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Abstract. Groundopticaldatain conjunctionwith particle
measurementsfromFASTorbit1859arepresented.Thesatel-
lite crossesthe camera®eldof view for about2.5 minutes.
The recordeddatashowa large inverted-Vwith embedded
ionbeams,patternmostprobablyresultedfromaltitudeshifts
of the lower borderof the accelerationregion. The optical
observationscovera longerperiod,andenableconnectionof
satellitedeterminedfeatureswith later developmentsof the
auroralstructure.On this longertime scalesmall enhance-
mentsin theenergy ¯ux pumpedinto ionosphere,coincident
with ion beams,seemto amplify andevolveinto fully devel-
opedvisible arcs. Field alignedelectronprecipitationmea-
suredin front of theion beamstogetherwith normalmotion
of the auroralstructurecontributeto building up a coherent
scenario.

1 Intr oduction

Optical datahavebeenusedfor long in studiesdevotedto
both large-scale(e.g.Akasofu,1968;AngerandLui, 1973)
andsmall-scalefeatures(e.g.MaggsandDavis,1968;Meng,
1976)of theaurora.

Onedistincttopic,givenconstantattentionalongthetime,
refersto theenergy sourcefeedingtheauroraldisplay. Start-
ing with the pioneeringarticle of McIlwain (1960), the re-
lationshipbetween�

�������

keV electronsandtheoptical
signatureof aurorawasintensivelyexplored(for reviewssee
Arnoldy,1974;Meng,1978).Morerecently, conjugatedstud-
iesusingground-basedopticalandsatellitedatashowedquite
convincinglytheone-to-onerelationshipbetweentheauroral
arcsandthe featuresof theelectronspectra(e.g.Haerendel
etal., 1994;Stenbaek-Nielsenetal., 1998).

However, to theknowledgeof theauthors,thereisnostudy
yet trying to establisha relationbetweenion beamsandvis-
ible auroralarcs.To avoidconfusionwe emphasizethatwe
referto theupwardcurrentregion.Forthedownwardcurrent
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regiontherelationbetweenionsandaurorahasbeenstudied
sincelong time ago(for areviewseeHultqvist,1979).

This is not very surprising. Auroral luminosity is struc-
turedinto arcsin theupwardcurrentregionasadirectconse-
quenceof energeticelectronprecipitation.Althoughtheions
takeactivepart in variousenergizationprocesses(e.g.Shel-
ley et al.,1976;Sharpetal., 1977;Gorneyetal., 1981;Reiff
etal., 1988;AndrÂeetal.,1998),theion effectscouldbecon-
sideredasªsecondorderº with respectto light emission.Nev-
ertheless,trying to relateauroralstructuresandionospheric
ions,in particularion beams,couldoffer newinsightto auro-
ral processes.It is especiallysuitedto try suchanapproach
at present,whennewgenerationsof instrumentsgive better
accessto small-scalephenomena.

We shall further presenta conjunctioneventbetweena
groundTV cameraandtheFASTsatellite.Ontheshortertime
scaleof thesatellitepassthroughthecamera's ®eldof view
(FoV) the particlemeasurementssuggestthe altitudeof the
accelerationregion(AR) changes,in accordancewith recent
resultsfromFAST(Carlsonetal.,1998;McFaddenetal.,1999).
On the longertime scaleof theopticalobservationonecan
follow thedevelopmentof thearcsystemwhichrevealsapos-
siblerelationbetweenion beamsandvisible arcs.

2 Instrumentation

2.1 Ground-basedcameras

Auroralimagesweretakenwith threeimage-intensi®edCCD
cameras,twoof them,Aur-A andAur-B,equippedwith large-
angleoptics ( �	��

������
 ), and one, Aur-D, equippedwith
narrow-angleoptics( �

�


��

�

�	
 ) . Duringtheobservationsre-
portedherethecameraswereoperatedwith � 650nm edge
®lters.Theimageswerestoredonvideotape,atarateof 25/s
if enoughluminositypresent.Theexposuretimecouldbead-
justedto eithera fractionor amultipleof 40ms,thestandard
PAL TV norm. Theraw opticaldatawerelaterdigitizedto

�

�������

�

� pixel arrayswith 8-bit depth.
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Fig. 1. Selectionof auroralimages,1 minute
apart,takenwith Aur-A onFebruary9,1997,
UT 8:18±8:26. The North and Eastdirec-
tionspoint roughlyto theleft andto thebot-
tom, respectively. For better identi®cation
theframesarenumberedsequentially. FAST
crossesthe camera's FoV in frames4,5,6.
For theseframestheprojectionof thetrajec-
tory is indicatedandthe satellite's footprint
is shownasa square.The limits of the ion
beamsseenby FAST areoverplottedin all
theframes(seetext).

