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Abstract

WepresentInterballTail Probeobservationsfrom thehigh latitudemid-tail magnetopausewhich
provide evidenceof reconnectionbetweenthe IMF andlobe field lines duringa 6 hour interval of
stablenorthwardanddawnwardIMF on October19,1995.Resultsfrom a globalmagnetohydrody-
namicsimulationfor this interval comparewell with theInterballobservations.With thesimulations
we provide anextendedglobal view of this eventwhich givesus insight into the reconnectionand
convectiondynamicsof themagnetosphere.We find thatreconnectionoccursin a region of limited
spatialextentneartheterminatorandwheretheIMF andthelobefield areanti-parallel.Reconnected
IMF field linesdrapeoverthedaysidemagnetosphere,convectalongtheflanksinto thenightside,and
enterthemagnetotailin asmallentrywindow thatis locatedin theflankoppositeto thereconnection
site. Ionosphericconvectionis consistentwith previousobservationsundersimilar IMF conditions
andexhibits a two cell patternwith a dominantlobecell over thepole. Themagneticmappingbe-
tweentheionosphereandthelobeboundaryis characterizedby two singularities:Thenarrow entry
window in thetail mapsto a six hourwide sectionof theionosphericlobecell. A singularmapping
line cutsthelobecell openandmapsto almosttheentiretail magnetopause.By this singularitythe
magnetosphereavoidsto haveastagnationpoint, i.e., thelobecell center, mapto a tailwardconvect-
ing field line. Theexistenceof singularitiesin themagneticmappingbetweentheionosphereandthe
tail hasimportantimplicationsfor thestudyof tail-ionospherecouplingvia empiricalmagneticfield
models.Becausethelobe-IMF reconnectioncutsaway old lobeflux andreplacesit with flux tubes
of magnetosheathorigin solarwind plasmaentersthelobesin aprocessthatis similar to theonethat
operatesduringsouthwardIMF.

1 Introduction

It haslongbeenestablishedthatreconnectionatEarth'smagnetopauseis theprimarydriver for magneto-
sphericplasmaconvection.Themostimportantparametercontrollingreconnectionis theorientationof
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theinterplanetarymagneticfield (IMF). For southward IMF reconnectionoccursat thedaysidemagne-
topauseanddrivesthewell-known two-cell convectionpattern.If a

���
componentis presentin theIMF

thedaysidereconnectiontopologychangeseitherinto a ”split separator”type[Crooker, 1986]or into a
configurationin which themergingX-line runsacrossthesubsolarpointatanangle.For northwardIMF
merging is thoughtto occurpoleward of the cuspsbetweenIMF andlobe field lines [Dungey, 1963].
Thereis now increasingevidencethat this type of merging indeedoccurs[Omelchenko et al., 1983;
Kesselet al., 1996;Berchemet al., 1995a,b; SongandRussell, 1992;Le et al., 1996]. Theseobserva-
tionsmostlypertainto situationswheretheIMF is almostduenorthward. If asubstantial

���
component

is presentin the IMF the reconnectionsite is expectedto move from just poleward of the cuspto the
tail flanks[Crooker, 1986]. Indeed,Goslinget al. [1991;1996]observedreconnectionsignaturesin the
flanksof themagnetopauseusingISEEdata.

While the reconnectiondriven convectionpatternsfor southward IMF areclearly establishedand
well understood,the patternsfor northward IMF are lessclear. In general,ionosphericconvection is
foundto besunwardover thepolewith a four cell patternduringstronglynorthwardIMF [Reiff , 1982].
Thesituationis different,however, whena substantialIMF

���
componentis present.In thatcase,the

convectionpatternoftenconsistsof two or threecells,suchthat thedominatingcell is situatedover the
magneticpole[Reiff andBurch, 1985]. This cell, which is oftencalledthe“lobe cell”, thenlikely maps
entirely to the tail lobes[Hill , 1994]. Although the mappingof lobe cells appearsto be obvious, it is
not clearwhat drives the lobe convection in this situation. Of particularconcernis the fact that in a
steadystatesituationsunward convection in the ionospherewould mapto anti-sunward convection in
the tail, which seemsto bedynamicallyimpossible.Becausethe lobe is rarelyobserved by spacecraft
andbecausemeasuringplasmavelocitiesin thetenuouslobesis difficult nodirectin-situobservationsof
lobeconvectionduringnorthwardIMF conditionshave yetbeenpresented.

