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Abstract. Dayside poleward moving auroral forms
(PMAFs) were detected between 06:30 and 07:00 UT
onDecember16,1998,by themeridianscanningphotometer
and the all-sky cameraat Ny Ålesund,Svalbard.Simulta-
neousSuperDARN HF radar measurementspermitted the
studyof the associatedionosphericvelocity pattern.A good
general agreementis observed betweenthe location and
movementof velocity enhancements(flow channels)andthe
PMAFs.Clearsignaturesof equatorwardflow weredetected
in the vicinity of PMAFs. This flow is believed to be the
signatureof a returnflow outsidethe reconnectedflux tube,
aspredictedby theSouthwood(1987)model.Thesimulated
signaturesof this model reproduceglobally the measured
signatures,and differenceswith the experimentaldatacan
be explainedby the simplificationsof the model.Proposed
schemesof theflow modificationdueto thepresenceof sev-
eralflow channelsandthemodificationof cuspandregion 1
field-alignedcurrentsat the time of sporadicreconnection
eventsareshown to fit well with theobservations.

Key words. Ionosphere(auroralionosphere,plasmaconvec-
tion) – Magnetosphericphysics (magnetopause,cusp and
boundarylayers)

1 Introduction

Duringperiodswhenthenorth-southcomponentof theinter-
planetarymagneticfield (IMF) is negative,a commonsigna-
tureobservedbymeridianscanningphotometersaroundnoon
arethepolewardmoving auroralforms(PMAFs)(e.g.Sand-
holt et al., 1990).Thesestructureshavebeenidentifiedasthe
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ionosphericsignatureof sporadicreconnectionat the mag-
netopause,betweeninterplanetaryand magnetosphericflux
tubes.

Oncereconnected,theflux tubesaredraggedthroughthe
ambientplasmaunderthemagnetictensionforcedueto the
strongfield line curvature.Southwood (1987)hasproposed
a qualitative model of the ionosphericplasmaflow in and
arounda reconnectedflux tube. In the model,field-aligned
currents(FACs)flow down onesideof the flux tubeandup
theother. Thecurrentclosureis achievedby horizontalPed-
ersencurrentsin the ionosphere.The correspondingplasma
flow exhibits a twin-vortex pattern,the ambientplasmabe-
ing drivenfrom the front to the backof the tube.Using this
model,severalauthors(McHenryandClauer,1987;Wei and
Lee,1990;Lockwood,1991;Chastonet al., 1993)havequan-
titatively modeledtheconvectionvorticesassociatedwith the
motion of the flux tube,and the groundmagnetometersig-
natureof theassociatedcurrentsystem.Thesesignaturesare
highly variable,dependingonthepositionof themagnetome-
ter andthecharacteristicsof theconvectingflux tube.Chas-
tonet al. (1993)concludedthatareconnectionsignaturecan-
not be identifiedon thebasisof singlemagnetometerobser-
vationsand that a stationarray is at leastnecessary. Farru-
gia et al. (1989)showed that travelling convectionvortices
inducedby solarwind pressurepulses,couldmimic themag-
netometersignaturespredictedfor an isolatedcircular con-
vectingflux tube.

Whenobservedwith anHF radar, reconnectedflux 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 componentof the interplanetarymagnetic
field (IMF) andthendrifts poleward. Its phasevelocity (de-
ducedfrom the drift of the event asa whole) is equalto, or
of the sameorderas,the flow velocity, aspredictedby the
Southwoodmodel.In a casestudy, Milan et al. (1999)have
alsoshown theco-locationof flow channelsandPMAFs. In
thestudiesmentionedabove, thepredictedreturnflow of the
ambientplasmain the vorticeshas beenelusive, although
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Pinnocket al. (1993)reportedon datathat indicatethepres-
enceof return flow. Lockwood et al. (1990) inferred from
magnetometerdata that weak return flow existed on either
side of a flow channelobserved using the EISCAT radars.
Recently, Sandholtet al. (1999)alsousedmagnetometersto
show theexistenceof returnflow on theequatorwardsideof
aPMAF, observedwith Svalbardopticalinstruments.As this
returnflow is anessentialpartof theSouthwood(1987)flow
model,thestudyof its presenceandcharacteristicsareimpor-
tantfor theunderstandingof FTEflow patternsandreconnec-
tion models.Lockwood et al. (1990)andLockwood (1991)
notedthattheratioof thepeakreturnflowsto theeventphase
velocitywassetby theratioof theeventdimensionalongand
perpendicularto the directionof eventmotion.The low val-
uesof this ratio (i.e. weak returnflows) for eventsmoving
longitudinallywerein agreementwith theextendedlongitu-
dinal dimensionof theflow channels.

In this paper, we report on a casestudy of simultane-
ous observationsof PMAFs and flow channelson Decem-
ber16,1998,between06:30and07:00UT. Two papershave
alreadybeendevotedto the study of the sametime period.
McCreaet al. (1999)have describedthe large-scaleflow for
the06:00- 09:00UT period.Lockwoodet al. (1999)studied
the small scalethermodynamicstructurein the ionosphere
between06:30and07:05UT, usingmainly theESRradarin
Svalbardand the Ny Ålesundmeridianscanningphotome-
ter. Thepresentwork is aimedat studyingthedetailedsmall
scaleconvectionin andaroundthe flow channels.We com-
paretheseobservationswith a simulationof the Southwood
(1987)modelof incompressibleflow arounda reconnected
flux tube,which we superimposeon large-scaleconvection
arisingfrom anothersourceof flow.