2.2 Satellitedetectors

FASTisequippedwith state-of-theartdetectors,for bothplas-
maand®eldobservations.Thevery high resolutionpermits
a detailedstudyof small-scalephenomena,in particularof
ion-beamevents.Forthispaperweusedatacomingfromthe
electron(EESA)andion (IESA) spectrometers(Carlsonand
McFadden,1998).Theenergy rangeof thetwo instruments
is 4eV ±30keV and3eV ±25keVrespectively, dividedinto
48channels.A completeenergy sweepis donein 78msand
atypical temporalresolutionduringtheauroralovalcrossing
is 312ms (4 energy sweepsaregroupedtogether).The in-
strumentsensurepermanentfull pitch-anglecoverage,with a
resolutionof �

�

�	��
 . Datafrom thetri-axial ¯ux-gatemagne-
tometer(Elphicetal., 1998)werealsoused,to double-check
theupward/downwardcharacterof thecurrent.

3 Data description

3.1 Opticaldata

Groundimagesin conjunctionwith FAST wereobtainedon
9

���

and13
���

of February'97, duringanauroralcampaignat
Deadhorse(Lat.

���

�

�	��
 , Lon. �

�	�

�

�

�


 ), Alaska.In thisstudy
we focus on the ®rst event, which took place between
UT 8:21:00and8:23:20. The optical datausedcomefrom
Aur-A andcovera longertime interval,UT 8:18- 9:14. A
sequenceof 9 frames,1 minuteapart,centeredon the con-
junction interval, is shownin Fig. 1. The1 minuteresulted
by visualevaluationasareasonabletime-scalefor thechange
of theauroraldisplay. Theframesaresequentiallynumbered
in theupperright corner, for betterreadability. Onecanalso

read,in theupperleft corner, theexposuretime: ª00º means
40 msandª-01º means20 ms. Note that theexposuretime
doublesfor thelastframe.

For thetimeperiodwhenFAST crossedthecamera's FoV
(frames4,5,6)we indicatedthe satellite's footprint at iono-
sphericlevel(110km). Theinstantaneoussatellite'sposition
is shown as a square(the mappingviewing-direction �

image-pixelwas doneby recordingreferenceframeswith
bright, well-knownstars).Onecantestthat theFAST foot-
print is at theright place: the time for themaximumenergy
¯ux, asderivedfrom brightnessdata,is closeto thatderived
from EESAdata(Fig. 2). Cross-correlationof the two data
arraysproducesagoodagreement,within a limit of 2-3s.

Theenergy ¯uxes in Fig. 2 aregivenin relativeunits. An
absolutecalibrationof thecamerascanalso,in principle,be
achieved.However, thefootprintof FASTpathis far fromthe
magneticzenith( ����
 maximumelevationwhile themagnetic
zenithis �

�


 ), sothatbrightnesscannotbedirectlycompared
to energy ¯ux. Theoff zenithtrajectoryof FAST is alsothe
reasonfor thediscrepancy, exceptfor themaximum,between
opticalandelectrondatain Fig. 2.

Oneachframein Fig.1 theionbeams,asreadin IESAdata
(seebelow),areidenti®edwith a letter:A ... D. Foreachion
beamthebeginningandtheendareindicated.Notethat the
satelliteactuallyencountersion beamsbetween8:22:04and
8:22:57. Marking of all the framesis only meantto give a
betterideaaboutthetemporalevolutionof luminosityat the
placeswhereFAST is goingto meetor hasmetthebeams.

For presentationpurposesa contrast-enhancementproce-
dureÐ histogram-equalizationÐ wasapplied(for detailssee
ResearchSystems,Inc., 1995).At thesametimethis proce-
durepartiallycompensatesthelossof brightnesswhenshorter
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Fig. 2. Theenergy ¯ux resultingfrom opticaldatacomparedto theenergy
¯ux resultingfrom particledata.The¯uxes arerepresentedin relativeunits,
scaledto themaximumvalue.

exposuretimesareusedandmakesthelow luminositystruc-
turesmoreevident(on the conditionthat theexposuretime
wasneverthelesslong enoughto getsomethingon thetape).
Thebrightnesspro®le,shownin Fig.2, is notaffectedby this
processing.

