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Themorphology of slowly-varyinggeomagneticexternalfields (such asSq, L, andDst) andtheproduction
mechanismsof electriccurrentsystemsfor thosefields arebriefly reviewed to provide backgroundknowledgeof
thepresentstateof researchregardingthesourcefieldsfor scientistsconcernedwith theelectromagneticinduc-
tion within theearth.It is concludedthat both the Sq andDst fields seemto have sourcesboth in the magnetosphere
andthe ionosphcrc,while tIre classic ideaof L-field productionsolely in theionosphereby tire wind dynamo iS

still acceptable.

1. Introduction effectson geomagneticand ionosphericvariations,
andtheheight distributionof electricconductivity

The presentreview paperis preparedto outline arethebestevidenceavailable for a dynamo-region
briefly the currentstageof researchon slowly-varying sourceof Sq and L electriccurrents.However,the
sourcefields in order to assistin the investigationof productionmechanismof the currents,particularly
the electromagneticinductionwithin theearth.Be- for Sq, is the subjectof oneof the mostimportant
causeof the pagelimitation, referencedpapersare ongoinginvestigations(Matsushita,1974). Themajor
mostly recentinterestingpublicationswithin thepast part of thepresentreportis centeredon this exciting
five years.Evenwith this restrictionmore thanseven- topic.
ty referencesare neededto coverthevast researcharea Concerningthe Dst field, recentinvestigations
from thelower ionospherethroughthemagnetosphere, showthat this field is notproducedby simple dough.
including theinterplanetaryfield effects.Interested nut-shapedwestwardelectriccurrentsat aboutfour
readersare advisedto examinethereferencedpapers earthradii from theearth’scenterin the equatorial
and the referencesthereinfor specificsconcerningthe plane,but probablyby a complicatedsystemof par-
subjectmatter. tial rings andfield-alignedcurrentsassociatedwith

Electric currentsresponsiblefor theexternalpart substorms.Moreover,someevidenceof midlatitude
of geomagneticsolarquiet (Sq) andlunar(L) daily ionosphericcontributionsto the Dstfield is gradually
variationsseemto flow mainly in the ionosphericdy- beingaccumulated.Thesearebriefly discussedin
namoregion(90—iSOkm altitude),althoughsome Section4.
amountmay flow alongthe earth’smagneticfield
linesfrom the dynamoregionin onehemisphereto
the other.Othermagnetosphericelectriccurrents 2. Sq field
(suchasfront magnetopause,tail, andquiet-time
ring currents)by themselvesaloneare not sufficient Equivalentoverhead(external)electriccurrent
to producethe Sq field, althoughthemagnetosphere systemsfor thesolar quiet(Sq) daily geomagnetic
playsanimportantrole in producingtheSq current variation field havebeenestimatedfrom theground-
systemin the dynamoregion asdiscussedin Section basedgeomagneticdataby variousscientists(e.g.
2. Rocketmeasurementsof the earth’smagneticfield Matsushita,1967a,l968~andthereferencestherein).
(e.g.YabuzakiandOgawa,1974),solarflare andeclipse Usingthe sameIGY dataanalyzedby Matsushitaand
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Maeda(1965),Suzuki (1973b)hasrecentlyobtained sphericalharmonicanalysis(orderm = 1 to 4, and
Sqcurrentsystemswithout theequatorialelectrojet, degreen=ni to m+ 15) of 2.5.mindigitized geomag-
sincethe intensejet in a narrowequatorialregionmay neticdatafrom 40 stationslocatedfrom thenorthern
causedifficulties for thesphericalharmonicapproxi- polarcapthroughthe southernsubauroralzone.To
mation. Suzuki’sstudyshowsa 10—20%smallercx- obtaina bettersphericalharmonicfit to the datain
ternalcurrentintensity than that of Matsushitaand thepolarregion, equatorialandauroralelectrojet
Maeda,butthe differenceof the internalcurrent in- effectshavebeenminimizedthroughsmoothingtech-
tensityis not consistent,the former sometimesbeing niques.Equivalentexternalandinternalelectric cur-
greaterandat othertimessmallerthan thelatterwith rent systemsof Sq( SqP + Sq°)andof Sq°(smooth
about50%probability. extrapolationof iiiidlatitude Sqto the pole)for May and