2 Observations

2.1 Instrumentation

The CUTLASS HF radarat Hankasalmi,Finland (62.3
�
N,

26.6
�
E) is a part of the extendednetwork of HF radars

called SuperDARN (Super Dual Auroral Radar Network)
(seeGreenwald et al., 1995, for further description).The
radarsmeasureline-of-sight(l-o-s) plasmaflow velocitiesin
the E andF-regionsof the ionosphere.The field-of-view of
theFinlandradaris roughlycenteredover Svalbard(seefig-
ure 1). On December16, 1998, the Finland radarwas op-
eratedin a specialmodeallowing a high time resolutionon
threeof thesixteenpossiblebeamdirections(beams5, 7, 9),
togetherwith a nearly completel-o-s velocity map (beams
1 to 14) every threeminutes.Beam7, which hasthe high-
est time resolution(10 seconds),is directedtowardsmag-
neticnorth.While completingthefull map(which takesone
minute), the high resolutionis maintainedon beam7. The
SuperDARN radardataarepresentedin bothgeographicand
AACGM geomagneticcoordinates(altitude-adjustedCGM
coordinates)(seeBaker andWing, 1989).

Optical observations have beenobtainedfrom two in-
strumentsat Ny Ålesund,Svalbard,situatedat 78.9

�
N and

11.9
�
E in geographicalcoordinates(76

�
magneticlatitude).

The meridian scanningphotometer(MSP) is orientedap-
proximatelyalongthemagneticmeridianandfollowsclosely
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Fig. 1. TheinstrumentalarrangementaroundSvalbard.Thefield of
view of theFinlandSuperDARN radarisdelimitedby thethick solid
lines.High resolutionbeams7 and9, aswell asthe low resolution
beam12,areshown with longdashes.Thesolid line centeredonNy
Ålesund(NAL) indicatesthe beamof the meridianscanningpho-
tometer. Severalzenithanglesareshown in thefigure.Theextreme
limit of the Ny Ålesundall-sky camerais shown with the dashed
circle.

beam9 of the Finland radar. The MSP has an 18 second
resolutionon 4 wavelengths,but only the red line (630 nm)
emissionwill be usedin this paper. TheNy Ålesundall-sky
camera(ASC) hasa 2 secondintegrationtime,andprovided
imagesevery minute of the 630 nm emissionin the period
studied.

Datafrom theWind satelliteis usedto obtaininformation
on the interplanetarymagneticfield and the dynamicpres-
sure.During the period understudy, the spacecraftwas on
themorningsideof themagnetosphere,approximatelyat (X,
Y, Z) = (4, -26,24)RE in GSM coordinates.

2.2 Solar wind conditions

Figure2 shows the IMF andthesolarwind dynamicalpres-
suremeasuredby Wind during the 06:00 to 08:00 UT pe-
riod. The periodunderdiscussionin this paperis the fairly
steadyperiodbetween06:22 and07:30 UT, but specialat-
tention is given to the 06:30-07:00UT period,indicatedby
verticallinesin thefigure.This time interval is characterized
by negativeBz andBy, afteraperiodof positiveBz. Thesolar
wind pressurewasrathersteadybetween2 and3 nPa,with a
meanvalueat around2.3 nPa. The delaybetweenthe Wind
spacecraftandtheionosphereis only a few minutes,thepre-
cisevaluebeingof noconsequencefor theanalysisdiscussed
in thispaper.

2.3 Optical data

2.3.1 Meridian scanning photometer Figure 3 shows the
MSPredline (630nm) auroralemissionsbetween06:30and
07:00UT. Zenith anglessouthward of the stationare in the
lower half of the figure, and are shown with negative val-
ues in figure 1. During this period, the large scaleauroral



A. Thorolfssonet al.: Simultaneousopticalandradarsignaturesof PMAFs 3

06:00� 06:30� 07:00� 07:30� 08:00�
UT − hours

2

4

     
−10

−5

0

5

10     

−10

−5

0

December 16, 1998

     

−5

0

5

W
in

d
P

 (
nP

a)
W

in
d

B
z 

(n
T

)�

W
in

d
B

y 
(n

T
)�

W
in

d
B

x 
(n

T
)�

Fig. 2. IMF componentsBx, By andBz (in GSM coordinates)and
the dynamicpressureof the solarwind. The periodunderstudy is
delimitedby thetwo vertical lines.

structureshows an equatorward motion of the auroraloval,
which is consistentwith the southward turning of the IMF
(e.g. Sibeck,1994, and referencestherein).McCrea et al.
(1999)deducedalso this motion from EISCAT andground
magnetometerdata.Anotherlargescalevariationis thepro-
gressiveintensificationof themeanauroralintensityobserved
astheoval drifts equatorward.A clearfeaturein thedataare
the strongbrighteningsthat move poleward for a few min-
utesbeforedisappearing(indicatedbywhitearrowsin thefig-
ure).Theseindicatethepresenceof polewardmoving auroral
forms(PMAFs)of thetypedescribedby severalauthorsand
usuallyobservedaroundnoonundersimilar IMF conditions
(e.g.Sandholtet al., 1990;Denig et al., 1993;Moen et al.,
1995).Thestrongbrighteningsafter06:45UT areclearlyas-
sociatedwith anequatorwardshift of theauroralequatorward
boundary, a featurepreviouslyreportedfor PMAFsandasso-
ciatedwith pulseddaysidereconnection(e.g.Sandholtet al.,
1998b,andreferencestherein).In the06:40to 07:00UT pe-
riod, six poleward moving brighteningscanbe detected,re-
ferredto by the lettersa to f in thefigure.This givesa mean
repetitionperiodof about4.0 minutes,which is of the same
orderasfor previously reportedPMAFs(e.g.Sandholtet al.,
1990,1998b).

