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Abstrad

　　Magnet1(neld　variations,　recordedon　geosynchronous　satelhtes　GOES　5　and　GOES　6

during　the　exPansion　Phase　of　substorms,　are　colnpared　with　simultaneous　auroral　activity

`゛ithjn　the　ground　conjugate　areas　of　these　satellitesjn　order　to　examine　the　magnetic　neld

connection　bet`゛een　the　ionosPhere　and　the　magnetosphere･　Auroral　image　data　were　a(}

quired　by　multi-station　a11‘sky　Tv　cameras　during　the　Global　AuroraDynamics　Campaign,

from　December　1985　to　February　1981　Twelve　exarrlPles　of　simultaneously　observed　suW

storm　expansions　at　GOES　5,　GOES　6,　and　the　ground-basedaurotj　Tv　stations　have　been

selected　for　analysis,

　　lt　is　found　that　ReldJigned　current　structures,　associaLed　゛ith　adive　auroral　forms　such

as　bulges　and　surges,　are　highly　localized　at　geosynchronous　altitudes･　On　the　basis　of　this

ejdence,　the　ionosPheric　foot(conjugate)Points　of　magnetic　neld　line　Passing　through　the

geosynchronous　satemtes　can　beexamined,　by　comparing　the　smal1-scale　neld-alignedcur-

rentsobserved　at　geosynchronous　orbit　with　the　simultaneous　develoPment　of　auroral　bulges

and　surges　in　substorm　expansions･　The　latitude　of　the　foot　Point　of　the　geosynchronous

satellite　dePends　primarUy　on　the　Dst　index　and　the　indination　angle　of　the　magnetic　neld

゛ector　at　the　satelhte,　This　indicates　the　signincant　roleof　the　intensity　of　the　ring　and/o『

magnetotail　currents.　The　AE　and　KP　in�ces　areof　lesser　importance,

　　The　lonjtude　of　the　footPointof　the　geosynchronous　satellite　often　deviates　by　10　to

15　degrees　from　the　calculated　Position　based　on　Tsyganenko's　magnetic　neld　mode1　(1987)･

This　deviation　is　eastward　(westward)on　the　west　(east)side　of　the　expansion　onset　meridian.

Thjs　is　most　hkely　due　tothe　efrects　oflarge　scale　Region　l　and　Region　2　hld-ahgned　currents

on　either　side　of　the　sateUite,　which　are　not　explicitly　induded　in　Tsyganenko's　modeL

　　The　characteristics　of　Tsyganenko7s　model　are　examined　herejn　order　to　test　the　゛alidity

ofthe　modeL　As　a　result　of　mapping　analysis,　several　shortcomjngs　of　the　model　are　e゛idenL

Mostof　them　are　largely　due　tothe　absence　from　the　model　of　neid“ahgned　currents･　They　`re
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jsoPMtly　dle　to　the　hhted　sPatij　extent　of　the　obser゛ational　data　set　used　in　estabhshing

thenlodel,　and,　more　essentiallyμo　the　inaPProPriate　mathematical　exPression　of　the　model

insornesPednc　magnetosPheric　regions･　A　magnetospheric　model　based　on　a　3-dimensional

MH　D　simulationis　jso　examinedμΓom　which　a　highly　iocalized　magnetic　neld　(hstortion

is　found　in　the　near-earth　magnetotailjndicating　the　presence　of　large　scje　but　loc£zed

neld-ahgned　currents･　ln　addition,　neld-ahgned　components　of　the　curreds　in　Tsyganenko's

modelare　examined　directlyJt　is　sho`゛n　that　large-scje　but　locahzed　Reld4hgned　currents,

゛hich　satisfy　current　continuity　jong　neld　lines,　are　not　induded　in　Tsyganenko's　mode1･

　　On　the　basis　of　the　confirmation　of　the　absence　of　field-ahgned　curtents,　Tsyganenk♂s

magnetic　neld　model　is　mo(hfied　by　introducing　the　Region　l　and　Region　2　neld-ahgned

currents･　For　current　intensities　aPpropriate　to　a　djsturbed　Period　of　the　magnetosPhere,　the

azimuthal　de゛iationof　the　foot　Point　of　a　geosynchronous　satellite　is　about　10°　in　longitude

from　that　estimated　by　using　Tsyganenko7s　modeL　The　magnitude　of　magnetic　hld　hne

denection　is　determined　mainly　by　the　intensity　of　Region　l　and　Region　2　nel(l“ahgned

currents　together　with　the　relative　location　of　the　magnetic　neld　line　of　interest　tothese

currents.　The　mapping　chara£teristics　of　the　Tsyganenko's　modined　magnetic　neld　model

aresimilar　to　that　of　the　field　model　from　the　MHD　simulation,　supporting　the　usefulness

of　MHD　simulation　of　the　magnetosphere　to　infer　the　magnetic　field　distribution　in　the

magnetosphere,

　　The　intensity　of　neld-ahgned　currents　is　examined　using　twoavailable　examples　from　data

obtained　by　the　polar‘orbiting　satelhte　DMSP-F7,　The　current　obser゛ed　by　the　sate111te　for

one　e゛ent　is　consistent　with　the　observed　magnetic　field　line　denectionof　10°　in　longitude･

For　the　other　event,　the　current　can　account　for　a　neld　hne　denection　which　is　only　about　a

hjf　of　that　observed,　Thjs　could　be　attributed　to　the　difFerence　in　time　relative　to　the　Peak

of　the　expansion･　The　auroral　surge　of　interest　for　both　events　゛as　located　at　the　position

where　a　signmcant　denection　of　the　magnetic　neld　line,　by　large-scale　neld“aligned　currents,

was　expected,
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　　　　　　　　　　　　　　　　　1.General　lntroduction

1↓Magnetospheric　Configuration

　　The　earth゛s　magnetic　djiPole　field　is　continuously　intera£ting　with　a　unidirectionally

streaming　plasma,　namely,　the　solar　wind,　This　plasma　nowconnnes　the　geomagnetic　neld

to　a　cavity　cded　the　4magnetosphere゛　bounded　by　the　゛magnetopause≒The　dayside　magne'

tosphere　is　compressed　by　the　solar　wind,　while　the　nightside　is　extended　antisunward　due

to　the　tangential　stress　of　the゛　solar　`″ind　and　forms　the　(magnetotaiP　as　illustrated　in　Figure

1.1.

　　As　a　result　of　the　solar　wind-magnetosPhere　dynamo　process,　there　are　four　major　current

systems　which　form　the　magnetosPheric　configuration;　the　ring,　magnetotail,　magnetopause,

and　field-aligned　currents.　Th,ese　currents　are　now　briefly　summarized.

1.1.L　Magnetopause　currents

　　MagnetoPause　currents　(MPC)now　as　shown　in　Figure　l.2　along　the　m4netopausefrom

the　dawnside　to　the　duskside　at　low　latitudes,　while　they　flow　in　the　opposite　d1redion　at

dayside　high　latitudes　(Chapman　and　Ferrar0,　193　1　;　Mead　and　Beard,　1964),As　a　result

two　current　vortices　are　formed　in　the　northern　and　southern　hemisphere　centered　on　the

magnetic　neutral　point　called　the　゛cusp',　where　the　magnetic　neld　is　perpendicular　to　the

magnetopause　surface.　These　currents　shield　the　earth゛s　magnetic　neld　from　the　solar　wind,

while　inside　the　dayside　magnetopause　the　magnetic　field　is　compressed･　The　approximate

location　of　the　magnetoPause　is　determined　by　the　balance　of　the　dynamic　pressure　of　the

solar　wind　by　that　of　the　magnetic　pressure　of　the　magnetosphere.　The　geocentric　dstance

of　the　magnetopause　toward　the　sun　averages　10　to　11　R£(the　earth゛s　ra£1ius),and　it　ranges

from　about　15　Rz　to　6　Rs,　depending　mainly　on　the　vMiations　in　dynamic　pressure　of　the

solar　wind｡

ly1･2･　Magnetotail　currents

　　As　shown　in　Figure　1.2　the　magnetotail　current　nows　through　the　neutral　sheet　(NSC)

　　　　　　　　　　　　　　　　　　　　　　1
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Figure　l.1　Noon`midnight　cross　section　of　the　magnetosphere　(Rosenbauer,　1975)



FAC

{MF

MPC

NSC

TC
WPI

X
　`ゝ

　　　　　　KEY

FI､ELO･ALIGNED　CURRENT

INTERPLANETARY　MAGNETIC

　　FIELD
MAGNETOPAUSE　CURRENT

NEUTRAL　SHEET　CURRENT

TAIL　CURRENT

WAVE　PARTICLE

　　{NTERACTIONS

Figure　l･2　A　schematic　4e゛　of　the　magnetosPhere　(Stern･　1978)



1.General　lntroduction

and　is　dosed　through　the　nightside　magnetopause　(TC),The　solar　wind　nows　jong　the

flank　of　the　magnetosphere,　and　some　chalged　partides　enter　the　magnetosphere.　Due　to

the　indudion　eledric　neld　caused　by　the　motion　of　the　solar　wind　with　respect　to　the　earth's

geomagnetic　hld,　chalge“separation　processes　occur　on　both　sides　of　the　magnetotjl　nank,

The　positively　chalged　partides　win　drift　across　the　tail　toward　the　dusk　side,　while　the

electrons　wnl　drift　towMd　the　dawn　side,　Both　contribute　to　form　the　neutral　(or　plasma)

sheet　tail　current　if　the　paltides゛　pitch　angle　isnear90°.　0n　the　othef　hand　for　pitch　angles

nearO°　ol　180°,　the　particles　wiU　move　along　the　magnetic　neld　hnes　against　the　mlrror　force

of　the　magnetic　Reld　and　enter　the　losscone｡　They　consequently　contribute　to　the　Region

l　neld-£gned　currents　which　wnl　be　djscussed　later.　Most　of　the　neutral　sheet　current

is　dosed　with　the　surface　currents　nowing　on　the　northern　and　southern　boundary　of　the

magnetotail･

ly1･3･　Ring　currents

　　ln　the　near-earth　region　(4~7Rs)aere　is　a　signincant　electric　current　caused　either

as　a　consequenceof　pressure　balance　or　equivalently　as　the　sum　of　gradient,　curvature,　and

magnetization　drifts　of　charged　partides　trapped　in　the　geomagnetic　field.　This　is　referred

to　as　the　ring　current　(Aka･sofu　and　Chapman,　1961),which　nows　nlostly　westward　around

the　earth　near　the　equatorial　plane.　A　much　weaker　eastward　current　has　been　observed

at~3Rs(Lui　et　al･,　1987).lt　is　well　known　that　plasma　for　the　ring　current　is　supplied

mainly　by　the　inward　transport　of　plasma　sheet　Partidesjnduding　both　H゛,　He゛゛,　and　O゛

ionsof　ionosPheric　origin,　together　with　some　H゛　of　solar　wind　origin　(Lundin　et　al9　1980;

Stiidernannet　al･,　1987).This　indicates　that　the　ring　current　is　connected,　either　d1rectly　or

indirectly,　with　both　the　ionosPhere　and　the　outer　magnetosphere,

1.L4.　Field-angned　currents

　　lt　is　now　well　estabhshed　that　the　outer　region　of　the　magnetosphere　is　coupled　with

the　ionosphere　by　field-aligned　electric　currentsras　shown　in　Figure　1･2　(FAC).From　the

　　　　　　　　　　　　　　　　　　　2



I｡General　lntroduction

beginning　of　this　centuryjt　has　been　Pre(hded　that　charged　partides　or　electric　currents

no゛　ajong　the　field　hnes　at　high　latitudes･　Ho゛e゛er,　the　existence　of　neld-aligned　currents

was　not　actuaHy　connrmed　until　the　beginning　of　in　silu　satemte　observations　(Zmuda　and

Armstrong,　1974;　lijima　and　Potemra,　1976),Figure　l,3　shows　the　ionospheric　distribution

of　field-aligned　currents　observed　by　the　polal　orbiting　sMemte　TRIAD　(njima　and　Potemra,

1978),The　poleward　pair　of　current　systems　now　into　the　ionosphere　on　the　dawn　side　and

away　flom　the　ionosphele　on　the　dusk　side･　This　is　cjled　the　Region　l　current　system･

Equatorward　of　this　Region　l　system　is　a　pjr　of　current　systems　of　the　opPosite　direction

to　the　Region　l　systemj,e･　,　flowing　upward　on　the　dawn　side　and　downward　on　the　dusk

side.　This　is　called　the　Region　2　current　system･　The　ionospheric　region　into　and　out　of

which　neld-jigned　currents　flow　is　of　high　electric　conductivity,　because　of　the　predpitation

of　charged　partides.　Hencejts　location　is　assodated　with　the　spatial'temporj　distribution

ofauloras,which　is　caHed　the　“auroral　oval"　(Feldstein　et　al9　1967),　The　latter　win　be

discussed　later　together　with　the　strong　horizontal　ionospheric　currents,　that　flo゛　especially

during　auroral　substorms.

　　Thesource　regionsof　field-aλigned　cuHents　(FAC's)in　the　magnetosphere　are　not　yet

undelstood　fuUy,　because　the　shape　(or　the　stretching)of　magnetosPheTic　magnetic　neld

nnes　depends　on　several　Parameters･　lt　isreasonable,　however,　to　expect　that　the　Region　l

currentsare　connected　to　the　Plasma　sheet　boundary　layer,　whUe　the　Region　2　currents　are

connected　to　the　near-earth　plasma　sheet　and　ring　current　regions　taking　into　account　the

polarity　of　currents;　the　sign　of　Region　l　currents　is　consistent　with　the　charge　a£cumulation

in　the　magnetotd　(positive　in　the　dawn　side　and　negative　in　the　dusk　side)as　mentioned

previously　in　the　section　1,1･2.　The　sign　of　Region　2　currents　is　consistent　with　the　charge

separation　of　the　Plasma･　injected　from　the　outer　region　by　the　dawn-dusk　electric　neld.

　　The　distribution　of　the　FAC　system　is　highly　correlated　with　the　interplanetary　magnetic

field(IMF),When　Bz　(north-south　component　of　the　IMF)　1s　northward,　there　is　a　pair　of

41d-dgned　currents　located　poleward　of　the　dayside　Region　l　culrent　system　`vith　opposite

　　　　　　　　　　　　　　　　　　　　　　　　3
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　　　　　　　　　　　　　　　　　　　　1.General　lntroduction

polality　to　the　Region　l　currents　cjled　NBz　currents　(lijima,1984;　lijima　and　Shib･aji,

1987),　0n　the　other　hand,　when　Bz　is　southward　there　is　little　NBz　current,　and　the

Region　l　and　Region　2　currents　are　intensified,　The　intensity　of　these　currents　depends　also

on　the　magnetic　activity　of　the　magnetosphere　(lijima　and　Potemra,　1976;　Ohtani　et　al,,

1988)/When　the　magnetic　activity　is　high,　the　Region　l　and　Region　2　field-aligned　currents

become　intense,　However,　the　detaUed　distribution　of　the　current　system　is　not　yet　known,

1n　particular,　how　it　varies　with　the　magnetic　disturbance　level,　and　how　it　develops　during

thecoulseof　magnetospheric　substorms.

1.2,　Magnetospheric　Substorm

　　The　eaJth's　magnetosPhere　is　intermittently　unstabie,　and　explosively　releases　a　large

amount　of　energy　derived　from　the　solar　wind-magnetosphere　interaction　into　the　aurora1

ionosphere　and　the　near-earth　magnetosphere.　This　is　called　a　“magnetosPheric　substor�'

(Akasofu,　1968;　Akasofu,　1977)･Magnetospheric　substorms　have　many　manifestations,　e･g･

magnetic　field　perturbations　on　the　ground　and　in　the　magnetosphere,　auroral　activity　by

partide　predpitations　into　the　ionosphere,　and　partide　injections　into　the　inner　rnqneto“

sphere,etc･(Rostoker　et　al･,　1980).

　　The･　substorm　concept　was　first　introduced　by　Akasofu　(1964).He　constructed　an　“au-

loral　substor�゛model,shown　in　Figure　l.4,　by　using　multi-station　aII-sky　image　data.　ln

his　model　anauroral　sudden　brightening　startsaround　midnightovera　limited　longitudina1

width　in　theauroral　zone　latitude　(B),and　the　“auroral　bulge"　expands　poleward,　westward

and　eastward　with　the　time　scaJe　of　severaJ　tens　of　mlnutcs　(C,D);it　is　referred　to　as　the

“expansion　phase"　of　the　substorm,　lt　was　found　that　auroral　forms　also　exPand　equator-

wald(Snyder　and　Akasofu,1972),ln　the　evening　sector　the　“westward　traveling　surge"

(VVTS)develoPs(C,　D,　and　E)(Akasofu　et　al･,　1965)･At　the　hea.d　of　the　surge　intense

upward　leld-aligned　currents　exist,　which　will　be　discussed　later　in　this　section.　When　the

expansion　ends,　the　exPanded　bulges　and　surges　begin　to　decay,　and　a　stable　auroral　arcs　are
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　　　　　　　　　　　　　　　　　　　1.Generarlntr9duction

folmed　agjn　around　the　geomagnetic　pole　(F,A)μe･,　the　“recovery　phase".　Akasofu　(i975)

used　theauroral　image　taken　by　the　DMSP　satemte　to　show　the　development　of　anauroral

substorm　on　a　global　scale･　The　DMSP　satellite　takes　images　by　a　scanning　photometer　and

it　takes　about　15　minutes　to　obtain　one　image,　so　that　the　detailed　study　of　the　space‘time

development　ofauroral　morphology　was　imPossible.　However,　this　morphology　has　been

recently　connrmed　by　global　imagings　via　satellites　such　as　DE　I　(Craven　and　Frank,　i985;

Ftank　and　Craven,　1988)and　viking　(Rostoker　et　al,　,　1987),Rostoker　et　al.　(1987)found

that　the　onset　regionof　an　auroral　substolm　is　highly　localized　in　azimuthal　extent,　with

the　size　of　several　hundreds　of　kilometers.

　　The　magnetic　neld　variations　at　night-side　aurorahone　stations　show　sharp　decreases　in

the　H　(geomagnetic　north-south)component　at　expansion　onset,　which　is　the　manifestation

of　the　westward　electrojet　(strong　ionospheric　current　in　the　auroral　zone)･As　the　substorm

develops　,　the　westwald　electrojet　expands　poleward,　westward　and　eastward　(Wiens　and

Rostoker,　1975;　Pytte　et　a1･,　1976a)･This　isreferred　to　as　the　“(polar)magnetic　substolm."

Magnetic　substorms　are　found　to　be　highly　correlated　withauroral　substorms　(e,g,　Kamide

and　Akasofu,　1975),which　w1U　be　discussed　in　deta11　1ater　in　this　section.　Before　the　onset

the　glound　magnetogTams　often　show　a　gradual　increase　in　the　H　component　on　the　dusk

side　and　a　decrease　on　the　dawnsidej.e･,.　the　“growth　phase."　Figure　l,5　shows　worldwide

time'dependent　distribution　of　ionospheric　equivalent　currents　during　a　substorm,　which　is

obtained　from　ground　magnetic　field　variations,　by　rotating　the　horizontal　magnetic　field

7ectors　dockwise　by　90°,　assuming　that　the　magnetidield　Perturbation　at　each　ground　sta･‘

tion　is　Produced　by　overhead　ionosPheric　current.　During　the　growth　phase　(Figure　l.5(a)),

the　equivalent　cuHent　pattern　shows　two　vortices　centered　on　the　dusk　and　dawnside　of　the

polM　caP　(DP2　current　system).During　the　expansion　phase　(Figure　l.5(b)),the　pattern

is　characterized　by　two　vortices　with　one　larger　vortex　centered　at　higher　latitude　around

midnight　and　the　other　smaller　vortex　centered　at　loweHatitude　(DPl　current　system),AU

and　AL　indices,　whichareddned　as　the　upper　and　lower　envelopes　of　the　superimposed

　　　　　　　　　　　　　　　　　　　　　　　5
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plot　of　the　H　component　magnetograms　at　auroral　latitude　stations･　represent　the　maximum

eastward　and　westward　electrojet　currents,　resPectively･　Then　the　separation　between　AU

and　AL,　namely　AE,is　used　as　an　index　of　geomagnetic　and　auroral　activity　(Davis　and

Sugiula,　1966).

　　At　middle　latitudes　an　increase　in　the　H　component　of　magnetic　hld　is　observedneat

the　meridian　where　aurorj　expansion　starts,　and　a　declease　(lncrease)in　the　D　component

is　observed　in　the　east　(west)of　the　onset　meridian･These　magnetic　variations　can　be

explained　either　in　terms　of　the　efrect　of　a　pajr　of　neld-jigned　currents　flowing　into　and　out

of　the　ionosphere,　the　current　wedge　or,　equivalently,　by　return　currents　from　the　westward

electrojet,　The　beginning　time　of　these　magnetic　changes　is　often　used　for　determining　the

onset　time　of　magnetic　substorms　(e･g.　MCPherron　eLal,,　i973;　Clauer　and　MCPherron,

1974),

　　Satemte　observations　over　the　last　two　decades　have　indicated　that　several　kinds　of

disturbances　occurin　the　magnetosphere　during　substorms.　These　phenomena　are　Promjnent

in　the　nightside　magnetosphere,　suggesting　that　thesourceof　substorms　is　in　the　magnetotai1

region･　The　substorm　thus　indudes　the　magnetosPheric　phenomena,　and　has　been　named

the　“magnetospheric　substorm."

　　vaJious　kinds　of　phenomena　take　pla£e　in　the　magnetotail　during　a　substorm.　ln　the

distant　magnetotail　(XGsM<-15Rz,ln　GSM　or　geocentric　solar　magnetospheric　coordinates

xGsg　is　toward　the　sun,　ZGsg　is　in　the　plane　containing　sun-earth　line　and　earth7s　magnetic

diPOle　and　positi7e　northward,　and　Y(7sg　satisnes　the　right'handed　orthogonal　set),the

characteristic　signature　is　the　burst　of　energetic　Partides　(≫　severa】tens　of　kev)soon　after

the　onset　and　the　subsequent　southward　turning　of　the　magnetidield(Terasawaand　Nishida,

1976)suggesting　Plasma　sheet　thinning,ln　the　near-earth　region　(XGsM≫-15R£')the

magnitudeof　the　magnetic　field　is　intensified　and　the　plasma　sheet　thins　during　the　growth

phase.　After　the　onset　the　magnetic　field　vector　rotates　to　moredipolarorientationand

the　plasma　sheet　expands　(Pytte　et　a1,,　1976b),Figure　l.6　shows　the　characteristic　partide

　　　　　　　　　　　　　　　　　　　　　　　6
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1.General　lntroduction

and　magnetic　neld　゛ariations　in　the　llear“earth　(XGsg≫-15R£)magnetotail　during　the

substorm,　The　expansion　onsets　are　denoted　by　dotted　lines,　At　expansion　onsets　OG0　5

observes　increases　in　the　Bz　component　magnetic　field　preceded　by　decreases,　together　with

increases　in　electron　number　density　precded　by　decreases.

　　Substorm　signatures　are　deally　observed　at　geosynchronous　orbit(e･g,　Sauvaud　and

winckler,1980).0ne　signature　is　the　injection　of　energetic　partides　from　the　more　dis‘

tant　legion　of　the　magnetosphere　(e･g.　DeForest　and　MCIlwain,　197　1),Another　signature

is　magnetic　change　indicating　arnoretail'like　geomagnetic　field　during　the　growth　phase

foHowed　by　a　diPOle-like　neld　a£companied　by　the　perturbation　of　the　azimuthal　component

of　the　magnetic　neld.　N　agal　(　1982)analyzed　GOES　2　and　GOES　3　magnetic　field　data　to

show　that　the　substorm-associated　magnetic　disturbances　a･t　geosynchronous　altitudes　can

be　explained　by　the　“current　wedge　model"　(MC　Pherron　et　j,　,　1　973),This　model　consists

of　a　pair　of　field‘aligned　currents　and　the　ionospheric　auroraJ　electrojet　current　produced

by　the　coUapse　and　diversion　of　the　cross-tail　current,　and　the　subsequent　longitudinj　ex-

pansion　of　each　neld-aligned　current.　Figures　l･7(a)and(b)show　a　schematic　view　of　the

current　system　and　characteristic　signature　of　magnetic　field　variations　at　geosynchronous

orbit　respectively,　The　H　component　is　antiparanel　to　the　earth　dipole,　the　v　component　is

perpendicular　to　H　and　Positive　outward,　and　the　D　component　is　perpendicular　to　H　and

v　and　positive　eastward,　Many　other　authors　also　reached　the　same　condusion　(Singer　et

aL,　11985;　Balfield　et　a1･,　1986;　Nagai　et　al･,　1987;　Nagai,　1987).

　　Ho゛ever,　magnetic　variations　during　a　substorm　cannot　always　be　explained　by　the

current　wedge　model,　MCPherron　and　Barfield　(1980)showed　that　the　typicaI　D　component

perturb`tion　is　not　observed　at　geosynchronous　orbit　in　winter　seasons.　They　attempted　to

expljn　it　by　the　earth　dipole　tilt　eflect.　Nishitani　and　Oguti(1988)anaiyzed　GOES　2　and

GOES　3　data　in　the　winter　season　and　found　that　longer-time　scaie　(several　tens　of　minutes

to　several　hours)D　component　variations　show　the　typical　current-wedge“tyPe　signature

(positive　in　the　dusk　side　and　negative　in　the　dawn　side),whereas　short-time　scale　(about　a

　　　　　　　　　　　　　　　　　　　　　　　7
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Figures　1･7(a)A　schematic　view　of　the　current　wedge　model　(Barfield　et　al･,　1985)and
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1.General　lntroduction

few　minutes)magnetic　variations　do　not　show　such　a　simpliRed　feature,

　　Another　problem　of　the　model　is　that　it　is　not　yet　de&r　ho゛　these　current　wedges　are

related　to　the　plasma･sheet　thinning　observed　in　the　(nstant　magnetotail　as　describede&r-

ner･　During　the　glo゛th　phase　the　plasma　sheet　thins,　while　the　magnetic　fieldneargeosyn‘

chlonousorbit　becomes　tjl゛1ikejndicating　the　intensincation　of　magnetotail　currents,　Baker
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゝ

and　MCPherron　(1990)proposed　that,　as　the　magnetotail　current　becomes　intense,　the　J　X　B

force　increases　and　compresses　the　plasma　sheet　until　it　balancesthe　plasma　pressure　hence

causing　the　Plasma-sheet　thinning.　However,　quantitative　estimates　of　various　parameters

Me　quite　incomplete.

　　ln　addition,　the　essential　sholtcoming　of　the　current-wedge　model　lies　in　the　fact　that

the　model　does　not　take　into　account　the　interaction　with　the　ionosphere,　e･g.　the　return

currents　from　the　ionosphere,

　　Since　data　obtained　from　the　geosyndronous　satemtes　are　intrinsically　based　on　one-

point　observations,　the　separation　of　spatial　changes　from　temporal　vaJiations　is　very　dimcult.

lt　is　therefore　impossible　to　determine　the　distribution　of　magnetospheric　currents　uniquely,

particularly　during　the　substorm.　Nagai　et　al.　(1987)and　Fajrfield　and　Zanetti　(1989)

used　geosynchronous　and　eccentric　orbiting　satellites　toexamine　the　distribution　of　currents

by　use　of　the　two　or　three-point　data　set.　These　data　sets　are　st111　insumdent,　however,　to

determineunique!y　the　space-time　development　of　the　current　systems.　Hence　it　is　imPortant

to　combine　i7l　sia　measulements　obtained　by　satemtes　with　two-dimensional　data　obtained

on　the　ground,　such　as　auroral　images　and　magnetic　field　variations･

　　The　lelationshiP　betwelen　the　growth　Phase　and　the　expansion　phase　has　been　the　subject

of　continuous　controversy,　The　main　problem　is　whether　the　expansion　phase　is　a　causa1

consequence　of　the　growth　phase･　Kokubun　andMCPherron(1981)and　Lopez　et　al,　(1988)

showed　that　the　magJ!itude　of　magnetic　fleld　changes　at,　or　near,　geosynchronous　orbit　during

the　expansion　phase　is　high!y　correlated　with　the　magnitude　of　changes　dulrillg　the　gro゛th

phase,However,most　substorms　are　multiPle-onset　substorms,　andeven　one　substorm

　　　　　　　　　　　　　　　　　　　　　　　　8



　　　　　　　　　　　　　　　　　　1/General　lntroduction

can　haveseveral　complicated　time‘dependent　spatij　structures･　lt　is　impossible　to　predict

the　sPace'time　development　of`uroral　substorms　by　using　the　gro゛th　phase　data　only,

Thelrefore　stlldy　of　the　spatij゛te°porj　de゛elopment　of　substorms　by　using　2-dimensional

data　is　essentij｡

　　The　2'dimensional　development　of　substorms　has　often　been　examined　with　ground　mag-

netic　data･　Kamide　et　al.　(1981)and　Kamide　et　al.　(1985)used　global　magnetic　data　and,

by　assuming　the　distribution　of　ionospheric　conductivity,　derived　the　temporal　development

of　ionospheric　currents　and　field-aligned　currents　with　a　temporal　resolution　of　10　minutes.

Ho`゛ever,　the　magnetic　data　contains　the　integrated　efrect　of　ionospheric　and　field-dgned

currentsover　avery　wide　region,　and　hence　they　are　not　aPproPriate　for　the　detded　study

of　the　sma11-scale　development　of　substorrns.　IGs　thus　important　to　utmze　auroral　data,

which　win　give　the　2-dimensional　distribution　of　particle　precipitation　with　a　spatial　scale

of　about　10　km.

　　For　the　study　of　the　temPoral　distribution　of　the　current　system　during　substorms　by　use

of　auroral　data,　an　essential　requirement　is　to　determine　the　relationships　between　auroral

structures　and　ionospheric　and　field-aligned　current　systems.　Since　the　ionosphericregion

where　electron　predpitation　occurs　is　electrically　highly　conductive,　auroras　are　associated

with　ionospheric　currents.　Kamide　and　Akasofu　(1975)made　a　(:omParison　of　the　aurorj

distribution　obtajned　by　the　DMSP　satemte　and　the　distribution　ofaurorj　electrojets　to

condude　that　a　strong　westward　electric　current　flows　along　the　POleward　bulges.　Many

other　observations　on　the　ground　show　the　dose　relationship　between　active　auroras　and

westwMd　electrojets｡

　　On　the　other　hand,　since　the　aurora　is　usually　caused　by　th･e　predpitation　of　energetic

electrons,lt　is　reasonable　to　believe　that　the　auroral　fk)rms　are　assodated　with　up`vard

neld-aHgned　currents.　Armstrong　et　al･　(1975),Kamide　and　Ahsofu　(1976),Kamide　and

Rostoker(1977),and　Kamide　et　al,　(1979)compared　auroral　images　taken　by　ground　all'

sky　Tv　cameras,　or　the　DMSP　satemte,　with　field-angned　currents　observed　by　the　polar'

　　　　　　　　　　　　　　　　　　　　　　　9



　　　　　　　　　　　　　　　　　1.(leneral　lntroduction

orbiting　satemte　TRIAD･　They　conclud･ed　that　up゛ald　field-aligned　currents　are　colloc　ated

with　“discrete　auroras"　(e{auroral　bulges　and　surges),which　have　an　energy　spectrum

with　a　peakenergy　of　several　kev,　and　that　downwald　neld-aligned　currents　coindde　with

the　region　of　“(hfuseauroras"(e･g･　pulsatingauroras),`゛hich　have　no　prominent　energy

peak,　Baumjohann　et　al,　(1981)combined　ground　magnetic　neld　data　with　the　STARE

electric　field　data　and,　by　assuming　an　ionosphericconductivity　distributionl　showed　that

the　western　paJt　of　an　expandingauroral　bulge　is　collocated　with　highly　localized　and　intense

upward　field-dgned　currents　and　the　eastern　part　is　collocated　゛ith　morewidespread　and

less　intense　downward　currents.

　　From　many　kinds　of　observationsl　there　is　little　doubt　that　the　auroral　bulgesarlecollo-

cated　with　the　upward　currents.　Howeverjt　is　also　evident　that　upward　currents　associated

withauroralarcs　aregenerallysurrounded　by　downward　retum　currents　and　are　dimcult　to

observe　unless　the　current　intensity　is　very　strong　and　the　satemte　is　within　the　localized

current　structure.