Concerningthe Sqequivalentcurrentsystemin June1965 are shownin Fig. 1. It canbe noticedthat
the polarregionnamedSqP,Matsushitaet al. (1973) themidlatitudecurrentintensity is enhancedby in-
haveestimatedit for eachmonthof 1965 by the cludingSqP,in the sameway it is enhancedby in-
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Fig. 1. Equivalentexternal(Fig. 1A) andinternal (Fig. 1B) electriccurrentsystemsof Sq (left) and Sq°(right), which havebeen
estimatedfrom thenorthwardandverticalcomponentsof quiet-timegeomagneticvariationfields observedat40 stationsin May
andJune1965, arepresentedin polar (top) andrectangular(bottom)coordinateswith respectto geomagneticlatitudesand local
times.Thesolid (broken)curvesshowcounterclockwise(clockwise)currentflowswith a contourinterval of i0

4 A.

cluding the equatorialelectrojet(Suzuki,1973b). enceremainsalmostthe same.Theselistedvaluesfor
Themain coefficientsfor May andJunein 1965 May andJunein TableI are from the northwardand

comparedwith thoseobtainedearlier arelistedin downwardgeomagneticcomponents.Theresults
Table I. The amplitudesC~andthephaseangles from theeastwardanddownwardgeomagneticcorn-
a~forSqandSq°for May—June1965arealmostthe ponentsare similar to thelistedvaluesexceptslightly
samefor odd harmonictermsbutdiffer for eventerms. smallerin amplitude.Also, the sphericalharmonic
Also, the first two termsof the amplituderatio of the termsduringdisturbedperiodsare fairly similar to
externalto the internalcomponentE~/I~are differ- thevaluesfor quietperiods,exceptfor anincreasein
entbetweenSqandSq°,althoughthe phasediffer- C~’.
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TABLE I

Comparisonof sphericalharmonicterms

Year 1902 * 1932—1933 May—June1965 1902 * 1932—1933 May—Junel96S
Sunspotnumber 5 6 8 20 5 6 8 20

m n Sq Sq° Sq Sq°

AmplitudeC~(’y): Phaseanglen~(°):

2 7.0 7.5 10.5 6.8 7.2 035 019 014 027 029
2 3 4.5 4.2 5.2 4.2 4.2 215 209 198 201 201
3 4 2.1 1.6 1.7 1.7 047 040 039 039

1 4.3 5.0 3.8 7.9 3.3 023 039 005 012 042
3 2.1 0.8 0.9 2.9 0.8 344 318 339 338 359

Amplituderatio E~/I~: Phasedifferencee~—r~(°):

1 2 3.0 2.4 2.3 1.9 3.5 —20 —21 —09 —22 —21
2 3 2.2 2.1 2.4 6.1 3.7 —18 —13 —10 —21 —23
3 4 2.4 1.9 2.2 2.1 2.1 —21 —02 —14 —12 —22

* 1933 for C~andcr~,and1923 for E~/I~and

Note thattheresults,exceptfor 1965, arefor yearly, seasonal,or equinoctialaverage(seeMatsushita,1967a).

To explain theSqcurrentsystem,the dynamo erableeffecton the day-to-dayvariationsof thenear-
fields andcurrentscausedby thelowest negativeorder equatorialgeomagneticfield. Richmond(1974)also
solar-diurnaltidalmode(1, —1) in the ionosphericE suggestedthat for sometidal modes,suchas(2,3),
region,whichis sometimesreferredto asthe(1, —2) effectsof field-alignedelectriccurrentsbetweenthe
mode(e.g.LindzenandChapman,1969),havebeen northernandsouthernhemispheresneedto be con-
discussedby severalscientists(e.g.Matsushita,1969, sidered.Volland andMayr (1972,1973,1974) dis-
1971, 1973;MatsushitaandTarpley,1970;Tarpley, cussedtheoreticallythe generalbehaviorof three-
1970b;Stening,1969,1970;Kato, 1971;Murata, dimensionaltidal modesin thethermosphere.
1974). An exampleis presentedin Fig. 2A to demon- If the(1, —1) tidal modeis not predominantin the
stratetheSq-like currentdensityJ andelectrostatic- dynamoregion, analternativesuggestionfor theSq
field distributionEsobtainedfrom theestimated currentshasbeengiven by Matsushita(1971,1972),
electricconductivitytensor [~] andanassumedtidal who suggestedthat thenecessarymidlatitudeelectric
wind V in theE region, usingthe well-knownequation field in the dynamoregionis producedoriginally by
J = [~} (V X B + Es)whereB is themain magnetic a plasmasphericmotionandis mappeddownalong
field of the earthwith conditionsV - J = 0 andV X Es the earth’smagneticfield lines,andthat thehigh-
= 0. Stening(1969,1970) examinedseasonaleffects latitude electric field is producedoriginally by the
andlongitudinal inequalitiesby varying [~] andB interactionbetweenthe solarwind andthe magneto-
values,andMurata(1974)emphasizedverticalelectric sphere.Althoughfurther detailsof this mechanism
currenteffects. needto be examined,theseplasmasphericandmag-

