Ann. Geophysicae manuscript No.
(will beinsertedby the editor)

Simultaneous optical and radar signatures of poleward moving

auroral forms

A. Thorolfsson?, J.-C. Cerisier»2, M. L ockwood?#, P. E. Sandholt®, C. Senior', M. Lester®
! Centred’étudedesErnvironnementderrestreet Plarétaires 4 avenuede Neptune 94107Saint-MaurCEDEX, France

2 Universii Pierreet Marie Curie, 4 placeJussieu75005Paris,France

2 Departmenbf Physicsand Astronomy University of SouthamptonHighfield, SouthamptonS0171BJ, United Kingdom
* SpaceScienceDepartmentRutherfordAppletonLaboratory Chilton, Didcot, OX11 0QX, United Kingdom

5 Departmenbf PhysicsUniversity of Oslo, PO. Box 1048,Blindern,N-0316,Norway

6 Departmenbf PhysicsandAstronomy University of LeicesterLeicester.E1 7RH, United Kingdom

Receved DecembeB, 1999.Manuscriptreferencenumber:AG/1999/000154-El.

Abstract. Dayside polevard moving auroral forms
(PMAFs) were detected between 06:30 and 07:00 UT
onDecembed 6, 1998,by themeridianscanningohotometer
and the all-sky cameraat Ny Alesund, Svalbard. Simulta-
neousSuperDARN HF radar measurementpermitted the
study of the associatedonosphericvelocity pattern.A good
generalagreementis obsened betweenthe location and
movementof velocity enhancementdlow channelspandthe
PMAFs. Clearsignature®f equatorvardflow weredetected
in the vicinity of PMAFs. This flow is believed to be the
signatureof a returnflow outsidethe reconnectediux tube,
aspredictedby the Southwod (1987)model.The simulated
signaturesof this model reproduceglobally the measured
signaturesand differenceswith the experimentaldata can
be explainedby the simplificationsof the model. Proposed
scheme®f theflow modificationdueto the presencef sev-
eralflow channelsandthe modificationof cuspandregion 1
field-aligned currentsat the time of sporadicreconnection
eventsareshown to fit well with the obsenations.

Key words. lonospherdauroralionosphereplasmacornvec-
tion) — Magnetospherighysics (magnetopausesusp and
boundarylayers)

1 Introduction

During periodswhenthenorth-southcomponenbf theinter-

planetarymagneticfield (IMF) is negative,acommonsigna-
tureobsenedby meridianscanningphotometersroundnoon
arethe poleward moving auroralforms (PMAFs) (e.g.Sand-
holt et al., 1990).Thesestructuredave beenidentifiedasthe
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ionosphericsignatureof sporadicreconnectiorat the mag-
netopausebetweeninterplanetaryand magnetospherifiux
tubes.

Oncereconnectedheflux tubesaredraggedhroughthe
ambientplasmaunderthe magnetictensionforce dueto the
strongfield line curvature.Southwood (1987) hasproposed
a qualitatve model of the ionosphericplasmaflow in and
arounda reconnectedlux tube. In the model, field-aligned
currents(FACs) flow down oneside of the flux tubeandup
the other The currentclosureis achieved by horizontalPed-
ersencurrentsin theionosphereThe correspondinglasma
flow exhibits a twin-vortex pattern,the ambientplasmabe-
ing drivenfrom the front to the backof the tube.Using this
model,severalauthorslMcHenryandClauer,1987;Wei and
Lee,1990;Lockwood,1991;Chastoret al., 1993)have quan-
titatively modeledhe corvectionvorticesassociateavith the
motion of the flux tube, andthe groundmagnetometesig-
natureof the associated@urrentsystem.Thesesignaturesre
highly variable dependingnthepositionof themagnetome-
ter andthe characteristic®f the corvectingflux tube.Chas-
tonet al. (1993)concludedhatareconnectiorsignaturecan-
not be identifiedon the basisof singlemagnetometeobser
vationsandthat a stationarrayis at leastnecessaryfFarru-
gia et al. (1989) shaved that travelling corvectionvortices
inducedby solarwind pressurgulsescouldmimic themag-
netometersignaturesredictedfor an isolatedcircular con-
vectingflux tube.

Whenobsenedwith anHF radar reconnectedlux tubes
appeargenerally as regions of temporally enhancedflow
velocity called “flow channels”(e.g. Pinnocket al., 1995;
RodgerandPinnock,1997;Provanet al., 1998;Milan et al.,
1999).The flow channelmoveslongitudinally underthe in-
fluenceof the By componenbf the interplanetarymagnetic
field (IMF) andthendrifts poleward. Its phasevelocity (de-
ducedfrom the drift of the eventasa whole)is equalto, or
of the sameorderas, the flow velocity, as predictedby the
Southwood model.In a casestudy Milan et al. (1999) have
alsoshown the co-locationof flow channelsaand PMAFs. In
the studiesmentionedabove, the predictedreturnflow of the
ambientplasmain the vortices has beenelusive, although
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Pinnocket al. (1993)reportedon datathatindicatethe pres-
enceof return flow. Lockwood et al. (1990) inferred from
magnetometedatathat weak return flow existed on either
side of a flow channelobsened using the EISCAT radars.
Recently Sandholtet al. (1999)alsousedmagnetometert
shaw the existenceof returnflow on the equatorvardside of
aPMAF, obsenedwith SvalbardopticalinstrumentsAs this
returnflow is anessentiapartof the Southwod (1987)flow
model,thestudyof its presencandcharacteristicareimpor-
tantfor theunderstandingf FTE flow patternsandreconnec-
tion models.Lockwood et al. (1990)and Lockwood (1991)
notedthattheratio of thepeakreturnflowsto theeventphase
velocitywassetby theratio of theeventdimensioralongand
perpendiculato the directionof eventmotion. The low val-
uesof this ratio (i.e. weakreturn flows) for eventsmoving
longitudinally werein agreementvith the extendedlongitu-
dinal dimensionof theflow channels.