3.2 FAST data

DuringtheconjunctionFAST wasneartheapogee,atanalti-
tudeof 3800±3900km. In theupperpartof Fig.3 wepresent
particleandmagnetic®elddatacorrespondingto the FAST
crossingof the camera's FoV. Panels1 and3 showenergy
spectrogramsfor downgoing electronsand upgoing ions,
while panels2 and4 showpitch-anglespectrogramsfor elec-
tronsandions over thewhole measuredenergy range.The
mostprominentfeaturein thespectrogramsisalargeinverted-
V whichencompassesamultiple ion-beamperiod.Thepeak
energy isoverplottedfor bothelectronsandionsin therespec-
tive energy spectrograms,duringtheion beamperiod.Panel
5showstheperturbationmagnetic®eldthreecomponents,ori-
entedroughlyN±S,E±W, andalong-B.ThesmallN±Sand
along-B variationscorrespondto E±W current-sheets,®rst
downwardandthenupward,whichagreewell with theparti-
cledata.

Electronenergy ¯ux and®eld-aligned(FA) potentialare
givenat thebottomof Fig. 3 for theinverted-Vperiod.The
energy ¯ux is mappedat ionosphericlevel andthe full-line
curveis correctedto takeintoaccountthepotentialbelowthe
satelliteduringion beamevents:

���


����

� �	��
���



������


�


��� 
������


���



����

�

�

�


���



����

is takentobeequaltothepeakenergy of theFA down-
goingelectrons.
�


��� 
��

is calculatedthesameway from ion
spectra.The phenomenologicallimits of 1 erg/cm� s and1
keV areoverplottedin therespectiveenergy ¯ux andpoten-
tial panels.

Fig. 3. FAST data,orbit 1859.Top Panel1: Energy spectrogramfor down-
goingelectrons.Panel2: Electronpitch-anglespectrogram.Panel3: En-
ergy spectrogramfor the upgoingions. Panel4: Ion pitch-anglespectro-
gram. Panel5: The3 componentsof the perturbationmagnetic®eld. The
dottedvertical cutsaredoneat the timesof framesª4º, ª5º andª6º from
Fig.1. Thefull-line verticalcutsA ... D showthetimesfor theplotsin Fig.4.
Bottom Panel1: Electronenergy ¯ux into ionosphere,mappedat110km al-
titude. Thefull-line correctstheenergy ¯ux duringtheion beameventsby
takinginto accountthethepotentialbelowthesatellite.Panel2: FA poten-
tial, bellowthesatellite,abovethesatelliteandtotal. Thephenomenological
thresholdsof 1 erg/cm� s, respectively1 keV, arealso®gured.
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4 Discussion

On the shortertime scaleof the satelliteoverpassthe auro-
ral displayis dominatedby a large inverted-Varc, roughly
70 km large at ionosphericlevel (seeFig. 1, frames4,5,6).
Theluminositypatternshowslittle modi®cation,exceptfor a
slowsouthwardmotionof thearc.Thismotioncanbenoticed
by comparingthepositionof thearcsouthernedgeacrossthe
abovementionedframes.Thevelocity of themotioncanbe
estimatedat about100m/s. We shallreturnto this valuebe-
low.

The satellitedatadescribethe auroralsituationin much
moredetail. For the ®rstpart of the overpassonecannote
in Fig. 3 characteristicfeaturesof thedownwardcurrentre-
gion: upwardelectronbeams(panel2), isotropic,exceptfor
theloss-cone,ionprecipitation(panel4),positiveslopeof the
E-W magneticcomponent(panel5). All theseassociatewell
with thediffuseluminosityareapresentin Fig.1at thesouth-
ern (right) side. North of this region,between8:22:00and
8:23:20, the satelliteentersthe upwardcurrent region, in
agreementwith thelargescalecurrentpatternfor theevening
sector(Iijima andPotemra,1978)andcrossesalargeinverted-
V, with embeddedion beams.Therepeatedencounterof ion
beamsassociatedwith theopticalobservationwhich showa
stablesituationduringthesatellite'scrossing,suggestthatthe
altitudeof thelowerborderof theAR changesalongthesatel-
lite path, alternativelypassingaboveand below it, which
seemsto bea relativelycommonbehaviorat theFAST alti-
tude(McFaddenetal., 1999,in particularplate9).