Although(1, —1) seemsto bethemain tidal mode netosphericeffectson thedynamoregioncannotbe
requiredfor Sq, otherminortidal modesmaybesuper- ignored(Stening,1973).
posed.Forexample,Schieldgeet al. (1973)simulated In orderto selectthebestmodelamongthesesug-
an Sqcurrentpatternfor 5 August1958by super- gestedmechanismsof the Sq-currentproduction,the
posingsemidiurnaltidal modeson (1,—i). Richmond assumedamplitudesandphaseanglesof tidal modes
(l973a,b)showedthat theheight-varyingwinds simi- in thedynamoregionandtheelectrostatic-fielddis-
larin structureto the(1,1) tidal modegive a consid- tribution at variouslatitudesneedto be compared
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with observedresultsof windsand fields.As reviewed at St. Santin(Amayenc,1974)in thespringequinox
by Matsushita(1973)andMatsushitaandMozer agreedfairly well with theheight distributionsof
(1973),measurementsof chemiluminousclouds(such (1, —1) and(2,2) tidestheoreticallyestimatedby
as TMA) releasedby rocketsshowtheE-regionwind Volland andMayr (1973).However,in the dynamo
shears,butprovidealmostno informationin theday- region the diurnal wind speedisnotparticularly
time(lithium cloudsshowpromiseof daytimewind greaterthanthe semidiurnal,andthe phasesof both
observationsin the future).Radarobservationsof diurnalandsemidiurnalcomponentschangegreatly
meteortrail motions,laser-radarmeasurementsof with height.
nighttimeatmosphericdensityvariations,andinco- Basedon themeteorradarobservationsat Garchy
herent-scatterradarobservationsof plasmadrifts nearSt. Santin,Fellouset al. (1974)foundevanescent
provide further informationaboutupperatmospheric modesof the diurnal tide andhigher-ordermodesof
winds. The incoherentscatterradarobservationsof thesemidiurnaltide. Bernard(1974)examinedthe
the tidal windsat St. Santin(g.g.44.7°N,2.2°E)in tidal observationsby themeteorradarat Garchyand
summerandwinter indicateda diurnal component by theincoherent-scattermeasurementsat St. Santin,
at 100—450-kmaltitude,anda semidiurnalcompo- andconcludedthat thesemidiurnaltide at 80—100-km
nent with a modeof(2,4) at 100—135-kmaltitude altitude rangechangesgreatly,evenfromone dayto the
and(2,2) at 135—225km (AmayencandReddy, next,butthe (2,4) modeis dominantataltitudeshigher
1972).Also, observedresultsof themeridionalwinds than 100 km. Usinglaserradar,meteorradar,and
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Fig. 2A. Top left: contoursof height-integratedanisotropicelectricconductivities~ ~, , and in unitsof e.m.u.for 00—12
h (symmetricwith respectto the noonmeridian). Bottom left: wind vectorsfor thesolar(?‘,—l) tida?’mode.Thelengthsequalto
5°latitudecorrespondto 50-m/secwind speed.Topright: Sqcounterclockwisecurrentsystemcalculatedfrom theconductivity
andthe wind modelsshownat theleft. Thecurrentintensitybetweentwo consecutivelines is i0

4 A. Bottom right: electrostatic
field distributionplotted in 10°stepsof latitude andlongitude(after Matsushita,1971).
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________ ets,probemeasurementsby spacevehicles(satallites,94
-7

rockets,andballoons),andE X B plasmadrifts mea-
suredby incoherent-scatterradars.Tento twenty

60

barium releasesatmidlatitudesshowedtheelectro-
static field arounddawnanddusk(seeMatsushita,

30
1972).However,it is very difficult to comparethe
electrostaticfield estimatedfrom the Sqarounddawn

61

andduskwith thosebarium results,sincetheelectric
35

field canchangerapidly, due to sharpconductivity
changes,andthe superposedlocal windscausedby aL~ 69