In this paper we reporton a casestudy of simultane-
ous obsenationsof PMAFs and flow channelson Decem-
ber16,1998,betweer06:30and07:00UT. Two papershave
alreadybeendevotedto the study of the sametime period.
McCreaet al. (1999)have describedhe large-scaldlow for
the06:00- 09:00UT period.Lockwoodet al. (1999)studied
the small scalethermodynamicstructurein the ionosphere
betweer06:30and07:05UT, usingmainly the ESRradarin
Svalbardand the Ny Alesund meridian scanningphotome-
ter. The presenwork is aimedat studyingthe detailedsmall
scalecorvectionin andaroundthe flow channelsWe com-
paretheseobsenationswith a simulationof the Southwood
(1987) model of incompressibldlow arounda reconnected
flux tube,which we superimposen large-scalecorvection
arisingfrom anothersourceof flow.

2 Observations
2.1 Instrumentation

The CUTLASS HF radarat Hankasalmi,Finland (62.3N,
26.6°E) is a part of the extendednetwork of HF radars
called SuperlARN (SuperDual Auroral Radar Network)
(see Greenvald et al., 1995, for further description).The
radarsmeasurdine-of-sight(l-o-s) plasmaflow velocitiesin
the E and F-regionsof the ionosphereThe field-of-view of
the Finlandradaris roughly centeredbver Svalbard(seefig-
ure 1). On Decemberl6, 1998, the Finland radarwas op-
eratedin a specialmodeallowing a high time resolutionon
threeof the sixteenpossiblebeamdirections(beamsb, 7, 9),
togetherwith a nearly completel-o-s velocity map (beams
1 to 14) every threeminutes.Beam7, which hasthe high-
esttime resolution(10 seconds)js directedtowards mag-
netic north. While completingthe full map (which takesone
minute), the high resolutionis maintainedon beam?7. The
SuperDARN radardataarepresentedn bothgeographiand
AACGM geomagneticoordinategaltitude-adjustedCGM
coordinatesjseeBaker andWing, 1989).

Optical obsenations have been obtainedfrom two in-
strumentsat Ny Alesund, Svalbard, situatedat 78.9N and
11.9E in geographicatoordinateg76° magneticlatitude).
The meridian scanningphotometer(MSP) is oriented ap-
proximatelyalongthemagnetiameridianandfollows closely

700N

Fig. 1. TheinstrumentabrrangemenaroundSvalbard.Thefield of

view of theFinlandSuperDARN radaris delimitedby thethick solid

lines. High resolutionbeams? and9, aswell asthe low resolution
beam12,areshavn with long dashesThesolid line centerecdn Ny

AIesund(NAL) indicatesthe beamof the meridianscanningpho-

tometer Severalzenithanglesareshovn in thefigure. The extreme
limit of the Ny Alesundall- -sky camerais shavn with the dashed
circle.

beam9 of the Finland radar The MSP hasan 18 second
resolutionon 4 wavelengthsut only the red line (630 nm)

emissionwill be usedin this paper The Ny Alesundall-sky

camera(ASC) hasa 2 secondntegrationtime, andprovided

imagesevery minute of the 630 nm emissionin the period
studied.

Datafrom the Wind satelliteis usedto obtaininformation
on the interplanetarymagneticfield and the dynamicpres-
sure.During the period understudy the spacecraftvas on
themorningsideof the magnetospherapproximatelyat (X,
Y, Z) = (4,-26,24) Re in GSM coordinates.

2.2 Solar wind conditions

Figure2 shavs the IMF andthe solarwind dynamicalpres-
sure measurecy Wind during the 06:00to 08:00 UT pe-
riod. The period underdiscussionin this paperis the fairly
steadyperiod between06:22 and 07:30 UT, but specialat-
tentionis givento the 06:30-07:00UT period,indicatedby
verticallinesin thefigure. Thistime interval is characterized
by negative B, andBy, afteraperiodof positve B,. Thesolar
wind pressuravasrathersteadybetweer? and3 nPa, with a
meanvalueat around2.3 nPa. The delaybetweenthe Wind
spacecrafandtheionospherés only afew minutesthe pre-
cisevaluebeingof no consequenctr theanalysisdiscussed
in this paper

2.3 Optical data

2.3.1 Meridian scanning photometer Figure 3 shows the
MSPredline (630nm) auroralemissiondetweer06:30and
07:00UT. Zenith anglessouthvard of the stationarein the
lower half of the figure, and are shavn with negative val-
uesin figure 1. During this period, the large scaleauroral
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Fig. 2. IMF component8x, By andB; (in GSM coordinatesand
the dynamicpressureof the solarwind. The periodunderstudyis
delimitedby thetwo verticallines.

structureshavs an equatorvard motion of the auroraloval,
which is consistentwith the southward turning of the IMF
(e.g. Sibeck, 1994, and referencegherein). McCreaet al.
(1999) deducedalso this motion from EISCAT andground
magnetometedata.Anotherlarge scalevariationis the pro-
gressveintensificatiorof themeanauroralintensityobsened
asthe oval drifts equatorvard.A clearfeaturein the dataare
the strongbrighteningsthat move poleward for a few min-
utesbeforedisappearingindicatedby white arrowsin thefig-
ure).Thesendicatethepresencef polevardmoving auroral
forms (PMAFs) of the type describedy severalauthorsand
usuallyobsenedaroundnoonundersimilar IMF conditions
(e.g. Sandholtet al., 1990;Denig et al., 1993;Moen et al.,
1995).Thestrongbrighteningsafter06:45UT areclearlyas-
sociatedvith anequatorvardshift of theauroralequatorvard
boundaryafeaturepreviously reportedfor PMAFsandasso-
ciatedwith pulseddaysidereconnectiorfe.g.Sandholtt al.,
1998b,andreferencesherein).In the 06:40to 07:00UT pe-
riod, six poleward moving brighteningscanbe detectedre-
ferredto by thelettersato f in thefigure. This givesa mean
repetitionperiod of about4.0 minutes,which is of the same
orderasfor previously reportedPMAFs (e.g.Sandholtt al.,
1990,1998b).

