrojets(after Czechowsky,1971).
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jet); height, 115 km andlatitude of thecenterof the haveto be adjustedaccordingly.This wasindeedfound
electrojet,65°.The infinite conductivity layerwas to be the casewhen thedepthof the superconductive
placedat a depthof 250 km in accordancewith For- layerwasincludedasa parameterin a least-squares
bushandCasaverde(1961)andKisabeth(1972). parameterestimationprogram(i.e., for a morerapidly

Also, the ionosphericcurrentwasconformedto flow changingcurrent system,thedepthto thesupercon-
alongtheaurora!oval, thusproducingthedeformation ductive layerwasreduced).However,muchmore anal-

exhibited in theD componentprofile. ysis must be completedbeforeanyconclusionscan
Note that in this example,the +H regimesnorth beformulated.Oneobviousdifficulty encountered

andsouth of the aurora!zonecan be explaineda!- when usingan infinitely conductivelayeris that phase
mostentirely by field-alignedcurrentsratherthan differencesbetweeninternaland externalfields are

eastward-flowingreturncurrentsat high andlow lat- completelyignored.NoppcrandHermance(1974)
itudesas depictedin Fig. Ia. Thereare, however, have investigatedtins problemby using a simple two-
caseswhen a separateeastwardelectrojetmust be layered Earth with variousfinite conductivities.Their
introducedjust southof theaurora!zonein orderto resultsshowthat for a sourcelike thepolarelectrojet,
explain both the +H regimesandtheZ profiles. This significantphasedifferencesmay occur.

is, of course,true in the regionof theHarangdiscon- Modelling the dynamicdevelopmentof substorm
tinuity (see RostokerandKisabeth,1973). It was fields using two- andthree-dimensionalmodelswill

fortunatethat,in the caseof thedatashown in Fig. be discussedin thenextsection.
2a, theeastwardelectrojetwasfar enoughto the
west of the line of stationsthat thesubstormfield
could be treatedwith a singlewestwardelectrojet. 4. Dynamic developmentof substorm fields
Modelling substormfieldswith both eastwardand
westwardelectrojetsis presentlybeingdoneby the The fact that aurora!andpolar magneticsubstorms
author,utilizing generalizedleast-squaresparameter areclosely relatedhasbeenknown for quite sometime
estimationtechniquesandthe largecomputingfacility (see Akasofu,1968). In fact, the dynamicdevelopment
at theNationalCenterfor AtmosphericResearch of thepolarniagneticsubstormcan be describedwithin
(NCAR). the frameworkof theauroralsubstormaspresentedby

Czechowsky(1971), usinga two-dimensionaliono- Akasofu (1964)(SeilerandKertz, 1967; Akasofu,
sphericmodel,hasbeenableto modelsubstormfields re- 1968;Feldstein,1969;Bonnevieret a!., 1970; Kisabeth
markablywell with only limited data(four stations andRostoker,1971 andKisabethandRostoker,1974a.)
closeto the samemeridian).Fig. 2b showsan exam- Recentadvancesin the studyof dynamicsof sub-
pie of a doublecurrent system,he deducedby applying stormfieldshavebeenbroughtaboutthroughthe use
theNewton-Raphsoniterative methodto the field of meridianchainsof magnetometerstations.Usinga
data.It is interestingto note thattheaveragedepth meridianchain of stationsin Europe,Bonnevieret al.
of theinfinitely conductivelayerobtainedby Czechow- (1970)haveshownthatmagneticfield perturbation

sky is 450 km, considerablylargerthan thevalue of patternsfrom four isolatedsubstormscan be explained
250km just discussed.This differencemay possibly by thedevelopmentof E—W three-dimensionalcurrent

be explainedby the fact that, sincefield-alignedcur- systems.They foundthat a repetitivepatternwasob-
rentsproducea considerable+H perturbationin the servedwherebythecurrentsystemintensifiedand
regionbetweenthedown flowing andup flowing field- suddenlyexpandednorthward(expansivephase)fol-
alignedcurrentswhile contributingvery little to the lowed by a decayof thecurrent systemwhile moving
vertical component,two-dimensionalmodelsrequire equatorward(recoveryphase).
a largerdepthfor theimagecurrentsystemthanthat KisabethandRostoker(1971, l974a)andKisabeth
for three-dimensionalmodelsin orderto obtain the (1972), using ameridianchain of stationsin western

samerelativevaluesbetweentheH andZ components. Canadahaving both a high temporalandspatialresolu-
Also, since thedepthof penetrationof substormfields tion, wereableto study the dynamic developmentof
into theEarth is frequencydependent,thedepthof substormfields in muchgreaterdetail than waspos.
the infinitely conductivelayerusedin modellingmay sible with thepreviouslyexistingnetwork of stations.
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11g. 3. l’erspcctmveview plot of theH componentshowing thedynamicdevelopmentof a substormthat occurredon September1,
1970.Note thestability of the southernborderof theelectrojetascomparedwith thenorthernborder.Theeastwardelectrojet
appearsasa depressionor valley in this diagramprior to 0700UT (after Kisabethand Rostoker,I 974a).