In this paperwe useobservationof theInterballtail probein conjunctionwith globalsimulationsof
Earth'smagnetosphereandionosphereto studyaneventin whichweobservebothreconnectionatthetail
flank andtheconsequencesof theassociatedlobeconvection. In section2 we describethe instruments
andtheobservations. In section3 we describethemodelandpresentthesimulationresults.Finally, in
section4 wesummarizeanddiscussour results.

2 Observations

Theeventof interestoccurredon October19, 1995,1300-1700UT. TheWind spacecraftmonitoredthe
solarwind andIMF upstreamof Earth's bow shock,locatednear(175,-2,-13)��� in GSEcoordinates.
At thesametime theInterballtail probewaslocatednear(-23,-16,11)��� in GSEcoordinatesandnear
(-23,-10,17)� � in GSMcoordinatesat thetail boundary.

2.1 Solar wind

Figure1 shows the solarwind parametersin GSM coordinatesasobtainedfrom the Wind spacecraft.
The IMF is fairly steadyduring the interval.

���
is small,

��	
is positive at about15nT,

���
is negative

andof similarmagnitude.Thevelocityandtemperaturehave typical valuesof theslow solarwind, i.e.,
400km/sand2-4eV, respectively. Thesolarwind densityincreasesfrom about5 cm
�� at thebeginning
of theinterval to valuesof about20 cm
�� towardtheendof theinterval. Thusthesolarwind dynamic
pressureis elevatedover typicalvaluesby a factorof 2-4duringmostof theinterval. For this reasonthe
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magnetosphereandthemagnetotailaresomewhatcompressed,causingInterballto stayin thevicinity of
thetail magnetopausefor anextendedinterval.

2.2 Interball

The Interball tail probewaslaunchedon August3, 1995to studytheplasmaandfield environmentof
Earth's magnetosphereandgeomagnetictail. Theinitial spacecraft's orbit of 1.01by 31 � � is inclined
by about90 with respectto theecliptic, thusthespacecraftsamplesthehigh latitudetail onceperyear.
In this studywe useplasmadatafrom the SCA-1 plasmaanalyzer[Vaisberg et al., 1995,1997] and
magneticfield datafrom theMIF magnetometer[Klimov etal., 1995,1997].Themagnetometersamples
thethreemagneticfield componentsat a frequency of 1 Hz. TheSCA-1plasmaanalyzersamplesa full
threedimensionalspectrumin theenergy rangefrom 50eV to 5 keV every10seconds.Fromtheparticle
spectratheplasmamomentsdensity, velocity, andtemperaturearecomputedandusedin thisstudy.

On October19, 1995,1300-1700UT, the Interball tail probewas locatednear(-23,-16,11)� � in
GSEcoordinatesandthenear(-23,-10,17)��� in GSMcoordinates.Figure2 showsSCA-1energy-time
spectrafrom 8 directionsalongconesof 2 , 17 , 40 , 65 , 115 , 140 , 163 , and178 from thenearly
sunwardaxisof thesatellite's rotation.

Therearebasicallytwo typesof plasmaobserved.At timestheentireplasmadistribution is tailward
flowing andnoplasmais observedby thetailwardlookingdetectors.Weinterpretthisplasmapopulation
asmagnetosheathplasma. Within two prominentintervals, from 1501to 1515UT andfrom 1550to
1711UT lessdenseplasmais observedwith theflow directionchangingfrom sunwardto anti-sunward.
WeinterprettheseintervalsasInterballbeingin thetail lobes.Verydilutelobeplasmawasalsoobserved
beforethemagnetopausecrossingat 1330UT. Thus,relatively denseplasmaconvectedto the tail lobe
duringthe1330to 1501UT interval.