A closerinspectionof the polevard moving intensifica-
tions shavs that mary of themappearto be madeof several
sub-structuresndicatedby arrovsandreferredto by indices.
This is particularly clearfor eventsd ande. The meansub-

structurerepetitiontime in theseintervalsis 80-120seconds.

This rebrighteninghaspreviously beenreportedfor PMAFs
(e.g.Faselet al., 1992,1994). Accordingto their study the
delaybetweersuccessie brighteningss typically 1.5-4min-

utes,which agreeswell with the datapresentedchere.Fasel
et al. (1993)proposethatthe rebrightenings dueto patchy
multiple X-line reconnectior{Leeet al., 1993).Lysaket al.
(1995)notethatthe delayis similar to the Alfv éEnwave tran-
sit time betweenthe magnetopausandthe ionosphereand
suggesthat the successie brighteningsmight be dueto an
Alfv énbounceeffect. Recently Lockwoodet al. (1999)pro-
posedanen schemdor thisrebrighteningThey suggesthat,
after the initial brightening,the increasedrate of recombi-
nation, due to combinedeffects of high ion flow velocities
andJouleheatingin a PMAF, leadsto a decreasén auroral
emissionsAs the velocity of theflow channeldecreaseghe
cusp/cleftprecipitationreestablishethe plasmadensity and
auroralactity increasesgain.

2.3.2 All-sky camera Figure4 shows two sequencesf all-
sky cameraimagesobtainedduring the periodswhen clear
signaturesvererecordedwith the MSP (06:46to0 06:48UT
and06:50to 06:53UT). For easiercomparisonthe approx-
imate directionsof the MSP and radarbeams?7 and 9 are
shavn at 06:48UT. Both camerasequenceshav east-west
(in magneticcoordinates)ligned auroral structureswhich
formedbetween0® and 10°E (shown with arrowns) andthen
moved eastvard and northward before disappearingfter a
few minutes.In the earliersequenceherearealsotwo large
auroralstructuresin the easternpart of the f-o-v (between
20°E and40°E) thatmovepolewardanddisappeain thesec-
ond sequencethe sharplydefinedauroralform between0°
and10°E blendsin with highly structuredaurorathat moves
mainly poleward. At the time of the ASC scansthe region
between0® and 10°E correspondsipproximatelyto 8 MLT.
Theoccurrencef PMAFsatsuchearlyhoursmightbesome-
whatsurprising butit is howeverin agreementvith previous
obsenationsfor similar IMF conditions(e.g.Sandholtt al .,
1998aandreferencesherein).

A comparisorbetweemrASC andMSP optical datashowvs
that the isolatedeastvard moving structureobsenedin the
ASC field of view between06:46 and 06:48 UT is clearly
detectedas a polevard moving form in the MSP data.The
latter sharply definedstructure(c.f. figure 4-d) is also de-
tectedwith the MSPR, but asa part of a larger auroralevent.
The obsened eastvard direction of motion is expectedfor
PMAFs eventsin the morning sectorfor the prevailing IMF
conditions(By < 0), aspreviously mentioned.Thesestruc-
tureshave thusall the characteristicof PMAFs andcanbe
attributedto magnetiareconnection.

Theindividual auroralstructuresobsened with the ASC
in figure 4 shav somavhat different eastvard (magnetic)
movement.For example, figures 4-b to 4-c show that the
thin auroralform centeredon 10°E drifts essentiallyeast-
ward while the two larger structuresbetweenabout 20°E
and40°E drift mainly polevard. This obsenationcanbe ex-
plainedby magnetictensionconsiderationgHeelis, 1984).
For thepresentMF configurationaflux tubereconnectedct
the magnetopaustar from noonhasgreatercurvaturethan
onereconnectealoserto noon,andthusa highermagnetic
tension(e.g.the schematidn figure 7 in Lockwood et al.,
1999).For two separatdlux tubes,the onereconnectedar
therfrom noonon the morningsidedrivesa highereastvard
flow, which translateslsointo a greatereastvard drift.
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Ny Aalesund MSP DEC 16, 1998 (630.0 nm)
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Fig. 3. Ny AlesundMeridian Scanning?hotometemeasurement®r the 630 nm wavelength.Zenithanglesin the bottomhalf of the figure
aresouthvard of the station. The white arravs indicatepolevard moving auroralforms (labelledato f) andtheir substructureabelledwith
indexes).Magneticlatitudes(assuminganemissioraltitudeof 250km) areshawn to theright.

2.4 HF radardata

2.4.1 Generl corvectioncharacteristics The first panelin
figure5 showvstheFinlandradarl-o-s velocity mapmeasured
at 06:30UT. The datais presentedn geographicatoordi-
natesfor easiercomparisorwith ASC data,but magnetidat-
itude contoursare also shavn (solid lines). The 06:30 UT
time periodis choserto describethe large-scalgplasmaflow
for negative IMF B, whenno PMAFs are obsened. Nega-
tive velocitiesare obsenedin the easternmosbeamswhile
positive velocitiesare obsened on the westernbeams.This
is consistentvith aneastvardlarge-scaldlow, ascanbe ex-
pectedfor the prevailing IMF conditions(negative By) in the
morningsideof theionosphergseealsothe analysisby Mc-
Creaet al. (1999)).0n the average,the transitionbetween
positive andnegative velocitiesbetweer06:30and07:00UT
is obsened on beam®6, which is directed3° west of mag-
neticnorth. This indicatesthatthe large-scaleplasmaflow is
almostpurely longitudinal. This flow is alsoconsistentwvith
themagnetometedatadescribedy McCreaetal. (1999).
Figure5 shaws alsoa sequencef mapsbetween06:42
and07:00UT, in aperiodwhenmary PMAFswereobsened
with theMSP (c.f. figure 3). Thecomparisorwith the mapat