0 strong temperaturegradientmaybe importantat
F— 45

thesetimes.Probe observationsof theelectrostatic
F-
_J Si

field by balloons,rockets,andsatelliteshavebeen
mademainlyat highlatitudes(seeMatsushitaand

15

___________________________________________ Mozer, 1973;andthereferencestherein).
S S 6 9 12 15 lB 21 24 HorizontalE X B drifts in the ionosphericE andF

90 •.I._~ I..

regionsobservedby the incoherent-scatterradar
75

systemat Millstone Hill (g.g. 42.6°N,71.5°W)showed
60

recentobservationsof the F regionshowedthe dom-

________________________________ theoreticalagreementwhena diurnal electric field______ ~ semidiurnalvariations(Evans,i972a,b),butmoreinanceof a diurnalvariation(Kirchhoff andCarpen-50 ter, 1975).Also, F-regiondiurnal windsdeducedfromSt. Santin(g.g.44.7°N,2.2°E)datashoweda better150 = 5 6 9 12 15 18 21 ~ from the dynamoregionwastakeninto consideration
B LOCAL TIME

duringsummerandequinoxes(AmayencandVasseur,
Fig. 2B. Theyearly-averageSqcurrentduringtheIGY (top) is 1972).A diurnalE X B drift at F-regionheightsover
comparedwith theCurrentobtainedfromthe(1,—i) tidal mode Malvern (g.g. 51.2°N,2.3°W)was reportedby Taylor
(middle)andthat from the (2,2) mode(bottom). Thecurrent
intensitybetweentwo consecutivelines is 2.5 . 1O

4 A for the (1974),buta terdiurnalEX B drift of the F-region
top diagramand ~ A for the two others, plasmasuperposedon adiurnal drift at Arecibo(g.g.

18.3°N,66.8°W)wasfoundby BehnkeandHarper
radiosoundingtechniques,at Kingston,Jamaica(g.g. (1973),while Jicamarca(g.g. 12.0°S,76.9°W)clearly
18°N,77°W),Alleyneet al. (1974) foundthat there showeda predominantdiurnal variation(e.g.Wood-
existsa diurnal oscifiationwith a verticalwavelength man,1970;Balsley,1973).Usingthewhistlermethod
of about 15 km, accompaniedby a semidiurnaloscil- of trackingcross-fieldplasmadrifts in themagneto-
lationwith a muchlongerverticalwavelength,in the sphereduringquietperiods,CarpenterandSeely
atmospherebetween70 and170 km altitude.The (1974, 1975) found that the observedE—W electric
verticalwavelengthof the observeddiurnal oscifiation field agreeswell with Evans’Millstone Hill measure-
doesnot correspondto the theorized(1, —1) and mentin thedaytimeandwith Kirchhoff andCar-
(1,1) modes.Thus,wind observationsat presentdo penter’sat night.
notparticularly indicateapredominantandconsistent Theseobservationscanbe comparedwith the
(1, —1) tide in thedynamoregion, which is anessen- theoreticalelectrostatic-fielddistributionsestimated
tial tidal wind to producethe Sq-currentsystem,al- with different assumptionsby variousscientists.Maeda
thoughthey showsemidiurnalmodes,especially(2,4). (1955,1963) semiempiricallyestimatedthe electro-

The otherway to examineproductionmodelsof static field for Sqduring theSecondPolarYear(1932—
the Sq-currentsystemis by the electrostatic-fielddis- 1933) andcomputedits effecton the F-regiondrift.
tribution whichcanbe observedby differentmethods, Matsushita(1969)andMatsushitaandTarpley(1970)
suchasE X B drifts of barium cloudsreleasedby rock- obtainedtheelectrostaticfield for Sqat theequinoxes
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TABLE II

Electricfield reversaltime *

N-°S S-°N W-°E E—°W Reportedby

(1) Millstone Hill 09 and (21) (03) and15 07 and 19 (01) and 13 Evans(1972a)
dip lat. 57°
geog. lat. 43°N 02 and (08) (05) and14 19 12 Kirchhoff and

Carpenter(1975)

Malvern 11.5 Taylor (1974)
dip lat. 50°
geog. at. 52°N

Winddynamo OlandO9 O3and2l O3and2l Olandli Maeda(1955,
for about 50°N 1963)

01 15 06 16 Matsushita (1969,

1972), Matsushita
and Tarpley (1970)

10 16 7.5 17.5 Stening(1973)
16 19.5 09 and 17 14 and 21 Schieldgeetal.