Figure3 shows the magneticfield andthe plasmamoments.TimeswhenInterball is in the lobes
are shaded.At thesetimes the x-componentof the velocity variesin a characteristicway. At three
magnetopausecrossings,at 1515UT, 1555UT, and1711UT a thin layerof anti-sunward moving hot
magnetosphericplasmawasobserved beforethe satelliteentersthe sunward-flowing plasmalayer. At
1501UT thesatelliteenteredfrom themagnetosheathdirectly into sunwardmoving hotmagnetospheric
plasma.Thereis anothertime interval, 1612to 1640UT, whenlobe plasmais moving anti-sunward.
WhenInterball is in the magnetosheaththeflow is nearlysteadyin the anti-sunward directionandthe
flow velocity is closeto thesolarwind speed,asexpected.

Thetransitionbetweenthelobeandthemagnetosheathintervalsarealsomarkedby sharprotations
of the magneticfield, giving furtherevidencethat Interball indeedcrossesthe tail magnetopause.The
densityandtemperaturevaluesarealsoconsistentwith this picture. In the magnetosheaththe density
is high with valuesof about4 cm
�� , andthe temperatureis low with valuesof a few hundredeV. By
contrast,the lobetemperaturesarehigher(about1 keV) andthedensitiesaresignificantlylower (0.03-
0.2 cm
�� ). Oneshouldnote,however, thatboththedensityandtemperatureareunderestimatedby the
SCA-1instrumentbecauseof its limited energy range.

Anothersalientfeatureof theseobservationsis thevelocity enhancementthatis observedat eachof
theboundarycrossings.Theseenhancementsalwaysoccuron themagnetosheathsideof theboundary
andareseenin all threevelocitycomponents.At somecrossings,mostnotablyat1330UT, the � � com-
ponentis enhancedto valuesthat arelarger thanthe ambientmagnetosheathflow. At othercrossings
therearestrongdeflectionsof theflow in they andx directions.We interprettheseflow featuresassig-
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naturesof reconnection.Becausetheflow is acceleratedabove theambientmagnetosheathflow velocity
theX-line mustlie earthwardof Interball.Wehave inspectedthedetailedthree-dimensionaldistribution
functionsin thevicinity of theboundarycrossingsandfoundthatthey areD-shapedandconsistentwith
this reconnectionpicture. A morethoroughanalysisof the reconnectionsignatureswill be published
elsewhere.

Also importantfor this study is the gradualincreaseof the lobe densityduring this event. Each
of the threemajor lobe intervals shows higherdensitiesthan the previous one. Apparently, the lobe
is slowly filling with plasmaduring this interval. From the singlespacecraftInterball observationsit
is virtually impossibleto determinewherethis plasmacomesfrom. In general,onewould not expect
plasmaenteringthelobesundernorthward IMF conditions,but ratherundersouthward IMF conditions
[Goslinget al., 1984,1985;SiscoeandSanchez, 1987;Sanchezet al., 1990]. As we shall show below
with our simulationresultsbelow, the appearanceof this plasmacanbe explainedby lobe circulation
which is drivenby lobe- IMF reconnection.

3 Simulation

We usea globalMHD codewhich includesan ionosphericmodelfor the closureof field-alignedcur-
rents[Raederet al., 1997,1998;Raeder, 1999]. In orderto accommodatethe largesimulationvolume
with a long tail andlong simulationtimesthesimulationcodewasparallelizedfor runningon Multiple
Instruction-MultipleData(MIMD) machinesby usinga domaindecompositiontechnique[Fox et al.,
1988].ThemodelsolvestheidealMHD equations(modifiedasdescribedbelow) for themagnetosphere
anda potentialequationfor the ionosphere.Numericaleffects,suchasdiffusion,viscosity, andresis-
tivity, arenecessarilyintroducedby thenumericalmethods.Thesepermitviscousinteractionsandto a
limited extentmagneticfield reconnection.For this studywe keepanexplicit resistivity termin Ohm's
law, which is discussedin moredetailbelow.