06:30UT shows thatthereis considerablymore structurein
the flow whenPMAFs are present.The high-speechegative
flow (orangeandredcodedvelocities)aresimilarto the flow
channelstructurespreviously obsened (e.g. Pinnocket al.,
1995; Provan et al., 1998;Milan et al., 1999). The positive
(equatorvard and/orwestward) flow detectedn the eastern-
mostbeamsndicatesvorticity in the corvectionandis remi-
niscentof thereturnflow outsidea reconnectedlux tube,as
modeledby Southwood(1987).Thesepolewardandequator
wardflow structuresarestudiedin greaterdetailbelow.
Figure6 shavstheline of sight(l-o-s) velocity measured
on two of the high-resolutionbeams(beams7 and 9), and
beam 12, as a function of magneticlatitude (MLAT) and
universaltime. Geographidatitude (GLAT) is shovn on the
right verticalaxis.Beam9 displaysenhancechegative (pole-
ward) flow velocities (flow channels),most of them mov-
ing polewvard alongthe radarbeam.Assumingan emission
altitude of 250 km for the red line, the position of several
MSP obsenationshave beenreportedon the middle panel
(beam9) in figure 6. The solid lines represenestimatedits
(fits-by-eye) to redline emissionintensities This comparison
shavs thateachflow channeln radardatais associateavith
a PMAF obsenedwith the MSP, which confirmsrecentsim-
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Fig. 4. Redlight all-sky cameramagesfrom Ny AlesundbetweerD6:46to 06:48UT and06:51to 06:53UT. The630nmaurorais projected
to 250 km. Auroral forms are seento form at the westernedgeof the backgroundauroraand move eastvard and polevard (shavn with
arrons). Theapproximatadirectionsof the MSP andradarbeams? and9 areshavn at 06:48UT.
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Fig. 5. Radardataon Decemberl6, 1998,in geographicatoordinatesThe I-o-s velocity is color coded,negative velocity indicating flow
away from the radarand positive velocity indicatingflow towardsthe radar Several magneticisolatitudesare shavn with solid lines. The
MSP andbeam9 line-of-sightsareshavn with solid anddashedines,respectiely.

ilar obsenationsby Milan et al. (1999). Theseauthorshave
shavn a good co-localisationof flow channelsand PMAFs,
but we cannotdeducefrom the presentdatawhetherthese
two signaturesireperfectlyco-localisedr not. This problem
arisesmainly from incertaintiesn the geographicamapping
of both the auroralandradardata,which in turn arerelated
to theincertaintyin theemissioraltitudeof theredline emis-

sionandthealtitudeof theradarackscatteAnotherfactoris
theeventpropagatiortime from the MSPmeridianto bean9.
However, astwo selectedlow channeleventsarediscussed
in detailbelow, we shav thattheir sizeandbehaior is similar
to thatof theassociatedPMAFs.

Superimposedn the velocity diagram,the dashedine
in the middle panelof figure 6 (beam9) shows the low lat-



A. Thorolfssonretal.: Simultaneouspticalandradarsignature®f PMAFs

Magnetic Latitude Magnetic Latitude

Magnetic Latitude

Fig. 6. Line-of-sightvelocity from the FinlandSuperDARN radarfor beams7, 9 and12. Thedatais shavn in magnetidatitudeasafunction
of time. Theright vertical axis shavs the geographidatitude. The shortsolid line superimposedn beam7 datashavs a smallflow channel.
For beam9, the dashedine representshe 150 m/s spectralwidth boundaryin the radardata.The dottedline at similar latitudesshavs the
3 kR boundaryin 630nm MSPdata.Theshortsolid linesarefits-by-eye to selecteds30nmintensificationsThe 630nm emissionsave been
mappedassuminganemissionaltitudeof 250km. Thesolid linesin beam12 datashaw fits-by-g/e to theglobal structureof threePMAFsin

MSPdata.

78[

76

74~

72—

! lllu I IIII

TS '”:.Ili”‘ .

L 79
178

77

—75

174

80
79
78
77
—76
75
74

72—

70

82
81
80
79
78
77
—76
—75
74

06:30

06:40

06:50
uT

07:00

1100
1000
900
800
700
600
500
400
300
200
100

A100|9 A\

-100 ~
-200
-300 @
-400 ~
-500
-600
-700
-800
-900
-1000
-1100

w

T



8 A. Thorolfssoretal.: Simultaneouspticalandradarsignature®f PMAFs

itude limit of large spectralwidth (larger than 150 m/s) in

radardata.This limit betweennarrov andwide HF spectra
hasbeenshawn to indicatethe positionof the separatrixoe-
tweenclosedandopenedield linesin the cusp(Baker etal.,

1997;Pinnocketal., 1999).Thislimit correlatesloselywith

thelow latitudeboundaryof theredline emissionsatthelevel

of 3 kR (shavn by the dottedline), aftertheinitial periodof

equatorvarddrift of theauroralemission A similar correla-
tion hasbeenobsenred by Milan et al. (1999) betweenthe
1.5kR low latitude limit andthe 10 dB backscattepower.

Theseresultsindicatea strongrelationshipbetweenoptical
intensityandpropertieof HF radardata.The datain beam9

show alsothatthe velocity flow channelsareinitiated close
to the equatorvard edgeof 630 nm dominantaurorabefore
propagatingoleward.

2.4.2 06:47 UT event The ASC sequencerom 06:46 to
06:48UT (c.f. figure4) shovsthedevelopmenbf athin arcat
around1C’E, elongatedn the magneticeast-westlirection.
The arc movesmainly eastvard with a phasevelocity of the
orderof 1.9 km/s. Between06:47and 06:48 UT, the shape
of the arc changedrom linearto being curved, indicatinga
northward motionof the centralpartof thearc.