　　WTS゛s(Westward-Traveling　Surges　as　already　mentioned)are　the　most　prominent　fea･

ture　in　th,e　western　part　of　substorm　expansion　aurora,　together　with　intense　upward　neld-

aligned　currents　just　mentioned.　WTS-assodated　FAC's　have　been　investigated　by　many

workers･　Kisabeth　and　Rostoker(1973)compared　auroral　images　and　ground　magnetic　data

and　found　Hjl　currents　around　the　surge　assodated　with　upward　fleld-angned　currents.

0pgenoorth　et　a1.　(1983)used　all-sky　images,　ground　magnetic　data　and　electric　field　data

from　the　STARE　radar　to　find　a　close　relationship　between　a　surge　and　a　strong　upward

neld-agned　current.　Bythrow　and　Potemra　(i987)used　the　DMSP　images　and　magnetic

field　data　to　reach　the　same　condusion｡　However,the　source　structure　of　WTS゛s　is　not　yet

deaT.Upward　neld-aligned　currents　have　been　generally　beheved　to　form　the　western　part　of

the　substorm　cuTrent　wedge　(Nagj,1｣982),though　there　are　few　studies　of　detailed　compari″

son　betweenground　and　satellite　data.　Gelpi　et　al.　(1987)compared　magnetic　signatures　at

geosynchronous　orbit　and　auroral　images　taken　by　the　DMSP　sateIIite･　Theywerenot　able
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to　filld　dose　lel`tionships,　ho゛e゛el,　PIrobaly　because　the　DMSP　satemte　cannot　separate

spatial　and　temporj　changes　of　theaurora.

　　Thereare　sonle　studies　of　relationships　between　auroral　activity　observed　on　the　ground

and　partide/magnetic　£eld　data　at　geosynchronous　orbit,Ak&sofu　et　a1.(1974),Eather

etal,(1976),Mende　and　SheUey　(1976)claimed　that　the　temporal　variations　in　auroral

luminosity　at　the　estimated　conjugate　points　of　geosynchronos　satellites　ale　consistent　with

the　temporal　changes　in　electron　fluxes　measured　by　geosynchronous　satellites.　However,

the　time　resolution　in　these　studies　is　rather　poor　(≫≫1　minute)l　and　the　fast　evolution　of

aurolal　structures　such　as　surges　and　bulges　is　barely　taken　into　(:onsideration,　Nishitani　and

Oguti(1988)usedauroral　data　obtained　by　all-sky　Tv　cameras　on　the　ground　and　magnetic

lleld　data　of　the　GOIES　2　and　3　geosynchronous　satellites･　They　found　exceUent　correlation

between　the　magnetic　field　changes　at　geosynchronous　orbit　and　the　auroral　activity　near

the　estimated　conjugate　point.　However,　they　could　not　examine　in　detail　the　relationship

between　the　surge　structure　and　magnetic　variations　at　geosynchronous　orbit,　because　only

three　events　were　studied　and　the　longitudinal　extent　of　the　combined　nelds　of　view　of　al1-sky

Tv　cameras　was　limited.

1.3.　Modeling　of　the　Magnetosphere

　　ln　order　to　examine　relationships　bet゛een　the　ionosphere　and　the　magnetosphere,　a

reliable　magnetospheric　magnetic　field　model　is　essential,　0ver　the　past　several　years　many

attempts　have　been　made　to　model　the　magnetic　fleld　configuration　of　the　magnetosphere

(see　Quantitative　modehng　of　the　magnetosphere,　edited　by　walker,　1979),sugiura　and

Poros(1973)used　magnetic　data　of　the　OGO　3　and　5　sa,tellites　to　nnd　that　there　are　three

main　regions　where　the　magnitude　of　the　magnetic　field　difrers　considerably　from　the　earth's

dipole　field,　These　regions　are　the　near-earth　equatorial　region,　the　magnetotd　equatoria1

region,　and　the→cusp　region.　They　also　a･ttempted　to　providean　analyticaJ　expression　of　the

magnetic　fleldjn　terms　of　ring　currents,　magnetotail　currents,　and　magnetoPause　currents･
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　　　　　　　　　　　　　　　　　1.General　lntroduction

They　discussed　each　region　seParately,　so　that　the　vjidity　of　the　model　was　insumcient　to

rePlesent　the　global　magnetosphere　quantitatively　and　consistently,

　　MO】rerdned　modelswereprovided　by　Mead　and　Fa1rneld　(1975)and　Olson　and　Pfitzer

(1977)･Mead　and　Faideld(1975)derived　a　quantitative　model　of　the　magnetospheric　mag-

netic　field　by　ltting　the　data,　obtained　by　fk)ur　IMP　satemtes,　to　a　quadratic　expansion　in

solar-magneticcoordinates　and　a　linear　expansion　of　the　solar　wind'dipole　tilt　angle,　The

model　induded　fk)ur　sets　of　coemdentsμePresenting　diHerent　degrees　of　magnetic　disturbance

as　determined　by　the　range　of　Kp　values,　Although　it　was　the　first　model　that　induded　both

the　efrect　of　distributed　currents　and　the　dipole　tilt　angleμhe　model　has　many　limitatiom,

There'w･eregaps　in　the　data　coverage,　particularly　beyond　17　Rz　and　at　high　latitudes,　ln

a£ldition,the　terms　induded　in　the　modellvereinsumcient　to　represent　the　efrects　of　rela･

tively　localized　current　systems　such　as　ring　currents,　magnetotail　currents,　and　hld-aligned

currents､01son　and　Pfitzer　(1977)represented　the　magnetic　neld　by　using　a　6-order　expan-

sion　of　power　series　and　exponential　terms.　They　used　180　coemdents　and　the　model　can

describe　the　magnetopause,　tai1,　and　ring　currents.　The　shortcoming　of　this　model　is　that　it

is　restricted　to　quiet　conditions.

　　By　using　the　magnetic　field　data　used　by　Mead　and　hlrneld(1975),complemented　by

data　from　the　HEOS　satelntes,　Tsyganenko　and　ustnanov(1982)appned　mathematicaJ　de‘

scription　of　the　magnetic　field　to　the　three　current　regions　of　the　magnetosphere　as　mentioned

by　Sugiura　and　POros　(1973).Their　model　wasrnorerefined　than　that　of　Mea£l　and　Fair-

field(1975),the　main　Point　being　that　it　can　represent　the　localized　current　systems･　The

shortcoming　of　the　model　is　that　due　to　the　lack　of　data,　it　is　not　applicable　to　the　region

xGsM≪-16Rji･　and　the　high　latitude　magnetotd　region.　This　model　was　further　improved

by　Tsyganenko　(1987).More　data　points　wele　a£lded　to　the　original　data　set,　particularly

in　the　distant　magnetota11　region･　ln　addition,　the　representation　゛as　modified　by　taking

the　efrect　of　magnetotan　return　cuHents　into　consideration　so　that　the　expression　for　the

high-latitude　magnetotail　became　better.　This　model　has　two　versions;　the　long　゛ersion　has

　　　　　　　　　　　　　　　　　　　　　　12
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26　coemdents　8.nd　can　describe　the　magnetic　field　flom　about　4　to　70　R£in　the　magnetota11,

while　the　truncated　゛ersion　has　20　coemdents　and　can　describe　the　magnetic　field　from　about

4　to　30　Rz,　Tsyganenko　(1989)proposeda　nloree1£orate　representation　of　the　magnetic

neld　by　considering　a　warped　(bent　around　thernoon-midnight　meridian)current　sheet　as　a

result　of　d1POle　tUt　effects,

　　However,the　models　described　stm　have　severa1　11mitations､First,these　models　ale

based　on　averaged　data　sets　and　thuscannot　represent　the　instantaneous　connguration　of

the　magnetosphere･　Second,these　models　are　all　symmetric　with　respect　to　the　xZ　plane

in　solar　magnetosphericcoordinates,although　strong　asymmetry　was　evident　in　the　satemte

observations(Sugitlra　and　Poros,　1973),Third,　and　the　most　impoltant,　they　do　not　indude

exphcitly　the　efrects　of　field-aligned　currents　in　thelr　models,　Although　they　indude　some

features　of　field-aligned　currents,　neld-aligned　current　continuity　is　not　taken　into　a£count.

Large‘scale　field‘angned　currents,　such　as　the　Region　l　and　Region　2　currellts,　must　have

considerable　eflects　on　the　magnetospheric　configuration.　However,　there　are　few　studies　that

quantify　the　efrects　these　currents　have　on　the　magnetosphere,　espedally　on　the　neld'line

connection　between　the　ionosphere　and　the　magnetosphere.

　　There　is　another　approach　to　modeling　of　the　magnetosphere,　that　is　the　3-dimensional

MHD　computer　simulation　(e･g,　0gino　et　al･,　1986).The　advantage　of　this　kind　of　modehng

is　that　several　variables　such　as　magnetic　neld,　Plasma　pressure,　and　plasma　bulk　velocity

satisfy　MaxwelPs　equation　and　MHD　equation.　This　method　can　also　be　aPplied　to　the

study　of　the　magnetic　field　line　connection　between　the　magnetosphere　and　the　ionosphere･

1.4.0utline　of　this　thesis

　　ln　this　thesis,　we　wUl　compare　auroral　activity　observed　by　multi-station　a11-sky　TV

caJneras　and　magnetic　field　variations　at　geosynchronous　orbit,　examine　sman'scale　neld'

dgned　cuHents　associated　with　individual　auroraJ　structu,res,　and　examine　the　neld　line

mapping　bet゛een　th‘e　ionosphere　and　geosynchronous　altitudes･
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　　ln･　Chapter　2　゛e　investigate　se゛eral　aurolal　activities　such　as　bulges　and　surges　and

related　magnetic　variations　on　the　ground　and　at　geosynchronous　orbit,　ln　Particular　lve

focus　attention　on　the　“゛est゛ard　trayeling　surges"　and　associated　magnetic　signatures　at

geosynchronous　orbit.　XVe　゛m　demonstrate　existence　of　systematic　longitudinal　deviation

of　magnetic　neld　linesconnected　to　the　surge　from　that　predicted　by　Tsyganenko)s　mode1

field　hne.　ln　ChaPter　3　we　will　examine　Tsyganenkols　field　line　model　frohi　two　points

of　view,　mapping　analysis　and　examination　of　neld-£gned　currents,ln　addition,　these

results　w1Il　be　compared　with　the　3-dimensional　MHD　simulation　results　by　Ogino　(private

communication,1991)toexamine　the　characteristics　of　Tsyganenko゛s　model,　ln　Chapter　4,

Tsyganenko)s　magnetic　neld　model　゛ill　be　modined　by　introducing　the　eflect　oHarge-scale

kld-ahgned　currents　to　construct　a　tentative　magnetic　modell　which　is　consistent　with　the

relative　location　of　the　ionospheric　point　to　the　ma･gnetospheric　conjugate　point　obtained

fromourobservation,　ln　the　modined　model　the　magnitude　of　magnetic　field　denection　wm

beexamined　for　several　parameters　of　the　large-scale　field-ahgned　currents･　ln　Chapter　5

the　intensity　of　field-ali8ned　curTent　estimated　from　the　deviation　of　conjugacy　is　compared

with　that　actually　observed　by　the　Polar-orbiting　satellite　DMSP゛F7.　We　゛m　mention　time“

dependent　characteristics　of　the　large-scale　neld'aligned　current　system　in　the　course　of　the

development　of　the　substorm　expansion.　Finally,　concluding　remarks　゛m　be　presented　in

Chapter　6.
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　　　　　　　2.　Comparison　of　auroral　activity　with　the　magnetic　neld

　　　　　　　　　　　　　　variationsat　geosynchronous　orbit

2y1.1ntroduction

　　ln　thecours･eof　mapetospheric　substorms　the　magnetosphere　rekases　a　large　amount

of　enelgy　derived　from　the　solM　゛ind`magnetosphere　interaction　in　a　complex　way　(e･g･

Rostoker　et　al･,　1980).Thelefore　the　magnetosPheTe　shows　quite　comphcated　temporal　and

spatial　variations∠lt　is　practicany　impossible　to　determine　the　time-dependent　3-dimensional

configuration　of　the　magnetosphere　(e･g.　the　current　distribution)l　uniquely,　by　using　satellite

data　alone,　゛hich　is　based　on　single'point　obsei゛tions　and　caJlnot　be　used　to　separate　spatial

and　temporal　changes.

　　TheauroTal　image　is　a　projection　of　magnetosPheric　activity　on　the　ionosphere　and

can　provide　2゛dimensional　information　on　the　time'dePendent　magnetospheric　configur&-

tion,However,it　is　not　yet　dear　where　these　auroras　are　actuaJly　connected　to　in　th･e

magnetosPhere　along　magnetic　field　nnes,　although　several　attempts　have　been　made　to

ploject　the　auroral　image　into　the　magnetosphere　using　existent　magnetic　field　models　such

as　Tsyganenko゛s　models　(e･g･　Elphinstone　et　al･　,　199　1)･lt　is　therefore　essential　to　combine　2-

dimensional　ground-based　auroral　image　data　with　the　in　jilu　satemte　data　in　order　to　study

the　temporal-spatial　variation　of　the　magnetosphere　during　magnetospheric　substorms.

　　There　have　beensornestudies　on　the　relationship　between　auroral　a£tivity　and　parti-

de/magnetic　neld　data　at　geosynchronous　orbit　(Akasofu,　1974;　Eather　et　al･,　1976;　Mende

and　Shelley,　1976).However,　the　time　resolution　in　these　studies　is　rather　poor　(≫≫1　minute),

and　hen･ce　the　fast　evolution　ofauroral　structures　such　as　surges　and　bulges　is　rarely　taken

into　consideration,　Nishitani　and　Oguti　(1988)used　auroral　data　obtained　by　aIFsky　TV

calneras　onthe　ground　and　magnetic　neld　data　of　the　GOES　2　and　GOES　3　geosynchronous

satemtes.　They　found　excenent　coinci(lence　between　the　mgnetk　neld　changes　at　geosyn-

chronousorbit　and　the　aurolal　activitynealth･e　estimated　conjugate　point　゛ithin　a　time

lesolution　of　10seconds.However,　the1rexamination　of　the　relationship　betw･een　the　auroral

　　　　　　　　　　　　　　　　　　　　　　　15



　　2.ComP&risonof　゛uroral　acti゛ity　゛ith　the　mag“etic　neld　゛ariatiom　at　geosynchronous　orbit

surge　structure　and　magnetic　variations　at　geosynchrono･us　o･rbit　stm　involvedsorne　llncer-

tainty,　bec3.use　ollly　thlee　e゛ents　゛eie　studied　and,　more　importantly,　the　spatial　coverage

in　longitude　was　provided　by　only　one　TvcaJrlera｡

　　ln　this　chapter　we　compaJeauroral　activity　observed　by　multi‘station　d-sky　Tv　cameras,

which　cover　a　very　large　spatial　extent　in　longitude　(≧45°),and　nlagnetk　field　variations　at

geosynchronoussatemtes　during　the　early　stage　of　the　substoml　expansion　phase,　We　ex-

amine　magnetic　field　vMiations　at　geosynchlonous　orbit　associated　with　individual　auroral

activity,and　then　examine　the　neld　hneconnection　between　ionospheric　and　geosyn.chronous

altitudes.　ln　Particular　we　will　focus　attention　on　“westward　traveling　surges"　and　related

magnetic　field　vaJiations　at　geosynchronous　orbit,　because　it　is　most　hkely　that　these　au-

roral　surges　are　coHocated　with　local　enhancements　in　upward　neld-aligned　currents　(e･g･

Opgenoorth　et　aL,　1983)･

　　ln　order　to　estimate　the　ionosPheric　foot　point　of　geosynchronous　satelliteswe　useTsy-

ganenko゛s　magnetospherk　magnetic　fleld　model　(1987),which　is　an　empirical　model　based

on　satemte　observations.　0n　the　other　hand,　we　examine　the　real　foot　point　of　8eosyn゛

chronous　satemtes,　from　the　comparison　of　the　magnetospheric　and　ionospheric　phenomena

as　mentioned　j)ove.　Then　we　wiU　test　the　rehamty　of　Tsyganenko゛s　magnetic　field　mode1

by　determining　whether　it　shows　any　systematic　error　in　estimating　the　ionospheric　foot

points　of　geosynchronous　satemtes.

2.2.　Aulroral　and　magnetic　field　data･

　　Auroral　data　used　in　this　study　were　obtjned　by　a11-sky　Tv　camerM　at　Fort　Smith

(60.0°,248.1°,geographiccoordinates;　68.2°,　299.5°,　geomagneticcoordinates),Shamattawa

(55.9°,　267.9°;　67.8°,　330,1°),Little　Grand　Rapids(52.0°,264,5°;　63,5°,　324･8°),and　Great

VVhale　River　(55.3°,282.2°;　68.0°,　353.7°),duling　the　Global　AuroraDynamics　Campaign

which　was　carried　out　f】:om　December,　1985　to　February,　1986(Oguti　et　a1･,　1988a).Magnetic

data　at　geosynchronous　orbit　wereobtained　from　GOES　5　(74.9°　W)and　GOES6(107.9°
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　　2･　Comp`rison　of　auror゛d　8ctl゛ity　゛ith　the　magnetic　neld　variations　at　geosyn&ronousorbit

W)satemtes,with　a　time　resolution　of　■06　seconds,

　　Figme　2･l　sho゛s　the　distlibutioll　and　field　of　`4e゛　of　the　ground　jl-sky　Tv　cameras,

togethel　゛ith　the　iollosphelic　foot　points　(bl゛k　dots)of　GOES　sateIIites,　These　foot　points

are　calculated　on　the　basis　of　IGRF85　1nternal　field　model　plus　the　Tsyganenko　(1987)

external　Reld　model　(truncated　version)･TMs　figure　shows　that　the　foot　point　of　GOES　5

is　loc&ted　near　Great　VVhale　River　(GNVR)and　that　of　GOES　6　1s　about　300　km　west　of

Shamattawa(SHM)and　Little　Grand　Rapids　(LGR)･Tsyganenkols(1987)model　contins　a

Kp-dependent　parameter　and　the　foot　point　of　the　sateUite　moves　about　3°　1n　geomagnetic

latitude　approximately　along　the　geomagnetic　meridian　line　depending　on　the　geomagnetic

activity　level,　as　shown　in　Figure　2↓

　　Theauroral　images　taken　by　aII-sky　Tv　carner　as　ale　Projected　onto　an　ionospheric

coordinate　system,　by　assuming　theaλlroral　height　to　be　110　km　(a　detailed　description　of

the　data　analysis　system　wUl　be　given　in　the　aPpendix),as　demonstrated　in　Figure　2･2･　ln

this　ngure　auroras　areshown　in　a　positive　image,　so　that　the　black　parts　represent　bright

regions.　lt　should　be　noted　that　the　Tv　cameras　often　recorded　some　light　contamination

with　theauroras｡　On　some　days　the　moon　in　the　field　of　view　of　Tv　cameras　was　so　blight

that　auroral　imageswereobsculed,hence　the　moon　was　shaded　bya　cover.　However,　the

efrects　of　the　scattered　moon　nght　were　considerable　especially　on　hazy　nights.　ln　addition

there　were　frequent　contaminations　due　to　smoke,　espeddy　in　the　western　neld　of　view　at

LGR｡

　　The　magnetic　observatories　used　in　this　study　are　listed　in　Table　2.1,　and　Figure　2･3

shows　the　distribution　of　these　observatories.　Near　the　foot　point　of　GOES　satellites,　the

magnetic　field　data　are　available　every　5　seconds　fyom　Great　Whale　Riverj　Shamatta゛a･

Little　Grand　RaPids,Churchill,and　LaJFb:)nge,and　every　l　minute　from　YeUowkn6･　Dat゛

at　a　l-minute　samphng　rate　from　sub-auroral　latitude　stations,　St･　Jones(STJ),0tta゛a

(OTT),and　victoria(VIC)are　used　to　examine　the　location　of　the　substotm　expansion

onset　reglon｡
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　　Figu　rc　2j　Distribu　Lion　and　ricl(lof`'ie゛　or　ground　jl゛sky　Tv　cameras,　together　`゛ith　thc

ionosPheric　foot　points　(l)lack　doLs)of　GOES　satellites,　Thcsc　root　points　arc　cjculatcd

on　the　basis　oHGRF85　inter“j　neld　nlodel　plus　Tsy8anenko(1987)external　nel(l　modcl

(Lru　ncated　vcrsion)｡
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St&tion　Name Abbrev､
GeogTaphic Geomagnetic

lat｡ long･ lat｡ 1o4･

GreatWhale　River

Churchin

Shamattawa

dowknife

ittle　Grand　RaPids

a　Ronge

ajnt　Johns

tt&wa

ictoria

GWR

HR

HM

LK

GR

RG

TJ

OTT

IC

55.3

&8

5.9

62.4

2.0

5.2

7.6

5.4

8.5

2S2j

265.9

67.9

45.6

264.5

54.7

07.3

S4j･

36.6

6&0

70.3

7.8

9.9

3j

4.9

7.6

S｡5

54.1

353.7

26.0

30.1

294.4

25.S

310.8

29.1

56.0

92.4

Table　2.1　List　of　the　magnetic　observatories



Figure　2,3　Distribution　of　the　magnetic　observatories,
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　　2.　Comparison　of　auroral　activity　with　thenlagnetic　neld　variationsat　geo8yndlronous　orbit

　　The　purPose　of　this　thesis　is　to　study　the　relationships　bet゛een　groundauroral　activity

and　glound　magnetic　valiations　over　aconsiderable　spatij　extent　゛lth　magnetic　changes

at　geosynchronous　orbit･　Therefore　゛e　ha゛e　selected　the　time　interwds　゛hen　both　all-sky

TvcaJnerasat　Shamatta゛a　and　Great　W'hale　Rj゛er･　`″ere　in　operation　during　the　campaign

Period,　Twelve　events　have　been　selected　from　4　days,　i･e･I　Jan･　01,　Jan.　02,　Jan.　07　and

Jan.　27,The　substorms　on　Jan.　07,　1986　have　&Ir･eady　been　presented　in　the　paper　by

Oguti　et　al･　(1988b),Here　wew111　examine　the　substorms　on　Jan,　27,　which　involve　various

ch.aracteristic　signatures,　and　then　the　substorms　on　Jan･　02,　Jan.　0　1,　and　on　Jan.　07.　The

summary　of　substorms　used　in　this　study　wnl　be　given　in　Table　2.2,　in　Section　2.4･

2.3.Substorm　events

2.3.1.Jan｡27　1986

　　The　AE　index　on　this　da{y　is　shown　in　Figure　2.4.　The　geomagnetic　activity　is　rather

high.　Several　substorms　can　be　identified　in　the　AE　index,　among　゛hich　three　expansion

onsets　at　about　0250　UT,　0450　UT　and　0650　UT　were　located　near　the　observation　sites　(see

alrows).The　onset　time　cannot　be　clearly　identified　from　the　AE　index,　but　well　defined

onset　times　of　these　expansions　are　0249　UT,　0448　UT　and　0639　UT　as　obtained　from　the

sub-auloral　latitude　magnetograms　(Figures　2.9　and　2.14,　vertical　nnes)･

2.3.1.1.Substorm　at　0448　UT

　　Theauroral　image　data　from　GWR,　SHM,　and　LGR　are　available･　During　this　event

GVVR　was　locatedneargeomagnetic　midnight　and　SHM　was　located　near　2200　MLT　(mag-

netic　local　time).The　Kp　index　is　5+,1ndicating　rathelr　high　geomagnetic　activity･

　　This　substorm　indudes　two　expa,nsion　onsets　at　0448　UT　and　at　0500　UT,　as　can　be

dearlyseenin　the　m.agnetic　nel,d　variationsat　sub-auroral　latitude　stations　shown　in　Figure

2,9.　1n　the　foUowing　we　will　discuss　these　two　onsets　separately･

2ヽ3,1,1a.　Expansion　onset　at　0448　UT

18
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Figure　2.4　The　AE　index　on　January　27,　1986.
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　　2,　Comparison　or　auroral　activity　with　the　magnetic　neld　variationsat　geosynchronous　o･rbit

　　Figure　2･5　sho゛s　the　space゛time　development　ofauroral　images　obtained　by　all-sky　TV

carnerasat　SHM,　GWRj　and　LGR.　The　time　interval　bet゛een　images　in　this　ngure　is　1

minute,although　we　have　examined　the　images　every　5seconds｡Whereas　the　field　of　view

of　the　an-sky　Tv　calTlera　a£tually　covers　a　clrcular　area　about　1000　km　in　radius　at　an

altitude　of　1　10　km,,the　limit　is　less　than　about　500　km　where　we　can　determine　the　auroral

distribution　゛ith　anaccuracy　of±100　km　because　of　the　change　in　the　height　distribution　of

aurorasfrom　110　km　and　the　error　in　determining　the　attitude　of　the　Tvcanlera｡　Actually

we　limit　the　field　of　vie`゛at　ea£h　station　to　470　km　at　the　110　km　altitude　level　(e･g･　Figure

2♀

　　The　expansion　started　bet゛een　GWR　and　SHM･　Prior　to　the　onset,　at　about　0447　UT,　an

eastwald-moving　auroral　branch　wasseen(shown　by　the　arrow)1n　the　western　sky　of　GWR,

At　f1rst　a　faint　arc　graduaHy　brightened,　then　it　moved　eastward　to　reach　the　estimated　foot

point　of　GOES　5　at　0449　UT.　This　auroral　branch　vanished　by　0452　UT.　0n　the　other　hand

an　auroral　surge　with　the　spatial　scale　of　200　km　appeared　in　the　eastern　field　of　view　of

SHM　at　0451　UT　(shown　by　the　arrow),and　then　the　head　of　the　surge　moved　westward,

changing　forms,　rotating　dockwise　as　viewed　parallel　to　the　magnetic　field　direction.　This

surge　faded　by　0458　UT　and　a　discrete　auroral　band　was　left.

　　The　DMSP-F7　satemte　passed　above　SHM　at　about　0458　UT.　The　auroraJ　image　taken

by　a　scanning　imager　onboald　the　sateHite　is　shown　in　Figure　2.6.　This　ngure　sho゛s　the

only　examPle　of　thesalne　auroral　form　simultaneously　observed　by　ground　Tv　cameras　and

the　DMSP　satellite,　of　the　events　examined　in　this　study.　The　auroral　pattern　observed

by　the　satellite　is　coincident　with　the　pattern　observed　by　the　ground　Tv　camer゛s　゛t　0458

UT(Figure　2.5),indicating　the　validity　of　the　projection　of　ground　all-sky　Tv　images　onto

the　ionospheric　height　of　110　km･　Above　GWR　therewere　afew　fint　arcs｡　Above　SHM　a

discrete　auroral　band　was　observed,　extending　from　about･　200　km　east　of　SHM　toward　the

far　west｡

　　Figure　2.7　shows　the　magnetic　field　variations　at　GOES　6　and　GOES　5.　The　magnetic

　　　　　　　　　　　　　　　　　　　　　　　19
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Figure　2･6　The　auroral　image　taken　by　a　scanning　imager　onboard　the　DMSP'F7　satcllite

　　The　image　is　Positive,　The　satemte　Passed　above　SHM　at　about　0458　UT･
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Figure　2.7　Magnetic　field　variations　at　GOES　6　and　GOES　5　from　0430　UT　to　0530　UT　on

　　January　27,　1986･　The　magnetic　neld　components　are　j7en　in　HVD　coordinates(see

　　text),T　is　total　intensity　of　the　magnetic　field.



　　2.Comptrisonof　aul`or&l　acti゛lty　゛4th　the　m8Lgnetic　neld　゛ariations　at　geosynchronous　orbit

neldcomponents　are　given　in　HVD　coordinates;　H　is　antipalallel　to　the　earthls　dipole　neld

(positive　north゛aJd),v　is　PerPendicular　to　H　and　positi゛e　radiaUy　out`゛ard,`nd　D　is　per-

pendicular　to　H　and　v　and　positl゛e　east゛ard.　T　is　the　total　intensity　of　the　magnetic　field.

The　initial　decrease　in　the　D　component　occurred　at　GOES　5　at　about　0447　UT｡　This　de-

crease　rea£hed　a　minimum　at　0449　UT　and　almost　simultaneously　the　H　component　began

to･　increase.　This　H　increase　is　coinddent　with　the　arrival　of　the　eastward　moving　auroral

branch　at　the　estimated　foot　point　of　GOES5(Figure　2.5).The　D　decrease　recovered　at

about　0452　UT　while　the　H　component　continued　to　increase　until　0454　UT.　GOES　6　ob-

served　an　increase　in　the　D　component　at　0452　UT,　which　reached　maximum　at　0453　UT.

The　H　component　first　decreased　snghtly　at　0448　UT　and　then　began　to　increase　at　0453

UT･　At　the　time　of　the　D　increase　at　GOES　6　(from　0452　to　0453　UT)the　auroral　surge　was

located　about　200　km　east　of　SHM,　that　is,　not　near　but　about　5100　km　(or　about　15　degrees

in　longitude)east　of　the　estimated　foot　point　of　GOES　6,　This　w111　be　described　in　deta11

1ater　in　this　section｡

　　The　ground　magnetic　field　variations　a･t　auroral　latitude　stations　are　shown　in　Figure　2･8.

The　xm　component　is　positive　northward　in　corrected　geomagnetic　coordinates,　the　Ym　is

positive　eastward　and　the　Z　is　Positive　downward,　From　this　figure　it　is　dear　that　this　event

with　the　onset　at　0450　UT　was　highly　localized,　observed　only　at　SHM　(in　the　xm　and　Z

components)and　LGR　(ln　the　Z)･The　magnetogram　at　SHM　showed　a　decrease　in　the　xm

component　at　0450　UT,　which　reached　a　maximum　at　0455　UT,　coincident　with　the　passage

of　anauroral　surge　above　SHM.　The　magnetic　perturbation　was　therefore　probably　caused

by　the　current　system　associated　with　the　surge,

　　The　magnetic　field　variations　at　sub-auroral　latitude　stations　(STJ,0TT,　and　vIC)

areshown　in　Figure　2.9.　They　showed　only　small　variations　(less　than　15　nT)　in　the　xm

comPonent　unti1　0500　UT.　Hojwever　there　was　a　slight　decrease　in　the　Ym　component　at

OTT　and　an　increase　at　vIC　at　0448　UT,　suggesting　that　the　substorm　onset　region　was

located　between　the　longitudes　9f　these　two　stations,

　　　　　　　　　　　　　　　　　　　　　　　　　20
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　　2･　Comp゛riso゛　of`uror゛1　゛cti゛ity　゛ith　the　゛agnetic　6eld　`'゛riations　at　geosyncllronousorbit

　　The　front　of　the　auroral　sulge　when　GOES　6　observed　the　positive　D　perturbation　was

located　about200　km　east　of　SHM,　while　the　estimated　foot　point　of　GOES　6　was　about

300　km　west　of　SHM･　That　is,　the　surge　゛as　located　about　500　km　(or　about　15　degrees

in　longitude)eastof　the　estll･13･ted　foot　point　of　GOES　6　when　the　satemte　observed　the　D

component　perturbation　Probably　c`used　by　neld“aligned　culrents　associated　with　the　surge.

ln　explaining　this,　there　are　t゛o　possibilities.　0ne　Possibihty　is　that　there　was　another　neld-

aligned　current　structure　near　the　longitude　of　GOES　6　1ocation･　From　the　ground　magnetic

observations,hovvever,it　is　evident　that　the　magnetic　hld　variation　at　that　time　was　highly

localized,　Furthelmore,　as　shown　in　Figure　2.6　the　western　part　of　the　arc　was　straight　and

had　no　irregular　forms　such　as　bulges　&nd　surges　when　observed　by　the　DMSP　sateUite.