3.1 Outer magnetosphere

Themagnetospheric(MHD) partof themodelis solvedusinga finite differencemethodwhich is con-
servative for thegas-dynamicpartof theMHD equations:

���
��� � ������� ����� (1)�����
��� � ������� ����� �"!�#$�%� &�')( (2)�+*
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��� � ��� ' 3 (4)
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where
�

is the plasmadensity,
�

the velocity,
!

the plasmapressure,
#
the unit tensorof rank 3,

*
the

plasmaenergy density, @ thespecificheatratio (a valueof 5/3 is usedin thesesimulations),
(

themag-
neticfield,

&
thecurrentdensity, 3 theelectricfield,and

7
theelectricalresistivity. Notethatall variables

arenormalizedto referencevaluesin orderto eliminatenumericalfactorssuchasthe permeabilityof
freespace.

The
&�'A(

and 3B� & termsaretreatedassourcetermsbecausethevery low plasmaC andthe large
magneticfield gradientsneartheEarthdo not allow theuseof the full conservative form of theMHD
equations.Theelectricalresistivity

7
is givenby amodelof anomalousresistivity:

7 �EDGFIH > if FJHGKML , 0 otherwise (9)

F H �
N F N ON � N �QP (10)

whereF is thelocalcurrentdensity,
�

thelocalmagneticfield,
O

is thegrid spacing,and
P

is averysmall
number(10
�R ) introducedto avoid dividing by zero.ThenormalizedcurrentdensityF H ( 4TSUF H S ; ) is
usedasaswitchfor theresistivity. In placeswheretheresistivity is switchedon it becomesproportional
to thesquareof thelocal currentdensity. Similar resistivity modelshave beenusedin thepastto model
the kinetic effects that lead to anomalousresistivity [Satoand Hayashi, 1979; Hoshino, 1991]. The
parametersD and L determinethevalueof theresistivity andthecurrentdensitythresholdthatmustbe
reachedfor theresistivity tobeswitchedon. TheparameterL ( L =0.75in thesesimulations)is chosensuch
thattheresistivity

7
is nonzeroonly atavery few gridpointsin strongcurrentsheets.Thedimensionless

parameterD hasavalueof 0.03for thesimulationsshown in thispaper. With thischoiceof D thelargest
possiblevaluefor

7
is
7IVXW �

=2
'

10Y[Z m. Because
7

dependson the local plasmaparametersits value
variesstronglyboth in time andspace.Typically, at any given time only a few tensto a few hundreds
grid cells(outof about10Y ) reachvalueslargerthanonetenthof

7IV\W �
.

Thenumericalgrid is rectangularandnonuniformwith thehighestspatialresolution(about0.5 ��� )
nearEarth. It extends20 ��� in thesunward direction,400 ��� in the tailward directionand ] 50 ���
in the Y andZ directions. The gas-dynamicpart of the equationsis spatiallydifferencedby usinga
techniquein which fourth order fluxes are hybridizedwith first order (Rusanov) fluxes [Harten and
Zwas, 1972;Hirsch, 1990].Themagneticinductionequationis treatedsomewhatdifferently[Evansand
Hawley, 1988] in orderto conserve �^� ( �_4 exactly. The numericalfluxesfor Faraday's equation
arebasedon VanLeer's secondorderflux limited upwindscheme[Van Leer, 1977]. Thetime stepping
schemefor all variablesconsistsof alow orderpredictorwith atimecenteredcorrector, whichis accurate
to thesecondorderin time. Thus,thecodeis globallyof fourthorderspatialaccuracy in thegasdynamic
variables(density, momentum,andenergy density),of secondorderspatialaccuracy in the magnetic
field components,andof secondorderaccuracy in thetimedifferencing.

Theouterboundaryconditionsarefixedat thegivensolarwind valueson theupstreamside.At the
otherboundariesweapplyopen,i.e.,zeronormalderivative,boundaryconditions.