Theassociatedlow channels obsenedon beam9 of the
HF radarbetween06:46and06:47:30UT. The precisetime
of the startof the flow channelcannotbe stated becausef
the lower resolutiondueto the scanningover the full setof
radarbeamsbetweer06:45and06:46 UT. Theflow channel
is mainly absenin beam7, althoughsomesignaturesrede-
tectedat 74°-75° MLAT between06:47and06:48UT. This
is consistentvith thelimited longitudinalrangeof northward
motion deducedrom the ASC data(obserned mainly east-
wardof beam?7 in figure4), but mayalsobebecaus¢heflow
is closeto beingperpendiculato thebeam During theevent,
theradialvelocity measure@n beam9 is about1.2-1.3km/s.
If oneassumethatthe1l.9km/sphasevelocity, deducedrom
the ASC data,representalsothe velocity in the associated
flow channelthenthenorthward (magnetic)velocity compo-
nentis aboutl.0km/s.

The MSP optical dataassociatedvith this eventarethe
redline emissiondetweer06:46:30and06:48UT (eventd;
in figure 3). The comparisorof opticalandradardatain the
middle panelof figure 6 showv that thereis a slight delay
(aboutl minute)from theflow channebbsenedby theradar
andthe MSP obsenations.

Judgingfrom the ASC image at 06:47 UT, the dimen-
sionsof thisisolatedstructureareabout40 km in latitudeand
400 km in longitude,which agreeswell with previous ASC
obsenations(e.g. Sandholtet al., 1990). This corresponds
alsowell to the dimensionf the flow channelobsenedin
thevelocity mapat06:48UT (c.f. figure5) in beams7-10at
around75° MLAT.

2.4.3 06:52 UT event The I-o-s velocitiesin beam7 (top
panelin figure 6) shov a small flow channelobsened be-
tween06:51:30and 06:52:30UT, indicatedby a solid line.
Thesameeventis obsenedabout80secondsateronbeam,
atahigherlatitude (bothmagneticandgeographic)At these
latitudes,beams7 and 9 are about100 km/s wide, and the

distancebetweenthe centerof beams7 and 9 is thusabout
200km. Thedelaybetweerthe eventdetectionon thesetwo
beamsindicatesan eastvard (magnetic)phasevelocity of
about2.4km/s.However, theflow localizationwithin aradar
cell of measurads not precise sothis valuecanonly be used
asanindicatorof the eastvard phasevelocity. The flow ve-
locities of this eventcanbe deducedrom thel-o-s velocities
measuredn beams7 and9. They yield a northward (mag-
netic) componenbf 1.0 km/sandan eastvard componenbf
1.8 km/s, similar to that obtainedin section2.4.2.The east-
ward flow velocity is comparableo the 2.4 km/s eastvard
phasevelocity, which supportghe Southwoodflow model.

The MSP optical dataassociatedvith this event arethe
intensered line emissionsbetween06:51 and 06:53 UT
(event e, in figure 3). This intensificationis a substructure
of along-lastingauroraleventstartingat 06:49UT. The ASC
sequencef imagesbetween06:51 and 06:53 UT (c.f. fig-
ure4) show the polewardandeastvard motionof athick arc,
in agreementwith this picture. The small delay (lessthan
1 minute) betweenthe MSP event and the flow channelis
consistentvith the eastvard motion of the structurefrom the
MSP meridianto beam9 (c.f. figures1 and4). Otherevents
shav a lag thatis similar (eventez) or evenless(eventse,
andf). Only eventd; showvsaninversedag, asalreadymen-
tioned.

2.4.4 Returnflow velocities The datadiscussionn the pre-
cedingsectionsshowved the relatively good correspondence
betweerPMAFsdetectedn the opticaldata(MSPandASC)
andflow channelsn radardata(poleward and eastvard ve-
locities). The radarvelocity mapsin figure 5 shav alsothe
presencef patchesof equatorvard and/orwestward veloci-
tiesin thevicinity of the flow channelswhich indicatesthe
presencef thereturnflow, asmodeledoy Southwod(1987).
This possibilityis analyzedelow.

The bottom panelin figure 6 shavs the radar datain
beam12, which is to the eastof beam9 (c.f. figure 1). Al-
thoughthe temporalresolutionis low (one scanevery three
minutes),the patchesof positive flow yield importantinfor-
mation.The databetweer06:39and07:00UT shaw clearly
that the positive flow patchesshift equatorvard with time,
following the generaimovementof the equatorvardredline
boundary The flow intensity increasesalso with time, ex-
actlyastheredline auroralintensity After 07:00UT, PMAFs
move essentiallyeastvardthroughthe MSPmeridian(c.f. the
discussionn Lockwoodetal., 1999,andtheirfigurel). From
thatsamemoment the positive flow patcheslisappeafrom
thedatain beam12 (not shavn). Theseobsenationssuggest
arelationbetweerthe positive flow andthe PMAFs.

To test this further, the global structure(not individual
sub-structrespf three630 nm PMAFs hasbeenplotted on
thebeam12 data(eventsd, e andf, shovn with solid lines).
The auroraland radar data comparisonshows that thereis
excellentagreemenbetweerthe latitude of the equatorvard
edgesof the PMAFs andthe positive I-0-s velocity patches.
Both shav alsoa similar equatorvardshift with time.