Since　it　usually　takesseverj　minutes　for　the　a£tive　vortex-type　aurorato　retum　to　the

stable　Mcjtseelns　unrealistic　that　another　alc　developed　and　decayed　simultaneously　near

the　estimated　GOES　6　foot　point,

　　The　other　and　moreprobable　situation　is　that　the　magnetidield　lines　connecting　geosyn-

chronous　altitudes　and　the　ionosphere　deviated　from　Tsyganenko7s　model　field　line　in　the

azimuthal　direction,　and　these　two　Phenomena　(magnetic　field　variation　at　geosynchronous

orbit　and　auroral　activity)occurred　at　the　same　time　ale　on　the　common　field　nne｡Let

us　consider　thecauseof　the　spatial　deviation　of　the　estimated　foot　point　by　Tsyganenko's

model　from　the　location　of　the　aurora,　which　is　correlated　with　the　positive　D　perturbation　at

GOES　6.　The　most　probable　cause　is　that　the　real　fielld　nnes　connecting　the　ionosphere　and

geosynchronous　altitudes　azimuthally　deviate　from　the　model　between　the　large･sc　ale　R'egion

l　and　Region　2　field　aligned　currents.　Tsyganenko's　model　does　not　involve　the　eflects　of　the

field-angned　currents　nowing　from　the　magnetospheric　equator　to　the　ionosphere,　which　w111

be　described　in　Chapter　3.　Since　these　currents　should　considerably　affict　the　large-scale

magnetospheric　magnetic　field　djstribution,　it　is　necessary　to　take　into　consideration　the

efrect　of　Region　l　and　Region　2　1ield-aligned　current　systems.　The　discussion　concemed　゛lth

introdudng　this　eflect　into　Tsyganenkojs　model　will　be　given　in　Chapter　4･
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2.　Comp&rison　of　auroral　&cti゛ity　with　the　°8gnetic　field　variations　at　geosynehronous　orbit

2,3y1,1b.　Expansion　Onset　at　0500　UT

　　The　second　auloral　exPansion　began　at　0501　UT　(Figure　2.10).An　initial　brightenlng　of

the　arc　occulred　abol゛e　SHM　at　about　0501　UT　(see　the　arro゛s)･The　brightening　covered　a

longitudinal　extent　from　the　east　of　GWR　to　about　500　km　west　of　SHM　within　10seconds,

and　then　the　brightened　aulora　began　to　move　poleward　within　another　10secon&｡Simul-

taneously,an　equatorward　movingarc　'was　seenin　the　neld　of　view　of　SHM.　Unfortunately

owing　to　some　electron　beam　trouble　with　the　Tv　camera,　the　southern　neld　of　view　of　SHM

was　saturated,　and　hence　the　center　of　the　equator゛ard　moving　arc　was　missing･

　　GOES　6　magnetic　field　in　Figure　2･7　showed　a　slight　decrease　in　the　D　component　at

0502　UT.　This　D　perturbation　returned　to　positive　in　l　minute　and　continued　untU　0505

UT,　together　with　lrregular　fluctuations.　For　that　time　there　was　little　nuctuation　at　GOES

5jndicating　the　locjized　nature　of　the　current　system　neaJ　GOES　6.

　　The　ground　magnetogram　(Figure　2.8)showed　a　sharp　decrease　in　the　xm　component

at　G'WR　at　about　050　1　UT.　Almost　simultaneously　a　more　gr�ual　decrease　was　observed

at　SHM.　The　magnetograms　at　CHR　and　YLK　sho゛ed　negative　xm　Perturbations　several

minutes　later,　㎞dicating　subsequent　poleward　and　゛estward　motion　of　the　expansion　front.

　　The　magnetic　field　data　in　the　sub-auroral　latitude　stations　in　Figure　2･9　sho゛ed　the

initiation　of　a　positive　bay　at　about　0500　UT,　The　variation　of　the　Ym　component　゛as

negative　at　STJ　and　OTT,　while　it　is　positive　at　vIC,　suggesting　the　onset　region　was

located　between　the　OTT　and　vIC　meridians.　The　amplitude　of　thc　variation　in　the　Ym

comPonentk)r　the　second　event,　゛ith　the　onset　at　0500　UT,　゛as　much　largel　than　that　at

the&st　event　with　the　onset　at　0448　UT.　This　means　that　on　the　ground　the　amplitude　of

the　magnetic　variation　is　larger　foi　the　second　e゛ent　th゛n　it　is　for　the　nrst　event･　゛hile　the

magnetic　variation　at　geosynchronous　orbit　is　larger　for　the　second　levent･　This　is　probably

due　to　the　localized　nature　of　the　observed　smal1-scale　neld,aJigned　current　systems,　as　wi11

be　discussed　in　deta11　1n　Section　2.4.
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　　2.　Comparison　of　゛ui`t)r8｣゛eti゛ity　゛ith　the　““g“etic　neld　゛゛『i゛tiolls　at　Seosynchronous　orbit

2.3yL2.Substorm　at　0249　UT

　　Duling　this　event　GWR　was　located　neal　2130　MLT　and　SHM　was　located　near　2000

MLT,　The　Kp　index　was　2+.

　　Figule　2.11　((a)and(b))show　sequential　images　ofauroral　a£tivity･　During　the　time　of

this　event　moon　light　was　intense　and　scatteled　by　haze,　therefore　the　eastern　paJt　of　the

aurorj　image　of　each　station　was　badly　contaminated･　Most　of　the　image,　howeverjs　sti11

useful　forexamination　of　the　spatial-temporal　distribution　ofauroras｡

　　A　stable　arc　was　extending　from　above　GVVR　to　the　western　horizon　of　SH　M　from　about

0249　UT･　Although　at　first　this　arc　was　rather　too　weak　to　beseenin　Figure　2.　1　1　jt　was

actuaHy　recorded　in　the　original　video　tape,Within　this　arc　a　neiv　auroral　surge　b･egan

to　develop　above　GIWR　at　025　1　UT　(indicated　by　the　arrow).　This　surge　expanded　both

westward　and　poleward,　thenhded　by　0258　UT.　Anotherauroral　surge　was　observed　in　the

east　of　SHM　from　0259　UT　(shown　by　thearrow).This　surge　develoPed　and　exPanded　both

poleward　and　westward,　then　&:led　gradually　by　0308　UT.　0n　the　other　hand　a　north-south

(N-S)dgnedarc　was　seenat　0305　UT　aboveGWR(see　thearrow),which　moved　westward

with　the　velodty　of　about　100　km/min･　,　then　fa･ded　gra(lually.　After　that　an　auroral　band

extending　from　the　west,　thllough　the　zenith　to　the　north-east　of　SH　M,　wasseenfrom　0312

UT　to　0320　UT.

　　Figule　2.12　shows　the　magnetic　field　variations　at　GOES　6　and　GOES　5.　1rregular

nuctuations　in　aU　components　began　at　GOES　5　at　0251　UT,　preceded　by　a　gradual　decrease

in　the　H　component　for　severj　minutes.　At　0304　UT　a　lalge　perturbation　occurred,　Positive

in　the　H　and　D　components　and　negative　in　the　v　component　(becomin8　Positl゛e　again　in

a　few　tens　of　seconds)｡The　perturbation　at　0251　UT　is　coinddent　with　the　formation　of

a　sur8e　above　GWR　(Figure　2.11),`vhile　the　perturbation　at　0305　UT　is　coincident　with

the　appeMance　of　an　N-S　alignedaJcabove　GWR,　This　indicates　that　these　perturbations

atGOES　5　are　highly　correlated　with　the　auroraLa£tivity　at　the　estimated　foot　point　of

GOES　5,　At　GOES　6　small　irregular　fluctuatios　in　all　components　occurred　at　0253　UT,
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　　2,　Comparison　of　auroral　activity　with　the　magnetic　neld　variations　at　geo3ynchronous　orbit

and　from　0256　UT　to　0300　UT　an　abrupt　depression　in　the　H　component　was　observed.

This　d･epression　appears　to　be　correlated　゛ith　the　formation　of　anaurorj　surge　east　of　SHM

(Figure　2,11),about　500　km　(or　15　deg】rees　in　longitude)east　of　the　estimated　foot　point　of

GOES　6.

　　The　xm　component　magnetic　Reld　at　GW'R　(Figure　2･8)sho゛ed　a　simultaneous　begin'

ning　of　a　declease　and　an　irregulal　nuctuation　at　0249　UT,　together　with　positi゛e　Ym　and

negative　Z　Peltulbationsl　coincident　゛ith　the　formation　of　the　surge　abo゛e　GXVR　sho゛n　in

Figure　2.11･　At　SHM　the　xm　component　began　to　decrease　grdually　at　0255　UT　accompa'

nied　by　sim�taneous　irregular　fluctuations　in　jl　components.　The　xm　component　aλGWR

began　to　decrease　aga･in　at　0309　UT　while　at　SHM　and　CHR　the　decrease　began　at　0313　UT･

　　At　sub-auroral　latitude　stations　(in　Figure　2･9),Ym　perturbations,　positive　at　OTT　and

negative　at　STJ　started　at　0249　UT.　After　10　minutes　the　magnetogram　at　vIC　showed　a

positive　Ym　perturbation　at　0259　UTjndicating　the　westwaJd　motion　of　the　activity　region,

　　The　magnetic　leld　variation　at　GOES　5　1s　highly　correlated　with　the　formation　of　an

auroral　sulge　and　a　N‘S　ahgned　arc　just　above　GWR,　while　the　゛ariation　at　GOES　6　is

coHelated　with　the　formation　of　an　auroral　surge　snghtly　east　of　SHM,　about　15　degrees

east　of　the　estimated　foot　point　of　GOES　6,　This　indicates　that　the　real　foot　point　of　GOES

6,　0n　the　dusk　side　of　the　expansion　onset　region,　was　again　about　15　degrees　east　of　the

estimated　foot　point,　the　same　as　in　the　previous　exanlple.　0n　the　other　hand　the　tendency

of　the　deviation　of　the　reaHoot　point　wasseento　be　small　for　GOES　5,　suggesting　that　field

nne　deviation　was　not　efrective　at　the　GOES　5　field　line｡　This　will　be　discussed　in　detail　in

Section　2.4.

2.3yL3.Substorm　at　0639　UT

　　SHM　was　locatedneargeomagnetic　midnight　and　GWR　was　located　near　0200　MLT　and

the　Kp　index　during　this　event　was　5.

　　Theaurorala£tivity　is　shown　in　Figure　2.13.　1ntensincation　of　irregular　auroral　forms

was　seen　above　SHM　at　about　0648　UT,　0704　UT,　0714　UT,　and　0729　UT,　and　above
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　　2,　Comparison　of　auroral　activity　with　the　magnetk　neld　variations　at　geosynchronousorbit

GWR　at　about　0712　UT,　and　0721　UT,　Each　formjndkated　by　thea■row,　moved　eastward,

suggesting　that　the　onset　region　of　the　substorm　was　located　゛est　of　the　observational　region･

　　Figure　2･14　shows　the　lll4netic　held　゛lhtiolls　at　sub-auroral　latitude　stations｡The

onset　is　cleallyseenat　0639　UT,　characterized　by　the　Ym　perturbations,　negative　at　OTT

and　Positive　at　vIC･　The　sign　of　the　Ym　perturbation　suggests　that　the　onset　was　located

between　the　OTT　and　vIC　meridians｡

　　Figure　2j5　shows　the　ma&netic　neld　v゛riations　at　auroral　latitude　stations･　The　magne-

tograms　at　LRG　and　LGR　sho゛ed　an　initiation　ofirregular　nuctuations　of　the　xm　component

at　0640　UT　preceded　by　a　gra.dual　decrease.　Simultaneously　the　Z　component　showed　a　sharp

increase　at　LRG　and　a　rather　gradual　decrease　at　LGR　respectively,　suggesting　that　theoR-

set　region　is　localized　near　LRG･　Gradual　decreases　in　the　xm　component　were　successively

observed　at　more　eastern　stations　(SHlvi,　CHR,　and　GWR)several　minutes　laterjndicating

eastward　expansion　of　the　substorm.

　　Figure　2.16　shows　the　magnetic　neld　゛ariations　at　the　GOES　satellites.　A　sharp　increase

in　the　H　component,　together　with　a　sharp　decrease　in　the　D　component　and　irregular

nuctuations　in　all　components,　began　at　GOES　6　at　0640:15　UT,　continuing　for　about　1

hour.　During　these　fluctuations　several　sharp　magnetic　field　perturbations　wereobserved

viz.anincrease　in　the　D　comPonent　at　0654　UT,　a　sharp　decrease　in　the　H　component　at

0701　UT,and　an　increase　in　the　D　component　together　with　irregular　nuctuations　in　three

components　at　0720　UT.　At　GOES　5　no　conspicuous　variations　vvereobserved　during　the

same　period,　except　for　the　irregular　fluctuations　in　all　components　from　0703　UT　to　0713

UT｡

　　At　the　first　onset　at　GOES　6　(0640:15　UT)no　outstanding　auroral　activity　was　seen　in

the　Reld　of　view　of　SHM　or　LGR.　From　the　magnetic　data　at　LRG　it　is　expected　that　auroral

activity　occurred　above　LRG,　although,　unfortunatelyjt　wasovercast　there.　lt　is　therefore

suggested　that　the　real　foot　Point　of　GOES　6　was　located　near　LRG,　5°　to　10°　west　of　the

estimated　foot　point,　Moreovel,　the　onselts　observed　by　GO　ES　6　at　0640,　0654,0701,and
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　　2.　Comparison　of　auroral　activity　with　the　magnetic　neld　variations&t　geosynchronous　orbit

0720　UT　seem　to　be　assodated　with　the　aurorj　activities　above　SHM　about　10　minutes

later,　that　is,　at　0648,　0704,　0714　and　0729　UT｡　These　h&d　presumably　been　above　LRG

about　10　minutes　before,　as　inferred　from　the　eastward　motion　of　these　auroras｡　The　GOES

5　magnetic　field　showedno　conspicuous　onset,　so　that　it　is　dimcult　to　estimate　the　neld　line

connection　between　the'ionosPhere　and　GOES　5　k)r　these　events.

2,3,2.　Jan.　02,　1986

　　The　AE　index　on　this　day　is　shown　in　Figure　2.17jn　which　a　deal　expansion　occurred

at　about　0327　UT　(indicated　by　the　arrow).The　accurate　onset　time　is　determined　as　0327

UT(Figure　2.21).There　is　also　a　sma11　1ocazed　expaJlsio･n　at　GWR,　at　0252　UT,　as　seen　in

the　magnetogram　in　F4ure　2.20,　jthough　it　cannot　beseenin　the　AE　index,　The　spatial-

tempoTal　auroral　distribution,　magnetic　field　vaJiations　at　the　GOES　satelhtes,　at　auroral

latitude　stations,　and　at　sub-auroral　latitude　stations　are　shown　in　Figures　2.18,　2.19,　2.20,

and　2･21,　respectively,

2.3.2.1.Substorm　at　0252　UT

　　GVVR　was　locatednear2130　MLT　and　SHM　was　locatednear2000　MLT･　During　this

event　the　KP　value　was　4-.

　　Figure　2.18　(a)shows　the　spatial-temporal　distribution　ofauroras｡　There　was　a　localized

auroraJ　expansion　above　(or　snghtly　north　of)GWR　at　0252　UT　(see　thearrow),Coinddent

with　thisauroral　activity,　the　GOES　5　magnetic　field　(Figure　2.19)showed　a　sharp　increase

in　the　D　component　at　0252　UT.　This　a£tive　a,uroral　form　became　stable　in　a　few　minutes.

　　The　magnetic　field　at　GWR　(Figure　2.20)exhlbited　a　sharp　decrease　in　the　Z　compo-

nent　at　0252　UT,　corresPonding　to　th･eauroral　expansion　above　GWR.　lt　is　dear　that　the

onset　was　highly　l(xalized　because　nooutstanding　magnetic　fleld　variations　occurred　at　the

other　stations.　The　magnetogTams　at　sub'auroral　latitude　stations　(Figure　2.21)sho`゛ed　no

prominent　onset,　except　at　OTT,　where　a　smd　increase　in　the　Ym　component　was　observed.

　　SimjlaJ　locanzed　aurolal　activity　was　observed　above　SHM　(Figure　2.18)from　0305　UT

　　　　　　　　　　　　　　　　　　　　　　　26
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　　2,　ComParison　of　auroral　activity　with　the　magnetic　neld　variationsat　geosynchronouso･rbit

(see　thearrow)to　0310　UT,　The　corresponding　magnetic　hld　change　was　observed　at　SHM

(Figure　2.20)at　0312:30　UT,　characterized　by　decreasesjn　the　xm　and　Ym　components･

This　a£tivity　was　also　localized　and　recovered　in　&few　minut,es｡　The　GOES　6　magnetic　Reld

(Figure　2.19)showed　a　depression　of　the　total　intensity　at　0302:30　UT,　and　there　was　also

a　small　depression　at　0307:20　UT,　These　depressions　seem　to　be　correlated　with　theauroral

activity　above　SHM.

2.3.2.2.Substorm　at　0327　UT

　　The　Kp　index　during　this　event　was　4.　At　0328　UT　an　activeauroralarcbrightened,

extending　from　GXVR　to　SHM　(Figure　2.18(b)),This　activity　moved　westwa,rd,　and　then

expanded　both　pole゛`rd　and　equatorwald　in　the　field　of　view　of　SHM　to　form　a　iarge　vortex.

At　0331　UT　an　equatorward　moving　smaU　auroral　vortex　appeared(indicated　by　the　arrow),

which　mo7ed　also　west゛ard,　and　subsequently　formed　into　a　few　N-S　aligned　arcs　afew

minutes　latel｡　These　moved　westward　as　well｡

　　The　magnetograms　at　su&aurorj　latitude　stations　(Figure　2.21)showed　an　onset　at

0327　UT,chaJacterized　by　an　increase　in　the　Ym　component　at　STJ.　At　a,uroral　latitudes

(Figure　2.20)the　onset　broke　out　at　0328　UT　almost　simultaneously　in　the　magnetograms

at　dilFerent　stations　(GWR,　CHR,　SHM,　and　LGR),Magnetic　variations　after　the　onset

were　very　complicated,　probably　indicating　the　highly　irregular　structure　of　the　ionospheric

current　system.

　　GOES　5　observed　a　decrease　in　the　D　component　at　0328　UT　(Figure　2.19),corresponding

to　the　brightening　of　the　auroral　arc　extending　f1゛om　GWR　to　SHM.　At　0331　UT　GOES　6

observed　a　sharp　decrease　in　the　H　component　together　with　an　increase　in　the　D　component.

The　D　component　reached　a　maximum　and　simultaneously　the　H　component　began　to　recover

at　0333　UT.　GOES　6　showed　no　conspicuous　magnetic　field　pelturbation　when　the　expansion

began　above　SHM　and　GWR,　that　is,　at　0328　UT,　lnste£,the　magnetic　field　change　began

when　an　a£tive　smaJl　auroral　vortex　occurred　equatorward　of　the　previous　activity　region･

This　fa･ct　suggests　that　the　magnetic　neld　change　was　caused　by　the　formation　of　neld'dgned

　　　　　　　　　　　　　　　　　　　　　　　27



　　2.　CompaHson　of&uroral　acti゛ity　with　the　magnetic　neld　゛ariatio“s　at　geosyndlronousorbit

currents　connected　to　theauroral　vortex　nearby　the　real　foot　point　of　GOES　6,　about　10°

to　15°　east　of　the　estimated　foot　point,　with　highly　localjized　structure　in　the　latitudinj　as

well　as　the　longitudinal　dlrection.　The　details　will　be　discussed　in　Section　2.4.

2.3.3.Jan｡01,　1986

　　The　AE　index　is　shown　in　Figure　2.22.　0n　this　day　the　a･ctivity　was　rather　complicated,

No　isolated　sul)storm　was　s'een　in　the　AE　index,　due　to　sequential　occurrence　of　many

substorms.　Nevertheless,　from　the　sub-a゛oij　latitude　magnetograms　(Figure　2.23)three

expansions　can　be　identifled:　at　0226　UT,　0251　UT　and　0337　UT.　From　the　sign　of　the　Ym

component　magnetic　neld　variations　the　onset　regions　of　three　expansions　were　estimated

to,　be　located　bet'weenSTJ　and　OTT,　between　OTT　and　vIC,　and　between　OTT　and　vIC

meridians,　resPectively･

　　The　Kp　value　was　3+from　0000　UT　to　0300　UT　and　4-　from　0300　UT　to　0600　UT･　The

a£tivity　was　located　at　ratheThigh　latitudesjn　compalison　with　the　examples　on　January

27,　asseenin　the　sequential　auroral　distribution　in　Figure　2.25.

　　The　magnetograms　at　auroral　latitude　stations　are　sho゛n　in　Figure　2.24.　The　data　from

LGR　were　not　avajlable　unti1　0240　UT　on　this　day｡　Three　onsets　were　observed　at　0226　UT,

0250　UT,　and　0338　UT.

2.3.3.1.Substorm　at　0226　UT

　　GWR　was　located　near　2100　MLT　and　SHM　was　located　near　1930　MLT.

　　Figure　2.25　(a)shows　the　spatial-temporal　distribution　of　auroras.　A　stable　arc　was

extending　in　the　fields　of　view　of　both　GWR　a･nd　SHM　fiom　about　0220　UT　(not　shown

here).　This　arc　(see　the　arrow　in　the　upper　left　panel)brightened　at　0225:30　UT,　then

exPanded　POleward　and　westward　to　forman　auroral　surge,　which　passed　acrossthe　fleld　of

view　of　SHM　from　east　to　west　between　0226　UT　and　0230　UT.　UIlbrtunately　during　the

passage　of　the　surge　the　southem　pMt　of　the　neld　of　view　of　the　Tv　calneraat　SHM　was

　　　　　　　　　　　　　　　　　　　　　　　28
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　　2.　Comp゛rison　of　aurora1　8ctl゛ity　with　the　m゛gnetic　neld　゛゛ri゛tions　at　geosynchronousorbit

satulated　owing　to　the　insumcient　be&m　intensity　of　thecarnera　and　hence　it　is　dimcult　to

examine　the　motion　of　the　aurora　southwa｡rd　of　SHM｡

　　The　magnetic　field　variations　of　GOES　6　and　GOES　5　ale　shown　in　Figure　2･26･　GOES　5

observed　a　sharp　declease　in　the　H　compollent　at　0225　UT　foUo゛ed　by　aJ1　1ncrease,　together

with　irregular　fluctuations　in　an　components.　This　H　decrease　is　coincident　with　the　initial

brightening　of　the　aurora　above　GXVR,　at　the　estimated　foot　point　of　GOES　5,GOES

6　observed　irregular　nuctuations　in　all　components　from　0226:30　UT.　Three　minutes　later

a　sharp　declease　in　the　H　component　at　0229:30　UT　was　observed,　corresponding　to　the

passage　of　a　sulge　above　SHM,　about　10°　to　15｢゜east　of　the　estimated　foot　Point　of　GOES

6.　There　was　a　slight　irregular　fluctuation　and　no　conspicuous　net　perturbation　in　the　D

comPonent　around　the　onset　time･

2.3.3.2.Substorm　at　0251　UT

　　The　second　expansion　began　at　0249　UT　(Figure　2･25(a)),characterized　by　the　bright-

ening　of　the　auroralarcextending　from　G'WR　to　SHM　(see　thearroivin　the　panel　of　0249

UT),The　eastern　part　of　this　brightened　arc,　near　GWR,　moved　equatorward　and　thenvan-

ished　in　a　few　minutes.　CorresPonding　to　this　auroral　activity,　irregular　nuctuations　in　all

components　of　GOES　5　began　at　0250　UT　(Figure　2･26)･About　5　mjnutes　later,　the　western

part　of　the　arc　above　SHM　rotated　dockwise　to　form　an　N-S　aJigned　arc,　which　traveled

westwaJd　from　0254　UT　to　0257　UT.　At　the　same　time　GOES　6　observed　a　decrease　in　the

H　component　at　0254　UT,　together　with　a　slight　increase　in　the　v　and　D　comPonents.　Thjs

change　is　Probably　correlated　with　the　passage　of　the　N'S　alignedarcabout　7･to　10･east

of　the　estimated　foot　point　of　GOES　6.

2.3.3.3.Substorm　at　03･37　UT

　　The　third　auloral　exPansion　(in　Figule　2.25(b))occurred　above　GWR　at　0338:25　UT

(not　shown),chaJacterized　by　the　brightening　of　an　arc　(see　thearrowin　the　panel　of　0339

UT),Almost　simultaneously　GOES　5　observed　an　initiation　of　irregular　nuctuations　in　aII
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Figure　2,26　Mainetidleld　vaTiations　at　GOES　6　and　GOES　5　from　0220　UT　to　0350　UT　on

　　Januaty　01,　1986.



　　2.　ComPariso“　of　゛uror゛1　゛cti゛ity　゛ith　the　"1&gnetic　neld　vari&tions　at　geosynchronous　orbit

components　at　0339　UT　(Figure　2.26)μogether　with　an　increase　in　the　H　component.　The

brightened　arc　mo゛ed　゛est゛ald　and　formed　into　an　N-S　aligned　arc　above　SHM.　This　moved

westward,passing　acrossthe　neld　of　view　of　SHM　from　0341　UT　to　0347　UT｡　The　GOES　6

magnetic　fleld　sho``゛ed　an　initiation　of　irregular　fluctuations　in　all　components　at　0338　UT,

a£companied　by　an　increase　and　subsequent　declease　in　the　H　component.　The　decrease　in

the　H　component　began　at　0341　UT,　coincident　with　the　arrival　of　the　N゛S　aligned　arc　above

SHM,about　12°　to　15°　east　of　the　estimated　foot　point　of　GOES　6.

2,3.4.　Jan.　07,1986

　　Figule　2.27　shows　the　AE　index　on　this　very　disturbed　day.　Several　expansions　were

observed,　among　them　four　expansions　at　about　0240　UT,　0540　UT,　0640　UT,　and　0720　UT

(see　arrows)　wele　recorded　in　the　observational　area.　Accurate　onset　times　are　determined　as

0239　UT,　0541　UT,　0638　UT,　and　0716　UT　from　sub-aurorallatitude　magnetograms(Figures

2,29　and　2.35).

2.3.4.1.Substorm　at　0239　UT

　　The　Kp　value　was　6-.GWR　was　located　near　2100　MLT　and　SHM　was　located　near

1930　MLT.

　　Figure　2･28　sho゛s　the　sequential　pictules　of　auroral　distribution.　Anexpansion　probably

occurred　south　of　GWR　before　0240　UT,　although　the　onset　region　was　out　of　the　field　of

view　of　three　auroral　observatories　(GWR,　SHM,　and　LGR).The　POleward　exPansion　front

was　observed　in　the　southem　sky　oFGWR　from　0242:15　UT　(not　shcwn　here),This　front

(indicated　by　thearrowof　the　panel　of　0243　UT)moved　further　polewaJd　toward　the　north　of

GWR,　simultaneously　a　west゛ard　traveling　surge　was　observed　in　the　eastern　field　of　view　of

LGR　from　0244　UT.　The　he.�of　the　surge　reached　th･e　zenith　of　LGR　at　0246　UT･　This　surge

tra;veled　northwestwald　across　the　field　of　view　of　LGR　with　the　sPeed　of　about　100　km/min.

lt　also　rotated　dockwise　as　viewed　parallel　to　the　ambient　magnetic　field　and　formed　into　the

straight　arc　in　a　few　minutes,　while　other　surges　appeared　east　of　the　previouson.earoun､d
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　　2.　Co"lp゛14son　of　aul`or`l　acti゛ity　゛4th　the　l118gnetic　neld　゛゛ri゛tions　at　geosynchronous　orbit

0249　UT｡

　　Figure　2･29　shows　the　magnetic　neld　vaJiations　at　su&auroraJzonestations｡There　was

a　dear　onset　at　0239　UT,　esPedally　in　the　Ym　component　of　STJ　and　OTT.　From　this　fact

it　is　almost　certain　that　theauroral　expansion　broke　out　at　0239　UT　south　beyond　the　neld

of　view　of　GWR｡

　　Magnetograms　at　auroral　zone　stations　are　shown　in　Figure　2,30･　Unfortunately　there

was　no　ma,gnetic　data　for　SHM　on　this　day　because　ofsorne　experiment　problem.　A　sharp

decrease　in　the　xm　component　was　observed　at　GXVR　at　0242　UT.　The　Z　component　variation

at　GWR　was　first　positive　from　about　0240　UT　to　0249　UT　and　then　negativejndicating　the

northward　motion　of　a　westward　electrojet　across　the　zenith　of　GXVR｡　About　10　minutes　later

a　sharp　decrease　in　the　xm　component　at　CHR　occurred　at　0253　UT.　The　time　delay　from

0242　UT,the　onset　time　at　GWR,　can　be　explained　in　terms　of　northward　and　westward

expansion　of　the　electrojet.　Also　the　magnetograms　at　LGR　and　LRG　showed　gradual

decreases　in　the　xm　component　from　about　0230　UT,　and　then　a　sharp　decrease　in　the　Z

component　was　seen　at　0242　UT　at　LGR.

　　The　magnetic　field　variations　at　GOES　6　and　GOES　5areshown　in　Figure　2.31.　GOES

5　obs･erved　sharp　increases　in　the　H　and　v　components,　together　with　a　sharp　decrease　in

the　D　component　at　0238　UT.　This　perturbation　is　probably　correlated　with　the　initiation

ofauroral　and　magnetic　activity　south　of　GWR.　GOES　6　observed　incleases　in　the　H　and

D　comPonents　and　a　decrease　in　the　v　component　at　0246　UT,　together　with　lrregular

fluctuations　in　all　components.

　　The　position　of　the　auroral　surge　when　GOES　6　observed　a　sharp　increase　in　the　D

component　was　slightly　east　of　LGR,　about　iO°　to　15°　east　of　the　estimated　conjugate

point.　Similarly　as　for　the　substorm　at　0450　UT　on　Jan.　27,　the　most　probablecauseof　thjs

discrePancy　is　the　e5ct　of　large-scale　field　aligned　currents　as　゛ill　be　discussed　in　Section　2.4.

0n　the　other　hand,　it　is　dimcult　to　examine　the　relative　location　of　the　GOES　5　foot　point　to

the　aurora,　because　when　GOES　5　observed　the　onset　of　magnetic　neld　Perturbations　at　0238

　　　　　　　　　　　　　　　　　　　　　　　　31
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2.　Comparison　of　auroral　activity　with　the　magnetic　neld　variationsat　geosynchronousorbit

UT,the　activeaurora　xvasbeyond　the　neld　of　view　(about　470　km)of　GWR　as　mentioned

jready.

2.3.4.2.Substorm　at　0541　UT

　　The　Kp　value　was　6-,　GWR　was　located　neM　0030　MLT　and　SHM　was　located　near

2300　MLT｡

　　Figure　2.32　shows　the　spatial-temPoral　distribution　ofauroras｡　For　this　day　FSM　was　in

operation　from　0139　UTl　although　it　was　overcast　until　0430　UT･　Se゛erj　arcs　゛ere　extending

in　the　east-west　dlrection.　At　0541:30　UT　a　aurorj　surge　was　formed　above　LGR　(indicated

by　the　arrow),as　a　result　of　the　deformation　of　the　arc｡　This･　surge　expanded　northward

and　westward,　and　then　a　bright　arc　was　left　north　of　the　original　faint　arc.　From　0547　UT

a　small　expansion　o'ccurred　above　GWR　(see　the　arrow).Irregular　and　active　auroral　forms

weredeformed　into　looP　structures.　Another　surge　was　seen　(indicated　by　the　arrow)east

of　SHM　at　0549　UT,　which　moved　westwMd　toward　the　zenith　of　SHM,

　　The　magnetic　field　at　sub-auroralzonestations(Figure　2.29),showed　an　onset　at　0541

UT,characterized　by　the　Ym　component　perturbation,　negative　a･t　STJ　and　positive　at

OTT｡At　auroralzonestations(Figure　2.30),a　sharp　decrease　in　the　Z　component　occurred

at　0541　UT　at　LGR,　probably　correlated　with　the　fomlation　and　northwestward　motion　of

the　auroral　surge,　whereas　noconspicuous　change　was　observed　in　the　xm　component　of

any　station.　During　this　event　no　significant　changewas　seenin　the　AE　index　(Figure　2.27),

suggesting　that　this　activity　was　smd　and　locazed.