A closerinspectionof the poleward moving intensifica-
tionsshows thatmany of themappearto bemadeof several
sub-structures,indicatedby arrowsandreferredto by indices.
This is particularlyclearfor eventsd ande. The meansub-
structurerepetitiontime in theseintervalsis 80-120seconds.
This rebrighteninghaspreviously beenreportedfor PMAFs
(e.g.Faselet al., 1992,1994).Accordingto their study, the
delaybetweensuccessivebrighteningsis typically 1.5-4min-

utes,which agreeswell with the datapresentedhere.Fasel
et al. (1993)proposethat the rebrighteningis dueto patchy
multiple X-line reconnection(Leeet al., 1993).Lysaket al.
(1995)notethat thedelayis similar to theAlfv énwave tran-
sit time betweenthe magnetopauseandthe ionosphere,and
suggestthat the successive brighteningsmight be dueto an
Alfv énbounceeffect.Recently, Lockwoodet al. (1999)pro-
posedanew schemefor thisrebrightening.They suggestthat,
after the initial brightening,the increasedrate of recombi-
nation,due to combinedeffects of high ion flow velocities
andJouleheatingin a PMAF, leadsto a decreasein auroral
emissions.As thevelocity of theflow channeldecreases,the
cusp/cleftprecipitationreestablishestheplasmadensity, and
auroralactivity increasesagain.

2.3.2 All-sky camera Figure4 shows two sequencesof all-
sky cameraimagesobtainedduring the periodswhen clear
signatureswererecordedwith the MSP (06:46to 06:48UT
and06:50to 06:53UT). For easiercomparison,the approx-
imate directionsof the MSP and radarbeams7 and 9 are
shown at 06:48UT. Both camerasequencesshow east-west
(in magneticcoordinates)aligned auroralstructureswhich
formedbetween0

�
and10

�
E (shown with arrows) andthen

moved eastward and northward beforedisappearingafter a
few minutes.In theearliersequence,therearealsotwo large
auroralstructuresin the easternpart of the f-o-v (between
20
�
Eand40

�
E) thatmovepolewardanddisappear. In thesec-

ond sequence,the sharplydefinedauroralform between0
�

and10
�
E blendsin with highly structuredaurorathatmoves

mainly poleward.At the time of the ASC scans,the region
between0

�
and10

�
E correspondsapproximatelyto 8 MLT.

Theoccurrenceof PMAFsatsuchearlyhoursmightbesome-
whatsurprising,but it is however in agreementwith previous
observationsfor similar IMF conditions(e.g.Sandholtet al.,
1998a,andreferencestherein).

A comparisonbetweenASCandMSPopticaldatashows
that the isolatedeastward moving structureobserved in the
ASC field of view between06:46 and 06:48 UT is clearly
detectedasa poleward moving form in the MSP data.The
latter sharplydefinedstructure(c.f. figure 4-d) is also de-
tectedwith the MSP, but asa part of a larger auroralevent.
The observed eastward direction of motion is expectedfor
PMAFs eventsin themorningsectorfor the prevailing IMF
conditions(

�
y ��� ), aspreviously mentioned.Thesestruc-

tureshave thusall the characteristicsof PMAFs andcanbe
attributedto magneticreconnection.

The individual auroralstructuresobservedwith theASC
in figure 4 show somewhat different eastward (magnetic)
movement.For example,figures 4-b to 4-c show that the
thin auroral form centeredon 10

�
E drifts essentiallyeast-

ward while the two larger structuresbetweenabout 20
�
E

and40
�
E drift mainly poleward.This observationcanbeex-

plainedby magnetictensionconsiderations(Heelis,1984).
For thepresentIMF configuration,aflux tubereconnectedat
the magnetopausefar from noonhasgreatercurvaturethan
onereconnectedcloserto noon,andthusa highermagnetic
tension(e.g. the schematicin figure 7 in Lockwood et al.,
1999).For two separateflux tubes,the onereconnectedfar-
ther from noonon themorningsidedrivesa highereastward
flow, which translatesalsointo a greatereastwarddrift.
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Fig. 3. Ny ÅlesundMeridianScanningPhotometermeasurementsfor the630nm wavelength.Zenithanglesin thebottomhalf of thefigure
aresouthwardof thestation.Thewhitearrows indicatepolewardmoving auroralforms(labelleda to f) andtheir substructures(labelledwith
indexes).Magneticlatitudes(assuminganemissionaltitudeof 250km) areshown to theright.

2.4 HF radardata

2.4.1 General convectioncharacteristics The first panelin
figure5 showstheFinlandradarl-o-svelocitymapmeasured
at 06:30UT. The datais presentedin geographicalcoordi-
natesfor easiercomparisonwith ASCdata,but magneticlat-
itude contoursare also shown (solid lines). The 06:30 UT
time periodis chosento describethelarge-scaleplasmaflow
for negative IMF Bz whenno PMAFs are observed. Nega-
tive velocitiesareobserved in the easternmostbeams,while
positive velocitiesareobserved on the westernbeams.This
is consistentwith aneastwardlarge-scaleflow, ascanbeex-
pectedfor theprevailing IMF conditions(negativeBy) in the
morningsideof theionosphere(seealsotheanalysisby Mc-
Creaet al. (1999)).On the average,the transitionbetween
positiveandnegativevelocitiesbetween06:30and07:00UT
is observed on beam6, which is directed30 west of mag-
neticnorth.This indicatesthat thelarge-scaleplasmaflow is
almostpurely longitudinal.This flow is alsoconsistentwith
themagnetometerdatadescribedby McCreaetal. (1999).