Whencomparingthe PMAF to the radardata,onehasto
bearin mind that beam12 is about300 km to the eastof
the MSP meridianandthat the time resolutionon beam12
is poor, sincethe datais acquiredonceevery 3 minutes.lt is
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thusto be expectedthat therebe somedelay betweenMSP
andbeam12 data.lf examinedcarefully, the beam12 data
shaw threepoleward progression®f flow patchesn the pe-
riod betweer06:48and07:00UT. Thepolewarddrift of these
patchess muchslowerthanthatof theindividual PMAF sub-
structuresplottedontobeam9 data,but it comparesvell with
that of the global PMAF structuresThis strengthengurther
the ideaof a relationshipbetweenthe PMAFs andthe pos-
itive velocity patchesTheseflow patchescould thusbe the
signaturef the returnflow outsidereconnectedlux tubes,
in agreementvith the Southwood (1987)model.To examine
this hypothesiswe simulatedthis modeledflow in thefield-
of-view of the FinlandSuperCARN radar

3 Simulated signaturesof a reconnectediux tube
3.1 Quantificationof the Southwoodnodel

Wei andLee (1990) and Lockwood (1991) have proposeda
quantitatveionosphericorvectionmodelfor FTEs,inspired
by the Southwood model. This corvection model supposes
atwo-dimensionalonospherewvith uniform conductvity. At
the footprint of the reconnectediux tubein theionosphere,
they supposean uniform elliptical plasmacloud that travels
throughtheambientplasmaastheflux tubeis pulledby mag-
netictension.As in the Southwood model, the flow velocity
insidethecloudis thesameasthe phasevelocity of the cloud
itself. The flow is divergence-freeeverywhere curl-free ex-
ceptatthecloudborder andzeroatinfinity.

The resultsof Wei andLee (1990) canbe usedto calcu-
latethetheoreticalonospheridlow resultingfrom anFTE as
detectedby SuperDARN radars.As the radarsmeasurehe
I-0-s velocity componentthe calculatedvelocity vector has
to beprojectedontothel-o-s of eachradarbeam.

Therearefour free parameterin the Wei andLee (1990)
model: the cloud extensionin latitude and longitude, the
phasevelocity of the cloudandthedirectionof motion (flow
angle) with respectto magneticnorth. We usedboth ASC
andradardatato obtainthedimension®f individual PMAFs
andthe associatedlow channelsandto estimatethe veloc-
ity. Typical dimensionsare 40-120km in latitude and 400-
700kmin longitude,which agreeswith previousresults(e.g.
Sandholtetal., 1990).Thephasevelocity is betweerD.8 and
2.0km/s,andflow anglesbetween30®° and70° eastof mag-
neticnorth.

3.1.1 Applicationto radar data Figure7 shavs two exam-
plesof simulatedflow structuressuperimposedn a purely
eastvard (magnetichackgroundlow of 600m/s. This back-
groundflow is, in general differentfrom the flow within the
event. This meansthat the backgroundflow is not driven
by reconnectiorin the samelocation and by the samelMF
andsolarwind asfor the event. If it weredueto reconnec-
tion in the sameplace,thenthe IMF and/orsolarwind must
have changedsothattheflow produceds different.All field
lines reconnectedn the sameplaceto the samelMF/solar
wind would experienceghesamedorcesandundegothesame
patternof motion. The interplanetaryobsenations on this
day shaw no significantchangegseefigure 2) and so we
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Fig. 7. SimulatedHF radardatain geographicatoordinatesSeveral
magneticisolatitudesare shavn with solid paths.Panela: Single
flow channelPanelb: Two flow channels.

can eliminate that possibility The backgroundflow could
be driven by ongoingreconnectiorelsavhere on the mag-
netopausefor which the combinationof the tensionforce
andsheathflow is different(Lockwood et al., 1999). Alter-
natively, the flow could be associatedvith ongoingrecon-
nectionin thetail currentsheet(seeFox etal., 1994).

Thesimulationsarenotintendedo reproduceexactly the
radarsignaturesbut ratherto beabasisfor acomparisorbe-
tweenthe Southwodmodelandrealdata.Panela showvs the
flow dueto a single structure with a longitudinal extent of
500 km anddrifting with avelocity of 1.6 km/swith respect
to thebackgroundtornvectionin adirectionof 65° to the east
of magneticnorth. This examplewas chosento mimic the
flow situationat 06:48UT in figure 5. As expectedthe east-
ward andpolewardflow in the structureis detectedasnega-
tive flow in radardata. The returnflow outsidethe structure
is detectedas positive velocitiesat the east-and westward
edges.
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SincebothradarandASC datashav thepresencef more
thanonestructurein thef-o-v, it is necessaryo simulatethe
flow dueto atleasttwo structuresThiskind of simulationcan
indicatehow flow from oneinteractswith the flow from the
other Panelb shavstwo structuresatthesamdongitude. The
structureshave bothflow anglesof 40°, andthe polewardand
equatorvard structureshave velocitiesof 0.8 and 0.5 km/s
andlongitudinalextentsare600km and450km, respectiely.
Thistypeof situationcanbeobsenedat06:42and06:54UT.

We recall that the above quotedvelocitiesare given rel-
ative to the uniform 600 m/s eastvard backgroundvelocity.
Thelatitudinalextentof all thesimulatedstructuress 40 km,
buttheapparenextentis largerdueto theplasmacloudpush-
ing and pulling the incompressiblglasmasurroundingthe
structure.

4 Discussion
4.1 Simulatedlow

The simulatedflow in figure 7-a, basedon the Southwood
(1987) model for FTEs, reproduceshe main featuresex-
pectedthenegative (polewvard)flow in thecenterof theevent
and the positive (equatorvard) return flow at the edges.A
comparisorwith figure 5 shavs that the simulatedflow in-
tensitiesinside and outsidethe structureare similar to those
obsened in real data. The model canthus be judgedto be
successfuin predictingthe plasmaflow for anisolatedFTE.
However, thereare somedifferencesn the return flow be-
tweentherealandsimulateddatathatneedsomediscussion.