　　The　magnetic　field　variations　at　GOES　6　and　GOES5areshown　in　Figure　2.33･At

0541:30　UT　a　sharp　increase　in　the　D　component　at　GOES　6　began,　together　with　irregular

nuctuations　in　all　components.　This　Perturbation　is　coincident　with　the　development　of　the

formation　of　the　surge　form　above　LGR,　about　9°　to　11°　east　of　the　estimated　foot　point

of　GOES　6.　The　D　component　showed　a　sharp　increase　again　at　0548　UT,　coinddent　with

the　fk)rmation　of　the　surge　east　of　SHM,　about　18°　to　20°　east　of　the　6timated　foot　point　of

GOES　6.　The　GOES　5　magnetic　hld　showed　a　decrease　in　the　D　component　at　0548　UT;

　　　　　　　　　　　　　　　　　　　　　　　32
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Figure　2･33　Magnetidleld　variations　at　GOES　6　and　GOES　5　from　0530　UT　to　0630　UT　on

　　January　07,　1986,



　　2.　Comparis･n　of　auroral　activity　with　the　magnetic　neld　variations　at　geosynchronous　orbit

it　is　probably　correlated　with　the　small　expansion　of　theauroraabove　GWR　at　that　time

2.3.4.3.Substorm　at　0638　UT

　　The　Kp　value　was　4,　GWR　was　located　near　0130　MLT　and　SHM　was　located　near

magnetic　local　midnight.

　　Figure　2.34　shows　the　seque'ntial　Pictures　ofauroral　distribution,　A　vortex　type　aurora

lvas　seenfrom　0636　UT　between　SHM　and　LGR,　lndicated　by　the　alrow,　Thjs　vortex　moved

northwestward,　rotating　dockwise.　Therewas　noconspicuousactivity　in　the　field　of　view　of

GWR　at　this　time｡

　　Magnetic　field　variations　a･t　sub゛auroralzonestations　ale　shown　in　Figure　2.35.　The　Ym

components　at　STJ　and　OTT　began　to　decrease　at　0638　UT,　and　simultaneously　the　xm

components　began　to　increase･　The　xm　component　magnetic　field　at　auroralzonestations

LGR　and　LRG　(Figure　2.36)showed　gradual　increases　around　0640　UT,　preceded　by　the

gradual　decreases.　The　Z　component　at　LGR　began　to　decrease　at　0638　UT.　From　these　data

it　is　dimcult　to　identify　the　expansion　onset　because　we　cannot　distinguish　the　expansion

phase　from　the　recovery　phase　of　the　preceding　event,

　　Magnetic　neld　variations　at　GOES　6　and　GOES　5　areshown　in　Figure　2.37.　GOES6

observed　a　dear　onset　at　0639　UT,　characterized　by　a　sharp　increase　in　the　D　component,

This　is　probably　correlated　with　the　development　of　the　surgenearLGR.　As　in　the　previous

examples,the　location　of　the　surge　at　the　onset　time　of　GOES　6　wa･5　about　8°　to　11°　east

of　the　estimated　foot　point　of　GOES　6.　There　was　no　prominent　short-time　scale　magnetic

field　variation　at　GOES　5　at　that　time｡

2.3.4.4.Substorm　at　0716　UT

　　The　Kp　value　was　4　and　GWR　was　locatednear0200　MLT,　SHM　was　locatednea.r00=30

MLT｡

　　Figure　2･38　sho゛s　the　sPatiajL゛temPoraLdeveloPment　ofauroras｡　An　auroraJ　vortex　aP-

peared　above　SHM　at　0705　UT　(not　shown),This　vortex　(1ndicated　by　the　arrow　in　the

　　　　　　　　　　　　　　　　　　　　　　33
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Figure　2･36　Magnetic　field　variations　at　auroral　zone　stations　from　0600　UT　to　0800　UT　on

　　January07,1986.
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F18ure　2･37　Magnetidleld　variations　at　GO　ES　6　and　GOES　5　from　0630　UT　to　0800　UT　on

　　January　07/1986.
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　　2.　Comparison　of　aurora1　8cti゛ity　゛lth　the　nlagnetic　fleld　variations　at　geosynchronollsorbit

upper　left　panel)stayed　at　almost　the　same　position,　while　rotating　clock`゛ise　and　growing

larger　until　the　゛estem　part　rea£hed　the　eastem　field　of　view　of　FSM　around　0723　UT　with

a　spatial　extent　of　about　800　km.　Thisaurora　xvasformed　into　an　N,S　arc　around　0727　UT｡

Another　vortex　appeared　in　the　western　field　of　viexvof　GIWR　at　0725　UT　(1ndicated　by　the

arrow).

　　At　sub-auroralzonestations(Figure　2.35),the　Ym　comPonents　of　OTT　and　vIC　began

to　declease　and　increaseresPectivelyaJound　0716　UT,　although　these　changeswererather

gradual･　At　auroral　zone　stations,　a　decrease　in　the　xm　component　was　observed　at　0718

UT　at　CHR　as　shown　in　Figujre　2.36,　although　this　change　was　rather　8radujjn　a£cordance

with　the　gra£lual　development　of　the　aurora･　The　xm　components　of　LGR　and　LRG　showed

increases　from　0720　UT,　followed　by　decreases　a　few　minutes　laterjndicating　the　latitudina1

motion　of　the　ionospheric　current　system,

　　Magnetic　neld　variations　at　GOES　6　and　GOES　5　areshown　in　Fi8ure　2.37.　GOES　5

observed　a　very　shaJP　decrease　in　the　D　component　at　0724　UT･　This　change　is　probably

associated　with　the　development　ofauroral　activity　in　the　western　neld　of　view　of　GWR　at

0725　UT　(Figure　2,38).GOIES　6　observed　a　positive　perturbation　of　the　D　component　at

0726　UT,　coinddent　with　the　formation　of　the　N-S　aligned　arc　south　of　SHM･　The　auroral

activity　during　this　period　was　highly　complicated　and　the　determination　of　the　part　of　the

auroral　fornl　connected　to　GOES　6　is　dimcult.　However,　the　magnetic　variation　at　GOES

6　apPears　to　be　correlated　with　the　equatorward　exPansion　branch　of　the　large　vortex“type

aurora,　since　the　estimated　foot　Point　of　GOES　6　is　close　to　the　branch･
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　　2.Comparison　of　aurora】`cti゛ity　゛ith　the　magneticneld　variations&tgeosync11ronous　orbit

2,｡4.Discussion

2.4.1.Generj　characteristics

　　So　fa.r　we　have　examined　the　relationship　bet゛een　auroral　adivity,　magnetic　field　vali-

ations　on　the　gTound　and　those　at　geosynchlonous　altitudes･The　magnetic　variations　at

geosynchronous　orbit　sho`゛variousfeatures　duringauroral　substorms　such　as　dipol&rization

(increase　of　the　H　or　v　component),depression　of　total　magnetic　field,　D　coniponent　per-

turbations,　and　irregular　nuctuations　usually　in　an　components.　Magnetic　neld　variations

at　geosynchronous　orbit　during　substorm　expansions　are　often　explained　in　terms　of　the

“culrent-wedge　model"　i,e.　the　coUapse　of　the　tail-current,　the　diversion　of　these　currents

along　the　magnetic　field　lines　into　and　through　the　ionosphere,　and　back　again　to　the　mag-

netosphere　along　hld　lines　(e･g.　N　agai,　1982)･ln　spite　of　the　neglect　of　return　currents

from　the　ionosphere　and　the　Region　2　currents　that　are　a£tually　observedjt　is　often　claimed

tha,t　this　simple　current　system　explains　very　weU　the　dipolarization　and　large　amplitude

perturbation　in　the　D　component　frequently　observed　during　substorms.　The　real　magnetic

valiations　at　geosynchjronousaltitudes,　however,　do　not　always　show　such　typical　features,

lnstead　they　are　quite　irregular,　especiaUy　on　a　time　scale　of　a　few　minutes･　Short-time

magnetic　field　variations　at　geosynchronous　altitudes　probably　aJise　from　sman゛scale　irreg'

ularities,such　as　electric　current　and　plasma　injection　near　the　satemte.　They　are　highly

localized　and　not　always　related　to　the　global　evolution　of　substorms.　ln　some　events　the

onset　t.ime　at　geosynchronous　orbit　is　coincident　゛lth　the　onset　registered　by　ground　mag‘

netograms,　゛hile　in　other　e゛ents　it　is　not.　This　dearly　sho`゛s　the　magnetic　variations　at

geosynchronous　olbit　are　caused　by　a　ne`rby　current　system　with　highly　localized　structure.

This　is　supported　also'　by　the　fa･ct　that　GOES　5　and　GOES　6,　which　are　separated　by　about

35°　in　longitude,　show　quite　diflerent　magnetic　field　゛ari`tions.

　　The　locanzed　nature　of　the　magnetic　neld　variations　at　geosynchronous　orbit　indicates

that　we　could　study　the4eld　hne　connection　between　the　ionosPhere　and　the　magnetosphere

by　examining　those　field-aligned　currents　at　geosynchronous　altitudes･　correlated　`゛1thacti゛e
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　　2.　Comparison　of　auroral　acti゛ity　゛ith　the　llllgnetic　field　゛ariations　at　geosynchronous　orbit

aurolas｡　ln　the　Previous　section　a　total　of　12　e`″ents　゛ere　stu(hed,　and　a　summary　is　given

in　Table　2･2.　Comparing　magnetic　field　゛ariations　at　geosynchronous　orbit　with　auroral

a£tivity　in　ionospheric　conjugate　areas　we　found　that　the　real　magnetic　field　line　deviates

£rom　Tsyganenko°s　model　field　hne　in　many　of　these　events･　ln　order　to　seesystematic

change　in　the　deviation　ofaurorala£tivity　from　the　estimated　k)ot　point　of　geosynchronous

satellites,if　any,　we　classify　below　these　events　described　in　Section　2.3　1nto　three　groups

with　the　relative　location　in　the　center　of,　to　the　`゛est　of,　and　to　the　east　of　the　onset　region.

However,　it　is　rather　dimcult　to　locate　the　onset　region,　because　auroral　expansions　are

sometimes　complicated,　and　because　of　the　limited　spatial　extent　of　the　ground　observations

the　onset　region　is　often　outside　the　observational　area｡　According　to　the　original　concept

of　the　aurorj　substorm　by　Akasofu　(1964),the　expansion　is　characterized　by　poleward

expanding　bulges,　west゛ard　traveiing　surges,　and　east゛ard　movingauroral　structures｡　Here

we　w111　classify　these　events　a£cording　to　the　relative　location　of　the　active　aurora　to　the

onset　regionjf　the　onset　region　is　within　the　observationalarea｡　Otherwise,　we　wnl　dassify

them　a£cording　to　the　direction　of　the　auroral　expansion　at　the　observationj　area　(poleward,

eastward　or　westward)and　the　magnetic　fleld　variations　at　sub-auroral　latitude　stations　(the

east-west　component　usually　shows　Positive　perturbation　to　the　west　of　the　onset　region　and

negative　pertulbation　to　the　east　of　the　onset　region)･

2.4.2.Centel　of　the　onset　region

　　ln　the　center　of　the　onset　region　auroral　patterns　often　show　dear　poleward　and　equa･

torward　expansions｡　ln　some　examples　(e･g.　at　0252　UT　on　JaJluary　2,　atGOES5)the

onset　time　at　the　geosynchronous　sateUite　is　coincident　with　that　of　the　auroral　expansion･

ln　otherexarnples(e･g.　at　0501　UT　on　January　27,　at　GOES6),however,　the　onset　time

at　the　satelnte　is　delayed　byseverj　minutes.　This　result　dearly　indicates　that　the　magnetic

field　fluctuationsat　the　GOES　satellites　are　locazed　and　they　can　be　observed　only　when

the　locdzed　structure　Pass　near　the　sateUites　(Nishitani　and　O8utl,1988).Furthermore,　the
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　　2･　Compa6so“　of　゛゛l`゛)r`1　゛cti゛ity　``4th　the　"18･8netie　field　゛ariations　at　geosynchronou　orbit

duration　of　the　magnetic　nuctuation　observed　at　geosynchronous　satelhtes　is　comparable　to

that　of　the　auroral　a£tivity　observed　on　the　ground･　This　duration　time　is　much　smjler

than　that　of　the　magnetic　neld　variations　on　the　grollnd,　which　represent　the　spatially　in-

tegrated　eHects　of　neld`aligned　and　ionosPheric　cuHents･　This　fact　supports　the　idea　that

the　magnetic　fluctuations　and　currents　ale　highly　correlated　with　the　smd-scale　auroral

structures,which　probably　represents　localized　neld-aligned　currents　nowing　into　or　out　of

the　ionosphere,

2.4.3.West　of　the　onset　region

　　Auroral　dynamics　to　the　west　of　the　onset　regionarecharacterized　by　the　westward　mo-

tion　ofauroral　vortices,　called　westward　traveling　surges　(orauroral　surges).　Since　the

westward　traveling　surges　are　associated　゛ith　strong　upward　neld“aligned　currents　(e･g,

0Pgenoorth　et　al･,　1983)jt　isreasollable　to　expect　associated　magnetic　neld　perturbations

in　the　azimuthal　(or　radij)component　at　the　geosynchronous　satellite　when　the　aurora　and

the　satemte　are　located　dose　to　a　common　neld　line.

　　The　D　component　variation　is　probably　caused　by　sma11-scale　neld-ahgned　currents

near　the　geosynchronoussatemtes.　This　idea　is　supported　by　Fajrfield　and　Zanetti　(1989),

who　found　similar　magnetic　variations　in　the　azimuthal　component　between　GOES　6　and

AMPTE/CCE　satemtes　when　these　two　satellites　were　approximately　located　along　the　same

field　line｡Theirresult　supports　theexamination　of　the　connection　of　magnetic　field　lines

between　the　ionosphere　and　the　geosynchronous　altitude,　by　observing　active　auroral　forms

(e･g.　bulges　and　surges)and　related　magnetic　neld　variations　at　geosynchronous　orbit.

　　Among　the　12　events　described　in　the　previous　section,　GOES　6　observed　positive　D

perturbations　in　7　events　and　GOES　5　in　l　event　when　the　satellites　were　located　to　the

west　of　the　onset　region.　Figure　2.39(a)shows　the　longitudinal　deviation　of　the　surges　relative

to　the　estimated　foot　point　of　GOES　6　when　the　satellite　observed　positive　D　perturbations.

Magnetic　local　time　ranges　from　~1930　MLT　to　~0030　MLT.　The　location　of　the　surge　゛hen
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:Longitudinal　Deviation　of　the　real　foot　point

　　　of　GOES　6　from　the　estimated　foot　point
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Figure　2･39　The　longitudinal　location　of　auroral　surges　relative　to　the　estimated　foot　point　of

　　GOES　6　when　the　satellite　observed　(a)sharP　Positive　D　perturbations　and　(b)irregular

　　D　perturbations･The　location　of　the　surge　when　GOES　6　satelhte　obser`'ed　these　D

　　perturbations　is　about　10°　to　15°　east　of　the　estimated　foot　Point　of　the　satellite･



　　2.ComParisonof　auroral　activity　゛ith　the　magnetic　neld　゛ariations　at　geosynchronousorbit

GOES　6　satenite　observed　a　sharp　positive　D　perturbation　is　about　]LO°　to　15°　east　of　the

estimated　foot　point　of　the　satellite･　Therefore　the　field　hne　connecting　theaurorj　structure

and　the　satdite　must　be　ddected　as　nlustrated　in　Figure　2.40.　The　relative　location　of　the

surgeseernsto　be　indePendent　of　the　magnetic　local　time　of　the　surges　as　wUl　be　discussed

in　detail　later　in　this　section｡

　　The　estimated　foot　point　of　GOES　6　is　located　near　the　westem　border　of　the　leld　of

view　of　SHM　and　LGR　in　the　figmes　used　in　this　study　(i･e.　Figure　2.5)･Therefore　one

could　ask　if　any　other　surge　might　be　present　beyond　the　fleld　of　view　of　SHM　and　LGR.

However,wehave　examined　the　original　all-sky　Tv　images　ofauroraand　connrmed　that

k)r　all　events　no　surge　was　observed　within　the　all-sky　neld　of　view　of　SHM　and　LGR,

about　1000　km　in　radius.　Moreover,　as　shown　in　the　example　of　Jan　27,　0452　UT,ground

magnetograms　and　the　global　image　taken　by　the　DMSP　satemte　indicate　that　the　surge

was　localized　and　located　not　near　but　about　15°　east　of　the　estimated　foot　point　of　the

satellite.　Furthermore,as　sho`vn　in　Figure　2･39　the　surge　was　almost　alwa,ys　located　about

10°　to　15°　east　of　the　estimated　foot　point,　Hence　it　is　reasonable　to　conclude　that　the　re4

magnetic　field　line　systematkally　deviates　from　Tsyganenko゛s　model　field　line,　giving　the

real　foot　point　10°　to　15°　east　of　the　ionosphelicconjugate　point　of　the　GOES　6　satemte

estimated　from　Tsyganenkols　model,

　　The　most　Probablecauseof　this　field　line　distortion　is　the　eflect　oHarge-scale　Region　l

and　Region　2　neld-aligned　currents,　because　Tsyganenko゛s　magnetic　neld　model　(1987)used

in　this　study　does　not　indude　the　efFect　of　neld-dgned　currents　in　a　consistent　way.　As

already　mentioned　in　the　general　introduction,　lt　is　almost　certain　that　thesource　region

of　the　Region　l　(RI)currelnt　system　is　somewh･ere　in　the　tail　plasma　sheet7　and　that　of　the

Region　2　(R2)current　system　is　in　the　neM-earth　plasma　sheet　and　ring　current　region.

Therefore　it　is　reasonable　to　consider　that　the　GOES　6　satemte　is　usually　located　between

the　two　current　systems　Rl　and　R2,　M　mustrated　in　Figure　2･4　1　･

　　Tsyganenko゛s　m9netk　fleld　model　(1987)used　in　this　study　indudes　the　efrect　of　three
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Denection　of　Magnetic　Field　Lines

………T………………

●●●●●･●

　GOES　　　　　　………………゛゛゛

●………………｡…………｡｡..｡｡｡｡……-･-･.…………

Figure　2･40　Schematic　゛1e゛　of　the　distortion　of　the　magnetidield　connecting　auroral　surges

　　and　geosynchronous　satemtes　from　the　model　neld　line･



Region　l　and　Region　2　Currents

aS, the　Cause　of　Field　line　Denection

Figure　2･41　Schematic　゛ie゛　of　the　Region　l　and　Region　2　field-aligned　currents　as　thecause

　　of　the　distortion　of　the　magnetic　field　line　threading　the　geosynchronous　satelhte･



　　2･　Go°p゛rison　or`゛゛o゛゛1　゛ctl゛ity　゛ith　the　m゛gnetic　neld　゛&riatio“s　at　geosynchronousorbit

kinds　of　current　systems:　11ng　currents,　magnetotjl　currents,and　m9netopause　currents,

He　clajms　that　the　model　implidtly　indudes　the　effect　ofleld'ahgned　currents　in　the　magne'

topause　current　term･　Ho゛evel,　the　mathematical　expression　of　the　model　cannot　describe

the　locanzed　culrents　such　as　neld'aligned　cuHents　as　゛1Il　be　discussed　in　detjl　in　Chapter

3.　Hence　in　order　to　study　the　magnetic　field　connection　between　the　ionospheric　and　the

magnetospheric　rejonsμhe　existing　magnetospheric　magnetic　field　model　(e･g.　Tsyganenko,

1987)must　be　coHected　for　the　eflect　of　these　large-scale　field-aligned　currents.　The　detailed

estimation　of　this　correction　will　be　presented　in　Chapter4,

　　The　longitude　of　the　surge　relative　to　the　estimated　k)ot　point　of　the　GOES　6　satellite　(in

Figure　2.39(a)),when　the　satemte　observed　a　sharp　D　perturbation,　seems　to　be　independent

of　the　magnetic　locj　time　of　theauroral　surges　as　pointed　out　earlier.　We　do　not　know　the

exact　distribution　of　Region　l　and　Region　2　fleld-aligned　currents,　especially　their　changes

through　the　course　of　magnetospheric　substorms･　However,　wecan　expect　that　if　the　satemte

issandwiched　between　the　upwaJd　Region　l　and　the　downward　Region　2　neld-dgned　cur･

rents　in　the　dusk　sector,　and　the　longitudinal　width　of　these　sheet-like　field-aligned　currents

exceed　a　certain　value,　the　foot　point　of　the　sateIIite　will　deviate　eastward,　with　the　certain

magnitude　of　deviation　indePendent　of　the　magnetic　local　time.　A　detajled　discussion　of

itroducing　field-angned　currents　into　Tsyganenko゛s　model　will　be　given　in　Chapter　4･

　　ln　3　examples　GOES　6　observed　only　lrregular　fluctuations　with　no　net　D　pelturbations.

ln　addition,1)r　these　events,　the　surges　were　located　10°　to　15°　east　of　the　estimated　foot

point　of　GOES　6　as　shown　in　Figure　2,39(b).This　fact　suggests　that,　for　these　events　as

well,GOES　6　obse'rved　an　irregular　field-aligned　cuHent　structure　related　to　auroral　surges･

　　There　was　only　one　event　(Jan,　27,0251　UT)1n　which　GOES　5　observed　a　positive　D

magnetic　field　perturbation.　The　location　of　the　surge　when　the　positive　D　perturbation

occurred　at　GOES　5　was　near　the　estimated　foot　point　of　GOES　5,　indicating　that　the　real

foot　point　of　GOES　5　wasnearthe　foot　point　estimated　by　using　Tsyganenko's　model,　in

contrast　to　the　GOES　6　case.　GOES　5　was　located　at　~2130　y【Ur　during　this　event,　and　in

　　　　　　　　　　　　　　　　　　　　　　　　39



　　2.　Comp&rison　of　auroral　&ctivity　with　the　magnetic　neld　varl&tionsat　geosynchronous　orbit

the　same　local　tinle　range(e,g,　Jan,　27,0448　UT)thereal　foot　point　of　GOES　6　deviated

from　the　estimated　foot　point･　Therefore　the　difrerence　in　the　deviation　of　the　foot　point

of　the　satemte　between　GOES　5　and　GOES　6　1s　not　due　to　the　difference　in　MLT｡　This　is

probably　because　the　magnetic　latitude　of　GOES　5　(11.3°)was　higher　than　that　of　GOES6

(9,0°),The　auroral　activity　discussed　hereis　involved　within　the　whole　latitudinal　extent　of

theauroral　oval.　This　may　suggest　that　the　locjized　field-aHgned　currents　conne9ted　with

the　auroral　a£tivity　tend　to　be　located　somewhere　between　large-scale　Region　l　and　Region

2　currents･　lf　this　is　the　case,　GOES　6　probably　observes　nearby　smd-scale　field-dgned

currentsusually　at　a　lower　latitude　than　GOES　5.　As　a　result,　it　is　probable　that　GOES6

was　located　where　the　magnetic　eHect　of　both　the　Region　l　and　the　Region　2　currentsare

signikant,　while　GOES　5　tended　to　be　located　closer　to　the　Region　l　current,　with　smaller

deflection　of　magnetic　field　lines　by　these　field-aligned　currents･

　　From　one　examPle　of　the　positive　D　perturbation　at　0231　UT,　J　an.　02　observed　by

GOES　6jt　is　noted　that　the　current　system　connected　to　the　auroral　surge　has　a　localized

structure　not　only　i　azimuthal　but　also　in　latitudinal　extent･　ln　this　example　the　groWnd

onset　time　is　0327　UT,　while　GOES　6　did　not　observe　perturbations　until　0331　UT　when

theauroral　vortex　moved　southwald.　This　example　is　good　evidence　for　the　radially　local-

ized　nature　of　the　current　system　connected　to　the　auroral　surge.　lf　we　assume　the　size

of　the　surge　on　the　ionosPhere　to　be　200　×200　km　aJld　project　it　onto　the　geomagnetic

equatorial　plane,　taking　into　account　the　magnetic　nux　conservation,　the　spatial　size　of　the

field-dgned　current　assodated　with　φe　surge　comes　to　about　l　Rs　(in　the　ra(hal　dlrection)

×O.5　Rs　(in　the　azimuthal　direction).We　may　expect　that　small-scale　neld-aligned　currents

at　geosynchronous　olbit　which　are　assodated　with　auroral　surges　are　localized　to　this　order.

　　The　localized　nature　of　these　small-scale　currents　could　provide　a　way　to　estimate　the

conjugaterpoint　of　the　geosynchronous　satellite　in　the　latitudinal　as　well　as　the　meridional

direction,Aurorarsurges,　when　GOES　6　observed　sharp　positive　D　perturbations,　were

located　at　various　latitudes　from　63o　to　about　70々　as　shown　in　Table　2.2.According　to
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Tsyganenko゛s　1987　modei　the　latitude　of　the　satelhte　foot　point　is　expected　to　depend　on

the　Kp　index.　Howeverjn　fa£t　the　latitude　is　afrected　moresignificantly　by　the　inclination

angle　of　the　GOES　6　magnetic　field　vector　(Figure　2,42)which　probably　indicates　the　local

ring　or　magnetotail　current　intensity　near　the　satelhte,　and　the　Dst　index　which　indicates

the　effect　of　global　rig　current　intensity　(Figure　2･43).　The　Kp　(Figure　2,44)and　the

AE(Figure　2.45)1ndices　are　of　lesser　impoltance･　This　indicates　that　the　latitude　of　the

real　foot　point　of　the　GOES　satellite　is　highly　correlated　with　the　intensity　of　the　ring

current　or　the　magnetotail　current　(Kaufmann,　1987);the　latitude　of　the　real　foot　point

decreases　with　increasing　magnetotail　current.　lt　is　dimcult　to　sa{y　which　of　the　global　or

local　ring　/　magnetotail　currents　afrect　the　latitudinal　location　of　the　satemte　foot　point

most　signincantly,　because　of　the　limited　number　oFexamples　used　in　this　study･

2.4.4.East　of　the　onset　region

　　Theauroral　dynamics　to　the　east　of　the　onset　region　arerather　complicated.　Active

forms　such　as　bulges　and　surges　arenot　found.　The　major　Prominent　features　ofauroras

after　the　expansion　onset　are　eastward　propagating　auroral　branches　and　eastward　extending

discrete　arcs.

　　The　sharp　negative　D　Perturbations　observed　at　GOES　5　in　the　4　examples　(at　0329

UT　on　Jan.　02,　at　0549　UT　and　0725　UT　on　Jan.　07,　and　at　0449　UT　on　Jan.　27)are

aJwa{ysacconlpanied　by　the　eastward　extension　ofarcs.　This　clearly　indicates　that　sma11-

scale　magnetic　fleld　variations　at　the　GOES　5　satelnte　are　caused　by　small-scale　neld-aligned

currents　related　to　these　eastward　extending　arcs,i.e･　the　real　foot　point　of　GOES　5　is　near

the　estimated　foot　point.　0n　the　other　hand,　there　was　only　one　example　(at　0641　UT,

on　Jan.　27)where　GOES　6　observed　sharp　negative　D　perturbations･　At　the　onset　of　this

expansion,there　was　no　conspicuous　auroral　activity　near　the　estimated　foot　point　of　GOES

6.　1nstead　a　localized　m9netic　fie!d　perturbaλion　was　observed　at　LRG　about　10°　west　of

the　estimated　GOES　6　f6ot　point,　suggesting　that　the　real　foot　point　of　GOES　6　゛as　about
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10°　west　of　the　estimated　foot　point.　The　difrerence　in　th･e　magnetic　neld　hne　deviation

bet'weellGOES　5　and　GOES　6　is　probj)ly　caused　by　the　relative　location　of　the　field　line

of　auroral　arcs　to　the　large-scale　neld'aligned　current　system,　as　in　the　examples　duskside　of

the　onset　legion　described　in　section　2.4.2.

2.5,　SummMy

　　Wehave　cornPared　magnetic　neld　variations　at　geosynchronous　satel】ites　GOES　5　and

GOES　6　and　auroral　actl゛lty　obser゛ed　by　a11゛sky　c゛meras　at　or　near　the　conjugate　point

of　these　satellites/We　ha゛e　found　that　the　short“time　scale　(<10　minutes)magnetic　neld

variations　at　geosynchronous　orbit　are　highly　localized,　at　ieast　in　comparison　with　the

spatial　separation　of　GOES　5　and　GOES　6　satenites　(~35°　in　longitude),suggesting　that

these　m`gnetic　neld　variations　are　caused　by　nearby　smal1゛scale　currents　such　as　neld-ahgned

cuHents.　The　localized　nature　of　the　magnetic　field　variations　at　geosynchronous　orbit　shows

that　it　is　possible　toexamine　magnetidield　hne　connection　between　the　ionosphere　and　the

magnetosphere　at　geosynchronousorbit　by　comparing　locdzedauroral　activity　and　magnetic

field　variations　at　geosynchronous　orbit,　This　idea　is　supported　by　the　fact　that　the　duration

of　the　short　time　magnetic　neld　variations　at　the　GOES　5　and　GOES　6　satemtes　at　exPansion

onset　is　coincident　with　that　of　the　locanzed　aurorj　activity　near　the　foot　point　of　these

satellites｡

　　On　the　basis　of　these　results,　we　have　estimated　the　reaI　R)ot　point　of　the　geosynchronous

satellites　for　12　auroral　expansion　events,　To　the　west　of　the　expansion　onset　region　we

have　examined　the　location　of　the　auroral　surge　when　the　geosynchronouヽs　sateUite　obser゛ed

sharP　Positive　D　magnetic　neld　Perturbations･　For　the　GOES　6　satellite,　゛e　found　that　the

probable　ionospheric　foot　point　of　GOES　6　longitudinally　deviated　from　the　estimated　foot

point(obtained　by　using　the　truncated　vetsion　of　Tsyganenko゛s　1987　model)　to　the　゛est

of　the　expansion　onset　region｡　This　deviation　can　be　explained　in　terms　of　the　magnetic

efrects　of　large-scale　Region　l　and　Region　2　neld'aligned　currentsl　because　these　eScts　are
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not　induded　in　Tsyganenkols　models.　Although　we　have　only　l　example　in　which　GOES　5

observed　sharp　positive　D　perturbations,　k)r　thisevent　we　have　found　no　deviation　of　the

real　ionosphelic　foot　point　of　the　satenite　relative　to　the　estimated　foot　point.　The　diHerence

in　the　deviation　of　the　real　ionosphelic　foot　point　of　the　geosynchronous　sateHite　is　probably

due　to　the　difkrent　relative　latitudinal　location　of　the　satellites　to　lalge-scale　Region　l　and

Region　2　field-aligned　currents･

　　S)the　east　of　the　expansion　on,set　regionjt　is　shown　in　l　example　that　the　real　foot

point　of　GOES　6　deviates　westward,　in　the　opposite　direction　to　that　to　the　west　of　the　onset

region.　This　is　also　probably　caused　by　the　downward　Region　l　and　the　upward　Region　2

field-angned　currents.　For　GOES　5　we　have　found,　hom　4　examples,　no　deviation　of　the

real　foot　Point　of　the　satemte　relative　to　the　estimated　foot　point,　suggesting　a　diHerence　in

latitude　of　GOES　5　and　GOES　6　relative　to　the　Region　l　and　Region　2　currents.

　　lt　is　also　suggested　that　the　sman-scale　field-aligned　currents　observed　by　geosynchronous

satellites　have　loca,lized　structure　not　only　in　azimuthal　but　also　in　latitudinal　extent,　This

means　that　we　can　estimate　the　latitudinal　location　of　the　real　foot　point　of　the　satellite,　lt

is　found　that　the　latitude　of　the　real　foot　point　of　the　satemte　depends　signincantly　on　the

Dst　index　or　the　magnetic　field　inclination　of　the　geosynchronous　sMellite,　which　indicate

the　intensity　of　the　ring　and　magnetotail　currents　(local　or　global),rather　than　auroral　zone

geomagnetic　activity　as　indicated　by　KP　and　AE.

　　ln　this　chapter　we　have　discussed　mainly　the　azimuthal　de゛iation　of　the　ionospheric　foot

Point　of　the　geosynchronous　satenites　due　to　the　18Jge'scje　Regiol1　1　゛nd　Regiol1　2　field‘

aligned　currJents,　which　are　Probably　not　included　in　Tsyganenko7s　magnetic　neld　model･

However,we　have　yet　to　discuss　the　characteristics　of　Tsyganenko's　model　and　in　the　next

chaPter　we　wUl　examine　in　detd　the　limit　of　Tsyganenko's　model　in　rePresenting　the　real

ma8netosPhelic　magnetic　leld.
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　　　　　　　　3･　Exanlination　of　Tsyganenko`s　magnetic　neld　models

　　ln　Chapter　2sve　cornpared　the　magnetic　field　vaJiations　at　geosynchronous　orbit　and　the

spatial-temporal　development　ofaurorasobserved　by　ground　all-sky　Tv　cameras　within　the

conjugate　areas‥of　the　satellite･　We　used　Tsyganenko)s　1987　mode1　(truncated　version)for

estimatingthe　ionospheric　foot　point　of　the　geosynchronous　satellite　as　a　reference.　From

the　comparison　ofauroral　activity　with　the　magnetic　field　changes　at　the　geosynφΓonous

satemtes　we　found　that　the　real　ionospheric　foot　point　of　the　satemte　often　signmcantly

deviated　in　the　azimuthal　direction　from　the　estimated　foot　point.　We　suggest　that　this

deviation　is　caused　by　the　large'scale　neld-agned　currents　such　as　those　of　Region　l　and

Region　2,　because　the　magnetic　efrects　of　these　currents　are　not　indude'dra;t　least　in　a

consistent　way,into　the　model.　Before　discussing　the　introduction　of　field-aligned　currents

intothe　model　and　the　estimation　of　the　deviation　of　the　ionospheric　foot　point　of　the

satellite　due　to　these　currents　in　detdjt　is　worthwhile　examining　the　characteristics　of

Tsyganenko)s　mSnetic　field　models.　ln　the　following　゛e　win　focus　atte=ntionon　lnapping

analysis　and　examination　of　neld-aligned　currents.