Figure5 shows alsoa sequenceof mapsbetween06:42
and07:00UT, in aperiodwhenmany PMAFswereobserved
with theMSP(c.f. figure3). Thecomparisonwith themapat

06:30UT shows that thereis considerablymorestructurein
the flow whenPMAFsarepresent.The high-speednegative
flow (orangeandredcodedvelocities)aresimilar to theflow
channelstructurespreviously observed (e.g. Pinnocket al.,
1995;Provan et al., 1998;Milan et al., 1999).The positive
(equatorwardand/orwestward)flow detectedin theeastern-
mostbeamsindicatesvorticity in theconvectionandis remi-
niscentof thereturnflow outsidea reconnectedflux tube,as
modeledby Southwood(1987).Thesepolewardandequator-
wardflow structuresarestudiedin greaterdetailbelow.

Figure6 shows theline of sight(l-o-s) velocity measured
on two of the high-resolutionbeams(beams7 and 9), and
beam12, as a function of magneticlatitude (MLAT) and
universaltime. Geographiclatitude(GLAT) is shown on the
right verticalaxis.Beam9 displaysenhancednegative(pole-
ward) flow velocities (flow channels),most of them mov-
ing poleward along the radarbeam.Assumingan emission
altitude of 250 km for the red line, the position of several
MSP observationshave beenreportedon the middle panel
(beam9) in figure6. The solid lines representestimatedfits
(fits-by-eye)to redline emissionintensities.Thiscomparison
shows thateachflow channelin radardatais associatedwith
a PMAF observedwith theMSP, which confirmsrecentsim-
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Fig. 4. Redlight all-sky cameraimagesfrom Ny Ålesundbetween06:46to 06:48UT and06:51to 06:53UT. The630nmaurorais projected
to 250 km. Auroral forms areseento form at the westernedgeof the backgroundauroraandmove eastward andpoleward (shown with
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Fig. 5. Radardataon December16, 1998,in geographicalcoordinates.The l-o-s velocity is color coded,negative velocity indicatingflow
away from the radarandpositive velocity indicatingflow towardsthe radar. Several magneticisolatitudesareshown with solid lines.The
MSPandbeam9 line-of-sightsareshown with solidanddashedlines,respectively.

ilar observationsby Milan et al. (1999).Theseauthorshave
shown a goodco-localisationof flow channelsandPMAFs,
but we cannotdeducefrom the presentdatawhetherthese
two signaturesareperfectlyco-localisedor not.Thisproblem
arisesmainly from incertaintiesin thegeographicalmapping
of both the auroralandradardata,which in turn arerelated
to theincertaintyin theemissionaltitudeof theredline emis-

sionandthealtitudeof theradarbackscatter. Anotherfactoris
theeventpropagationtimefrom theMSPmeridianto beam9.
However, astwo selectedflow channeleventsarediscussed
in detailbelow, weshow thattheirsizeandbehavior is similar
to thatof theassociatedPMAFs.

Superimposedon the velocity diagram,the dashedline
in the middle panelof figure 6 (beam9) shows the low lat-
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Fig. 6. Line-of-sightvelocity from theFinlandSuperDARN radarfor beams7, 9 and12.Thedatais shown in magneticlatitudeasa function
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mappedassuminganemissionaltitudeof 250km. Thesolid linesin beam12datashow fits-by-eye to theglobalstructureof threePMAFsin
MSPdata.
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itude limit of large spectralwidth (larger than 150 m/s) in
radardata.This limit betweennarrow andwide HF spectra
hasbeenshown to indicatethepositionof theseparatrixbe-
tweenclosedandopenedfield linesin thecusp(Baker et al.,
1997;Pinnocketal., 1999).This limit correlatescloselywith
thelow latitudeboundaryof theredline emissionsatthelevel
of 3 kR (shown by thedottedline), after theinitial periodof
equatorwarddrift of theauroralemission.A similar correla-
tion hasbeenobserved by Milan et al. (1999)betweenthe
1.5 kR low latitude limit and the 10 dB backscatterpower.
Theseresultsindicatea strongrelationshipbetweenoptical
intensityandpropertiesof HF radardata.Thedatain beam9
show alsothat the velocity flow channelsareinitiated close
to the equatorwardedgeof 630 nm dominantaurorabefore
propagatingpoleward.

2.4.2 06:47 UT event The ASC sequencefrom 06:46 to
06:48UT (c.f. figure4) showsthedevelopmentof athin arcat
around100 E, elongatedin the magneticeast-westdirection.
Thearcmovesmainly eastwardwith a phasevelocity of the
orderof 1.9 km/s. Between06:47and06:48UT, the shape
of the arc changesfrom linear to beingcurved, indicatinga
northwardmotionof thecentralpartof thearc.

Theassociatedflow channelis observedonbeam9 of the
HF radarbetween06:46and06:47:30UT. The precisetime
of the startof the flow channelcannotbe stated,becauseof
the lower resolutiondueto the scanningover the full setof
radarbeamsbetween06:45and06:46UT. Theflow channel
is mainlyabsentin beam7, althoughsomesignaturesarede-
tectedat 740 -750 MLAT between06:47and06:48UT. This
is consistentwith thelimited longitudinalrangeof northward
motion deducedfrom the ASC data(observed mainly east-
wardof beam7 in figure4), but mayalsobebecausetheflow
is closeto beingperpendicularto thebeam.Duringtheevent,
theradialvelocitymeasuredonbeam9 is about1.2-1.3km/s.
If oneassumesthatthe1.9km/sphasevelocity, deducedfrom
the ASC data,representsalso the velocity in the associated
flow channel,thenthenorthward(magnetic)velocitycompo-
nentis about1.0km/s.