The intensity of the simulatedreturnflow at the eastern
edgeof the eventis of the sameorderasthe positive veloci-
tiesin therealdata,or only slightly higher However, thespa-
tial extentof the simulatedreturnflow is muchsmallerthan
in figure 5, for exampleat 06:48 UT whena relatively iso-
lated structureis obsenedat 75° MLAT (seethediscussion
in section2.4.2).One explanationmight be the deformation
of thereal eventswith time. The ASC imagesin figure4 be-
tween06:47and06:48UT shaw this deformation,apparent
in theleading(eastvard) partof the PMAF. This deformation
hasalsobeenreportedby otherauthors(e.g.Sandholtet al.,
1990,their figure 4b). The datain figure5 at 06:48UT indi-
catesaswell thatthe associatedlow channelis curved. This
deformationof the leadingedgeof the structurecanresultin
ahighervorticity, andthusa greaterequatorvardreturnflow
outsidetheflow channeitself.

Although the flow channeland the associatedauroral
structureat 06:48 UT arerelatively isolated,the neighbor
ing structuresmight affect the flow. Theexamplein figure 7-
b, inspiredby the 06:54UT velocity mapin figure 5, shovs
how thepresencef two structuresanaffectthe overall flow.
Sincetheionospherds consideredo beincompressiblethe
flow patternfrom onestructureaxtendsfar beyondthespatial
limits of thereconnectedux tube.However, it is clearfrom
thecomparisorbetweerthe simulationandthe 06:54UT ve-
locity mapthatthe simulationcannotreproducehe positive
velocity patchin the real data,neitherin size nor in inten-
sity. The spatialconfinemenbf the simulatedreturnflow is
suchthat it doesnot add up efficiently. It is also clearthat
the possiblecauseavokedabove for the smallerextentof the

returnflow in simulateddatais not capableof explainingthis
difference sootherreasonsnustbe sought.

Anotherdifferencebetweertherealandsimulatediow is
thereturnflow onthewestward edgeof the moving structure.
The simulatedflow shows a clearreturnflow while it is not
apparentn somemapsin figure5, for exampleat 06:42and
06:45UT. Oneof the limitations of the modelusedcanper
hapsexplainthisdifferencebetweenealandsimulatedeturn
flows, bothat the east-andwestward edgesof the flow chan-
nels.In our calculationsthe flow dueto an FTE wassimply
superimposean the backgroundcorvection. It is however
possiblethat the presencef FACs dueto the FTE modifies
the cuspandregion 1 currentsnearthe cusp.Figure8 is re-
producedrom Lockwoodetal. (1993a)(c.f. theirfiguresl-e
and1-f), andshavstheidealizedionospheridlow in theday-
side northernhemisphereduring B, < 0 andBy < 0 IMF
conditions.Figure 8-a shavs the flow and associatectusp
andregion 1 FACs beforea reconnectionevent, which has
just taken placein figure 8-b. The flow andthe positionsof
the FACsin figure 8-b arein agreementvith the Southwood
model. The region of red line auroralemissionsassociated
with newly openedield linesis shovn by the grey regionin
the figure. Within this region, the flow is mainly eastvard,
with a small northward componentThe equatorvard return
flow is showvnto beattheeastvardedgeof thestructure Both
thesefeaturesare detectedin the radardatain the present
study andwere alsosimulatedsuccessfullyHowever, there
is noequatorvardflow predictedonthewestsideof thestruc-
ture, unlike in our simulation,but in agreemenwith the ob-
senations.Theimportanceof thereturnflow onthe eastside
of the structurestemsfrom the factthatthe eastvard motion
of the nawly reconnectedlux tubesaffects mainly the flow
onclosedfield lines(e.qg.figure4 by Cowley, 1998).It is thus
not unlikely thatin the simulation,the superpositiorof the
FTEflow onthebackgroundorvectionis too simplistic,and
thatthe global changesf the FACsin the cuspregion have
to betakeninto account.Thatis however beyond the scope
of this paper

The simulationsare basedon patchesof newly-opened
flux thatarefixedin shapeAs pointedout earlier, thisis not
entirely consistentith the 630 nm emissionsshown in fig-
ure 4. The evolution of the shapeof the patchesof newly-
openedlux producedy areconnectiourstwasintroduced
by Cowley etal. (1991),andwasanessentiapartof theirthe-
oreticalpredictionof “cuspion steps”(LockwoodandSmith,
1992). Without this evolution, it is not possiblefor patches
of newly openedflux to be appendedlirectly to eachother
and so the contiguous,but stepped precipitationof sheath
ionsthatis obsenedwould not be possible In the next sec-
tion, we illustrate how changesn the shapeof the pattern
canqualitatively explain someof thedifferencedetweerthe
obsenedandsimulatedine-of-sightvelocities(shovniin fig-
ures5 and7, respectiely)

4.2 Flowsdueto a sequencef reconnectiorpulses

Cowley etal. (1991)have studiedthe evolution of a patchof
newly openedlux, andof theassociatedlow equipotentials,
following anisolatedpulseof reconnectionThey presented
this evolution for two cases,with small and large magni-
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a) 12 MLT

b) 12 MLT

Fig. 8. Figuresreproducedrom Lockwood et al. (1993a),shaving the ionosphericflow, cuspandregion 1 FACsin the daysidenorthern
hemispheraluring B; < 0 and By < 0 IMF conditions.The thick dashedine indicatesthe meming line. Figure a shavs the conditions
beforea reconnectiorevent. Figure b shavs the changein FACs and flow immediatelyafter reconnectionThe grey region in the figure

indicatesredline auroralemission.