3･1.　Mapping　Anjysis　of　the　relationship　bet゛een　the　polar　ionosPhere　and　the　geomagnetic

　　equator　along　magnetic　neld　lines

　　ln　6rder　to　relate　specmc　ionospheric　phenomena　to　magnetospheric　phenomena,　a　reli-

able　magnetospheric　magnetic　field　model　is　essential.　The　most　popular　models　that　contain

thedect　of　geomagnetic　a£tivity　and　dipole　tilt　angle　as　parameters　ale　Tsyganenko7s　models

(Tsyganenko　and　usmanov,　1982;　Tsyganenko,　1987;　Tsyganenko,　1989),henceforth　referred

to　as　TU82,　T87　and　T89,　resPectively.　These　modelsaregiven　by　analytical　expressions

of　the　ma8netk　field　distlibution　due　to　ring　currents,　magnetotaU　currents,　magnetopause

lcurrents,andsolnepossible　eSct　of　Reld'aligned　currents　as　proposed　by　the　authorsjtting

sMemte(IMP　and　HEOS)observations.　However,they　have　the{ollowing　shortcomings:　(1)

Thespatial　extent　of　the　observational　data　is　hmited,　(2)the　data　dealt　with　are　statist1･
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ca1　3yelages　゛heleas　in　fact　the　magnetosphelic　magnetic　neld　is　largely　variable,　and(3)

the　mathematical　expressions　for　these　models　do　not　contain　the　term　which　consistently

lepresents　the　efrect　of　the　lalge`scale　fie1(Faligned　currents.

　　The　v£dity　of　Tsyganenko゛s　model　wasexamined　by　Fairfield　(1991),who　compared

the　O.5　R£averaged　magnetic　neld　distribution　obtained　by　the　IMP　&nd　HEOS　sMemtes

゛ith　the　TU82　and　T87　(truncated　version)models.　He　reported　that　the　main　dekiency

of　these　models　is　the　lack　of　the　stretching　of　magnetic　neld　lines　near　the　ring　and　mag-

netotail　current　region.　However,　since　the　spatial　extent　of　the　satellite　data　was　limited,

hisexamination　was　insumcient　to　check　quantitatively　the　magnetic　field　distribution　an

the　way　from　the　ionosphere　to　the　geomagnetic　equator　under　various　geomagnetic　activity

levels,which　is　crucial　f6r　the　present　correlative　study　ofauroraJ　activity　and　magnetic　field

variations　at　geosynchronous　orbit･

　　The　ma4)ping　of　the　geomagnetk　equatorij　plane　onto　the　ionosphere　(and　vice　versa)

along　magnetic　field　lines　on　the　basis　of　Tsyganenko's　model　should　givesoTneimportant

information　on　the　characteristics　of　the　model　magnetosphere･　Forexarnple,　the　shape　of

the　open-dosed　boundary　(whose　defi㎡tion　wUl　be　discussed　later)on　the　ionosphere　and

the　shape　of　the　geomagnetic　equatorial　cross　section　wm　give　a　due　to　checking　the　validity

of　the　magnetospheric　models.　ln　addition,　the　magnetospheric　(ionospheric)coordinates

maPped　onto　the　ionosphere　(the　geomagnetic　equatorial　plane)contain　information　on　the

distribution　of　magnetospheric　currents･　For　example,　field-angned　currents　in　the　modeljf

they　exist　at　a11,　w111　twist　the　mapetidield　lines　and　signific　antly　modify　the　projection

of　th･e　coordinates.

　　ln　the　following　we　examine　the　mapping　charaderistics　bet゛een　the　Polal　ionosphere

and　the　geomagnetic　equator,　on　the　basis　of　Tsyganenko゛s　magnetic　field　modek　A11

versions,that　is,　the　TU82　model,　T87　model　(long　version　and　truncated　v･ersion)i　and　T89

modd　aJe　used　to　investigate　the1r　characteristics.　ln　addition,　wealsoexamine　the　mapping

characteristics　of　the　magnetic　fleld　model　based　on　the　3-dimensiona1　MHD　simulation　of
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the　magnetosPhere　by　Ogino　(pr1゛ate　communication,　199　1),and　comPale　it　with　those

based　on　Tsyganenko゛s　modek　The　comparison　between　Tsyganenko゛s　observational　models

and　the　MHD　simulation　model･　in　terms　of　mapping･　゛ould　be　useful　in　examining　the

characteristics　and　hmitation　of　each　mode1.　This　is　because　the　simulation　gives　not　only

magnetic　field　but　also　plasma　pressule,　plasma　densityl　and　plasma　bulk　flo゛　consistently

with　each　other,　whereas　Tsyganenkols　models　give　only　the　magnetic　neld,

　　We　show　two　kinds　of　mapping.　Grid　points　on　the　geomagnetic　equatorial　plane,　given

as　a　function　of　radial　distance　and　magnetk　local　time,　are　mapped　(dotted　lines)onto　the

ionospheric　region　as　mustrated　in　Figure　3.1(a).From　this　type　of　mapPingwe　caJldiscuss,

for　exaJnple,　the　ionospheric　projection　of　the　open-closed　boundary　of　magnetic　nelds　if

we　set　the　definition　of　the　oPen-dosed　boundary.　Conversely,　grid　points　on　the　polar

ionosphere,given　as　a　function　of　magnetic　latitude　and　magnetic　local　time,　are　mapped

(dotted　lines)onto　the　geomagnetic　equatorial　plane　as　illustrated　in　Figure　3.1(b)･From

this　type　of　mapping　wecan　examine,　forexalnPle,the　size　and　the　shaPe　of　the　equatoria1

cross-section　of　the　magnetosphere.　Here,　for　simplidty,　the　dipole　tilt　efrects　are　not　taken

into　account｡

　　First　we　wm　examine　the　T87　model,　whkh　is　used　in　Chapter　2　for　estimating　the

ionospheric　foot　point　of　the　geosynchronous　satemte.　After　that　we　win　check　the　TU82

and　T89　models　for　comPalison.　FinJy　we　will　examine　the　magnetospheric　model　based

on　the　&dimensionaI　MHD　simulation　by　Ogino　(private　communic　ation,　199　i　)･

3.1.1.T87　model

　　The　T87　model　has　t゛o　versions,　that　is,　a　truncated　version　and　a　long　version　(here

referred　to　as　T87T　and　T87L,　resPectively).The　T87L　model　has　26　coemdents　for　repre-

senting　the　magnetic　field　due　to　three　major　magnetospheric　currents　(ring　currents,　ma■

netotail　curr'ents,　and　mainetopause　currents)with　the　shape　of　the　ring　and　magnetota11

currents　given　aFiari　by　aJlalytical　expression　and　magnetoPause　currents　given　by　a　series

　　　　　　　　　　　　　　　　　　　　　　　　46



Mapp･in9　fr6m　the　〕Equator　to　the　'16　no{44re

X
/　
a
r
x

Mappin9　fromthe　lonosphere　to　the　Equator

Figule

(b)

3.1　Schematic`'ie゛　of　the　mapping　(a)from　the　geomagnetic　equatorial　plane　onto

t､he　ion･snbPrp　and(nfr｡m　tbe　innnsnbeTe　onto　the　geoma9netic　equatorial　plane.
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of　functional　expansiolls･　These　coemcients　are　determilled　by　ntting　to　the　observational

data　set　from　the　IMP　and　HEOS　satemtes,　and　this　model　is　based　on　a　data　set　covering

a　radial　distance　from　about　4　Rg　to　70　Rz　in　the　magnetotail,　The　T87T　model　has　20

co･emdents　and　can　rePresent　the　magnetic　field　by　a　simpler　mathematical　expression　with

the　data　set　covering　a　range　in　radial　distance　from　about　4　Rz　to　30　Rg,

　　Figure　3･2　sho`″s　the　geomagnetic　equatorial　coordinates　maPped　onto　the　polal　iono‘

sphere　by　using　the　T87T　model.　The　lo゛er'left　panel　sho゛s　the　“open“closed　boundary"

on　the(polar　ionosphere.　Within　the　egg-shaped　locus　the　field　lines　pass　across　the　plane　(ρ

-

- XSsM+Y‰g　°　35　Rz　or　ZGsM　°　±25R£)before　crossing　the　geomagnetic　equatorial

Plane　and　are　regarded　as　4oPen≒whereas　outside　the　locus　they　pass　the　equatorial　plane

first　and　areregarded　as　4close(P.　We　adopt　this　dennition　of　the　open-dosed　boundary

because　at　β=35RI･　the　magnetic　field　strength　due　to　the　earth　dipole　becomes　as　low　as　l

nT.　This　is　comparable　to　the　magnetidield　in　the　solar　wind,　and　therefore,　the　magnetic

neld　lines　tailward　of　this　region　canbe　regarded　as　4open゛.　The　shape　of　the　open-dosed

boundary　is　aPproximately　thesaJne　for　ifrerent　criteria　as　shown　in　Figure　3.3(a),β=30

RE･　,　and　Figure　3.3(b),ρ゜25　Rsjndicating　that　this　boundary　does　not　depend　very　much

on　the　value　ofpwhenpis　laJger　than　about　30　Rz･

　　The　uPper　left　panel　and　the　upper　right　panel　in　Figure　3.2　show　the　ionospheric

projection　of　local　time　(with　an　intervj　oH5°)and　radial　distance　(with　an　interval　of　l　Rz

fi'om　5　R17　to　10　Rji･　and　5　Rg　beyond　10　R£)onto　the　geomagnetic　equator　respectively.　The

lower　right　panel　sho゛s　the　ionospheric　projection　of　both　local　time　and　radia1　�stance　onto

the　geomagnetic　equator･　Ob゛iously　the　equi'radial　distance　contour　nnes　on　the　nightside

become　very　dose　to　each　other　for　R　=X‰3･r+Y&M+Z‰g≧10　Rg　and　the　ionospheric

latitude　tends　to　be　constant　as　a　function　of　the　radial　distance　on　the　geomagnetic　equator,

indicating　that　the　oPen-dosed　boun,dary　is　not　very　sensitive　to　the　chosenparameterp･

　　AII　Tsyganenko゛s　models　contain　a　Kp-dependent　parameter　and　accordingly　the　model

magnetic　Reld　con≒uration　changes　with　the　KP　value･　For　low　KP　(e･g.　Figure　3･2,　Kp
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Figure　3･2　Magnetospheric　equatorial　coordinates　mapped　onto　the　polar　ionosphere　by

　　　　　using　the　T87T　model　(Kp=0,　0+).The　lower　left　panel　shows　the　4oPen'closed

　　　　　boundary)on　the　polar　ionosphere,　whose　dennition　is　described　in　the　text･　The

　　　　　upper　left　Panel　and　the‘　uPPer　right　panel　show　the　ionospheric　Projection　of　loca1

　　　　　time　and　radial　distance　onto　the　geomagnetic　equator　respecti゛ely.　The　lower　right

　　　　　Panel　shows　the　ionospheric　Projection　of　both　local　time　and　radial　distance　onto

　　　　　the　geomagnetic　equator.
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Figure　3･3　0Pen'c】osed　boundary　fol　diferent　kinds　of　definition　by　using　the　T87T　mode1

　　　　(Kp=O,　0+)･This　boundary　is　not　very　sensitive　to　the　(:hosenparameterμ
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°O,　0+),the　open-dosed　boundary　is　eg-shaped　゛ith　the　゛ider　region　located　on　the

nightside　and　the　center　shifted　antisun゛ard･　ln　this　figure　most　of　the　areaof　the　low

latitude　boundaly　layer　is　connected　to　the　ionospheric　cusp　region　as　already　pointed　out

byOguti(1989);this　is　evident　from　the　fact　that　the　equi'1ocal　time　contour　lines　converge

at　the　cusp　region　as　seenin　Figure　3･･2.

　　With　the　increase　of　Kp　the　open'dosled　boundary　expands　equatorwald,　changing　to

a　rnoreclrcular　form　as　shown　in　Figure　3.4　(Kp≧5+),coincident　with　th'e　change　of　the

magnetosPheric　magnetic　field　to　more　ta11‘like　connguration.　Theconverging　structure　of

the　equi-local　time　contour　lines　at　the　cusp　region　is　the　same　as　that　for　low　Kp　(=O,0+)

in　Figure　3･2･

　　ln　the　T87L　model,　the　oPen-dosed　boundary　is　tear-drop　shaped　for　low　Kp　(e,g,　Figure

3,5,　Kp　=0,0+).With　the　change　in　the　definition　of　the　open-c}osed　boundary　(change

in　the　pto　the　smaHer　value)this　boundary　expands　to　a　lower　latitude,especijly　in　the

dayside　sector　(as　shown　in　Figure　3.6).This　change　occurs　because　of　the　expansion　of

the　nightside　magnetotail　nank,　whi･ch　wiU　be　considered　later.　With　the　increase　of　Kp　the

open-closed　boundary　expands　equatorward,　changing　to　a　more　circular　form　as　shown　in

Figure　3,7,　as　is　the　case　with　the　T8.7T　model.　The　con゛erging　structure　of　the　equi゛loca1

time　contour　lines　at　the　cusP　region　is　also,　for　a11　Kp,　the　same　as　th8･t　for　the　T87T　model.

　　Figure　3.8　shows　the　polar　ionospheric　coordinates　mapped　onto　the　geomagnetic　equator

using　the　T87T　model　(KP°o,0+).　The　upper　left　Panel　shows　the　projection　of　the

polaJ　ionosPheric　local　time　(with　the　interval　of　15°)onto　the　geoma･gnetic　equator.　The

uPPer　right　Panel　shows　the　projection　of　POlar　ionospheric　latitude1　(with　the　interval　of　1°),

and　the　lower　left　panel　the　projection　of　both　polar　ionospheric　local　time　and　latitude.

The　model　magnetopause　can　be　defined　as　that　surface　of　outermost　magnetic　neld　lines

connected　to　the　ionosPhere.　For　low　Kp　(=0,　0+)the　shaPe　of　the　magnetoPause　is

PaJabok,　compressed　on　the　dayside　and　stletched　on　the　nightsidejn　agreement　with　the

result　based　on　satemte　observations　(E8idi　et　al･　,　1　970　;　Fa1rfield　j　97　1)･lt　is　alsoseenthat

　　　≒　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　48



MIMz165.0000cax)Mxz37s,0cx)00000

Mlk,2,axx)OCX)0　19xz2100axo00

　　TSYGRNENK0　87　M00EL　{TRUNCRTEDVERSION)

MIN=i｡00000000　Mxzl8.Ca〕00COO

14sm9sxx)cxx)(x〕0

KP>z5+

F18ure　3.4　Similar　to　Fjgure　3･2　for　Kp　≧5+



MINz16S｡0000CC00　MQyz37S　.0Ca)0000

Mlk-2,,a}000C00　M4x=2,0000CX:)00

hIN=S,0000COCO　sx=48,a)000CCO

MI416m9{Z300ag)000

TsYGnNENK0　87　MODEL　〔LONGVERs!ON〕KP=O｡o+
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Figure　3.6　0PenJosed　bou/ndary　for　djfrerent　kinds　of　dennition　by　using　the　T87L　model
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Figure　3.8　Polar　ionospheric　coordinates　maPPed　onto　the　geomagnetic　equator　by　lsin8

　　　　T87T　modei　for　Kp　=O,　0+･　The　uPPer　left　panel　shows　the　projection　of　polar

　　　　ionospheric　local　time　ornto　the　geomaSnetic　equator.　The　uPper　right　Panel　sho`゛s

　　　　the　Projection　of　POlar　ionosPheric　latitudej　and　the　lower　left　panel　shows　the　pro-

　　　　jection　of　both　polar　ionosPhelic　local　time　and　latitude.
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near　the　midnight　meridian　the　equl-radial　distance　contour　lines　aJe　highly　stretched　in　the

noon-midnightdirection　rather　than　inthe　radial　dlrection･　This　is　due　to　the　magnetotaj1

currents　flowing　farther　away　from　the　earth,　app･roximately　from　the　dawn　to　the　dusk｡

　　On　the　other　hand･　for　moderate　to　high　Kp　(≧2)the　sh&pe　of　the　model　magnetopause

is　a　pecunar･　squid゛shape･　as　shown　in　Figure　3.9　(Kp≧5+).Discontinuity　of　the　magne-

topause　in　the　magnetotail　nank　is　evident;　two　hollolvs　are　seen　onthe　dusk　and　dawn　side.

The　reason　why　the　peculiar　shape　of　the　nank　occurs　isseenin　the　schematic　view　of　the

°゛glletic　neld　nlles　lleM　the　(hscolltillity　ill　Figule　3.10.　Helre　the　neld　lines　originating

from　latitude　71°　and　longitude　56°　to　60°　(long.=O°　corresponds　to　the　locaJ　noon)on　the

ionosphele　ale　given.　The　field　line　originating　from　latitude　71°　and　longitude　60°　shows　a

quite　singularnature.　Starting　from　the　ionosphere,　this　magnetic　hld　line　first　comes　near

the　equator　and　agill　goes　a゛ay　from　it,　゛d　hence　makes　a　loop‘11ke　structure･　The　mag-

netic　field　lines　inside　this　looP　are　closed　near　the　geomagnetic　equatorial　plane　and　are　not

connected　to　the　ionosphere,　thus　producing　the　discontinuity　of　the　magnetopause,　This

magnetic　field　line　configuration　is　due　to　the　inappropriate　assumptions　of　the　distribution

of　the　model　ring　and　magnetotail　currents　as　wen　as　thelr　connection　in　this　region　of　the

model.

　　ln　the　long　version　of　the　model　(Figures　3　1　1　,　3.　1　2)such　honovvs　arenot　found　except

lor　Kp　=4-,4,4+(not　shown).For　low　Kp　the　shape　of　the　magnetopause　is　parabolic　as

shown　in　Figure　3.11　(Kp°O,0+).Howeverl　for　high　Kp　(e･g.　Figure　3.12,　Kp　≧5-)the

nightside△magnetotajl　expands　much　greater　in　the　da゛n'dusk　direction　for　xG5g　≦-20　Rs･

as　comPared　with　the　satemte　obse‘rvation　(e･g･Falrneld,　1971)and　3'dimensionaI　MHD

simulation,　which　will　be　discussed　in　Section　3.1.4.　This　is　because　the　field　lines　in　the

high-latitude　magxletotail　of　this　model　exPands　far　more　in　the　YGsg　direction　than　in　the

near-earth　magnetotail　as　shown　in　Figure　3･13　φote　the　neld　hnes　originating　from　the

ionosPhere　at　lat,　=80°　and　long.　゜　30°　/　330°).This　unrealistic　configuration　of　the　fleld

nne　is　likely　due　to　the　inapproPriate　exPression　of　the　magnetopause　current　term･　together
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Figure　3.9　Similar　to　Figure　3,8　fk)rKp≧5+.　Discontinuity　of　the　magnetopause　in　the

　　　　magnetotajl　lank　is　clearly　seen,
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Figure　3.10　Schematic　゛le゛　of　the　magnetic　field　nnes　near　the　discontinuity　of　the　magne'

　　　　totail　n`nk　seen　in　Figure　3･9.　Here　the　hld　lines　originating　from　the　ionospheric

　　　　Point　at　latitude　71°　and　longitude　56°　to　60°　(long.　゜　O°　corresPonds　to　the　local

　　　　noon)on　the　ionosPhere　are　given,
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Figure　3y1!　POI&tiohospherk　coordinates　maPPed　onヽto　the　geomagnetic　equator　using　T87L

　　　　modd　f6FXP　=0√o+jn　thes&nefortat　as　Figure　3,8,
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Figure　3･12　Similar　to　Figure　3,11　for　Kp　≧5-.　lt　is　clear　that　the　magnetotail　flank　exPands

　　　unjrejistically　in　the　distant　magnetotaiL
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F18ure　3･13　Schematic　vie゛　of　the　neld　lines　originating　from　the　ionosphere　at　latitude　80°

　　　　based　on　theI　T87L　model　(KP=4-,　4,　4+),Take　notice　of　the　field　lines　origin　ati　ng

　　　　from　the　ionospheric　Point　at　longitude　30°　or　330°.　which　are　not　aligned　in　the

　　　　sun'earth　direction　in　the　distant　magnetotail　but　are　jigned　aPproximately　in　the

　　　　l£laJ　direction,　which　is　resPonsible　for　the　expanding　of　the　distant　magnetotai1

　　　　nank　asseenin　Figure　3,12,
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with　the　magnetotaU　current　term　in　the　high`latitude　tall　region･

3yL2.TU82　mode1

　　This　model　is　based　on　the　data　set　only　for　xGsM　≧y20　Rs.　lt　does　not　indude

the　mathematical　expression　of　magnetotail　surface　currents,　whkh　in　the　T87　and　the　T89

models　are　introduced　to　now　from　th,e　dusk　to　dajwn　nearthe　high　latitude　magnetopause

(ZGsM=±30　Rs)of　the　magnetotail.

　　0ne　result　of　the　mapping　from　the　geomagnetic　equator　to　the　polar　ionosphere　using　the

TU82　model　is　shown　in　Figures　3.14(Kp=O)and　3,15(Kp≫3+)｡The　open-dosed　bound,

ary,　being　defined　as　those　copen'　field　hnes　that　pas･s　across　the　plane　(ρ=X/X‰g+Y&M

゜35　Rz　oI　ZGsg　°　±25　Rf)before　crossing　the　equatorial　plane,　changes　dramatically　with

Kp.　The　nightside　boundary　is　located　at　lower　latitudes　fbr　low　Kp,　which　is　obviousiy

unrealistic.　This　is　due　to　the　inappropriate　expression　of　the　magnetic　field　in　the　distant

magnetotail　as　can　beseenin　Figure　3,16,　which　shows　a　schematic　view　of　magnetic　Reld

hnes　in　the　(hstant　magnetotall.　The　magnetosphere　has　a　boundary　on　the　nightside　(XGsM

~-35　Riヽ)and　beyond　this　boundary　the　magnetic　neld　lines　go　away　from　the　earth　and

are　not　co･nnected　to　the　ionosphere･　This　is　largely　because　the　model　is　based　on　the　data

set　only　for　xGsg　≧-20　Rz.　Therefore　for　this　model　the　definition　of　the　open-clos･ed

boundary　the　same　as　that　for　the　T87　model　(ρ=35　Rs)is　meaningless.　lf　we　denne

oPen　field　lines　as　those　passing　through　the　plane　p°25R£or　ZGsM　°　±25　Rz　beR)re

crossing　the　equatoria1　Planeμhe　oPen-dosed　boundary　is　tear-drop　shaped　for　low　KP　(e･g･

Figure　3.17,　KP°　O,　0+),which　is　approximately　coinddent　with　the　result　obtained　using

the　T87L　modeL　With　the　increase　of　Kp　the　open-dosed　boundary　expands　equator゛ard,

changing　to　a　more　circular　shaPe　(e･g.　Figure　3.18,　Kp≫3+).The　converging　structure　of

the　equi-local　time　contour　hnes　at　the　cusp　region　is,　for　a11　Kp,　the　same　as　that　for　the

T87T　model｡

　　Figure　3.19　sho`vs　the　lesult　of　the　maPping　from　the　polar　ionosphere　to　the　geomagnetic
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equator(KP°O)･Oll　the　dayside　the　mlgnetoPause　is　palabolic,　゛hile　on　the　nightside　the

magnetotail　najnk　shrinks　for　xG5xf　≦-15　Rs.　0bviously　this　shrinking　d　the　magnetotai1

Hank　is　unrealistic,　considering　the　Pressure　balance　at　the　nightside　magnetopause,　This　is

probably　because　the　spatial　extent　of　the　data　is　limited　and　the　mathematical　expression

of　this　model　is　not　considered　to　represent　the　magnetic　neld　beyond　the　data　coverage

region･　VVith　the　increase　of　Kp　(e･g･Figure　3.20･　Kp　≧3+)the　dayside　magnetopause

beconles　colnpressed　whereas　the　nightside　magnetotail　expands　in　the　dawn'dusk　direction

for　-15　Rz　≦XGsM≦OR£｡

3yL3.T89　model

　　The　Peculiarity　of　the　T89　model　is　that　the　magnetotail　currents　ajre　approximately

aligned　with　the　azimuthj　&rection　rather　than　in　the　dawn-duskdlrection.　This　is　diflerent

f】rom　the　T87　and　TU82　modelsjn　゛hich　the　magnetotail　currents　Me　aligned　mainly　in　the

dawn-dusk　direction　rather　than　in　the　azimuthal　dlrection,Another　characteristic　is　the

warping　of　the　tail　current　sheet.　Due　to　the　diPole　tilt　efrect　the　magnetotail　current　sheet

is　warped　on　the　Y-Z　plane　so　that　it　is　shifted　northward　(southward)in　GSM　coordinates

near　the　midnight　meridian　while　it　is　shifted　southward　(northward)near　the　n･lghtside

magnetotail　flank　in　the　northern　surnnler　(winter).　ln　contrast,　the　magnetotail　current

sheet　is　uniformly　shifted　northward　(southward)in　the　T87　and　TU82　models.　However,

since　th･e　(hpole　tilt　angle　is　assumed　to　be　O°　in　this　study,　we　do　not　henceforth　mention

this　warping　e5ct･

　　The　result　of　the　maPPing　from　the　geomagnetic　equator　to　the　polar　ionosphere　by　using

the　T89　model　is　shown　in　Figure　3,21.For　low　Kp　the　open-dosed　boundary　is　egg'shaped

with　the　wider　end　directed　towa,rd　the　dayside　incontrast　to　the　T87T　mode1,　This　shape

is　aPProximately　the　same　for　diflerent�t･eria　as　shown　in　Figure　3.22　(a),ρ゜30　Rr･　゛nd

Figure　3.22　(b),ρ゜25　Rz,lndicating　that　this　bound･31ry　does　not　d･epeld　veiy　much　oll

the　valueofpwhenpis　larger　than　about　30　Rz･

　　　　　　　　　　　　　　　　　　　　　　　51



MIM=16S.Cax:X:ax⊃　Sa47S,CXSZXXX)

　

TsYGRNENK0　4　U5nRIO/　62　K)OEL　KP≫34

MIlkS8.(ΣX:X:X:X:X:X)1‘gs9S｡OaOaa:X:C

FISure　3･20　Simil&r　to　Figure　3･19　for　Kp　>3+



M】N=j6S｡00CCO300　Mxz37S,0CO00000

Mlk-2.0xaxx〕O　mx=Z｡0000a〕00

　TsYGnlヽ､JENK0　89　MODEL　KPz0　,　〔}+

MIN=§.000000CO SX=48.CX〕000CX〕0

MI415800000()OCa゛ssla3S)00ca〕000

Fi8ure　3･2!　M･agnetosPheric　equatorial　coordinates　maPPed　onto　the　iollosPhere　by　usin8　the

　　　T89　model　(KP=O,　0+)jn　the　same　format　as　Figure　3･2･



HIN=-2.CXXX)CX:x〕O　sxz2,0a)OCX)CX〕

　　TsYGnNENK0　89　MODEL　KPz0,0+

MIN=-2,a:x)03c〔x)sx=2,0(xxxx〕00

　　TSYGRNENK0　89　MODEL　KPz0　,　0+
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　　With　the　increase　of　Kp　the　open゛closed　boundary　in　the　polal　ionosPhere　expands

equator゛ald(e･g.　Figure　3.231　KP　≧5-),keeping　the　shape　of　the　boundary　approximately

thesaJne｡　The　con゛erging　strudure　of　the　equislocal　time　contour　hnes　at　the　cusp　region

is,　for　a1I　Kp,　the　same　as　that　for　the　T87T　model,

　　Figures　3.24　and　3.25　show　the　result　of　the　mapping　from　the　polar　ionosphere　to

the　geomagnetic　equatorial　p1&ne.　For　a11　Kp　the　shape　is　palj)ohc　and　M)pears　to　be

reasonable(e･g.　Figures　3.24,　Kp　°　0,　0+and　3.25,　Kp　≧5{　Note　that　the　pattern

of　equi'local　time　contoul　lines　is　quite　diferent　ftom　that　in　the　T87　model　(e･g,　Figure

3.8);on　the　nightside　the　contour　lines　are　aligned　in　the　radiaJ　direction　rather　than　in

thenoon-midnight　direction.　This　is　probably　because　in　the　T89　model　the　magnetota11

current　is　assumed　to　flow　approximately　in　the　azimuthal　direction　while　in　the　T87　model

it　is　assumed　to　flow　approximately　in　the　dawn-dusk　direction　rather　than　in　the　azimuthal

direction.　We　cannot　say　which　model　is　doser　to　the　real　magnetospheric　magnetic　neld,

because　we　do　not　know　the　real　distribution　of　the　current｡　We　wUl　discuss　this　matter　after

comparing　these　results　with　that　of　the　model　based　on　the　3-dimensional　MHD　simulation

in　Section　3↓4.