The MSP optical dataassociatedwith this event are the
redline emissionsbetween06:46:30and06:48UT (eventd�
in figure3). Thecomparisonof opticalandradardatain the
middle panelof figure 6 show that there is a slight delay
(about1 minute)from theflow channelobservedby theradar
andtheMSPobservations.

Judgingfrom the ASC imageat 06:47 UT, the dimen-
sionsof this isolatedstructureareabout40km in latitudeand
400 km in longitude,which agreeswell with previous ASC
observations(e.g. Sandholtet al., 1990). This corresponds
alsowell to the dimensionsof the flow channelobserved in
thevelocity mapat 06:48UT (c.f. figure5) in beams7-10at
around750 MLAT.

2.4.3 06:52 UT event The l-o-s velocities in beam7 (top
panel in figure 6) show a small flow channelobserved be-
tween06:51:30and06:52:30UT, indicatedby a solid line.
Thesameeventis observedabout80secondslateronbeam9,
at a higherlatitude(bothmagneticandgeographic).At these
latitudes,beams7 and9 areabout100 km/s wide, and the

distancebetweenthe centerof beams7 and9 is thusabout
200km. Thedelaybetweentheeventdetectionon thesetwo
beamsindicatesan eastward (magnetic)phasevelocity of
about2.4km/s.However, theflow localizationwithin a radar
cell of measureis not precise,sothis valuecanonly beused
asan indicatorof the eastward phasevelocity. The flow ve-
locitiesof this eventcanbededucedfrom thel-o-s velocities
measuredon beams7 and9. They yield a northward (mag-
netic)componentof 1.0km/sandaneastwardcomponentof
1.8 km/s,similar to thatobtainedin section2.4.2.The east-
ward flow velocity is comparableto the 2.4 km/s eastward
phasevelocity, whichsupportstheSouthwoodflow model.

The MSP optical dataassociatedwith this event arethe
intensered line emissionsbetween06:51 and 06:53 UT
(event e� in figure 3). This intensificationis a substructure
of a long-lastingauroraleventstartingat06:49UT. TheASC
sequenceof imagesbetween06:51 and 06:53 UT (c.f. fig-
ure4) show thepolewardandeastwardmotionof a thick arc,
in agreementwith this picture. The small delay (less than
1 minute) betweenthe MSP event and the flow channelis
consistentwith theeastwardmotionof thestructurefrom the
MSPmeridianto beam9 (c.f. figures1 and4). Otherevents
show a lag that is similar (event e	 ) or even less(eventse�
andf). Only eventd � showsaninversedlag,asalreadymen-
tioned.

2.4.4 Returnflow velocities Thedatadiscussionin thepre-
cedingsectionsshowed the relatively goodcorrespondence
betweenPMAFsdetectedin theopticaldata(MSPandASC)
andflow channelsin radardata(polewardandeastward ve-
locities). The radarvelocity mapsin figure 5 show alsothe
presenceof patchesof equatorwardand/orwestwardveloci-
ties in the vicinity of the flow channels,which indicatesthe
presenceof thereturnflow, asmodeledbySouthwood(1987).
This possibilityis analyzedbelow.

The bottom panel in figure 6 shows the radar data in
beam12, which is to the eastof beam9 (c.f. figure 1). Al-
thoughthe temporalresolutionis low (onescanevery three
minutes),the patchesof positive flow yield importantinfor-
mation.Thedatabetween06:39and07:00UT show clearly
that the positive flow patchesshift equatorward with time,
following thegeneralmovementof theequatorwardred line
boundary. The flow intensity increasesalso with time, ex-
actlyastheredline auroralintensity. After 07:00UT, PMAFs
moveessentiallyeastwardthroughtheMSPmeridian(c.f. the
discussionin Lockwoodetal., 1999,andtheirfigure1).From
that samemoment,the positive flow patchesdisappearfrom
thedatain beam12 (not shown). Theseobservationssuggest
a relationbetweenthepositiveflow andthePMAFs.

To test this further, the global structure(not individual
sub-structres)of three630 nm PMAFs hasbeenplottedon
thebeam12 data(eventsd, e andf, shown with solid lines).
The auroraland radardatacomparisonshows that thereis
excellentagreementbetweenthe latitudeof theequatorward
edgesof the PMAFs andthe positive l-o-s velocity patches.
Both show alsoa similarequatorwardshift with time.

WhencomparingthePMAF to theradardata,onehasto
bear in mind that beam12 is about300 km to the eastof
the MSP meridianandthat the time resolutionon beam12
is poor, sincethedatais acquiredonceevery 3 minutes.It is



A. Thorolfssonet al.: Simultaneousopticalandradarsignaturesof PMAFs 9

thusto be expectedthat therebe somedelaybetweenMSP
andbeam12 data.If examinedcarefully, the beam12 data
show threepolewardprogressionsof flow patchesin thepe-
riod between06:48and07:00UT. Thepolewarddrift of these
patchesis muchslowerthanthatof theindividualPMAF sub-
structuresplottedontobeam9 data,but it compareswell with
thatof theglobalPMAF structures.This strengthensfurther
the ideaof a relationshipbetweenthe PMAFs andthe pos-
itive velocity patches.Theseflow patchescould thusbe the
signaturesof the returnflow outsidereconnectedflux tubes,
in agreementwith theSouthwood(1987)model.To examine
this hypothesis,we simulatedthis modeledflow in thefield-
of-view of theFinlandSuperDARN radar.