06:48 UT

06:54 UT

06:51 UT

e e

Fig. 9. Schematiof the evolution of patchesf newly-openedflux (shadedyrey) andflow streamlineglineswith arrows) for certaintimes
shawvn in figure 5. Dashedines equatorvard of the open-closedoundary(indicatedwith athick line) shav wherethe new eventsareabout
to form, thosein the polar capshav old eventson which significantprecipitationhasceasedThe verticalline in eachplot is the meridian

scannedy the MSP

tudeof theIMF B, componentLockwoodetal. (1993b)and
Lockwood (1994) generalizedhe sequencdor small IMF
By to allow for a sequencef reconnectiorpulseswhich are
closerin time thanthe durationof the effects of each.The
datapresentechere are for large IMF |By| and the events
have a meanrepeatperiod of about4 minutes.Cowley and
Lockwood (1992) estimatethat the effects of eachrecon-
nectionpulsewill lastfor 15-20 minutesafter the pulsehas
ended.Thusthe eventsdiscussedereare forming long be-
fore the flows due to the prior event have subsidedand an
explanationof the obsered flows requiresa generalization
of the kind given by Lockwood (1994), but for large IMF
|By|. This is presentedn figure 9, which are schematidil-
lustrationsfor 4 instantscorrespondingo radarmapsin fig-
ure 5. In eachpanel,duskis towardsthe right and dawn to

the left andthe vertical line is the meridianscannecduy the
MSP Patchesof newly openflux areshadedyrey. The open-
closedfield line bounary(OCB), indicatedwith a thick line
in thefigure, is shiftedlocally equatorvard whereflux tubes
have recentlybeenreconnecteddashedinesequatorvardof
the OCB shown wherenewly-openedflux is shortlyto be pro-
ducedby areconnectiorpulse.Dashedines polewvard of the
OCB delineatgpatche®nwhich precipitationis fadingasthe
field linesareappendedo thelobe.

In orderto generateheseschematicsa numberof rules
have beenfollowed. The flow within eachpatchof newly-
openedflux is consistentwith the motion and distortionin
shapeof the event itself. Eventsmove rapidly zonally and
then progressiely polevard as the curvature force decays
and motion becomesslowver and dominatedby the magne-
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tosheathsheathflow (Lockwood et al., 1989, 1990). Flow
streamlinesrossnon-reconnecting‘adiaroic”) sggmentsof
the open/closedoundarywherethat boundaryis in motion
(SiscoeandHuang,1985).Ragionsinfluencedby morethan
onetransienteventgive flow thatis the superpositiorof the
flow patternsdue to eacheventindividually. Flow stream-
linesclosein loopsbecaus¢heionospherés incompressible.
The eventsarelabelledd-f accordingto the eventidentifica-
tion from the MSP data(cf. figure 3). The sameeventshave
beenlabellede-gby Lockwoodetal. (1999).Along the MSP
meridian,the patcheof newly openedlux evolve poleward,
as obsened in figure 3 for the PMAFs. Event sizes,onset
timesandlocationsarechoseno fit the radardatashowvn in
figure5. Flow directionsandspeednustalsomatchthosede-
rivedfrom theradardata.The ASC data(cf. figure4) hasalso
beenusedto estimatethe evolution of events.This dataper
mitted for exampleto deducethateventf wasonly partially
developedat 06:54 UT, but fully developedat 06:57UT. By
following theserules, it is possibleto arrive at the sequence
of eventsshawn in figure 9 thatmatchthe major featuresof
theMSPR, ASC andradardata.

A key differencebetweerthe“evolving patch”modelsof
Cowley etal. (1991),Lockwood et al. (1993a,b)and Lock-
wood(1994)andtheearliet, “rigid moving flux tube” models
of Wei andLee (1990)andLockwood(1991)is thatthelatter
do notconsidertthe developmentbf theopen-closedield line
boundary Therigid tubemodelswill necessarilydistortthis
boundaryup into everincreasinglycomplicatedfolds. The
evolving patchmodels,on the otherhand,allow this bound-
ary to maintaina simple (broadly L-shell aligned)form. In
thesemodels,the return flows expandwith time, suchthat
the open-closedoundarymigratesequatorvard at all local
times. This expansionwas directly obsened by Lockwood
etal. (1993b).Theneedfor this expansioris clearlyapparent
whenwe comparehedatain figure5 with the simulationsn
figure?7.

5 Summary and conclusions

In this paperwe have presented studyof simultaneousind
co-locateddatasetsfrom radarand optical instruments.n
general,thereis good spatial and temporalagreemenbe-
tween PMAFs and localized velocity enhancements the
radardata.lt is also shavn that the open/closedield line
boundaryasdeterminecdy the spectralwidth of theline-of-
sightradarvelocity, correspondsvell to the3 kR equatorvard
boundaryof the 630nm emission.

The analysisof the ASC and radar I-o-s velocity data
shaws that the velocity of the PMAFs is similar to the the
corvectionvelocity of theflow enhancementdetectedy the
radar This obsenation supportshe ionospheridlow model
putforwardby Southwod (1987).The existenceof equator
ward flow patchedn radardataindicatedalsoa returnflow
outsidea reconnectedlux tube,as modeledby Southwood
(1987). Theseobsenational factslead to the simulation of
this flow modelin radardata,usingthe resultsof Wei and
Lee(1990).

The simulatedflow shaws the generalcharacteristicof
thereal data:a flow channelassociatedavith the PMAF and
returnflow attheeast-andwestwardedgeof theevent.Some

of thedifferencedbetweerrealandsimulateddatacanbe ex-

plainedby thecompleity of realdatacomparedo themodel:

the temporaldeformationof the PMAFs,andmorethanone
structurecontributing to the flow. The globalmodificationof

FACsin thecuspregion couldexplaintheweakreturnflow at

the westward edgeof eventsandthe strongerthanexpected
returnflow attheeastvardedge The FAC modificationsdue
to the evolution of the shapeof the patchof newly-opened
flux and also associatedvith the expansionof the flow to-

wardsdavn and dusk, suchthat the open-closedoundary
maintainsasimple,relatively undistortedorm, areanimpor-

tantfactorfor understandinghe small scaleflow. Finally we

presentedschematicshbasedon obsenations,shoving how

the presenceof multiple structuresmodifies polevard and
equatorvardflows.
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