The overall dynamicdevelopmentof a substorm der of thecurrentsystem.WiensandRostoker(1974)
recordedwith the Canadianchain of stationsis illus- studiedthis in more detail anddiscoveredthat both
tratedby usinga perspectiveview plot of theH corn- the westwardandpolewardexpansionstakeplace

ponentasshownin Fig. 3. The developmentof adouble- throughthe sequentialdevelopmentof a seriesof west-
currentsystem,representedby the two mountainranges, wardelectrojetswhich theyhavelabeleda “substorm
is clearlyevident.Also, notethestability of thesouthern sequence”.
borderof the electrojetascomparedwith thenorthern It should also be mentionedthat an east—-westline
borderactivity. Threeimportant morphologicalaspects of stationsat mid-latitudesis beingusedto study sub-
of the expansivephasefor this particularsubstormare stormfield developments(ClauerandMcPherron,
asfollows: 1974). Usingtechniquesdevelopedby Zaitzevand

(a)The momentof centerof thecurrentsystem Boström(1971), ClauerandMcPherronhavebeenable
moved rapidly polewardwith a rangein velocityof to successfullydetermineseveralparametersdescribing

280 rn/sec(0656—0702 UT) to 1.6 km/sec(0702— three-dimensionalcurrentsystemsalongwith following
0704 UT). their dynamicdevelopment.

(b) The southernboundaryof the electrojetre- Anotherway to study thedynamicdevelopmentof
mainedrelatively stablewhile thenorthernboundary asubstormis by usingvariousparameterestimation
movedpolewardwith an averagevelocity of 1.1 km/sec. techniques.Fig. 4a showsthe latitudinal currentdis-

(c) The width of theelectrojetexpandedrapidly, tribution asa function of time obtainedby Czechowsky
reachinga valueof 1,000 km by 0809 UT. (1971). The theoreticallatitude profile previouslydis-

KisabethandRostoker(1974a)further showedthat cussed(Fig. 2b) is for 0130UT. It is interestingto note
therapid growth of theaurora!electrojetinvolvesa thesimilaritiesbetweenthedevelopmentof this sub-
seriesof steplikepolewardjumps at thenorthernbor- storm andthat shownin Fig. 3.
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DEVELOPMENT OF CURRENT
SYSTEM PARAMETERS
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Fig. 4. a. Latitudinal currentdistribution derivedusingan iterativemethod to fit a model ionosphericcurrentsystemwith mag-
netic variationsrecordedduringa substorm(after Czechowsky,1971).
b. Parametervariationsshowingthedevelopmentof a substormin termsof anequvalentthree-dimensionalcurrentsystem.Note
the rapidexpansionof the currentsystemat0735 UT (after KisabethandMareschal,1974).

KisabethandMareschal(1974)wereableto apply thedevelopmentof thenorthernborderof theelectro-
themethodof generalizedleast-squaresparameteresti- jet. Also, the centralmeridianmovedrapidly westward,

mation in orderto obtain thevariouscurrentsystem thusindicating anadditionof a newcurrentsystemto
parametersfor the three-dimensionalcurrentsystem thenorth andwest of thepreviouslyexistingcurrent
discussedin the last section.A sampleof the results system,in completeagreementwith WiensandRostoker
showingthetemporaldevelopmentof thevariousparam- (1974).A maximum currentflow of 823,000A was
etersis given in Fig. 4b. The height of the current reachedat 0740 UT.

systemanddepthof the infinitely conductinglayer It should be pointed out that theanalysisof this
weresetat 115 km and250km respectively.These particularsubstormrequired75,000integrationsover

parametervariationsdepicta dynamicdevelopment complexthree-dimensionalcurrentsystems,but was
that agreesextremelywell with that reportedin a pre- accomplishedrapidly using thematrix formulation de-
viously publishedanalysisof this particularsubstorm scribedin theprevioussectionalongwith the computing
(seeKisabethandRostoker,1971). The largeintensi- facility at NCAR.
fication of thecurrentsystemat 0733 UT wasdueto