3 Simulated signaturesof a reconnectedflux tube

3.1 Quantificationof theSouthwoodmodel

Wei andLee (1990)andLockwood (1991)have proposeda
quantitativeionosphericconvectionmodelfor FTEs,inspired
by the Southwood model.This convectionmodel supposes
a two-dimensionalionospherewith uniform conductivity. At
the footprint of the reconnectedflux tubein the ionosphere,
they supposean uniform elliptical plasmacloud that travels
throughtheambientplasmaastheflux tubeis pulledby mag-
netic tension.As in theSouthwoodmodel,theflow velocity
insidethecloudis thesameasthephasevelocityof thecloud
itself. The flow is divergence-freeeverywhere,curl-freeex-
ceptat thecloudborder, andzeroat infinity.

The resultsof Wei andLee (1990)canbe usedto calcu-
latethetheoreticalionosphericflow resultingfrom anFTEas
detectedby SuperDARN radars.As the radarsmeasurethe
l-o-s velocity component,the calculatedvelocity vectorhas
to beprojectedontothel-o-s of eachradarbeam.

Therearefour freeparametersin theWei andLee(1990)
model: the cloud extension in latitude and longitude, the
phasevelocityof thecloudandthedirectionof motion(flow
angle)with respectto magneticnorth. We usedboth ASC
andradardatato obtainthedimensionsof individualPMAFs
andthe associatedflow channels,andto estimatethe veloc-
ity. Typical dimensionsare40-120km in latitudeand400-
700km in longitude,whichagreeswith previousresults(e.g.
Sandholtetal., 1990).Thephasevelocity is between0.8and
2.0km/s,andflow anglesbetween300 and700 eastof mag-
neticnorth.

3.1.1 Applicationto radar data Figure7 shows two exam-
plesof simulatedflow structures,superimposedon a purely
eastward(magnetic)backgroundflow of 600m/s.Thisback-
groundflow is, in general,differentfrom theflow within the
event. This meansthat the backgroundflow is not driven
by reconnectionin the samelocationandby the sameIMF
andsolarwind asfor the event. If it weredueto reconnec-
tion in thesameplace,thentheIMF and/orsolarwind must
have changedsothat theflow producedis different.All field
lines reconnectedin the sameplaceto the sameIMF/solar
wind wouldexperiencethesameforcesandundergothesame
patternof motion. The interplanetaryobservationson this
day show no significant changes(seefigure 2) and so we
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(b) Two simulatedflow channels

Fig. 7.SimulatedHF radardatain geographicalcoordinates.Several
magneticisolatitudesare shown with solid paths.Panel a: Single
flow channel.Panelb: Two flow channels.

can eliminate that possibility. The backgroundflow could
be driven by ongoingreconnectionelsewhereon the mag-
netopause,for which the combinationof the tensionforce
andsheathflow is different(Lockwoodet al., 1999).Alter-
natively, the flow could be associatedwith ongoingrecon-
nectionin thetail currentsheet(seeFox et al., 1994).

Thesimulationsarenot intendedto reproduceexactly the
radarsignatures,but ratherto beabasisfor acomparisonbe-
tweentheSouthwoodmodelandrealdata.Panelashows the
flow dueto a singlestructure,with a longitudinalextent of
500km anddrifting with a velocity of 1.6 km/swith respect
to thebackgroundconvectionin adirectionof 650 to theeast
of magneticnorth. This examplewas chosento mimic the
flow situationat 06:48UT in figure5. As expected,theeast-
wardandpolewardflow in thestructureis detectedasnega-
tive flow in radardata.The returnflow outsidethe structure
is detectedas positive velocitiesat the east-and westward
edges.
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SincebothradarandASCdatashow thepresenceof more
thanonestructurein thef-o-v, it is necessaryto simulatethe
flow dueto at leasttwo structures.Thiskind of simulationcan
indicatehow flow from oneinteractswith the flow from the
other. Panelb showstwostructuresatthesamelongitude.The
structureshavebothflow anglesof 40

�
, andthepolewardand

equatorward structureshave velocitiesof 0.8 and 0.5 km/s
andlongitudinalextentsare600kmand450km,respectively.
This typeof situationcanbeobservedat06:42and06:54UT.

We recall that the above quotedvelocitiesaregiven rel-
ative to the uniform 600 m/s eastward backgroundvelocity.
Thelatitudinalextentof all thesimulatedstructuresis 40km,
but theapparentextentis largerdueto theplasmacloudpush-
ing and pulling the incompressibleplasmasurroundingthe
structure.

4 Discussion

4.1 Simulatedflow

The simulatedflow in figure 7-a, basedon the Southwood
(1987) model for FTEs, reproducesthe main featuresex-
pected:thenegative(poleward)flow in thecenterof theevent
and the positive (equatorward) return flow at the edges.A
comparisonwith figure 5 shows that the simulatedflow in-
tensitiesinsideandoutsidethestructurearesimilar to those
observed in real data.The model can thus be judgedto be
successfulin predictingtheplasmaflow for anisolatedFTE.
However, thereare somedifferencesin the return flow be-
tweentherealandsimulateddatathatneedsomediscussion.

The intensityof the simulatedreturnflow at the eastern
edgeof theevent is of thesameorderasthepositive veloci-
tiesin therealdata,or only slightly higher. However, thespa-
tial extentof the simulatedreturnflow is muchsmallerthan
in figure 5, for exampleat 06:48UT whena relatively iso-
latedstructureis observedat 75

�
MLAT (seethediscussion

in section2.4.2).Oneexplanationmight be the deformation
of therealeventswith time.TheASC imagesin figure4 be-
tween06:47and06:48UT show this deformation,apparent
in theleading(eastward)partof thePMAF. Thisdeformation
hasalsobeenreportedby otherauthors(e.g.Sandholtet al.,
1990,their figure4b).Thedatain figure5 at 06:48UT indi-
catesaswell that theassociatedflow channelis curved.This
deformationof theleadingedgeof thestructurecanresultin
a highervorticity, andthusa greaterequatorwardreturnflow
outsidetheflow channelitself.