(1973)

09 23 03 15 Murata (1974)

Plasmasphericdynamofor 03 13 22 10 Matsushita(1971,
about 50°N 1972)

08 15 17 or 23 09 Stening (1973)

(2) Arecibo 03 14 Harper (1971, in
dip lat. 30° Stening,1973)
geog. lat. 18°N 01, 08, and 05, 15, and Behnke and Har-

(17) (21) per (1973)

Winddynamo 05or23 13 Maeda(1955,
for 20—30°N 1963)

3.5 17 Matsushita(1969,
1972)

05 20 Stening(1973)
07 22.5 Schieldgeet al.

(1973)

03 15 Murata (1974)

Plasmasphericdynamofor 01 14 Matsushita (1971,
20—30°N 1972)

04 and 17 14 and 19 Stening (1973)

(3) Jicamarca 07 20 Woodman(1970),

dip lat. 01° Balsley (1973)
geog. lat. 12°S

Wind dynamo 05 19 Maeda (1955,

around the equator** 1963)
04 18 Matsushita (1969,

1972*)
06 20 Stening(1973)
06 23 Schieldgeetal.

(1973)

03 15 Murata (1974)
07 22.5 Matuura (1974)

* Reversaltimesin parenthesesarelessreliable.

** Plasmasphericdynamoresultsare thesanseat theequator.



306 5. MATSUSHITA

from theassumptionof a (1, —1) tidal mode(seeFig. winds. In fact,S. Fukao (privatecommunication,
2A), andMatsushita(1972)presentedthe field effect 1974) hasshowedtheoreticallythat the F-layerwind
on the F-regiondrift. Stening(1973)examinedsea- dynamoproduceslargeelectrostaticfields at night.
sonal variationsandlongitudinal inequalitiesof the He hasalso examinedthe effectsof themagnetosphe-
field by changingthe electricconductivity and the nc dawn-to-duskelectric field. Although Pratapet al.
earth’smagneticmain field, while Murata(1974) in- (1973)discusseda three-dimensionaldynamotheory
cludedthevertical current;bothof thesecontained includingmagnetosphericeffects,the problemneeds
the sameassumptionof the (1, —1) tidal mode. to be examinedin muchmoredetail taking into con-
Schieldgeeta!.(1973) obtainedthe field from four as- siderationall regionsfrom theuppermesosphere
sumedtidal modes,(1, —1), (2,2), (2,3),and(2,4). throughthe outermagnetosphere.
Concerningthealternativemodel of the Sq-current For the scientistsinterestedin electromagneticin-
formationcausedby the electric field producedin duction,thereal sourceof theSq currentmay notbe
theplasmasphere,Matsushita(1971, 1972) presented particularly important.However, in additionto the
thefield distributionsin the dynamoregionandin the field-alignedcurrenteffectson Sq, thereare some
F level,andStening(1973)showedthe fields in dif- othereffectswhich cannotbeexplainedby dynamo-
ferent seasons. regioncurrents.As was discussedby Matsushitaet al.