However, on the longertime scaleof theimagesequence
presentedin Fig. 1 onecanseethatthesituationis no longer
asstable.Theauroraldisplayevolved,from oneroot-arcto a
multiple-arcstructure.Theincreasedexposuretime is partly
responsiblefor thebettervisibility of thestructuremultiplic-
ity in thelastframe.Nonetheless,asonecanseeby inspect-
ingtheother8frames,wheretheexposuretimeremainedcon-
stant,thereis a clearevolutionindependentof instrumental
reasons.

As a®rststeptowardsestablishingacloserconnectionbe-
tweenthesatelliteandtheopticalobservationlet us look in
moredetail to the bottompanelsof Fig. 3. Onecanimme-
diatelynotetheclosesimilarity betweentheenergy ¯ux and
total implied potential,J

�


����

� andU �




�

�

�

, in goodagreement
with theadiabatictheoryof auroralenergization(e.g.Knight,
1973;Lyonsetal.,1979;Lyons,1980;FridmanandLemaire,
1980)andwith thelarge inverted-Vcharacterof theauroral
structure.An interestingaspectis revealedwhenrelatingthe
datato thephenomenologicallimits of 1erg/cm� sand1 keV.
The®rstonecorrespondsroughlyto thevisibility threshold,
whenlooking into thezenith,while thesecondoneis men-
tionedin variouspapersasathresholdin auroralelectronpre-
cipitation(seeSemeteretal.,2000,andreferencestherein).It
isobviousthatboththeenergy ¯ux andtheFA potentialcome
abovetherespectivethresholdsatroughlythesametime. In-
cidentally, if onecalculatestheFA conductivity,

�

�

�

�

�




� ,
resultingfrom thesetwo values,onegets10��� S/m� , a typi-
cal valuefor stablearcs(Olssonetal., 1998,table1), asit is

alsoourarc,at leastfor thedurationof thesatellitepass.
If wenowlook morecarefully, wecanseethat,apartfrom

themainarc,thereareothertwo smallenhancementsof the
energy ¯ux, around22:43and22:53(labeledC andD, in cor-
respondencewith theion beams).Theyarenotvisible in the
luminositypatternduringthesatelliteoverpass,dueto theoff
zenithpositionandtheshortexposuretime,setto accommo-
datethebrightmainarc. However, aboutthreeminuteslater
(frame8 in Fig. 1), two new arcsbecomevisible at the re-
spectivepositionsC andD. It is morethanplausiblethatthe
two energy ¯ux enhancementsevolvedinto fully developed,
visiblearcs.

More insightto this presumedevolutioncanbegainedby
focusingourattentionontheion beams.As animmediatere-
mark, the bottompanelsof Fig. 3 suggesta correlationbe-
tweenthe ion beamenergy and the total potentialdrop, as
well astheassociationof theion beamswith gradientsin the
totalpotentialandenergy ¯ux. Thesuggestedconnectionbe-
tweentheevolutionof theluminositypatternandtheenhance-
mentsin energy ¯ux snapshotedby FAST would thusbeex-
tendedto ion beams.Sucha featureseemsto be,however,
ratherpeculiarto thecaseunderstudy, andis not supported
by otherFAST data,which apparentlyshowsno correlation
betweentheion beamsandthetotal potentialdropor gradi-
entsin thispotentialdrop(McFaddenetal., 1998).

Nonetheless,takinginto accounttheopticalevidence,it is
worth deepeningthe explorationof the ion beams.A com-
monimportantfeatureis thepresenceof FA electronprecipi-
tationjustin frontof eachbeam,whichisbestseenin energy±
pitch-anglecontourplots.Figure4 showsaselectionof such
diagrams,which respectivelycorrespondto theA ... D cuts
in Fig. 3. It is necessaryto mentionthata) thesearenot the
onlymeasurementsshowingFA precipitationalongthesatel-
lite pathandb) theextensionof suchperiodsvariesbetween
about1 s., in front of beamA, up to about4 s., completely
coveringtheperiodbetweenbeamsB andC. Keepingthese
two factsin mindweshallfurtheranalyzethesigni®canceof
theFA precipitationprecedingtheion beams.