Although the flow channeland the associatedauroral
structureat 06:48 UT are relatively isolated,the neighbor-
ing structuresmight affect theflow. Theexamplein figure7-
b, inspiredby the06:54UT velocity mapin figure5, shows
how thepresenceof two structurescanaffect theoverallflow.
Sincethe ionosphereis consideredto be incompressible,the
flow patternfrom onestructureextendsfarbeyondthespatial
limits of thereconnectedflux tube.However, it is clearfrom
thecomparisonbetweenthesimulationandthe06:54UT ve-
locity mapthat thesimulationcannotreproducethepositive
velocity patchin the real data,neitherin sizenor in inten-
sity. The spatialconfinementof the simulatedreturnflow is
suchthat it doesnot addup efficiently. It is also clear that
thepossiblecauseevokedabovefor thesmallerextentof the

returnflow in simulateddatais notcapableof explainingthis
difference,sootherreasonsmustbesought.

Anotherdifferencebetweentherealandsimulatedflow is
thereturnflow onthewestwardedgeof themoving structure.
The simulatedflow shows a clearreturnflow while it is not
apparentin somemapsin figure5, for exampleat 06:42and
06:45UT. Oneof the limitationsof themodelusedcanper-
hapsexplainthisdifferencebetweenrealandsimulatedreturn
flows,bothat theeast-andwestwardedgesof theflow chan-
nels.In our calculations,theflow dueto anFTE wassimply
superimposedon the backgroundconvection. It is however
possiblethat the presenceof FACsdueto the FTE modifies
the cuspandregion 1 currentsnearthe cusp.Figure8 is re-
producedfrom Lockwoodetal. (1993a)(c.f. theirfigures1-e
and1-f), andshowstheidealizedionosphericflow in theday-
sidenorthernhemisphereduring Bz

��� andBy
��� IMF

conditions.Figure 8-a shows the flow and associatedcusp
and region 1 FACs beforea reconnectionevent, which has
just taken placein figure 8-b. The flow andthe positionsof
theFACsin figure8-b arein agreementwith theSouthwood
model.The region of red line auroralemissionsassociated
with newly openedfield linesis shown by thegrey region in
the figure. Within this region, the flow is mainly eastward,
with a small northwardcomponent.The equatorward return
flow is shown to beattheeastwardedgeof thestructure.Both
thesefeaturesare detectedin the radardata in the present
study, andwerealsosimulatedsuccessfully. However, there
is noequatorwardflow predictedonthewestsideof thestruc-
ture,unlike in our simulation,but in agreementwith theob-
servations.Theimportanceof thereturnflow on theeastside
of thestructurestemsfrom thefact that theeastwardmotion
of the newly reconnectedflux tubesaffectsmainly the flow
onclosedfield lines(e.g.figure4 by Cowley, 1998).It is thus
not unlikely that in the simulation,the superpositionof the
FTEflow onthebackgroundconvectionis toosimplistic,and
that the global changesof the FACs in the cuspregion have
to be taken into account.That is however beyond the scope
of this paper.

The simulationsare basedon patchesof newly-opened
flux thatarefixedin shape.As pointedout earlier, this is not
entirely consistentwith the 630nm emissionsshown in fig-
ure 4. The evolution of the shapeof the patchesof newly-
openedflux producedby areconnectionburstwasintroduced
by Cowley etal. (1991),andwasanessentialpartof theirthe-
oreticalpredictionof “cuspion steps”(LockwoodandSmith,
1992).Without this evolution, it is not possiblefor patches
of newly openedflux to be appendeddirectly to eachother
and so the contiguous,but stepped,precipitationof sheath
ions that is observedwould not bepossible.In the next sec-
tion, we illustrate how changesin the shapeof the pattern
canqualitatively explainsomeof thedifferencesbetweenthe
observedandsimulatedline-of-sightvelocities(shown in fig-
ures5 and7, respectively)

4.2 Flowsdueto a sequenceof reconnectionpulses

Cowley et al. (1991)havestudiedtheevolution of a patchof
newly openedflux, andof theassociatedflow equipotentials,
following an isolatedpulseof reconnection.They presented
this evolution for two cases,with small and large magni-
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12 MLTa) 12 MLTb)

Fig. 8. Figuresreproducedfrom Lockwood et al. (1993a),showing the ionosphericflow, cuspandregion 1 FACs in the daysidenorthern
hemisphereduring � z ��� and � y �	� IMF conditions.The thick dashedline indicatesthe merging line. Figurea shows the conditions
beforea reconnectionevent. Figureb shows the changein FACs andflow immediatelyafter reconnection.The grey region in the figure
indicatesredline auroralemission.
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Fig. 9. Schematicof theevolution of patchesof newly-openedflux (shadedgrey) andflow streamlines(lineswith arrows) for certaintimes
shown in figure5. Dashedlinesequatorwardof theopen-closedboundary(indicatedwith a thick line) show wherethenew eventsareabout
to form, thosein thepolarcapshow old eventson which significantprecipitationhasceased.Thevertical line in eachplot is themeridian
scannedby theMSP.