The electrostaticfields (orEX B drifts) estimated (1973), the interplanetarymagneticfield (IMF) sector
from all thesetheoreticalmodelsare comparedwith structures,suchas“toward” the sunwith a westward
thoseobservedby theincoherent-scatterradarfacii- field componentand “away” from the sunwith an
tiesin order to identify thebestmodel.A comparison eastwardfield, causenot only a clear changeof the
with regardto thechange-overtime of theNS andEW SqP-currentsystemoverthepolar regionbutalso a
directionsof the field is listedin Table II. Observa- remarkableshift of the Sq-currentfocus. Correspon-
tionsat Chatanika(g.g. 64.9°N,147.7°W)are ignored ding to theIMF toward(away)sectorstructure,the
sincetheseobservedresultsusuallyshow disturbance Sq-currentfocusmovesequatorward(poleward)by
effects.As seenin Table II, noneof the theoretical about40~ Thiseffect is probablycausedby the
resultsideally agreeswith the observations.Whena plasmasphericexpansion(contraction),insteadof
small amountof timelag is allowed,theplasma- westward(eastward)electriccurrentsin the dynamo
spheric-dynamomodelseemsto showa betteragree- region,due to theIMF toward(away)sectorstructure.
mentthanthewind-dynamomodel,in spiteof fairly In sphericalharmonicanalyses,incidentally,these
detailedadjustmentsfor winds,conductivities,verti- sectoreffectsare presentedby the signreversalof the
cal currents,etc.,althougheithermodel is satisfac- C? term.
tory for theequatorialregion. The most reasonable Tarpley(1973)suggestedthat seasonalmovements
suggestionis that theSq currentin thedynamo re- of the Sq-currentfoci indicatean asymmetricwind
gion is producedpartly by theelectric field origina- systembetweenthe northernandsouthernhemispheres
ting in the plasmasphere—magnetosphereandpartly evenduringequinoxes,andMatsushita(1967a)dis-
by the semidiurnalwind dynamo(particularlyin the cussedthat theSq day-to-daychangesarecaused
daytime), includingthe F-layerdiurnalwind dynamo partly by thewind systemandpartly by smalldistur-
(Rishbeth,1971;Matuura,1974).In fact, thecurrent banceeffects.The IMF sectoreffectsmay corres-
systemandelectrostatic-fielddistribution obtained pond to the“small disturbance”and play an impor-
for L by the (2,2) mode(right diagramof fig. 10 in tant role in seasonalandday-to-daychangesof the
Matsushita,1969),where10 times largercurrent in- Sqfield. The shift of theequivalentoverheadSqP-
tensityandelectric field areplausiblefor Sq, strongly currentsystemwith theIMF sectorchangesmay be
supportthis ideaof a semidiurnalwind dynamo(see inferredfrom thedistortedmagnetosphericelectric
Fig. 2B). Kirchhoff and Carpenter(1975)presenteda fields which map downalongthe earth’smagnetic
similar suggestion,while Behnkeand Hagfors(1974) field linesandproducea distortedSqP-currentsys-
inferredthat thedaytimeelectric fields arecausedby tern in thedynamoregion.
theE-regionwind dynamo andthenighttimefields Concerningtheequatorialzone,all theoretical
areby the F-layerdynamo due to thermospheric modelsagreeapproximatelywith Jicamarcaobser-
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vationsasshownin Table II. Also, the F-regionver- surprisinglysimilar to thecurrentsystemobtained
tical motioncausedby theelectric field measuredby from a much simplerprocedureby Matsushita(1969).
barium cloudsoverThumbashoweda fairly good To explain theL-currentsystem,thedynamo fields
agreementwith those observedby Jicamarcaradar andcurrentscausedby thelunar semidiurnal(2,2)
(Baisley,1973).Returningflow of theequatorial tidal modein the dynamoregionwere discussedby
electrojetcurrentswasdiscussedby Suzuki(1973a), Matsushita(1969)and Tarpley (1970a),andtheelec-
andthe so-calledcounter-electrojet(whichcausesan trostatic-fielddistributionfor L was estimatedby
occasionalsteepdecreaseof the geomagneticH corn- MatsushitaandTarpley(1970), as presentedin the
ponentbelowits nighttime level in theearlyafter- middleandbottom diagramsof Fig. 3. TheEX B
noonon a quiet day)was examinedby severalre- drifts in the ionosphericFlayercausedby thedynamo-
searchers(e.g.HuttonandOyinloye,1970;Onwume- regionelectrostaticfield were obtainedby Matsushita
chili andAkasofu,1972;Fambitakoyeet al., 1973; (1972).All thesetheoreticalestimationsseemto be
Rastogi, 1974).If this phenomenonis free from any satisfactoryon thebasis of indirect evidence,suchas
stormor lunar tidal effects,it may beexplainedby
thehigherharmonicsof atmospherictides, suchas YEARLY AVERAGE

the (2,2) or (2,4) mode.Sinceverticalpropagation Sc ‘‘‘‘•‘~‘‘‘ ‘ I

conditionsfor thesetidal modesmayvary day by day, 00 00

it is no surprisethat this phenomenonoccursonly
5-I Ioccasionally.Also, it mustbenoted that changesin
H

almostimmediatelyaffect theequatorialelectric field ~

theelectric field andwind at non-equatoriallatitudes -o
in the dynamoregion, becausetheequatorialfield is - ~ ‘‘~‘~

producedasan integratedresult of the dynamomech-

~ 60
electrostaticfields producedat plasmasphericandF2anismin a wide non-equatorialarea.Accordingly,
low latitudesmaymap down to the dynamoregion

changethe equatorialelectric field in thedynamo
at midlatitudesalongmagnetic-fieldlines, andthen