3↓4･　Magnetic　field　model　based　on　3-dimensional　MH　D　simuiation　of　the　magnetosphere

　　So　far　wehave　examined　the　characteristics　of　Tsyganenko゛s　models　by　executing　the

mapping　from　the　geomagnetic　equatorial　plane　onto　the　polar　ionosPhere　and　vice　versa,

The　most　serious　Problem　`vith　these　empiricj　m9netospheric　magnetic　field　models　is

that　they　deal　with　only　the　magnetk　field　without　any　consideration　of　plasma　parameters

and　hence　the　model　magnetk　fleld　distribution　is　not　examined　in　terms　of　the　totaI　Pres-

surebalance,　This　consequently　indicates　that　the　model　currents,　given　･z　μi∂rl,　are　not

necessarUy　consistent　with　t}le　Plasma　Pressure　gradient　which　must　be　balanced　with　the

magnetic4eld　Pressure　･

　　The　3-dimensional　MHp　modenng　of　the　magnetosphele　by　computer　simulation　(e｡g｡
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Ogillo･　1986)pro`4des　these　parameters　consistently　`゛lth　each　other,　and　can　be　one　of

the　°ost　promising　methods　for　m゛gnetosPheric　magnetic　field　modelingjn　spite　of　several

shortcomings　such　as　the　numerical　difrusion　and　insumdent　resolution　of　the　grid　size,

　　Figure3.26　shows　one　example　of　the　result　of　mapping　based　on　the　magnetic　field

distribution　obtjned　from　the　3sdimensional　MHD　simulation　by　Ogino　(private　communi-

cation,1991).The　MHD　and　MaxweIPs　equationsaresolved　as　an　initial　vjue　problem　by

using　the　t゛osstep　Lax-Wendrofr　scheme･　The　grid　number　of　(jvz,　7vy,　jvz)=(240,　100,　100)

and　the　glid　spa£lng　of(△z,△y,△z)=(O･25　Rs,　0.25　Rr,　0,25　Rs)Me　used,　Parameters

of　the　upstream　uniform　solar　wind　in　this　study　are　as　follows:　nurnber　density　of　5/cc,

velocity　of　300　km/s　and　tJemperature　of　2　×105　°K,　Solar　wind　magnetic　neld　is　assumed

to　bezero｡　Here　゛e　use　the　values　30　minutes　after　the　initial　state　when　a　quasi-steady-

state　magnetospheric　con≒uration　was　obtained.　Figure　3･26　shows　the　mapping　from　the

geomagnetic　equator　to　the　ionosPherejn　the　same　format　as　Figure　3.2･　Here　the　‘open'

neld　lines　are　denned　as　the　field　lines　passingacrossthe　plane　(XGsg=-35R£,,YGsM=

±25　Rz　or　ZGsg　=±25　Rs),the　boundaries　of　the　simuiation　region,　before　crossing　the

geomagnetic　equatorial　plane.　Since　almost　all　the　4open゛　field　lines　pass　acrossthe　piane

xGsg=-35　Rz　first　and　the　radial　distance　contour　lines　are　very　close　to　each　other　for　R

≧20　Rr,　this　definjition　is　not　much　difrerent　from　that　used　in　discussing　the　T87　and　T89

modek　The　open-dosed　boundary　is　tear-drop　shaPed,　although　it　is　much　smaner　than

that　obtained　by　using　the　T87　and　T89　models　for　the　smallest　Kp･　One　important　point

is　that　the　equi-local　time　contour　lines　on　the　nightside　have　sharp　bends　at　latitude　`72°･

As　seen　in　Figure　3,26,　the　local　time　contour　lines　are　almost　radially　aligned　for　latitudes

lower　than　72°,　whereas　they　turn　sharPly　towards　dawn　ordusk　approximately　along　the

open{losed　boundary　in　the　latitude　higher　than　~72°,　then　converge　a･t　the　ionospheric

cusp　region.　This　feature　is　not　found　in　any　of　the　mapping　result　using　Tsyganenko's

models;　the　equi-local　time　contour　lines　on　the　nightside　turn　much　slo゛er　in　all　versions　of

Tsyganenko's　models　(e･g.　Figures　3.2).These　sharp　bends　of　the　local　time　contours　in　the
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Figure　3･26　Magnetospheri･c　equatorial　coordinates　maPPed　onto　the　Polar　ionosPhere　by

　　　　usin8the　model　based　on　the　3-dimensional　MHD　simulation　by　Ogino(private

　　　　communication)jn　the　same　format　as　Figure　3.2･
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simulation　indicate　the　presence　oHocahzed　field-aligned　current　sheets　as　win　be　discussed

later｡

　　Figure　3･27　sho``゛s　the　result　of　mapping　from　the　ionosphere　to　the　geomagnetk　equator

by　using　the　model　based　on　the　MH][)simulation･　ln　the　neaFealth　magnetotjL(ρ>13

Rs)the　contour　line　of　the　local　time　deviates　dawnward　(duskwM(l)on　the　dawn　(dusk)

side　lelative　to　the　radial　dlrection　(convex　out`゛ard)jndkatin§the　pleRnce　oHarge-scale

Reld-ahgned　cullents･　S}expljn　these　contour　hnes,　this　legion　must　be　sandwiched　by

Region　l　(ealthwald　on　the　dawnside　and　tailward　on　the　duskside)and　Region　2　(tjlward

on　the　dawnside　and　earthward　on　the　duskside)ndd'dgned　currents　and　the　neld　lines

deviate　duskward　(dawnward)in　the　dusk　(dawn)region　in　going　from　the　ionosphere　to

the　geomagnetic　equatoi･On　the　other　hand,　these　de゛lations　are　not　conspkuous　in　the

result　by　using　Tsyganenkols　models　(e･g･　Fipres　3･2,　34)･This　f&t　sho`゛s　that　the　efrect　of

large-scale　but　locahzed　hld'aliglled　clrlrelts　is　lot　systematicjly　indlded　in　Tsyg゛e“ko゛s

model,although　it　may　be　widespread　in　the　magnetosPhel'e　without　aJly　locaiized　structure.

The　detailed　discussion　will　be　given　in　Section　3.2.

3.L5.Discussion

　　ln　the　above　we　ha゛e　made　a　mapping　analysis　of　the　magnetosphere,　by　using　TsygE

nenko's　models　and　a　3‘dimensional　MHD　simulation　of　the　magnetosPhere･　The　character-

istics　of　each　model　are　sulnlnarized　in　Table　3.1･As　a　result　of　mapping　we　have　found

several　interesting　characteristics　of　Tsyganenko°s　models,　together　with　the　mqnetic　neld

model　based　on　the　MHD　simulation.

　　Tsyganenko゛s　modelsarebased　on　satellite　observations　with　limited　spatiaj　extent,　so

that　these　modelsareHmited･　The　data　coverage　of　the　TU82　model　(XGsM　U20　RE･)and

the　T87L　model　(XGsj,4£-30R£)ls　smaller　than　that　of　the　T87　and　the　T89　models,　which

is　up　to　xGsM~-70　Rz　beyond　the　lunarorbit　in　the　magnetotai!.　Beyond　the　data　coverage

region　the　model　magnetosPhere　often　sho゛s　unrealistic　features　(e･g.11ightside　bo゛゜d゛ry
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Table　3･I　Chara{teristics　of　the　models,　based　on　maPping　analysis
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of　the　magnetosphere　in　the　TU82　model　in　Figure　3j6),

　　Even　within　the　data　coverage　region　of　the　model･　several　de&cts　due　to　the　in�equate

mathematical　explession　of　the　model　are　found,　such　as　theunrejistic　connection　between

magnetotail　and　ring　curTent(the　T87T　mode1),and　the　inappropriate　representation　of　the

magnetic　fleld　in　the　high　latitude　magnetotail　region　(the　T87L　model)･The　shortcomings

of　these　models,　described　abovei　occur　because　the　mathematical　expressions　of　these　mod-

els　゛e　llot　apProplilte　&)I　lePlesellting　the　specmc　region　of　the　magnetosphere　(especially

the　high　latitude　region　of　the　magnetosphere).ln　other　words,　the　simple　mathematical　ex-

pressions　of　these　models　are　not　realistic　for　representing　the　real　magnetospheric　magnetic

fleld　over　a　considerable　spatial　extent.

　　The　comParison　of　the　results　obtajned　by　using　Tsyganenko゛s　model　with　that　of　the　3-

dimensioi･tal　MHD　simulation　isone　rnethod　of　examining　Tsyganenko゛s　models,　As　a　result

of　the　examination　of　the　projection　of　the　ionosPheric　coordinates　onto　the　geomagnetic

equatorial　plane,　it　is　k)und　that　in　the　distant　magnetotan　(XGsM≦-10　Rz)the　T87L

and　the　T87T　models　are　simHar　to　the　3-(nmensional　MHD　simulation　rather　than　the　T89

model.　The　equl-local　time　lines　are　ahgned　with　the　sun-earth　direction　(as　in　the　T87)

rather　than　in　the　radial　direction　(as　in　the　T89)｡On　the　other　hand,　in　the　near　earth　region

(XGsM≧-10　Rz)the　equi-local　time　contour　lines　in　the　model　of　MH　D　simulation　are　similar

to　those　in　the　T89　model　rather　than　to　the　T87　mode1,　i,e･,　aligned　in　the　ra£lial　diredion　(as

in　T89)rather　than　stretched　strongly　antisunward　(as　in　the　T87).This　is　probably　because

the　mathematical　expression　of　the　T87　model　is　suitable　for　representing　the　magnetic　field

in　the　distant　magnetotd,　while　that　of　the　T89　model　is　good　for　representing　the　magnetic

field　in　the　neal　earth　region.　0bviously,　the　mathematical　expression　of　both　models　cannot

be　used　to　lepresent　the　real　magnetic　field　over　the　゛hole　magnetosphere.

　　The　Problem　des�bed　above　is　partly　due　to　the　fact　that　Tsyganenko゛s　models　can'

not　represent　the　magnetic　eflect　of　localized　currents　such　as　field'aligned　cllilents　flo゛ing

between　the　ionosPhere　and　the　geomagnetic　equator.　Th.is　is　evident　from　the　comparison
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with　the　mapping　using　the　model　based　on　3-dimensional　MHD　simulation｡　The　localized

structure　of　the　equl-local　time　contour　hnes　in　thenear　rnagnetotajl　of　the　nlodel,　based　on

the　simulation･　de゛Ily　indic゛tes　the　presence　of　locjized　field゛aligned　currents　while　Tsyga･

nenko3s　models　do　not　sho゛　such　loca･lized　features･　The　inabihty　of　Tsyganenko's　models

to　rePresent　the　localized　field゛aligned　currentsjs　Partly　due　to　the　data　set　dealt　with　here,

which　is　comPrised　basically　of　statistical　averages　whereby　the　localized　spatial　structure　of

thereal　magnetosPhere　is　smoothed.　A　more　basic　reason　is　that　the　mathematical　expres-

sions　of　Tsyganenkols　models　do　not　involve　the　magnetic　e‰ct　of　neld-jigned　currents.lt

is　evident,　as　seen　in　the　next　section,　that　the　expression　cannot　represent　the　m4netic　field

of　the　Region　l　and　Region　2　currents,　which　are　very　much　smaller　in　spatial　extent　near　the

ionosPhere　than　near　the　geomagnetic　equatorial　plane,　but　are　stil1　6ssentially　important　in

the　large　scale　magnetospheric　magnetic　field　configuration･

　　lt　must　be　noted　that　the　magnetic　Reld　model　based　uPon　the　simulation　stm　contains

shortcomings　when　used　for　mapping　the　real　magnetosphere　between　the　ionosphere　and

the　magnetosphere.　This　is　because　of　severaI　Problems　such　as　numerical　friction　of　the

simulation　which　leads　to　a　restriction　on　the　solar　wind　velodty,　The　velocity　of　the　solar

wind　in　the　simulationcannot　be　higher　than　a　certain　value　(~300　km/s).This　is　much

smaller　than　the　value　of　600　to　700　km/s　a･ctually　observed　by　the　satellites　during　the

events　studied　in　Chapter　2,　when　the　magnetosphere　is　rather　disturbed.　Nevertheless,

the　MHD　simulation　is　the　only　method　of　modehng　which　considers　the　rela･tionship　be'

tween　the　Plasma　Parameters　&nd　the　magnetic　neld,　and　the　model　based　on　the　simul゛tion

shows　nlany　meaningful　structures　such　as　the　large-scale　but　localized　field'aligned　currents.

Therefore　it　is　worth　while　comparing　this　model　with　Tsyganenko7s　emPIrical　magnetic　neld

models.

　　ln　this　section　we　suggest　that　the　shortcomings　of　Tsyganenko's　models　are　largely　due

to　the　absence　of　field-dgned　currents.　Next,　゛e　゛ill　examjne　in　detd　ho゛　the　magnetic

eSct　of　field-aligned　currents　could,　or　could　not,　be　induded　in　the　models'
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3･2　E゛Mnin8.tion　of　neld'aligned　currents　in　Tsyganenko)s　models

3.2.1　1ntroduction

　　ln　Section　3･1･　we　haye　examined　the　magnetic　field　connection　between　the　polar　iono-

sphere　and　the　geomagnetic　equatorij　plane　by　using　Tsyganenkols　magnetic　neld　models,

We　noted　se゛rj　shortcomings　of　the　models　from　the　mapping　anjysis,　some　of　which　are

hkely　due　to　the　absence　of　field‘aligned　currents　in　Tsyganenkols　model.

　　ln　this　section　゛e　゛m　examine　the　basic　structure　of　Tsyganenko)s　models　i,e.　whether

these　models　PloPerly　represent　the　magnetic　neld　due　to　the　fleld-aligned　currents　or　not,

Tsyganenko　claims　that　the　eflects　oHield-aJigned　currents　aJe　induded　implicitly　in　those

models　in　the　e゛p`llsion　coemciellts　゛hich　represent　the　magnetic　field　due　to　magnetopause

currents.　Ho゛e゛er,　the　analytical　expression　of　the　magnetospheric　magnetic　neld　in　Tsyga‘‘

nenko゛s　models　evidently　does　not　involve　the　magnetic　neld　due　to　large-scale,　but　locaJized

field'aligned　currents,　which　flow　along　the　magnetic　neld　lines　between　the　geomagnetic

equatorial　plane　and　the　polar　ionosphere,

　　ln　spite　of　this,　there　are　studies　in　which　neld-dgned　currents,　or　rather,　field-ahgned

components　of　the　magnetospheric　currents　are　calculated　using　Tsyganenko゛s　magnetic　neld

model.　Figure　3.28　shows　one　result　of　the　calculation　(Elphi･c　et　al･,　1987).The　rotation

of　the　model　fleld　(current　vector)is　calculated,　the　field-aligned　comPonent　of　the　current

is　averaged　from　the　geomagnetic　equatorial　Plane　to　the　polar　ionosPhere　along　magnetic

field　lines,　and　then　the　currents　are　projected　onto　the　equatorial　plane.　Reglonsof　neld-

aligned　currents　flowing　into　the　ionosphere　are　represented　by　hatched　areas･　and　regions

of　currents　flowi.ng　out　of　the　ionosphere　ale　replesented　by　oPen　areas･　ln　the　dayside　and

the　near-ealth　nightside　regioni　pairs　of　field゛aligned　currents　with　the　polarity　of　Region

l,out　of(into)the　ionosphere　on　the　duskside　(dawnsid'e)l　can　be　seenj　and　in　the　distant

magnetotjl　a　Pajr　of　field'alignedcurrents　with　thepolarity　of　Region　2,　0pposite　to　the

Region　l,are　seen.

　　However,the　field-aligned　current　averaged　along　the　field　lines　does　not　necessMily
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Figure　3･28　2-dimensional　distribution　of　averaged　“neld-aligned　currents"　mapped　onto　the

　　　　geomagnetic　equatoriaI　Plane,　by　using　the　TU82　model　(EIPhic　et　al.j　988).Regions

　　　　of　field-aligned　currents　flowing　into　the　ionosphere　are　rePresented　by　hatched　areas,
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　　　　　　　　　　　3･　Examination　of　Tsyganenko,゛snlagnetic　neld　models

indicate　the　presence　of　the　real　neld゛aligned　current　nowing　all　the　way　bet゛een　the　magne゛

tosphere　and　the　ionosphere･　lnsteadμhis　is　most　likely　due　to　the　neld-aligned　component

of　the　model　currents　given　aFi°h･　Up　to　llo`゛the　continity　of　neld-aligned　currents　i､e､

distribution　of　field゛jigned　currrents　from　the　polar　ionosphere　to　the　geomagnetic　equatorij

Plane　jollg　mlgnetic　field　lines　of　these　modelss　ha゛e　not　yet　been　exanlined･　Since　in　Tsy-

ganenko°s　model　no　analytical　expression　satisnes　the　hld-aligned　current　continuity　near

the　ionosphere,　all　of　these　field-jigned　components　of　culrents　must　be　“short-circuited"

before　reaching　the　ionosphere,　and　therefore　could　not　be　called　neld'aligned　current.

　　ln　this　sectionw'e　examine　the　nature　of　the　“field‘jigned　cuHent"　induded　in　Tsyga-

nenko゛s　model,　nrst　by　the　2-dimensional　distribution　of　the　field-aligned　comPonent　of　the

currents　averaged　along　the　m4netic　neld　hnes,　and　thenj)y　the　distribution　of　the　current

along　the　magnetk　neld　hne　to　see　ho゛　the　continuity　of　the　current　is　satisned　jong　the

field　hnes.　We　alsoexan711ne　which　of　the　three　terms　included　in　the　model,　namely　ring

current,magnetotail　current,　and　magnetopause　current　termjs　responsible　for　the　neld“

aligned　component　of　the　current,　to　check　what　meaning　the　“field‘aligned　curr(mt"　has　in

Tsyganenko゛s　model.

3.2.2　Calculation　of　neld'aligned　currents

　　Before　discussing　current　continuity　we　examine　the　global　distribution　of　the　field-

aligned　component　of　the　currents　included　in　the　models.　First　we　calculate　the　2-

dimensional　distribution　of　the　currents　averaged　along　the　magnetic　neld　lines　in　the　same

manner　as　the　previous　cjculation　(Elphic　et　a1･,　1987),although　the　“averaged　field-angned

currents"　here　do　not　necessarUy　indicate　the　real　field-dgned　current･　Figure　3･29　shows

the　distribution　of　the　field-aligned　component　of　magnetospheric　currents　as　maPped　to　the

northern　POlar　ionosphere,　averaged　from　the　polar　ionosPhere　to　the　geomagnetic　equator

using　the　TU82　model　with　KP　≫　3+,゛ith　a　d1POle　t1!t　ang!e　of　O°･　The　magnitude　of

the　cullent　isnormdzed　by　the　totaHntensity　of　the　magnetic　field　B,　consideling　the　nux
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Figure　3･29　2-dimensional　distribution　oHhe　fleld⌒aligned　component　of　magnetosphericcur-

　　　　rents　as　mapped　to　the　northern　polar　ionosphere,　averaged　from　the　polar　ionosphere

　　　　to　the　geomagnetic　equator　using　TU82　model　゛1th　KP　≫3+,with　the　dipole　tilt

　　　　angle=O°.　Thick　hnes　indicate　the　upward　(or　tajlward)field-aligned　component　of

　　　　the　current,　and　thin　lines　indicate　downward　(earthward)field-aUgned　component･

MIN=-o,121S9748　MQX=Od2159748

　T5YGnNE㈹0　67　M00EL　〔TRUNcnTED　VERs10N〕KP≫zs+

Figur=e　3･30　Siml】ar　to　Fjgure　3.29　by　using　the　T87T　model　(KP≧5+)



　　　　　　　　　　　　3.　EX゛mirlation　of　Tsyganenkois　magnetic　neld　models

continuity.　A　pjrof　currents゛ith　Region　l　polality･　that　is,　do`゛nwald(upwald)on　the

da゛nside(duskside)js　seen　in　the　nightside　lo゛゛latitude　(66°)region,　A　pa1r　of　currents

゛1th　Region　2　polarity　is　seen　in　the　nightside　high4atitude　(7i°)region･　A　pair　of　currents

゛lth　the　Region　1　Polarity　is　jso　located　in　the　dayside　lo`゛'latitude(66°)region,　NaturJy､

the　polarity　of　these　currents　is　the　same　as　that　in　the　previous　study　(Elphic　et　j,,　1987)

sho゛n　in　Figure　3.28･　Evidently　the　current　distribution　in　Figure　3.29　is　inconsistent　with

the　observation　of　the　field-dgned　currents　(e{Figure　l.2)･

　　We　obtain　almost　the　same　Tesult　by　using　the　T87T　mode1　゛ith　Kp　≧5+(Figure　3,30)

&nd　the　T87L　mode1　゛lth　Kp　≧5-(Figure　3.31)･The　dayside　current　system　certajnly　exists

for　all　the　models》although　for　the　T87L　model　it　is　too　゛eak　to　be　apparent　in　Figure　3.31･

For　other　KP　valuesof　these　models　we　also　obtain　similar　patterns　(Rot　shown),

　　The　definite　discrepancy　between　the　pattem　of　the　neld-aligned　current　observed　by

the　satemte　and　thヽat　estimated　flom　these　models　is　enough　to　disclaim　the　validity　of　the

field-dgned　currents　in　these　models･　Obviously　the　“neld-aligned　curre�9n　Figure　3･29　is

not　the　real　field-aligned　current,　ln　order　to　examine　where　the　“neld-align･ed　currents"　in

Tsyganenko゛s　models　come　from,we　examine　the　distribution　of　the　Seld-aligned　curre�'

along　magnetic　field　lines･　Frornnosv　on　xve　use　the　T87T　mode1　(with　Kp　≧5+),which

was　used　in　estimating　the　foot　point　of　the　geosynchronous　satemte　in　Chapter　2･　We　have

obtained　apPloximately　thesanle　result　by　using　other　models　(not　shown　here).

　　Here　we　deal　with　the　neld　line　originating　from　the　ionospheric　point　with　maximum

averaged　field-ahgned　current　density　of　the　Region　l　polarity,　that　is,　at　latitude　65°　and

20　L.T.　The　distribution　of　the　current　density　jong　magnetic　fleld　lines　by　using　the　T87L

model　is　shown　in　Figule　3.32.　The　left　and　right　limits　of　this　figure　correspond　to　the

ionosphere　and　the　geomagnetic　equatorial　plane　resPectively･　The　current　is　normalized　by

the　total　intensity　of　the　magnetic　field,　considering　the　nux　colltimlity･　lt　is　e゛ldent　that　the

neld-dgned　component　of　thecurrent　ishighly　localized　near　the　geomagnetic　equatorial

plane(at　latitu･de　~10°).This　strongly　suggests　that　the　“field‘aJLigned　current"　here･　flowing
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Figure　3.31　Similar　to　Figure　3.29　by　using　the　T87L　model　(KP≧5゛).



|｡⌒

I
E
＼
C
4
‘
n
)
①
N

g㎜

―

O
C
』
』
O
C

1　.0

O｡S

⊃　　〇.0

01ST

-O,S

　　|　l　t　l　l　l　l　l　I　I　'I　I　l　l　l　'1　1

　-10nosphere　　　　　　　　　　　Ma9netospheric　Equator-

-　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-

　　1　1　1　　!　|　　|　　,　|　　|　　|　　|　|　　|　|　　1　　1　　1　　1　　1

1　,00　1

TRqJ　　O,00

LRT｡　6S　,00

.90

　0.94

S4,SO

　2.78

　1　,88

4S,98

　3.62

　2.83

38.S7

　4,44

　3.77

31.93

　5,23

　4.71

2S.88

　S.99

　S.65

20,30

6.72

6,S9

1　5　,09

　7,

　7.

10,

41

S3

1S

8.01

8.48

S,10

F18ure　3.32　Distribution　of　the　field･aJigned　current　density　aJong　the　magnetic　neld　line

　　　originating　from　the　ionosPheric　Point　at　latitude　66°,　and　22　L.T･　by　using　the

　　　T87L　model　(KP≧5-)･The　left　and　right　limits　of　thjs　figure　colrrespo�to　the

　　　ionosphere　and　the　geomagnetic　equator　respectl゛ely.　The　current　isnorrnalized　by

　　　the　totj　intensity　Qf　the　magnetk　fieM,　considering　the　flux　continuity･



3.　Examination　of　Tsyganenkols　magnetie　fleld　models

from　slightly　above　the　geomagnetic　equatorjs　nothing　more　than　a　neld'aligned　comPonent

of　the　magnetospheric　equatolij　current　given　a　7)riori　in　these　models｡

　　This　is　confirmed　by　examining　゛hich　is　responsible　for　the　%eld‘aligned　current"　i.e.

the　ring･　magnetotail　or　magnetopause　currents　given　in　these　models.　Figure　3,33　shows　the

contribution　of　these　three　terms　induded　in　the　T87T　model　to　the　ndd-jigned　component

of　the　culrent　along　the　magnetic　field　lines　originating　from　the　ionosPheric　point　at　latitude

60°,　20　L.T.　The　field'aligned　components　of　current,　due　to　all　currents,　are　locahzednear

the　geomagnetic　equator.　lt　is　evident　that　it　is　not　the　magnetopause　current　term　but

the　magnetotail　current　term　that　signikantly　contributes　to　the　neld‘jigned　comPonent

of　the　culrent.　This　is　in　contrast　to　Tsyganenko゛s　claim　that　some　eScts　of　field-dgned

currentsmight　be　involved　in　the　magnetopause　current　term　in　the　form　of　a　series　expan-

sion･　The　field-aligned　component　comes　mostly　from　magnetotail　currents　given　aμiori　in

Tsyganenko°s　model･

　　Tsyganenko)s　model　gives　the　expression　of　magnetotajl　currents　a　μiQri,　and,　therefore,

the　neld-aligned　component　of　magnetospheric　currents　essentially　depends　on　the　mode1

expression.　For　the　T89　model　we　obtain　a　completely　difrerent　result　as　shown　in　Figure

3.34,which　rePresents　the　distribution　of　the　averaged　field-aligned　current　in　the　same

£lmat　as　FiguTes　3･29,　3･30　and　3.31.　0n　the　duskside　and　dawnside　lo゛゛latitude　region　a

pair　of　currents　are　seen　with　the　polarity　of　Region　2,　and　on　t･he　duskside　and　d･a゛nside

high-latitude　region　a　palr　of　currents　aJe　seen　゛ith　the　polarity　of　Region　l･　The　sign　of　the

currents　is　comPletely　opposite　to　that　for　the　T87L　model,　although　these　modelsarebased

on　approximately　the　same　satelhte　data　set.　This　is　due　to　the　difrerence　in　the　form　of　the

magnetotail　current　gl゛en　in　the　model;　the　magnetotajl　curlent　given　ill　the　T87L　model

is　more　aligned　゛ith　the　dawn'dusk　d1rection7　while　the　current　gi゛en　in　the　T89　model　is

more　dgned　with　the　uimuthal　directiol1.

　　From　the　above　resultjt　is　evident　that　Tsyganenko゛s　model　does　not　indude　the　efrect

of　field-aligned　currents　at　all,　That　is,　the　cakulation　of　“field-ajligned　current"　(or　field゛
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Figule　3.33　Contribution　of　the　three　terms　(ring　current　term,　magnetotajl　current　term,
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　　　　the　ionosDheric　point　at　latitude　65･and　20　L｡T.
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Figure　3･34　Similar　to　Figure　3･29　by　using　the　T89　model　(Kp≧5-)
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aligned　component　of　the　current)does　not　make　sense　in　Tsyganenko゛s　model,　because　the

neld'aligned　component　of　the　current　comes　from　the　folm　of　the　current　given　a　μiori,

not　from　the　parts　of　the　series　expansion　determined　from　the　ntting　method,

3,3　SummaJy

　　ln　this　chapter　we　have　examined　Tsyganenkols　magnetospheric　magnetic　neld　models

by　using　t゛o　methods,　mapping　analysis　and　examination　of　field'aligned　currents,

　　Asa　result　of　mapping　゛e　haye　found　several　shortcomings　of　Tsyganenko゛s　models,

These　defects　are　due　partly　to　the　limited　spatial　extent　of　the　data　set　(e･g･　the　shrinking

of　the　nightside　magnetotjl　flank　in　the　TU82　model),and　partly　to　the　dimculty　in　rep-

resenting　the　magnetic　neld　over　the　゛hole　magnetosphere　in　a　rather　simple　mathematical

expression(e･g.　the　hollo゛s　ill　the　magnetotail　flank　in　T87T　model　and　the　extraordinary

expansion　of　the　nightside　magnetotail　nank　in　the　T87L　model).

　　0ne　important　problem　of　the　model　is　that　the　mathematical　expression　of　the　model

cannot　represent　the　magnetic　efrect　of　large　scale　but　locahzed　currents　such　as　field-dgned

currents.　This　is　evident　also　from　the　compalison　with　mapping　using　the　3-(nmensiona1

MHD　simulation.　The　absence　of　the　large　scale　neld-a11gned　currents　in　the　model　could

also　be　one　important　reason　why　the　model　cannot　exPress　the　whole　magnetosPhere　aP-

propriately,

　　We　have　also　examined　the　nature　of　the　“neld-aligned　currents"　in　Tsyganenko゛s　models.

We　h3,ve　found　that　the　Reld-jigned　component　of　the　current　is　not　from　the　magnetopause

current　term　in　the　form　of　a　series　expansion,　but　from　the　magnetotail　current　term･　This

is　in　contrast　to　Tsyganenko゛s　claim　that　fie】d'aJigned　currents　are　imPlicitly　induded　in　the

magnetopause　culrent　term.

　　Tsyganenko゛s　models　do　not　indude　the　magnetic　efrects　of　field'aligned　currents･　There'

fole　it　is　necessary　to　introduce　field'angned　currents　into　Tsyganenko゛s　modelsjn　order　to

know　the　magnetic　field　connection　between　the　iollospheie　゛d　the　°゛gnetosPhel'e･　This
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　　　　　　　　　　　3.Examination　of　Tsygtnenko`s　magnetic　lneld　nlodels

is　essential　for　comparing　magnetic　field　variations　at　geosynchronous　orbit　with　aurorj

a£tivity　near　theconjugate　areas,which　was　made　in　Chapter　2･　The　a£tuj　procedure　to　in-

troduce　the　neld-ahgned　curlents　into　Tsyganenko゛s　models　and　their　efect　on　the　magnetic

neld　connection　will　be　discussed　in　the　next　chapter｡､
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　　　　　　　　　　　　　4.　1ntroduction　of　neld-aligned　currents

　　　　　　　　　　　　　　　　　　into‘　Tsyganenko`s　model

　　ln　Chaptel　2　we　haveexamined　the　field　line　connection　between　the　ionosphere　and

magnetosphere　at　geosynchronous　altitudes,　by　comparing　the　magnetic　field　variations　at

geosynchronous　orbit　゛lth　the　spatial‘temPoraLdevelopment　of　aurolas　neaJ　the　conjugate

areas　estimated　by　using　Tsyganenko゛s　1987　mode1　(truncated　version).　We　have　found

signmcant　longitudinal　de゛i3.tioll　of　the　ionospheric　foot　point　of　the　geosynchronous　satelnte

from　that　estimated　by　using　Tsyganenkols　field　nne　mode1.　W4　consider　that　the　major

cause　of　the　deviation　is　the　magnetic　efects　of　large-scale　Region　l　and　Region　2　neld-

aligne(Lcurrents,　because　these　effects　are　not　induded　in　Tsyganenko゛s　model　as　already

discussed　in　Chapter　3.

　　The　existence　of　neld-dgned　currents　has　been　conf1rmed　since　the　the　beginning　of　1

Mu　satemte　observations　(e･g.　Zmuda　md　Armstrong,　1974),These　neld-aJ18ned　currents

must　have　a　signikant　efrect　on　the　configulation　of　the　magnetosphelic　magnetic　neld,　as

jleady　discussed　in　ChaPter　3.　However,　due　to　the　localized　nature　of　these　field-ahgned

currents,　uP　to　now　in　the`emPirical　modeling　of　the　magnetosPhere　few　attempts　have　been

made　to　indude　the　efrect　oHield-jigned　currents　in　a　consistent　`゛ay(Tsyganenko,　1988;

Tsyganenko,　199　1)･

　　ln　this　chaPter　we　introduce　Region　l　and　Region　2　neld-aligned　currents　into　Tsyga'

nenko°s　model　toexamine　how　much　these　currents　ajlect　the　deHection　of　magnetic　neld

hnes　threading　tbe　geosynchronous　sateUites.　An　estim゛te　is　also　made　of　the　intensity　of

the　current　whichcan　account　for　the　10･azimuthal　deviation　of　the　real　foot　Point　of　the

geosynchronous　satellite　from　the　estimated　foot　Point,　as　rePorted　in　ChaPter　2.

4,1･　Procedure　for　introdudng　neld-aligned　cuHents　into　Tsyganenkols　model

　　The　original　model　used　in　this　study　is　the　truncated　version　of　Tsyganenko's　external

fleld　model　(1987)(Kp≧5+)Plus　the　dipole　field　with　a　dipole　tilt　angle　of　O°･　We　introduce
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　　　　　　　　　4･hltrodllction　of　neld“81igned　cur゛e“ts　into　Tsyganenko゛snlodel

the　efrect　of　neld-aligned　currents　into　the　model　in　the　following　way,

　　Since　it　is　extremely　laborious　and　requ1resenorrnous　anlount　of　CPU　time　to　cjculate

the　magnetic　efect　of　field‘aligned　currents　゛ith　continuous　distribution,　we　approximate

these　cuHents　by　a　number　oHine　currents　flo`゛ing　from　the　ionosphere　to4he　geomagnetic

equatorial　plane　(and　vlce　versa).0ne　cur゛ed　line　current　is　approximated　by　a　series　of

straight　line　currents,　each　of　゛hich　produces　a　magnetic　neld　B　at　an　arbitraly　observation

Point　as　follows:

:B
-

- Σ
μo　Zdjxr　(ds-r),ds　　r･ds

RJRd‾F5F←F｢‾} (4-1)

where　r　is　the　vector　from　the　staJting　point　of　one　vector　current　to　the　observation　point,

ds　is　the　current　vector,　and　ns　the　current　intensity,　For　examplejn　order　to　introduce　the

sheet　current　with　the　density　of　l　μA/m2　and　the　latitudinal　width　of　5°　on　the　ionosphere,

which　corresponds　to　the　latitudinally　integrated　current　intensity　of　O.555　A/m,　we　consider

hne　currents,　each　having　the　total　current　of　O.555　A/m　xl°　longitude,　lf　the　longitudinal

separation　between　these　currents　is　l°.