tudeof theIMF By component.Lockwoodetal. (1993b)and
Lockwood (1994) generalizedthe sequencefor small IMF
By to allow for a sequenceof reconnectionpulseswhich are
closerin time than the durationof the effectsof each.The
datapresentedhereare for large IMF 
By 
 and the events
have a meanrepeatperiodof about4 minutes.Cowley and
Lockwood (1992) estimatethat the effects of eachrecon-
nectionpulsewill last for 15-20minutesafter the pulsehas
ended.Thusthe eventsdiscussedhereareforming long be-
fore the flows due to the prior event have subsidedand an
explanationof the observed flows requiresa generalization
of the kind given by Lockwood (1994), but for large IMF

By 
 . This is presentedin figure 9, which are schematicil-
lustrationsfor 4 instants,correspondingto radarmapsin fig-
ure 5. In eachpanel,dusk is towardsthe right anddawn to

the left andthe vertical line is the meridianscannedby the
MSP. Patchesof newly openflux areshadedgrey. Theopen-
closedfield line bounary(OCB), indicatedwith a thick line
in thefigure,is shiftedlocally equatorwardwhereflux tubes
haverecentlybeenreconnected.Dashedlinesequatorwardof
theOCBshow wherenewly-openedflux is shortlyto bepro-
ducedby a reconnectionpulse.Dashedlinespolewardof the
OCBdelineatepatchesonwhichprecipitationis fadingasthe
field linesareappendedto thelobe.

In orderto generatetheseschematics,a numberof rules
have beenfollowed. The flow within eachpatchof newly-
openedflux is consistentwith the motion anddistortion in
shapeof the event itself. Eventsmove rapidly zonally and
then progressively poleward as the curvature force decays
and motion becomesslower and dominatedby the magne-
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tosheathsheathflow (Lockwood et al., 1989, 1990). Flow
streamlinescrossnon-reconnecting(“adiaroic”) segmentsof
the open/closedboundarywherethat boundaryis in motion
(SiscoeandHuang,1985).Regionsinfluencedby morethan
onetransienteventgive flow that is the superpositionof the
flow patternsdue to eachevent individually. Flow stream-
linesclosein loopsbecausetheionosphereis incompressible.
Theeventsarelabelledd-f accordingto theevent identifica-
tion from theMSPdata(cf. figure3). Thesameeventshave
beenlabellede-gby Lockwoodetal. (1999).Along theMSP
meridian,thepatchesof newly openedflux evolvepoleward,
as observed in figure 3 for the PMAFs. Event sizes,onset
timesandlocationsarechosento fit the radardatashown in
figure5.Flow directionsandspeedmustalsomatchthosede-
rivedfrom theradardata.TheASCdata(cf. figure4) hasalso
beenusedto estimatetheevolution of events.This dataper-
mitted for exampleto deducethatevent f wasonly partially
developedat 06:54UT, but fully developedat 06:57UT. By
following theserules,it is possibleto arrive at the sequence
of eventsshown in figure9 thatmatchthemajor featuresof
theMSP, ASCandradardata.

A key differencebetweenthe“evolving patch”modelsof
Cowley et al. (1991),Lockwoodet al. (1993a,b)andLock-
wood(1994)andtheearlier, “rigid moving flux tube”models
of Wei andLee(1990)andLockwood(1991)is thatthelatter
donotconsiderthedevelopmentof theopen-closedfield line
boundary. Therigid tubemodelswill necessarilydistort this
boundaryup into ever-increasinglycomplicatedfolds. The
evolving patchmodels,on theotherhand,allow this bound-
ary to maintaina simple (broadlyL-shell aligned)form. In
thesemodels,the return flows expandwith time, suchthat
the open-closedboundarymigratesequatorward at all local
times.This expansionwas directly observed by Lockwood
etal. (1993b).Theneedfor thisexpansionis clearlyapparent
whenwecomparethedatain figure5 with thesimulationsin
figure7.

5 Summary and conclusions

In this paper, we have presenteda studyof simultaneousand
co-locateddatasetsfrom radarand optical instruments.In
general,there is good spatial and temporalagreementbe-
tweenPMAFs and localizedvelocity enhancementsin the
radardata. It is also shown that the open/closedfield line
boundary, asdeterminedby thespectralwidth of theline-of-
sightradarvelocity, correspondswell to the3kRequatorward
boundaryof the630nm emission.

The analysisof the ASC and radar l-o-s velocity data
shows that the velocity of the PMAFs is similar to the the
convectionvelocityof theflow enhancementsdetectedby the
radar. This observationsupportsthe ionosphericflow model
put forwardby Southwood(1987).Theexistenceof equator-
ward flow patchesin radardataindicatedalsoa returnflow
outsidea reconnectedflux tube,asmodeledby Southwood
(1987).Theseobservational facts lead to the simulationof
this flow model in radardata,using the resultsof Wei and
Lee(1990).

The simulatedflow shows the generalcharacteristicsof
the real data:a flow channelassociatedwith the PMAF and
returnflow attheeast-andwestwardedgesof theevent.Some

of thedifferencesbetweenrealandsimulateddatacanbeex-
plainedby thecomplexity of realdatacomparedto themodel:
the temporaldeformationof thePMAFs,andmorethanone
structurecontributing to theflow. Theglobalmodificationof
FACsin thecuspregioncouldexplaintheweakreturnflow at
the westward edgeof eventsandthe strongerthanexpected
returnflow at theeastwardedge.TheFAC modifications,due
to the evolution of the shapeof the patchof newly-opened
flux andalso associatedwith the expansionof the flow to-
wardsdawn and dusk,suchthat the open-closedboundary
maintainsasimple,relatively undistortedform, areanimpor-
tant factorfor understandingthesmallscaleflow. Finally we
presentedschematics,basedon observations,showing how
the presenceof multiple structuresmodifies poleward and
equatorwardflows.
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