15region. This effectmay alsocontributeto thecause
of the counter-electrojetphenomenon. ~“. ~ _________I 3 6 9 ‘2 IS ‘S 29 24
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zerolevel (Matsushita,1967a,1968;and therefer- 0 3 6 9 ‘2 IS II 29 24

encestherein),andalsowhenthecurrentintensityat LUNAR TIME
Fig. 3. Yearly averagedL externalcurrentsystemestimatedsolarmidnight was assumedto be zero,takinginto from geomagneticdata (top) and that calculated from the

considerationthesolar daily variationof the electric semidiurnallunar (2,2) tidal wind model (middle)with the

conductivity(Matsushita,1969) asshownin the top electrostatic-fielddistribution(bottom) for a new or full

of Fig. 3. Detailedstudiesof the L field from the data moonday (or luni-solar)duringa moderatesunspotperiod.

at 100 observatoriesfor the interval 1957.5—1960.0, Thecurrentintensitybetweentwo consecutivelinesis iø~A,
andthevectorof the electricfield is plotted for each 10°step

eliminatingthe contributionof the sea-tidaldynamo, of latitude andlongitude,where thelengthsequalto 5°latitude
wereconductedby Malin (1973),whoseresultwas correspondto 0.2 mV/rn.
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the ionosphericlunarvariations,althoughdirect dimensionalelectriccurrentmodel, theDS field is
measurementsof tidal winds andelectric fields caused partly includedin thepresentsection.
by the lunargravitationalforce are notyet available. A veryextensivestudyof themorphologyof the

UsingtheE-regionelectron-drictmeasurementsat Dst field wasconductedby Sugiuraand Chapman
Jicamarca(g.g. 12.0°S,76.9°W)andthegeomagnetic (1960),usingthe geomagneticdataobtainedat 26
H datafrom Huancayo(g.g. 12.0°S,75.3°W),Tarpley stationsfor 346 stormsduring 44 years,1902—1945.
and Balsley (1972)investigatedlunarvariationsin Also,a very useful disturbanceindex“hourly values
thePeruvianelectrojet,andinferredfrom the analy- of equatorialDst” hasbeenprovidedby M. Sugiura,
sis that theelectric field for L, which is of the order D.J. Poros,andS.J.Cainin NASA GoddardSpace
of 0.1 mV/rn, showsa clear differencebetweenday Flight Center for manyyears.Basedonthis indexand
andnight and alargeannualvariation.Also, a con- the auroralelectrojetindex AE, it hasrecentlybeen
venientmethodof obtaininglunarsemidiurnalvaria- suggestedby severalscientists(e.g.Kokubun, 1972;
tionsof thegeomagneticfield from the 2.5-mindata Kamide, 1974;Kane,1974) that the southwardcorn-
scalingson tapewassuggestedby Matsushitaand ponentof the interplanetarymagneticfield often
Campbell(1972),andthe 01 componentof the geo- triggersa stormoccurrenceor an expansionof the
magneticlunardaily variationwasdiscussedby several auroraloval region. Also, a theoreticalrelationbe-
scientists(e.g.Winch, 1970;Tarpley,1971).Recently tweenDstandthe solarwind mergingelectric field
therehasoccurredsomerenewedinterestin thecorn- wasdiscussedby Siscoeand Crooker(1974a).
parisonof seasonalandsolar-cyclevariationsof L Soonafter thetriggeringaction,probablydue to
with thoseof Sq.Appropriateapplicationof the themagnetospheric-convectionelectric field, protons
above-mentionedconvenientmethodfor magnetic in the Alfvén layer (inneredgeof the ion sheet)in the
datatapeanalysiscould helpclarify thesevariations, night-sidemagnetospheremoveearthwardand in-

creasetheir energydensityto producea storm-time
ring current(Coroniti, 1973).Satelliteobservationsof
thestorm-timering currentparticlesat the beginning