248 J.L. KISABETI{

5. Somesuggestionsfor future research parametersdepictingthe dynamicdevelopmentof
eastwardandwestwardelectrojetswould alsosup-

Although excellentprogresshasbeenmade in the plernentAE (aurora!electrojet)indices,andin fact,
studyof substormfields since Birkeland’spioneering may prove to be far superior.Although thenumber

work at the turn of thecentury,manyproblemsare of parametersandstationswould haveto be large
still opento investigation.Someof theseproblems, for tracking thesecurrentsystems,Heinrich et al.
which this author feelsareimportant,areas follows: (1970)andHanseret a!. (1973)havealreadysue-

(a)More permanentmagneticobservatoriesare ceededin real-timeanalysisusingtwo magnetometers

desperatelyneededin both hemispheres.Also, as andassumingthe electrojetto be a line current.The
Gough (1974)haspointed out, someof the existing problemsof using three-dimensionalcurrentsystems,
stationsshould be movedbecauseof anomalousmea- alongwith inducedcurrentsin a sphericalEarth,would
surernentsdueto lateral inhomogeneitiesin thesub- definitely compoundthesituation.Even so, this au-
surfaceconductivity structure.Furthermore,using thor believesthatthesolution to this particularprob-
existing knowledgeof well-definedcurrentsystems, 1cm will be developedin the nearfuture.
newstation locationsshould be chosenso asnot to (c) Furtherwork should be done to determinethe
contributetotally redundantdata. A studycould effectsof finite conductivity on substormfields, es-
possibly be madeusinggeneralizedinversetechniques pecially in the auroralzone(seeGoodwin et al., 1973;
on syntheticmagnetograms(generatedby hypothetical l-Iibbs andJones,1973; NopperandHermance,1974).

currentsystemdevelopments),in order to determine Also, ratherthan using purely ionosphericsources
whatstation positionscontributethemost valuable (two-dimensional),three-dimensionalcurrentsystems

information.For example,it may possibly be shown suchas thatshownin Fig. lb should be includedin
that agiven numberof stationspositionedalonga thefinite conductivity problem.
magneticmeridianprovidesmuchlessinformation (d) The configurationof thecurrentsystemin the
aboutthe causativecurrentsystemthan doesa ran- immediatevicinity of the westwardtravelling surge
dom,x or crosstype distributionutilizing the same should be investigatedin more detail(seeAkasofu et
numberof stations.However,sucha studywould de- al., 1965; Meng, 1965; Atkinson, 1967;Mendeet al.,
pendheavily on knowingwhat is a well definedcur- 1972; KisabethandRostoker,1973). This investiga-
rent system.The presentknowledgeof currentsystem tion will dependheavily on the finite conductivity

configurationsin existenceduringvariousphasesof problemmentionedabovedueto the fact thatcur-
polar magneticsubstormsis limited. The proposed rentsarechangitigso rapidly,both temporallyand
high-resolutionmagnetometernetwork to be installed spatially.

as partof theInternationalMagnetosphericStudy (e) Leakageof toroidal magneticfieldsfrom N—S
(IMS) shouldgreatlyenhancethis knowledge.Never- currentsystemswith extensivelongitudinalextent
theless,the probablecut backin the numberof mag- shouldbe examinedin detail.Both, variationsin the
netometerstationsafter thecompletionof the IMS longitudinaldistribution of field-alignedcurrentflow
programmay requiresucha study asjust suggestedin andpossibleshearsin the sheetcurrentscouldcause
orderto determinewhich stationswould be morevalu- significantmagneticfields at the surfaceof theEarth.
able for monitoring substornicurrentsystemsin the Sincesheetcurrentsexist all alongthe auroralzone,

future (seebelow). substormactivity, especiallythewestward-travelling
(b) Real-timeanalysisof magneticdatafrom selec- surgeandthepolewardmotion of the auroralbulge,

tedobservatoriesin thenorthernandsouthernhemi- obviously couldcreatesuchconditions.Kisabeth
spheresshould be attempted,usingtwo- andthree- (1972)hasshownthat shearscancauseperturbation

dimensionalmodelsalongwith variousleast-squares patternson the groundwhich appearasthough the
parameterestimationtechniques.The real-timeparam- developmentof an eastwardor westwardelectrojet
eter changescould be usedto locateand track the hastakenplace;eastwardor westwarddependingupon
eastwardand westwardelectrojets.This would provide the senseof shearanddirectionof currentflow in the
muchneededinformationfor ionosphericforecasting, original N—S currentsystem.
rocket launchesetc. Recordsof suchcurrent-system
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