　　This　nne　current　approximation　is　valid　if　the　observation　point　is　located　at　a　distance　to

any　line　cuHent　`″hich　is　large　comPared　to　the　seParation　between　neighboring　hne　currents･

This　might　not　be　valid　near　the　ionosphere　where　the　observation　point　comes　much　closer　to

the　nearest　neld-aligned　line　current.　However,　the　magnitude　of　the　magnetic　neld　denection

is　expected　to　be　very　smd　in　this　region　because　the　ambient　magnetic　field　is　much

larger　than　the　magnetic　neld　produced　by　these　currents.　We　collnrmed　the　validity　of　this

aPProximation　by　considering　simple　axisymmetric　sheet'.structured　hld“dgned　currents　in

the　ma,gnetic　diPole　field,　that　is,　the　Region　l　uP゛ard　neld゛aligned　sheet　current　nowing

out　of　the　ionosphere　at　latitude　66°,　and　the　Region　2　dolvnsvard　sheet　current　nowing　into

the　ionosPhere　at　latitude　62°,Both　are　considered　symmetric　゛ith　respect　to　the　earth゛s

lnagnetic　dlPole　a･xjs　asillustrated　in　Fi8ure　4.1,　and　closed　゛ith　equatorial　ra'dial　sheet

cullrents.　lnteSrating　the　magnetic　hld　around　the　dipo!e　axis　aJld　aPplying　Amp&e7s　lw
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Figure　4,1　Schematic　view　of　the　axisymmetric　sheet-structured　field‘ahgned　currents　in　the

　　magnetic　dipole　field･　The　Region　l　uPward　neld-aligned　sheet　current　nows　out　of　the

　　ionosPhere　at　latitude　66°,and　the　Region　2　down`゛ard　sheet　current　nows　intothe

　　ionosphere　at　latitude　62°.　Botharesymmetric　with　respect　to　the　earth　diPole　axis.
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Figure　4,2　Trajectory　of　the　integration　made　in　deducing　the　equation　(4-2).



4.　1ntroduction　of　neld-alignedcurrents　into　Tsyganenkolsnlodel

s　mustrated　in　Fipre　4･2,　we　get　the　equation

27ρ･B -

- μ07ci｡c, (4-2)

where&･,,is　the　total　Region　l　and　total　Region　2　currents　nowing　out　of　and　into　the

ionosphele　andpis　the　radial　distance　from　the　dipole　axis　in　the　cyhndrical　coordinates.

Then　the　exact　solution　of　the　magnetic　field　produced　by　these　field-jigned　sheet　currents

can　be　obtained　as,

B -

-

μ04i｡c

27ρ (4-3)

We　also　consider　anumber　o･f　field4digned　hne　currents　nowing　in　the　saJne　svay　as　the

sheet　cllII'ents,　as　sho゛n　in　FiguTe　4.3.　Although　in　these　ngures　only　field-aligned　currents

inone　hemisphere　are　drawn,　actually　we　cakulate　the　efrect　of　fleld-aligned　currents　in

both　hemispheres　and　that　of　equatorial　radij　currents.　Figure　4,4　shows　the　azimuthal

deviation　of　the　magnetic　field　line　originating　from　the　ionosphere　at　latitude　64°,　obtained

for　both　sheet　and　line　currents　(with　a　separation　of　l°　and　10°),plotted　against　the

distance　along　the　magnetic　neld　line　from　the　ionosphere　tothe　geomagnetic　equator,　The

latitudinally　integrated　int･ensity　is　O.555　A/m　for　both　sheet　and　line　currents,　lt　is　evident

that　the　azimuthal　deviation　of　the　magnetic　field　line　is　almost　thesanleall　the　way　along

the　magnetic　field　line　from　the　ionosphere　to　the　geomagnetic　equator　for　sheet　and　line

currents｡

　　W'hen　these　neld-aligned　line　currents　are　introduced,　they　of　course　modify　the　magnetic

field　and,asa　result,　these　currents　deviate　from　the　original　modeled　magnetic　field　nnes.

Accordingly　゛e　must　change　the　distribution　of　field゛aligned　curients　until　the　flo`゛direction

of　these　currents　becomes　Parallel　to　the　ma8netic　nel･d　lines　by　using　the　iteration　method.

The　major　change　of　field'aligned　cuHent　distribution　caused　by　the　currents　themsel゛es

is,however,the　azimuthal　denection　o･f　current　flow　lines　fi゛om　the　original　location.　lf

the　currents　have　asheet　structure　in　the　azimuthal　direction,　this　change　does　not　afrect

the　longitudinal　ddection　of　the　magnetic　field　line　threading　a　geosynchronous　satenite
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　　sheet-structured　field･aligned　currents　illustrated　in　Fi&ure　4･1･
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　　sheet　and　line　currents｡



　　　　　　　　　4･　lntroduction　or　neld-alignedcurrents　illto　Tsyganenkols　model

suHounded　by　the　Region　l　and　Region　2　currents･　This　is　indicated　in　Figure　4,5,　where

axisymmletric　field゛aligned　line　currents　are　introduced　into　the　dipole　magnetic　field　with　the

uP゛ard　current　flo゛ing　from　the　ionosphere　at　66°　lat.　and　the　do゛n`゛&rd　current　nowing

into　the　ionosPhere　at　62°　lat･,　`vith　longitudinal　interval　of　10°･This　ngure　shows　the

geomagnetic　equatorial　end　point　of　the　magnetic　hld　hne　originating　kom　the　ionosphere

at　latitude　64°　and　longitude　O°,　together　with　the　geomagnetic　equ　atorij　end　point　of　the

neld‘ahgned　line　currents.　The　changes　of　these　positions　with　the　increasing　step　of　iteration

are　marked　by　the　numb･ers　l,2,…5,　The　intensity　of　the　current　used　in　this　iteration　is

O,277　A/m　fol　the　first　step　(to　avoid　the　unreahstic　deflection　of　the　magnetic　neld　nne

caused　by　aPProaching　the　neighboring　line　current),and　O.555　A/m　for　the　second　and　the

latter　steps.　The　equatorial　end　points　of　the　neld-aligned　current　now　Unes　move　westward

by　about　5°　in　longitude,　for　both　up゛ard　and　downward　currents.　However,　the　equatoria1

end　point　of　the　neld　nne　surrounded　by　upward　and　downward　neld-a2ligned　currents,　with

the　ionosPheric　end　points　fixed,　hardly　changes　with　the　increasing　step　of　iteration･　Hence

fromnow　on　weconsider　only　the　first-order　approximation,　that　is,　Region　l　and　Region　2

field-a】Ligned　currents　flow　along　the　original　model　field　lines･

　　On　the　basis　of　the　hne　current　approximation,as　described　above,　we　introduce　neld-

aligned　currents　into　Tsyganenko's　1987　model　(truncated　version).FIrst　we　examine　the

spatial　distribution　of　neld-aligned　cuHents.　The　2-dimensional　distribution　of　neld-ahgned

currents　on　the　ionosphere　is　obtained　statistically　by　lijima　and　Potemra　(1976,　1978)from

the　TRIAD　satemte　data.　Under　quiet　condition　(Figure　4.6(a),lijima　and　Potemra,　1978),

Re,gion　l　and　Region　2　are　loc　ated　at　68°　to　76°　lat.　and　64°　to　74°　la･t,　rcspectively.　They

are　located　at　a　lower　latitude　on　the　nightside　than　on　the　dayside.　Around　magnetic　mjd“

night　the　duskside　and　dawnside　currents　overlap　each　other　with　duskside　Region　l　current

connected　to　the　dawnside　Region　2　(:urrent.　However,　these　field-aligned　currents　shift

equatorwaJd　with　incleasing　geom4netic　activity　(Figute　4.6(b)).Under　highly　disturbed

geomagneticconditions,the　latitude　of　the　equatorward　edge　of　the　Region　l　current　near
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Figure　4･5　The　change　of　th'e　geomagnetic　equ4torial　end　point　of　the　magnetic　field　line

　　orjginating　from　the　ionosPhere　at　latitude　64°　and　longitude　O°,　with　the　increasing

step　of　the　iteration　6Pfield'jigned"　currents,　to8ether　with　the　geomagnetic　equatorial

end　Point　of　the　field-ahgTled　line　currents･　Here　axjsymme`tric　field-aligned　line　currents

with　the　upwatd　current　flowilng　from　the　ionosphere　at　66°　lat.　and　the　downward

current　flowing　into　th･e　ionosPhere　at　62°　lat,,　with　the　longitudinal　interval　of　10°　are

introdu{ed　into4he　diPole　magnetic　field,
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4,　1ntmduction　of　neld-alignedcurrents　into　Tsyganenko゛s　model

midnight　can　be　as　lo゛　as　64°　as　sho`゛n　in　Figure　4.7.Moreover,the　distribution　of　neld-

aligned　currents　changes　drastically　throughout　the　course　of　magnetospheric　substorms,　as

sho`゛n　in　this　figure,　and　is　time‘dependent,

　　VVe､are　interested　in　the　magnetic　eHect　of　the　Region　l　and　Region　2　neld-aligned

currents　on　the　azimuthal　deviation　of　the　ionospheric　f6ot　point　of　the　geosynchronous

satellite　on　the　nightside　under　disturbed　geomagnetic　conditions･　Therefore　we　assume　for

simplidty　that　the　Region　l　and　Region　2　currents　are　distributed　only　on　the　nightside　and

are　centered　at　constant　geomagnetic　latitudes　66°　and　62°　respectively　on　the　ionosphere,

They　surround　the　magnetic　neld　lines　originating　from　the　ionosphere　at　latitude　64°,　which

are　connected　to　geosynchronous　altitudes･　That　is,　upward　field-aligned　currents　are　located

at　66°　lat.　in　the　ionosphere　from　1800　MLT　to　0000　MLT　and　at　62°　1at,　from　0000　MLT　to

0600　MLT,　while　downward　neld'aligned　currents　are　located　at　62°　lat･　from　1800　MLJ　to

0000　MLT　and　at　66･lat｡from　0000　MLT　to　0600　MLT｡　The　distribution　of　these　currents　is

indicated　by　the　projection　onto　the　polar　ionosphere　in　Figure　4.8(a)and　the　schematic　view

in　Figure　4.8(b).The　consideration　of　only　nightside　field-aligned　currents　seems　reasonable,

because　the　dayside　field-aligned　sheet　currents　do　not　affect　the　deflection　of　the　magnetic

field　linesnear　rnagnetic　midnight　very　much.　This　w1U　be　shown　in　the　next　section.
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

　　Next　we　consider　the　intensity　of　the　Region　l　and　Region　2　neld-aligned　currents,

which　have　beennleasuled　statistically　in　many　studies　(e･g･　njima　and　Potemra,　1978)･One

example　of　the　result　is　shown　in　Figure　4･9,　0naverage　the　Region　l　current　is　more　intense

than　the　Region　2,　whereas　nearmidnight　the　intensity　of　the　Region　l　and　Region　2　neld-

aligned　currents　are　apploximately　the　same･　Since　we　are　dealing　with　magnetospheric　and

ionospheric　phenonleRa　near　rnagnetic　midnight,　we　assume　that　the　intensity　of　the　Region

l　and　Region　2　currents　is　thesarne.　0f　course　the　intensity　of　these　currents　depends　on

the　geomagnetic　activity　le゛el　(lijima　and　Potemra,　1976)l　although　゛e　do　not　kllo゛　the

precise　temporal　variation　of　the　intensity　of　the　field゛aligned　currents　during　the　course　of

magnetosPheric　substorms･　First　we　use　a　sheet　current　intensity　of　O･3　A/m　M　the　8゛ei゛ge
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Figure　4.8　1onospheric　projection　(a)and　schematic　view　(b)of　model　field-aligned　currents

　　used　in　this　study･　Up゛ard　neld‘angned　currents　are　located　at　66°　lat･　on　the　ionosphere

　　from　1800　MLT　to　0000　MLT　and　at　62°　lat,from　0000　MLT　to　0600　MLT,　while

　　downward　field-aJigned　currents　are　located　at　62･lat｡from　1800　MLT　to　0000　MLT

　　2nrl　al　R6°　lat.　from　0000　MLT　to　0600　MLT.
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value　alld　then　we　use　an　intensity　of　O,45　A/m　as　the　intensified　value　under　disturbed

geomagneticconditions,　゛hich　is　frequently　observed　by　Polar‘orbiting　satemtes　(e･g･　Iφma

and　Potem,ra,　1976),

　　The　magnitude　of　the　denection　depends　also　on　the　relative　location　of　the　neld　line

of　interest　to　the　large-scale　current　system.　VVe　assume,　for　simplidty,　that　the　field　hne

threa£ling　theauroral　surge　is　located　just　between　the　R£gion　l　and　Region　2　currents.　This

assumption　isreasonable,because　in　theexarnples　used　in　this　thesis　auroral　surges　usually

occur　just　after　the　expansion　onset･　lt　is　well　known　that　the　expansion　onset　usually　starts

near　the　equatorial　boundaly　of　the　preexisting　discreteauroral　arcs　(Rostoker　et　al,,　1980),

that　is,the　equatorward　edge　of　the　Region　l　current,

　　lt　is　also　animPortant　factor　as　to　whether　the　Region　l　and　Region　2　cuHents　are

dosed　through　the　equatorial　azimuthj　current　(Type　l　culrent　system　after　Bostr6m　et

al,,1964)or　thlough　the　radial　current　(Type　ll　current)as　shown　in　Figure　4,10,　FIrst　we

assume　that　the　Region　l　and　Region　2　currentsaredosed　with　Type　l　azimuthal　equatorial

currents.　Then　we　discuss　how　much　the　change　of　the　closure　currents　to　the　Type　ll　afrects

the　magnitude　of　magnetic　field　deflection.　We　do　not　consider　the　efrects　of　ionospheric

dosure　currents･　This　is　due　to　the　fact　that　the　magnetic　neld　caused　by　these　ionospheric

currents　is　signincantly　weaker　than　the　ambient　magnetic　fleld　because　the　current　intensity

increases　with　decreasing　ra£lial　distance　as　1/r　whereas　the　magnetic　field　strength　valies

approximately　as　1/r3.　Hence　the　ionospheric　currents　hardly　denect　the　magnetic　nelld　line,

even　near　the　ionosphere.

　　We　wUl　also　discuss　the　dependence　of　the　magnitude　of　magnetic　neld　line　deflection　on

other　parameters　such　as　the　seParation　of　the　Region　l　and　Region　2　neld'aligned　currents,

and　the　magnetic　local　time　of　the　field　line　of　interest.

4,2,　Estimation　of　the　magnitude　of　magnetic　field　line　denection　caused　by　hld-dgned

･cuHents
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4･　lntroduction　of　neld-alignedcu､rrents　into　Tsyg&nenko゛s　model

　　Figure　4.11　is　a　plot　of　magnetic　neld　hnes　onto　the　x'Y　phme　(in　GSMcoordinates)as

vie゛ed　jong　the　Z　axis)゛ith　alld　゛ithout　the　field゛alignerd　currents･　The　current　intensity　is

O.3　A/m,　and　the　azimuthj　interval　oHine　cuHents　is　l°･　Here　we　'consider　TyPe　l　azimuthal

dosure　current･　lt　is　dearly　seen　that　the　magnetic　neld　hnes　originating　from　the　ionosPhere

at　latitude　64°,　surrounded　by　the　Region　l　and　Region　2　currents,　are　denected　by　about

6°　to　7°　㎞longitud･e　from　the　earth　to　the　geomagnetic　equator,　westward(eastward)in

the　dusk　(dawn)sector　in　comparison　the　original　model　field　hnes,　indicating　that　the

ionospheric　foot　point　of　the　geosynchronous　satellite　deviates　eastward　(westward)in　the

dusk(dawn)sector｡The　6･　to　7･denection　is　about　70　%of　the　value　obtained　from

the　comparison　between　the　temporal　location　ofaurolal　surges　and　related　magnetic　field

changes･　at　geosynchronous　orbitl　as　reported　in　Chapter　2.

　　1f　we　assume　the　current　intensity　as　O･45　A/m,　゛e　get　deflection　of　the　magnetic　neld

hne　of　about　10°　to　11°　as　shown　in　Figure　4.12.　This　value　is　approximately　the　same

as　that　obtained　from　the　observations　described　in　Chapter　2.　This　suggests　that　field-

aligned　currents　of　the　intensity　appropriate　to　disturbed　conditions　of　the　magnetosphere

can　account　for　the　deviation　of　the　ionospheric　foot　point　of　the　geosynchronous　satemte　of

about　10°　rePorted　in　Chapter　2.

　　Since　the　field-aligned　currents　introduced　here　have　a　sheet　structure,　the　magnitude　of

the　azimuthal　denection　of　magnetic　neld　linessurrounded　by　th,ese　neld-dgned　currents　is

not　expected　to　be　ajrected　very　much　by　other　Parameters　such　as　the　magnetic　local　time

of　the　field　line　of　interest　and　the　sPμial　separation　of　Region　l　and　Region　2　currents･　We

win　n.ow　con'nlm　this｡

　　Figure　4.13　shows　the　a4imuthal　deviation　of　the　foot　point　of　the　satemte　plotted　agjnst

the　magnetic　local　time.　lt　is　obvious　that　the　magnjtude　of　the　deviation　is　pra･ctically

indePendent　of　the　magnetic　local　time　except　゛ely　near　magnetic　local　midnight･　This　is

reasonable　because　of　the　sheet-like　structure　of　the　Region　l　and　Region　2　currents,　as

alteady　mentioned,　Although　we　do　not　know　the　Predse　distribution　of　the　field'dglled
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Figure　4･H　Plot　of　maFetic　field　Unes　onto　the　x-Y　plane　in　GSM　coordinates　as　viewed

　　aJong　the　Z　axis,　゛lth　(thick　lines)and　without　(thin　lines)th･e　field-aligned　currents.
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　　we　consider　Type　l　azimuthal　closure　currents,



-10RE

yo'3°

11.4°

YG9

-10RE

XGss

10RE

10RE

NITH　　RI/R2

　(O.4S　n/m)

　TYPE　I　CLOSURE

WITHOUT　RI/R2

TSY9NENKO〔1987〕MODEL〔TRUNCRTEDVER｡〕KP≫zS+

Figure　4.12　Same　as　Figule　4･11,　except　for　the　current　intensity　of　O.45　A/m.
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currents　during　the　disturbed　period,　`″ec`n　゛t　least　say　that　the　magnitude　of　the　magnetic

field　deflection　is　constantjf　the　longitudinj　extent　of　the　Region　l　and　Region　2　currents

surroundillg　the　field　lille　of　intelest　e°(ceeds　a　cel:tain　゛alue　(about　15°)･This　is　dearly

indicated　also　in　Figure　4･14,　where　the　azimuthal　deviation　of　the　foot　point　of　the　satemte

is　Plotted　against　the　magnetic　local　time　for　two　values　of　the　longitudinal　extent　of　the

large-scale　field'aligned　currents　(thick　line　for　the　current･　distribution　of　1800　MLT　to　0600

MUr　and　thin　line　for　the　current　distribution　of　1600　MLT　to　0800　MLT)･Obviously　the

presence　of　the　dayside　neld‘aligned　cuHents　hardly　afrects　the　magnitude　of　the　magnetic

neld　denectionnear　nlagnetic　midnight･

　　The　magnitude　of　ddection　does　not　depend　very　much　on　any　change　of　the　separation

of　Region　l　and　Regk)n　2　field-aligned　currents　either,　as　shown　in　Figure　4.15,　This　is　not

surprising,giventhe　conservation　of　the　total　magnetic　nux　between　a　pajr　of　Region　l　and

Region　2　sheet　currents.Here　we　assurnethat　the　field　line　thre゛ding　the　゛roral　surge　is

located　in　between　the　Region　l　and　Region　2　currents,　as　already　mentioned　earlier･

　　ln　contrast,　the　change　of　the　distribution　of　equatorial　closure　currents　may　have　con-

siderable　effect　on　the　azimutha】　magnetic　neld　deflection,　espedally　near　the　geomagnetic

equatorial　plane.　When　we　add　Type　II　radial　closure　currents　as　shown　in　Figure　4,10(b)

inste�of　Type　l　azimuthal　closure　currents　(Figure　4.10(a)),the　azimuthal　deviation　of

the　ionospheric　foot　point　of　the　satemte　becorn･esabout　l.5　times　the　value　for　Type　l

azimuthal　closure　currents,　as　shown　in　Figure　4.16･　This　fact　suggests　that　the　equatorial

radial　current　can　have　a　signincant　innuencein　distorting　magnetic　hld　lines･　However,

the　magnetic　field　deflection　depends　on　how　much　the　Region　l　and　Region　2　currents

are　actually　dosed　with　radial　currents　and　azimuthal　currents　resPectively.　ln　addition,

since　the　actual　equatorial　radial　current　has　nnite　thickness,　the　azimuthal　deflection　of

the　magnetic　field　becomes　small　inside　the　equatorial　volume　current　layer･　Consequently

the　integrated　azimuthal　'ddection　of　the　magnetic　field　line　from　the　ionosphere　to　the

geomagnetic　equator　is　exPected　to　become　smaller｡　This　win　be　discussed　further　in　the
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4.　1ntroduction　of　fleld'alignedcurrents　into　Tsyganenko18　model

4.3　Discussion

　　So　far　゛e　ha゛゛e　introduced　Region　l　and　Region　2　field゛aligned　currents　into　Tsyganenko3s

model　and　examined　how　much　these　currents　modify　the　magnetic　neld　lines　in　going　from

the　ionosphere　to　geosynchTonousaltitudes｡

　　Since　the　large-scale　field-aligned　culrents　usually　have　asheet　structure,　naturally　the

magnitude　of　the　deflection　does　not　depend　゛ery　much　on　the　degrlee　of　separation　of　Region

l　and　Region　2　currents.　ln　additionjt　does　not　dePend　on　the　magnetic　local　time　very

much　eitherjf　the　longitudinal　extent　of　the　large-scale　field　aligned　currents　surrounding

the　field　hne　of　interest　exceeds　a　certain　value　(about　15o)｡

　　On　the　other　hand,,　the　equatorial　current　closurecanconsiderably　afrect　the　magnitude

of　magnetic　field　line　denection,　as　shown　in　Section　4,2,　However,　we　do　not　know　exactly

how　much　the　Region　l　and　Region　2　currents　are　actually　dosed　with　radiaJcurrents　and

azimuthal　currents　respectively,　lijima　et　al.　(1990)used　AMPTE/CCE　magnetic　neld　data

to　obt&in　the　statistical　distribution　of　equatorial　currents　and　showed　that　the　intensity　of

the　azimuthal　equatorial　current　is　about　three　times　as　large　as　that　of　the　radial　current･

However,we　have　little　information　on　the　temporal　variation　of　the　current　ciosure　especially

during　the　course　of　substorms,　Moreover,　as　already　mentioned　in　the　previous　section,　lf

the　equatorial　rdial　current　has　finite　thickness,　the　azimuthal　deflection　of　the　magnetic

field　becomes　small　inside　the　equatorial　volume　current　layer　and　accordingly　the　integrated

deflection　of　the　magnetic　field　is　reduced.　lf　we　take　the　value　of　the　current　thickness　as　2

Rz,which　is　equal　to　the　thic㎞ess　of　the　magnetotail　current　used　in　Tsyganenko゛s　model,

the　magnitude　of　magnetic　field　nne　denection　which　is　caused　by　the　equatoiial　radial

current　is　reduced　by　about　50　%.Therefore　the　enFect　of　magnetospheric　equatorial　closure

c,urrents4{MxctedJjx　smaU　in　comparison　with　that　of　field-aligned　currents　themselves.

　Noww'e　can　condude　that　it　is　the　intensity　of　Region　l　and　Region　2　field'dgned

　　　　　　　　　　　　　　　　　　　　　　　　71
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curlents,　together　with　the　relative　location　of　the　neld　line　of　interest　to　the　laJge'scale

field-ahgned　currents,　which　ajfects　the　magnitude　of　the　magnetic　neld　denection　most

signincantly･　The　next　problem　is　ho゛　intense　the　adual　neld-dgned　currents　are　and

゛here　the　3λ1iolj　slllges　ale　loc゛ted･　rel`ti゛e　to　these　Region　l　and　Region　2　neld-aligned

currents,for　theexamples　used　in　this　paper.　These　Problems　will　be　(nscussed　in　Chapter
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゝ

5　by　using　the　DMSP-F7　polar-orbiting　satemte　data.

　　Figule　4,17　shows　theresult　of　the　magnetic　field　mapping　from　the　geomagnetic　equa-

toria!　Plane　to　the　polar　ionosphere,　based　on　this　modined　Tsyganenko°s　model　(Kp≧5-)

which　indudes　the　large'scale　neld'aligned　currents　゛lth　the　latitudinally　integrated　inten-

sity　of　O.45　A/m･　Sharp　bends　of　equi-local　time　contour　lines　found　at　latitudes　66°　and

62°,are　the　result　of　the　neld゛aligned　currents　in　these　regionsj　simi13.r　to　the　mapping　resu】t

based　on　the　3-dimensionaI　MHD　simulation｡This　fact　indicates　that　the　introduction　of

field-ahgned　currents　could　much　improve　the　validity　of　Tsyganenko゛s　model.　ln　ddition,

this　also　suggests　the　usefulnessof　the　MHD　simulation　for　the　study　of　magnetospheric

magnetic　field　distribution.

　　These　large-scale　neld-dgned　currents　modify　the　magnetic　field　(especially　the　az･

imuthal　component)at　the　geosynchronous　sateUite.　lt　is　゛orth　whileexaminin8　゛hether

the　magnitude　of　the　magnetic　field　produced　by　these　cuTrellts　is　reasonable　or　notjn　order

to　confirm　the　validity　of　the　introduction　of　these　field-aligned　currents.　The　distribution

of　the　azimuthal　component　magnetic　field　from　the　ionosphere　to　the　geomagnetic　equator

along　the　magnetidield　line　thieading　the　geosynchronous　satemte　is　sho゛n　in　Figure　4.18.

For　the　TyPe　l　azimuthal　closure　currents　(thick　line)μhe　azimuthal　comPonent　is　O　nT

on　the　equator　because　of　the　symmetry　of　the　current　system　between　the　northern　and

the　southern　hemisPhere　(not　shown　in　this　lgure)and　it　becomes　larger　as　the　obser゛tion

Point　goes　away　from　the　equator　to゛ard　the　ionosphere.　There　is　a　slight　decrease　of　the

D　component　magnetic　fleld　near　the　ionosphere.　However,　this　is　due　to　the　inv£dity　of

the　nne　culrent　apploximation　in　this4egion,　and　the　magnetic　hld　line　dehction　in　this

　　　　　　　　　　　　　　　　　　　　　　　72
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Figure　4･17　Result　of　the　magnetic　field　mapping　from　the　geomagnetic　equatorial　plane

　　to　the　polar　ionosphere,　based　on　this　modifled　Tsyganenko7s　model　(Kp≧5-)which

　　indudes　the　large゛scale　Region　l　and　Region　2　neld-aligned　currents　`vith　the　latitudinally

　　integrated　intensity　of　O･45　A/m･　The　format　of　the　figure　is　the　same　as　Figure　3･7･
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region　do'es　not　contribute　signincantly　to　the　integrated　denectioll　because　of　thecornpara-

tively　laJge　ambient　magnetic　neld　as　already　mentioned･　Most　importantly,　the　azimuthal

component　becomes　7　nT　at　latitude　10°,　a　vjue　which　is　consistent　with　observations　at

GOES　6,　which　is　loc　ated　at　9.0°　geomagnetic　latitude,

　　lt　should　be　noted,　however,　that　Type　ll　radial　equatorial　dosure　currents　would　modify

the　azimuthal　magnetic　field　component　near　the　geomagnetic　equatorial　plane　to　some

extent,although　we　do　not　know　exactly　how　much　the　Region　l　and　Region　2　currents

are　actually　closed　with　ra.dial　currents　and　azimuthal　currents　respectively,　lf　we　consider

Type　II　radial　closure　currents　(Figure　4.18,　thin　hne)the　azimuthal　component　magnetic

field　apPears　to　be　approximately　constant　(about　30　nT)for　lat･　≦20°･　This　is　due　to　the

inaPpropriate　line　(or　sheet)current　assumption　of　the　equatorial　current.　For　the　voiume

current　with　the　finjte　thickness,　the　azimuthal　comPonent　magnetic　neld　should　decrease

graduany　゛ithin　the　culrent　sheet　and　become　O　nT　on　the　geomagndic　equator.

　　As　already　mentioned,　thle　magnitude　of　the　azimuthj　component　magnetic　neld　pertur-

bation　dePends　significantly　on　the　relative　location　of　the　observation　point　to　the　geomag-

netic　equatorial　plane　if　the　dipole　tilt　angle　is　O°　or,　for　any　other　angle,　to　the　equatorial

current　sheet　where　field-aligned　currents　in　the　northern　and　southern　hemisphere　are　closed

via　equatorial　currents.　0n　the　other　hand,　the　location　of　the　equatorial　current　sheet　of

the　real　magnetosphere　is　quite　variable,　espedally　during　disturbed　periods,　because　of　the

hinging　and　warping　of　the　neutral　sheet　(Fairneld,1980)caused　by　the　dipole　tilt　efrect.

Furthermore,since　the　real　equatorial　current　and　field-aligned　cunents　have　continuous

distribution　and　cannot　be　apProximated　by　the　sheet　or　line　currents,　the　mapetic　Reld

depends　signmcantly　on　the　relative　location　of　the　neld　line　of　interest　to　the　large'scale

currents　with　finite　thickness｡　We　can　also　say　that　the　azimuthal　component　magnetic　neld

at　geosynchlonous　orbit　has　little　information　on　the　intensity　of　Region　l　and　Region　2

hld-angned　culrents.
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　　　　　　　　　4･　lntroduction　of　neld-alignedcurrents　into　Tsyganenko゛sniodel

4.4yCondusion

　　ln　this　chapter　゛e　have　introduced　Region　l　and　Region　2　field-aligned　currents　into

Tsyganenko゛s　model　to　examine　how　much　theseneld'dgned　curlents　modify　the　magnetic

field　configulation.　When`゛e　introduce　Region　l　and　Region　2　currents　appropriate　to

averagecon(htions　of　the　magnetosphere　(゜｣0.3　A/m),we　obtain　the　azimuthal　deviation　of

the　ionospheric　k)ot　point　of　the　geosynchronous　satemte　of　about　7°.　lf　the　current　intensity

is　O.45　A/m,　a　characteristic　value　during　a　geomagneticaUy　disturbed　period,　the　azimuthal

deviation　becomes　about　10°,　which　is　apProximately　the　same　as　the　observed　v&lue　obtained

from　the　comparison　of　magnetic　field　changes　at　geosynchronous　orbit　and　auroraj　activity

made　in　Chapter　2.　This　deviation　does　not　depend　very　much　on　other　parameters　such

as　the　separation　of　Region　l　and　Region　2　field-aligned　currents,　magnetic　local　time　(if

the　longitudinal　extent　of　the　large'scale　sheet　currents　surrounding　the　field　lin･e　of　interest

exceeds　a　certain　value　of　about　15°),or　the　current　dosure　on　the　geomagnetic　equatorial

plane.