4. Dst field of stormswerereportedby Smith andHoffman

(1974). Thering currentshapemaynot be a sym-
Geomagneticvariationsduringstormscanstatisti- metrically completering, butmay involve anasym-

cally be divided into storm-time(measuredfrom the metricring (in regardsto bothgeocentricdistanceand
beginningof thestorm) andlocal-timedependentcom- currentintensity)and/ora fewpartial rings. Jaggi and
ponents.The formercomponenthastraditionallybeen Wolf(1973) discussedanasymmetricring current,
called“storm-timevariation” anddesignatedby Dst, andSiscoeandCrooker(1974b)discussedtheoreti-
while the latterhasbeencalled“disturbance-daily cally thepartial-ringcurrentcontributionto theDst
variation”with thedesignationDS. The Dsthasoc- field.
casionallybeencalledDR, sinceit hassometimesbeen Concerningthe three-dimensionalcurrentloop of
thoughtthat theDstvariationis causedby ring-shaped theDstring with field-alignedandionosphericcur-
westwardelectriccurrentsat aboutfour earthradii rentsfor theDS field, FukushimaandKamide(1973a,b)
from theearth’scenterin theequatorialplane.Also, reviewedvariousmodels.As shownin Fig. 4, these
to reemphasizethe investigationof an individual modelsmay beclassifiedinto thefollowing four types:
stormeventinsteadof averagestormbehavior,“polar (1) daysidepartialring currentwith downflowing
substorm”hasrecentlybecomea popularterm,and (arounddawn)andupflowing (arounddusk) field-
DShas oftenbeencalledDP, wherePdenotespolar alignedcurrents(Akasofu andMeng,1969);(2) night-
substorm(formoredetails,seeMatsushita,1967b). side partial-ringcurrentwith field-alignedcurrents
AlthoughtheclassicnotationsDstandDS are used, (McPherronet al., 1973);(3) tail- andpartial-ring
for simplicity, throughoutthepresentsection,all currentswith field-alignedcurrents(Kamideand
recentconceptionsareincludedin thosenotations. Fukushima,1972);and(4) no-downflowingcurrent
SincetheDst andDS fields are notcompletelyin- in thenightsidemagnetosphere(Rostoker,1974).
dependentand separable,particularly for the three- Satellite observationsareessentialto estimatethe
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PRE-SUBSTORM REAL CURRENT PERTURBATION
(7 - ~— REAL CURRENT CONFIGURATION CURRENT LOOP

CONFIGURATION DURING SUBSTORM FOR SUBSTORM

/ ~ ~ ~

Fig. 4. Ringandfield-alignedcurrentmodelsproposedby: (top left) Akasofu andMeng (1969);(top right) McPherronet al. (1973);
(bottomleft) Kamide andFukushima(1972);and(bottomright) Rostoker(1974).

three-dimensionalreal currentloop, asground-based latitudesto completethecirculation,andproduce
measurementscanonly give an equivalentcurrent westwardelectriccurrentswhichcontribute to aDst-
model. like decreaseof theH component,at least in theday-

It must be rememberedthat the equatorialDst in- time,becauseof ahigh electricconductivity. In fact,
dexis simply an approximateparameterto showthe strongpolewardneutralwinds duringstormsat 95—
ring-currentbehaviorwith respectto the stormtime. 100-km altitude overFritz Peak(g.g. 398°N,105.5°W)
A largenegativevalueof the index iscausedby both havebeeninferredfrom measurementsof the Doppler
an increaseof currentintensityandanearthward shift of the airglow [01] 5577Aemissionline (Her-
shift of the currentlocation.The intensitychanges nandezandMatsushita,1974).To discussthe external
andlocation shiftsarecontrolledby both local and Dstfield, westwardelectriccurrentsin the dynamo
stormtimes. Furthermore,a dynamoactionby the regionmay needto be considered.
midlatitudeneutralwind causedby thetemperature In conclusion,amongthe slowly-varyingexternal
increasein thepolarcapandthe auroral regionis fields,both Sq andDst seemto havesourcesin the
plausible(e.g.FedderandBanks, 1972;Richniond magnetosphereand theionosphere,while L seemsto
andMatsushita,1975).Whentheheatedlower ther- beproducedmainly in the ionosphere.The classic
mosphericair in the auroral regionascendsand flows ideasthat the Sqfield is simply causedby electriccur-
outwardat ionosphericF-layerheightsa poleward rent producedby thewind dynamoin a thin spheri-
neutralwind in thedynamo regionmay flow in mid- cal-shell-shapeddynamoregion and that the Dst field
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is producedby a symmetricwestwardring currentare coherentscatter:A review.3. Atmos. Terr. Phys., 34:
very misleadingfor thestudyof electromagneticin- 175—209

ductionin the earth. Farnbitakoye,0., Rastogi,R.G., Tabbagh,3. andVila, P.,
1973. Counter-electrojetandEsq disappearance.J. Atmos.
Terr.Phys.,35: 1119—1126
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