Associationof FA electronsandupgoingionshasalready
beenobservedby theS3-3spacecraft(Temerinet al., 1981;
Mizeraet al., 1982;Redsunet al., 1985).Thesequentialap-
pearanceof theelectronsandionswasinterpretedashappen-
ing on oppositesidesof electrostaticshocks.LaterMcFad-
denet al. (1986)attributedFA electronprecipitationat the
edgeof anarcto cold ionosphericelectronsconvectedabove
theAR andsubsequentlyenergizedby theFA potentialdrop.
Suchamechanismwouldimply anelectrondistributionwith
amonoenergeticpeak,whichwouldmatchquitewell with the
sampledatain Fig.4. Oneapparentdif®cultyis thatonly the
®rstFA burstappearsat theedge,all theotherscomeunder
thelargeinverted-V. Thisdif®cultycanbeovercomeby tak-
ing into accountthe varyingaltitudeof the lower borderof
theAR, whichmakespossibleasimilarmechanismeachtime
FAST passesfrom belowthis lower borderto aboveit. Pre-
liminaryanalysisshowin additionthatduringion beamperi-
odstheupperborderof AR comesquitecloseto thesatellite,
sothatacceleratedelectronshavejustashortwayto travelup
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Fig. 4. Energy±pitch-angledistribution
snapshotsfor electrons,shortly beforeeach
of thefour ion beams.

todetection,whichpreventthefrequentlyobserved̄attening
of thedistribution.

Furthersupportto acoherentview of theobservedoptical
andparticlefeaturescomeswhenconsideringthe estimated
100m/snormalvelocityof theauroralstructure.In aseriesof
papersHaerendel(1989,1994,1999)suggesteda modelfor
the accelerationof the auroralparticleswhich naturallyim-
pliesthenormalmotionof thearc. In this modelthekinetic
energy of theelectronsis suppliedby conversionof magnetic
energy, at thelevelof theAR. If theinputenergy is largeror
smallerthantheoutputenergy, theauroralcurrentcircuit ex-
pandsor shrinks,whichproducesthemotionof thearc. Iono-
sphericplasmais thusacceleratedat theleadingedgeof the
arc, appearingas FA electronprecipitation,coming from
above,and ion beams,comingfrom below. The predicted
propermotionof thearcsis in closeagreementwith theex-
perimentalmeasurements(Haerendeletal.,1993;Freyetal.,
1996),butonehastobecarefulwhencomparingtothemodel:
thenormalvelocityrefersto themotionof thearcin therefer-
encesystemof theambientplasma,i.e. in orderto getit one
hasto subtracttheplasmavelocity - e.g. radardetermined-
from thevelocity of thearc. Thereis no radarmeasurement
availablefor theperiodandlocationreferredto in thisstudy,
but exceptfor this the dataarein goodagreementwith the
model.

As a ®nalpoint, themaingoalof thisstudyis to showob-
servationssuggestingthata morethanaccidentalconnection
could exist betweenvisible auroral arcs and ion beams.

To put the observationon a soundbasis,work is currently
donetowardsafull exploitingof theinformationcontainedin
thedistributionfunctionsprovidedbothby theEESA/ IESA
spectrometers,as well as by the massspectrometeraboard
FAST (TEAMS, Klumpar et al., 1998). Importantresults
which areexpectedfrom the detailedanalysisof the distri-
butionfunctionsincludea goodidenti®cationof thevarious
plasmapopulationsandareasonableevaluationof thealtitu-
dinal limits of theAR, implicitly of theelectric®elddistribu-
tion alongthemagnetic®eldline.

5 Concluding remarks

Opticaldatafromaground-basedcamera,in conjunctionwith
FAST data,for oneauroraloverpass,wereinvestigated.The
satellitedatawereinterpretedin termsof thealtitudeshift of
thelowerborderof theaccelerationregion.FA electronpre-
cipitationin frontof theionbeamsis consistentbothwith this
altitudevariationandwith thenormalmotionof thearc,vis-
ible in theopticaldata.Following theluminositypatternon
thelongertimescaleof theopticalobservationsuggestsapos-
siblerelationbetweenion beamsandvisible auroralarcs.
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