　　We　have　made　a　mapping　analysis　based　on　the　modined　T87T　model　which　indudes

the　efrects　of　field-aligned　currents.　Sharp　bends　of　the　equi-local　time　contour　hnes　are

found,which　is　similar　to　the　mapping　result　based　on　the　MHD　simulation　model･　This

fact　supports　the　usefulness　of　the　MHD　simulation　for　the　study　of　magnetosPheric　magnetic

field　distribution｡

　　We　have　examined　the　efrect　of　the　large-scale　field　aligned　currents　on　the　magnetic

hld　changes　at　the　geosynchronous　satemte･　Although　the　magnitude　of　the　D　component

perturbation　seems　to　be　consistent　゛'ith　the　observationsjt　depends　signifilcantly　on　the

relative　location　of　the　satenite　to　the　equatorial　current　sheet.　However,　the　location　of　the

equatorial　cuHent　sheet　is　highly　variable,　and　since　this　current　sheet　has　finite　thickness

the　magnetic　eflect　of　the　current　system　at　geosynchronous　orbit　is　dimcult　to　determine.

ln　addition,　the　magJletic　fleld　at　the　geosynchronous　satemte　has　little　inform゛tion　on　the

intensity　of　the　Region　l　and　Region　2　neld'aligned　currents･

　　　　　　　　　　　　　　　　　　　　　　　　　　74



　　　　　　　　　　4.　1ntroduction　of　fleld-alignedcurrents　into　Tsyganenkoisnlodel

　　ln　the　next　chaPter　゛e　゛in　examjine　the　actual　intensity　of　the　large-scale　Region　l　and

Region　2　field-aligned　currentsfor　solnesPecincexanlples,　by　using　the　data　obtained　by　the

polar-orbiting　satellite　DMSP'F7/We　゛IIl　also　examjne　the　relative　lo{ation　of　sma11.-scale

field-ahgned　culrents,　connected　to　auloral　surges,　to　the　Region　l　and　Region　2　currents.
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　　　　　　　　5.　Estimation　of　the　intensity　of　Region　l　and　Region　2

　　　　　　　　　　　　　　currents　using　the　DMISP-F7　satemte

　　ln　the　preceding　chaPters　゛e　ha゛e　shown　that　the　real　ionospheric　foot　point　of　the

geosynchlonous　satemte　deviates　frequently　from　the　foot　point　estimated　by　Tsyganenko゛s

magnetic　field　model　(1987)by　about　10°　to　15°　in　longitude　and　that　this　deviation　can

be　explained　in　terms　of　large-scje　Region　l　and　Region　2　currents･　Wi　have　also　added

the　eflects　of　these　field-aligned　currents　into　Tsyganenko゛s　model　and　shown　that　the　field-

aligned　currents,　with　current　intensity　typical　of　the　disturbed　period　of　the　magnetosphere,

is　consistent　with　this　foot　Point　deviation.　However,　we　have　not　yet　connrmed　whether

such　currents　actually　nowornot,　for　the　sPecinc　events　studied　in　this　thesis,　ln　this　chapter

lve　cornpare　the　intensity　of　Region　l　and　Region　2　currents　intioduced　into　Tsyganenko7s

model　fk)r　exPlaining　the　10°　deviation　of　the　foot　Point　of　the　satellite　in　ChaPter　4,　with

the　observation　of　the　field-aligned　cuHent　intensity　by　the　Polar゛orbiting　satemte　DMSP-F7

for　some　events｡　We　will　also　check　the　relative　location　of　auroral　surges　to　the　large-scale

field-ahgned　currents,　to　see　゛hether　the　aurolj　surge　is　located　at　the　Position　゛here　the

signikant　deflection　of　the　magnetic　field　line　by　Region　l　and　Region　2　currents　is　exPected･

5.1.DMSP,F7　Da,ta

　　The　passesof　the　polar-orbiting　satemte　DMSP-F7arein　the　0830　-　2030　geographic

local　time　meridian　plane.　The　instruments　used　in　the　present　study　are:　the　standard

DMSP　high-resolution　visible　wavelength　linesc.anning　iln4er　(Eather,　1979),the　triaxial

nuxgate　magnetometer　(Rich,　1984),and　a　pair　of　zenith-looking　ion　and　electron　partide

spectrometers(HaJdy　et　al･,　1984).Among　the　data　obtained　with　these　instruments,　th･e

image　data　has　alrea･dy　been　referred　to　in　Chapter　2　(Figure　2.6)･

　　Among　all　the　events　des�bed　in　ChaPter　2,　there　wele　fortunately　t゛o　examples　where

the　DMSP-F7　satemte　passed　near　the　ground　observation　site　near　the　foot　point　of　the

GOES　5　and　GOES　6　satellites　(GWR,SHM　and　LGR)shortly　after　the　expansion　onset;
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　5,　Estimation　of　the　intensity　of　R£gion　l　and　ltegion　2　currents　using　the　DMSP,F7　satellite

the　onsets　at　0452　UT,　Jan,　27　and　at　OG39　UT,　Jan,　07.　Wenow　describe　these　two

examples　separately　in　the　following　section･

5･2･　Observations　of　field-ahgned　curr･ents

5.2.1.　Substolm　at　0448　UT　on　January　27

　　Figule5.1　shows　the　ionosPheric　foot　point　trajectory　of　the　DMSP　satellite.DMSP

passed　50　km　east　of　SHM　at　0458:00　UT　from　geomagnetic　north　towards　the　south.　Un-

k)rtunately,the　passage　time　was　betweentwo　events　at0448　UT　and　at　0500　UTl　so　that

the　satellite　did　not　measure　the　intensined　field゛jigned　currents　just　during　the　expansion.

The　auroral　collnguration　in　thjs　figure　is　the　same　as　that　observed　by　the　scanning　im-

ager　onboard　the　DMSP　satemte　(Figure　2.6),as　already　mentioned　in　Chapter　2.　Above

GWR　there　`″ele　a　fe゛　fiint　arcs.　Abo゛e　SHM　there　゛as　an　S'shaped　band,　exten(Ung　from

about　200　km　east　of　SHM　towMd　the　far　west.　The　ionospheric　foot　point　of　DMSP-F7

passednear　the　eastem　edge　of　this　S'shaped　band　from　north　to　south･　This　S-shaped

band　was　formed　asa　result　of　the　deformation　of　anauroral　surge　which　a･ppeared　at　0451

UT.　From　the　comparison　of　the　motion　of　this　surge　and　the　m9netic　field　variations　at

the　geosynchlonous　satellite　GOES　6,　we　have　found　an　a･zimuthal　deviation　of　the　real　foot

Point　of　GOES　6　of　about　15°　from　the　foot　point　estimated　by　using　Tsyganenko゛s　1987

model(truncated　version),as　alrea.dy　mentioned　in　Chapter　2.

　　Figure　5.2　shows　the　magnetic　field　variations　observed　by　DMSP-F7.　The　x　is　Positive

downward,the　Y　is　positive　forward　and　the　Z　is　maintained　in　the　horizontal,　cross“track

direction,to　complete　the　right-handed　orthogonal　set.　Since　the　sate111te　passes　approxi-

mately　along　the　geomagnetic　meridian　line　for　geomagnetic　latitudes　smaller　than　about

70°,the　time　(spatial)derivative　of　the　Z　component　magnetic　neld　indicates　the　density　of

field-angned　currentsjf　the　current　isdistributed　ina　long　slab　extending　in　the　longitudinal

dlrection,During　the　period　sho゛n　in　this　figure,　the　satemte　passed　the　゛hole　northern

polar　regionflom~0900　MLTtowaJd~2200　MLT｡　On　thenight　side　the　s･Memte　observed
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　　5゛　Estimatio“　of　the　i“tensity　of　Region　l　and　Regio“　2　currents　using　the　DMSP-F7　8atemte

a　Pjr　of　duskside　Region　1　(up゛aJd)and　Region　2　(do``'n゛ard)currents　a£companied　by

the　do゛n`゛aJd　current　(NBz　current)to　the　north　of　the　Region　l　curlent,

　　Fipre　5･3　sho`゛s　the　mapetic　neld　゛aJi゛tions　3･t　DMSP゛F7　with　higher　time　resolution

tha】I　Figure　5.2∠ln　the　Regionl　current　zone　severalpirs　ofsmall`sc`le　neld-aligned　currents

are　observed｡These　small-scale　currents　ale　assodated　with　aurorj　alcs｡　For　example,

the　up゛ard　field‘ahgned　current　observed　at　68°　geomagnetic　latitude　is　collocated　with　the

eastern　Part　of　the　S-shapedarcobserved　both　on　the　ground　and　by　the　DMSP-F7　satemte｡

FOl　the　other　smjl゛scale　currents　`ve　cannot　nnd　a　specik　auroral　structure,　However,　these

curlentsareprobably　assodated　with　faint　auroras　with　luminosity　below　the　threshold　level

of　the　Tv　cameras｡　Theenergy-time　spectrum　of　the　downgoing　electrons　and　ions　is　shown

in　Figure　5･4.　1n　this　figure,　a　sharp　inverted-v　type　structure　was　observed,　coinddent　with

the　upward　cuHent　around　0458　UT　(at　68°　lat,)ldentined　from　the　magnetic　field　variation

in　Figure　5･3,　POleward　of　the　currents　described　above　there　are　less　shalp　inverted-V゛s

extending　from　69°　to　71°　lat.　and　a　broad　electron　precipitation　region　from　71°　to　74°　lat,

　　ln　Chapter　4　we　introduced　Region　l　and　Region　2　field-aligned　currents　into　Tsyga-

nenko゛s　model.　Assuming　the　latitu(nnally　integrated　current　intensity　to　be　O･45　A/m,　we

have　obtained　the　deviation　of　the　ionospheric　foot　point　of　the　geosynchronous　satemte　of

about　10°　in　longitude･　Since　the　magnitude　of　the　magnetic　field　deflection　is　proportiona1

to　the　intensity　of　the　Region　l　and　Region　2　curTents,　the　intensity　of　these　currents　゛hich

cause　the　15°　azimuthal　deviation　of　the　foot　Point　of　the　geosynchronous　sateUite　is　about

O｡68　A/m.　The　fleld-aligned　currentβwith　this　intensity　would　produce　the　Z　component

magnetic　field　Perturbationat　the　DMSP-F7　satemte　of　840　nT　in　amPlitude｡　The　actual

amplitude　of　the　Z　comPonent　magnetic　field　゛8.riltion　during　the　passage　of　the　Region　l

current　is　320　nT,　and　150　nT　duling　the　passage　of　the　Region　2　current.　These　vjues　are

less　that　half　the　value　(840　nT)needed　to　account　for　the　azimuthal　deviation　of　ionospheric

foot　point　of　the　satemte　of　about　15°.

　　ILshould　be　emphasized,　however,　that　the　current　intensity　゛as　measured　after　the
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　　5･　Estimation　or　the　intensity　of　Region　l　and　Region　2　currents　using　the　DMSP-F7　satemte

peak　of　the　first　expansion　at　0448　UT,　during　the　recovery　phase　and　before　the　onset　of　the

second　expansion　at　0500　UT.　Considering　the　statisticai　relationships　between　the　intensity

of　Region　l　and　Region　2　neld゛aligned　currents　and　the　geomagnetic　activity　reported　by

many　studies　(e･g.　lijim`aJld　Potemra,　1976)jt　is　re゛onable　to　infer　that　the　Region

l　and　Region　2　currents　could　become　as　intense　as　840　nT.　This　is　sumcient　to　explain

the　denection　of　field　lines　of　about　15･in　longitude　at　0453　UT,　when　GOES　6　observed

small-scale　field-ahgned　current　connected　to　the　auroral　surge.　0n　the　other　hand,　the

current　intensity　was　probably　reduced　when　the　DMSP-F7　satellite　passed　the　large-scale

neld-ahgned　current　region　at　about　0458　UT･

　　lt　is　also　important　to　know　where　the　auroral　surge　was　located　relative　to　the　Region

l　and　Region　2　field-aligned　currents.　This　will　be　discussed　in　detail　in　Section　5･3.

5.2.2.　Substorm　at　Jan,　07,　0639　UT.

　　The　foot　point　trajectory　of　the　DMSP-F7　is　shown　in　Figure　5,5.　This　sate111te　passed

above　FSM　at　0640　UT　from　geomagnetic　north　towards　the　south,　across　two　discrete

auroralarcs｡　An　auroral　surgewas　seenabout　200　km　north　of　LGR,　30°　east　of　the　trajectory

of　the　satemte･From　the　comparison　of　the　motion　of　this　surge　and　the　magnetic　neld

variation　at　the　GOES　6　satellite　which　began　at　0638　UT,　we　found　an　eastward　deviation

of　the　real　foot　point　of　the　satemte　of　about　10°　in　longitude　from　the　foot　point　estimated　by

using　Tiyganenko)s　1987　model　(as　already　discussed　in　Chapter　2).Although　this　satemte

passed　30°　west　of　theauroral　surge　of　interest,　lt　observed　Region　l　and　Region　2　currents

just　after　the　expansion　onset,　h{mce　the　intensity　of　large-scale　field-aligned　currents　during

the　expansion　was　observed,　Unfortunately　there　ivere　nodata　from　the　scanning　imager

onboard　the　DMSP-F7　satemte　during　this　period.

　　Figure　5.6　shows　the　magnetic　field　variation　at　DMSP-F7.　During　the　period　the

satemte　'passed　the　whole　northern　polar　region　from~0930　MH`toward~2200　MLT.

0n　the　midnight　side　a　pair　of　duskside　Region　l　and　Region　2　currents　゛ere　observed

　　　　　　　　　　　　　　　　　　　　　　　79
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　　5.　Estimation　of　the　inten3ity　or　Region　l　and　R£gion　2　currents　using　the　DMSP,F7　satemte

from　0639:40　UT　(~68･5°　magnetic　latj　to　0641:00　UT　(~65･0°　magne　tic　lat　,　),and　from

0641:00　UT　to　0642:00　UT　(~60.0°　magnetic　lat･),respedively･　At　the　poleward　edge　of　the

Region　l　culrent　there　were　t゛o　steep　negative　sloPes　in　the　Z　component　as　can　be　ciearly

seenin　Figure　5･7,　which　shows　the　magnetic　neld　variation　with　higher　time　resolution,

These　sloPes,　which　indicate　the　presence　of　sman-scale　upwald　field‘aligned　currents,　are

collocated　with　the　two　discrete　arcs　observed　by　the　ground　Tv　canlcraand　crossed　by

the　DMSP-F7　satelhte　as　shown　in　Figure　5･5･　They　are　collocated　also　with　the　paTtide

predpitationregion　as　shown　in　Figure　5･8;　two　sharp　inverted-V゛s　were　seen　in　the　electron

energy-time　spectrum.　The　relative　location　of　the　auroral　surge　to　the　Region　l　and　Region

2　field'aligned　culrents　win　be　discussed　in　Section　5.3･

　　The　intensity　of　the　Region　l　and　Region　2　currents　which　cause　the　10°　azimuthal　devl-

ation　of　the　foot　point　of　the　geosynchronous　satellite　is　about　O･45　A/m.　The　field-aligned

currents　with　this　intensity　would　produce　aZ　component　magnetic　neld　perturbation　at

the　DMSP-F7　satelhte　of　560　nT　in　amplitude,　The　actual　amplitude　of　the　Z　component

ma8netic　field　valiations　at　DMSP-F7　across　the　Region　l　and　Region　2　currents　is　550
　　　　　　　1

nT　for　both.　This　value　is　sumciently　large　to　produce　the　deviation　of　the　foot　point　of

the　geosynchronous　sateUite　of　about　10°　in　longitude.　lf　we　assume　that　the　intensity　of

the　Region　l　and　Region　2　neld-aligned　currents　was　constant　over　the　longitudinal　extent

of　30°,　wecansay　that　during　this　event　the　intensity　of　the　Region　l　and　Region　2cur-

rentssurrounding　theaurora･l　surge　of　interest　was.　of　the　sumcient　magnitude　to　produce

the　deviation　of　the　ionospheric　foot　point　of　the　geosynchronous　satemte　of　about　10°　in

longitude.

5.3.Discussion

　　We　have　examined　two　avajlableexamples　of　approximately　simultaneous　observation　of

ground　Tv　camera,　GOES　satellites,　and　DMSP　satemte　to　estimate　the　intensity　of　the

Region　l　ad　Region　2　kld-aligned　currents.　For　the　flrst　event　on　January　27　the　Region　i

　　　　　　　　　　　　　　　　　　　　　　80
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　5.　Estimation　of　the　intensity　of　Region　l　and　Region　2　currents　using　the　DMSP-F7　satemte

and　Region　2　currents　showed　the　intensity　to　be　much　less　than　the　value　needed　to　cause

the　15°　azimuthal　deviation　of　the　ionospheric　foot　point　of　the　satemte｡　On　the　other　hand,

for　thesecond　event　on　January　07　the　field-aligned　current　intensity　was　large　enough　to

causethe　azimuthal&ld　hne　denection　of　about　10･｡This　is　probably　due　to　the　diSrence

in　the　substorm　phase.　For　the　first　event　the　observation　`゛as　made　during　the　recovery

phase　and　for　the　second　event　during　the　auroral　expansionl　゛hich　is　conf1rmed　from　the

magnetograms　at　auroralzonest･ations(Figure　2.8　and　2.36)･

　　For　the　second　event　the　AE　value　(Figure　2.27)showed　a　sharp　peak　of　620　nT　with　AU

340　nT　and　AL　280　nT.　0n　the　other　ha･nd,　for　the　first　event　the　AE　value　(Figure　2.4)was

360　nT　with　AU　150　nT　and　AL　210　nT　at　0458　UT　when　DMSP　passed　acrossthe　large-

scale　field-aligned　currents.　During　the　expansion　゛hich　began　at　0448　UT,　the　AE　index

had　no　pTominent　sharp　peak.　However,　the　expansion　at　0448　UT　was　rather　locdzed　near

SHM,　where　a　decrease　in　the　xm　component　of　about　400　nT　was　observed.　The　activity

did　not　reach　the　AE　station　CHR,　about　250　km　north　of　SHM,　and　as　a　result　AE　had

no　outstanding　peak　for　this　expansion.　lf　we　tentatively　add　the　magnetogram　at　SHM　to

redefine　the　AE　index,　the　AE　would　be　550　nT　with　AU　150　nT　and　AL　400　nT,　which　is

approximately　the　same　as　that　for　the　second　event　(620　nT).Furthermore,the　geomagnetic

activity　level　around　the　auroral　observation　sites　(GWR,　SHM,　and　LGR)was　higher　for　the

lrst　example,　as　can　be　clearly　seen　in　Figures　2.8　and　2.36.　1n　the　flrst　example,　on　January

27,a　sharp　negative　xm　perturbation　of　about　400　nT　was　observed　at　SHM.　ln　the　second

example　on　January　07　the　most　ou｡tstanding　change　was　the　rather　gradual　positive　xm

perturbation　of　about　200　nT　at　LGR.　Hence　it　is　suggested　that　when　GOES　6　observed　a

sharp　positive　D　perturbation　at　0452　UT　during　the　first　event,　the　intensity　of　the　Region

l　and　Re8ion　2　cuyrents　was　large　enough　to　produce　the　15°　longitudinal　deviation　of　the

foot　point　of　GOES　6.

　　Asalready　mentioned　in　the　previous　chapters,　the　magnitude　of　the　deviation　of　the　foot

point　of　the　s:atellite　depends　not　only　on　the　intensity　oHarge-scale　field-aligned　currents
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　5･　Estimation　of　the　intensity　of　Region　l　an･d　Region　2currents　using　the　DNISP-F7　satemte

but　also　on　the　relative　location　of　the　field　hnes　threadingaurorj　surges　to　these　currents,

Aurolal　surges　are　obser゛ed　frequently　in　the　polar　boundaJy　of　the　Region　l　currents　(eヽg･

Bythro`゛and　Potemra,　1987).　Ho゛e゛er,in　this　study　゛e　are　dealing　with　the　surge　only

a　few　minutes　aftel　the　expansion　onset･Since　the　expansion　onsets　occur　usually　near

the　equatorward　boundary　of　the　discrete　auroral　region　(Rostoker　et　al･,　1980),we　can

therefore　exped　that　auroral　surges　in　theexaJnples　discussed　in　this　study　are　located　near

the　equatorward　boundary　of　the　Region　l　current.

　　Wecan　examine　this　relative　location　by　using　the　ground　Tv　images　and　the　DMSP

magnetic　neld　data　for　the　twoexalnples　described　above.　For　the　nrst　example　on　January

27,　the　surge　was　located　at　66°　to　68°　Fomagnetic　latitude　at　0453　UT.　The　equatorward

boundary　of　the　Region　l　current　was　at　about　65°　at　0459　UT　as　seen　in　Figure　5･3.

Although　these　two　were　observed　within　a　6　minutes　intervj,　theyareobserved　aJmost　at

the　same　longitude.　Hence　it　seems　certain　that　the　surge　was　located　at　the　equa･torwaM

boundary　of　the　Region　l　current　within　a　range　of　1°,　equatorward　of　the　center　of　the

Region　l　current　(~69･)｡For　thesecond　example　on　January　07,　the　surge　was　located　at

64°　to　66°　geomagnetic　latitude　at　0639　UT　and　the　equatorward　boundary　of　the　Region

l　current　was　located　at　about　64°　at　0641　UT　(Figure　5･7).VVhile　these　two　observations

were　made　with　a　longitudinal　difrerence　of　about　30°,　these　two　values　lwereobtained　almost

simultaneously.　lf　we　assume　that　the　geomagnetic　latitude　of　the　Region　l　and　Region　2

field-agned　curTentwas　constantover　the　longitudinalareaof　30°,　we　may　expect　that　the

surge　was　located　near　the　equatorward　boundary　of　the　Region　l　current　゛ithin　a　range　of

2°(equator゛ard　of　the　center　of　the　Region　l　current　(~66°).Wecantherefore　condude

that　f6r　these　h`'o　events　the　auroral　surges　were　located　at　the　position　゛41ere　the　signincant

deflection　of　the　magnetic　field　line　by　large-scale　field-aligned　current　can　be　expected.

5.4　Summary

　　We　haye　used　the　DMSP'F7　magnetic　field　data　to　examine　the　intensity　of　the　Region
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　5.　Estimation　of　the　intensity　of　Region　l　and　R･egion　2currents　using　the　DlvlSP,F7　satenite

l　and　Region　2　field'aligned　currents,　together　with　the　location　of　auroral　surges　relative

to　these　currents　for　the　two　expansions:　at　0448　UT　on　January　27　and　at　0639　UT　on

January　07･

　　For　the　nrst　example　on　Janualy　27,　the　DMSP　passed　acrossthe　Region　l　and　Region

2　currents　at　about　0458　UT.　The　intensity　of　the　Region　l　and　Region　2　currents　was　much

less　than　the　value　obtained　from　the　model　calculation　made　in　Chapter　4,　to　account4o『

the　15°　azimuthal　deviation　of　the　ionosphelic　foot　point　of　the　geosynchronous　satellite,　0n

the　other　hand,　foi　thes･econd　example　on　January　07,　the　satemte　passed　across　the　Region

l　and　Region　2　currents　at　about　0640　UT　and　the　current　intensity　was　large　enough　to

causethe　measured　10°　longitudinal　deviation　of　the　foot　point.　From　the　magnetograms

at　auroraFzone　stations　and　the　AE　index,　we　condude　that　for　the　nrst　example　DMSP

passed　the　current　region　during　the　recovery　phase　whereas,　for　thesecond　examPle,　the

s&emte　Passed　the　region　during　the　expansion.　Therefore　the　difTerencein　the　intensity

of　the　Region　l　and　Region　2　currents　between　these　two　examples　can　be　ascribed　to　the

diference　in　the　substorm　phase　as　wen　as　the　activity　level　around　the　observation　sites.　ln

addition,　it　is　suggested　that　the　Region　l　and　Region　2　field-aligned　currents　develoP　and

decay　withinaconsiderably　short　time　scale　of　several　minutes.

　　We　have　also　examined　the　relative　location　of　the　auroral　surges　to　the　lar8e゛scale　neld‘

aligned　currents　fol　these　two　examples.　For　both　examples　the　auroral　surge　゛as　located

near　the　equatorward　edge　of　the　Region　l　neld-aligned　currents　within　a　r゛nge　oH°　to　2°,

equatorward　of　the　center　of　the　Region　l　current.　Hence　we　cancondude　that　for　the　two
　　　　　　　　　　　　　　　　　　　　g

examPles　the　surge　was　located　at　the　Position　where　a　signincant　defiection　of　the　magnetic

neld　line　is　expected　by　large-scale　fleld-angned　currents･
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6,1　Summary

　　The　short　time　scale　magnetic　field　variationsat　the　geosynchronoussatellite　are　caused

by　smd-scale　field-dgned　currents　nearby　the　satemte.　These　currents　have　spatiaHy　lo-

c£zed　structules　in　both　azimuthal　and　radial　extent･　These　currents　are　highly　correlated

with　activeauroral　forms　such　as　surges　and　bulges　in　the　vicinity　of　conjugate　areas.　Hence

it　is　possible　to　estimate　the　ionosphelic　foot　point　of　the　geosynchronous　satellite　from

the　comparison　of　magnetic　field　variations　at　geosynchronoヽusorbit　andauroral　activity　at

ionospheric　altitudes.

　　The　latitude　of　the　ionospheric　foot　point　of　the　geosynchronous　satemte　depends　on

the　intensity　of　magnetospheric　equatorial　ring　and/or　magnetotail　currents.　This　is　quite

leasonable　because　these　currents　stletch　the　earth゛s　geomagnetic　field　lines　to　the　more

tamikeconfiguration.　The　longitude　of　the　foot　point　of　the　geosynchronous　satelnte　is

much　affected　by　the　presence　of　large-scale　Region　l　and　Region　2　1ield-angned　currents,

which　are　not　induded　into　Tsyganenkols　model　･

　　The　absence　of　field-aligned　currents　in　Tsyganenko゛s　model　is　apparent　also　fiom　the

dlrect　examination　of　the　model　by　two　kinds　of　approach,　1.e･,　mapPing　analysis　and　exami-

nation　of　field-aligned　currents.　0bviously　Tsyganenko7s　model　does　not　correctly　represent

large-scale　but　localized　structures　such　as　Region　l　and　Region　2　field゛angned　currents.

This　is　evident　from　the　comparison　of　Tsyganenkojs　model　with　the　model　based　on　a

3-dimensionaJ　MHD　simulation,　where　a　highly　localized　magnetic　field　line　distortion　is

fk)und　in　the　near　rnagnetota11,indicating　the　presence　of　fleld-aligned　currents･　ln　add1'

tion,severalunredstic　char&cteristics　are　present　in　Tsyganenko's　model　espedally　in　the
　　4

high　latitude　magnetotail　region,　because　of　the　limited　spatial　extent　of　the　magnetosphelic

observational　data　set　utmzed　in　establishing　the　model　and,　more　basically,　due　to　the

inaPPropriate　mathematical　exPressiolyof　the　model･

　　T41s　the　introduction　of　the　efiect　offield-dgned　currents　into　Tsyganenko7s　model　is　an
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　　　　　　　　　　　　　　　　　　　　　6.Conclusions

essential　requirement　to　examine　the　maglletic　neld　line　connection　bet`veen　the　ionosphere

and　the　geomagnetic　equatorij　Plane,As　a　result　of　the　introduction　of　Region　l　and

Region　2　field'ajhgned　currents　into　the　model,　with　the　current　intensity　typical　of　the

disturbed　period　of　the　magnetosphere,　the　ionospheric　foot　point　of　the　geosynchronous

sateUite　deviates　about　10°　in　longitude.　This　value　is　consistent　with　that　obtained　from

the　simultaneous　observations　at　geosynchronousorbit　and　on　the　ionosphere.

　　0f　course,　the　magnitude　of　the　azimuthal　deviation　of　the　field　line　is　much　afrected

by　the　actual　intensity　of　the　Region　l　and　Region　2　currents.　Among　two　examples　of　the

almost　simultaneous　observation　of　neld'aligned　currents　by　the　DMSP‘F7　sateIIite　during

substorm　expansion,　the　current　intensity　was,　for　one　event,　large　enough　to　cause　the

observed　deviation　of　the　foot　point　of　the　geosynchronous　satellite,　For　the　other　event,

the　current　intensity　was　less　than　half　the　required　value,　but　thiscanbe　attributed　to　the

�lerencein　the　substorm　phase.　The　relative　location　of　the　neld　line　oHnterest　to　these

currents　is　also　an　important　factor,　For　the　above　exarnples　the　auroral　surge　oHn/terest

was　located　at　the　position　where　the　signiRcant　denection　of　the　magnetic　fleld　hne　by　large-

scale　neld-aligned　cuHent　was　expected.　The　deflection　of　the　magnetic　neld　obtajned　by　the

comparison　of　auroras　and　magnetic　neld　variations　at　geosynchronous　orbit　can　therefore

be　explained　consistently　in　terms　of　Region　l　and　Region　2　field'aligned　currents　actua』ly

observed｡

　　The　comparative　study　of　magnetospheric　and　ionospheric　phenomena　is　thus　very　useful

for　theexamination　of　the　magnetic　field　connection　between　the　polar　ionosphere　and　the

geomagnetic　equatorial　region.　This　method　dords　great　possibihty　for　checking　existing

magnetic　field　models　and　゛ould　be　a　great　helP　in　establishing　a　n･ew　nlagnetospheric

magnetic　field　model･

　　Tsyganenkols　magnetic　neld　model　of　the　magnetosphere,　although　broadly　referred　to

as　a　good　statistical　modeli　has　a　systematk　error　in　the　region　surrounded　by　the　Region　1

and　Region　2　field-aligned　culrents.　The　introduction　of　these　currents　could　much　impro゛e
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which　lepresents　the　rej　magnetosphere　we11･　MHD　simulation,　jthough　at　present　it　has

several　shortcomings,　could　beoneof　the　most　useful　methods　of　quantitati゛ely　modehng

the　magnetosphere･　This　kind　of　a4)proa£h　also　has　the　great　possibihties　foTmodeling　the

time-dependent　magnetosphere,　for　example,　during　substorms.　The　detjled　study　of　the

magnetidleld　model　using　MHD　simulation,　especially　its　transient　characteristicsjs　highly

desirable｡
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Appendix: video　lmage　Data　Proces8ing　Sy8tem

　　W7e　have　constructed　a　video　image　data　processing　system,　which　is　very　useful　in

processing　and　analyzing　multi-stationaurora1　Tv　imagesヽ

　　Figure　A.l　shows　the　block　diagram　of　the　system･　Firstμhe　Tv　analog　video　images

recorded　in　the　video　tape　are　con゛erted　into　512×480pixels　゛　8bits　(ngital　data　by　Tv　image

processor　AVIO-EXCEL.　This　digital　data　can　be　sent　to　the　graphics　superworkstation

TITAN　via　Ethernet　with　the　minimum　sampling　interval　of　ll　seconds,while　for　lower

resolution　data　(256×240pixelsx8　bits)lmages　can　be　sent　with　the　minimum　interval　of　4

seconds.　With　the　TITAN　workstation　we　can　process　multi-station　2-dimensional　auroral

image　to　construct　composite　auroral　images　on　th9,map　over　a　very　wide　region･　Although

the　average　time　to　makeonePicture　is　about　30　seconds,　these　images　created　on　the　TITAN

can　be　stored　into　the　U-matic　video　recorder　in　units　of　one　frame,　so　that　we　can　make　a

video　movie　of　multi-stationauroral　images　with　arbitrary　frame　intervals.

　　The　digital　image　data　can　also　be　sent　to　NEC　ACOS-930μO　via　Ethernet,　which　can

execute　computation　which　requires　much　CPU　time　and　a　large　aJnount　of　main　memory･

ln　addition,　this　is　the　only　system　which　is　equipped　with　an　image　hard　copy　color　printer.

　　0neexarnple　of　the　images,　obtajned　using　this　image　processing　system,　is　shown　in

Figure　A.2.　This　figure　demonstrates　the　rotation　of　the　auroral　vortex　structure.　The

internal　motion　of　this　auroral　vortex　is　clockwise,　as　viewed　parallel　to　the　magnetic　neld,

consistent　with　the　result　by　Oguti　(1975)and　Steen　et　al.　(1988).



Figure　A･1　Block　diagram　of　the　im%e　processing　system.
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Fi&ute　A｡2　0ne　example　of　the　pro(essed　image,　obtjned　using　the　ima§e　processing　system,

　　The　rotation　of　an　auroral　vottex　is　dearly　seen｡

e2sT3:ls　9｢