3.2 Ionosphere

Theinnerboundary, wheretheMHD quantitiesareconnectedto theionosphere,is takento beashellof
radius3.7 ��� centeredat Earth. The choiceof this radiusis a compromisenecessitatedby numerical
considerations,suchasvery high Alfv `* n speedsandvery large magneticfield gradientscloserto the
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Earth. However, this choiceallows for the propermappingof all relevant field-alignedcurrent(FAC)
systemsdown to about59a magneticlatitude. Theplacementof the inner boundary, togetherwith the
lack of gradientandcurvaturedrift termsin the MHD equations,alsoinhibits the formationof a ring
current. Inside this shell we do not solve the MHD equations,but assumea staticdipole field. The
importantphysicalprocessesearthwardof thatshellaretheflow of FACsandtheclosureof thesecurrents
in theionosphere.Every few timesteps(correspondingto atimeinterval of lessthan5 s in realtime)we
usethestaticdipolefield to mapthemagnetosphericFACsfrom the3.7 ��� shellontothepolarcap.We
thenusetheFACsasinput for theionosphericpotentialequation:

���cb8�c�edf�g�XFJhjilknm.o (11)

which is solved on thesurfaceof a spherewith a radiusof 1.015 ��� . Here d denotesthe ionospheric
potentialasa function of magneticlatitudeandlocal time, b is the tensorof the ionosphericconduc-
tance,FJh is themappedFAC with thedownwardcurrentconsideredpositive andcorrectedfor flux tube
convergence,and o is theinclinationof thedipolefield at theionosphere.Theboundarycondition d = 0
is appliedat theequator.

For the ionosphericHall and Pedersenconductances,prq and p.s , which enterthe conductance
tensorb [KamideandMatsushita, 1979],threeionizationsourcesaretaken into account.First, for the
solarEUV ionizationweuseanempiricalmodel[MoenandBrekke, 1993]thatdependsonly onthesolar; 4utwv cmflux ( x �zy|{ } ) andthesolarzenithangle( ~ ):

p.q � � x �zy|{ } � y|{ � � ��4ut$� ;0� � 4ut$��� � �-� >�� (12)

p.s � � x �zy|{ } � y|{ ��� ��4ut$��� � � 4ut$�I� � �-� > � (13)� � �9�Ji ~ (14)

Second,we computethemeanenergy � y andenergy flux x � of precipitatingelectronsthatareacceler-
atedby a parallelpotentialdrop

O d h in regionsof upwardfield-alignedcurrents[Knight, 1972;Lyons
etal., 1979]:

x�� � O d�h N FJh N (15)

� y � * O d h (16)

O d h �
* >|�%�

� <��G� � ��� �)����� ��4u���XF h � (17)

Third, diffuseelectronprecipitationis modeledby assumingcompletepitchanglescatteringof electrons
at3.7 � � [KennelandPetschek, 1966]:

x�� � �%� � ��� �9� <��G� � ���� (18)

� y � �����
(19)

in which
�%�

,
� �

, and
� �

aretheelectrondensity, temperature,andmass,respectively, taken at the3.7
� � shell. The conductancesare thencomputedfrom the electronprecipitationparametersusing the
empiricalrelation[Robinsonetal., 1987]:

p s � ¡ �J4 � y � � ;0¢ � � >y �z£ x �-� >� (20)

p q � 4ut¤��� � ��� Ry p s (21)
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UsingthemappedFACsandionosphericconductances,thepotentialequationis solvedusinga pseudo
spectralGalerkinmethod[Canutoet al., 1987],andthe ionosphericpotentialis mappedto the3.7 ���
shellwhereit isusedasaboundaryconditionfor themagnetosphericflow by taking

� �¥�¦���§d ��'A( � � > .
3.3 Initial conditions

Theinitial conditionsfor themagneticfield areconstructedfrom thesuperpositionof theEarth's dipole
overanequallystrongmirror dipole,suchthat

���
vanishesat ¨ = 16 ��� . Sunwardof theplaneof sym-

metryat 16 ��� thefield is replacedby theinitial solarwind field. Thisprocedureensuresa divergence-
free transitionfrom the constantsolarwind field to the magnetosphericfield. The simulationbox is
initially filled with tenuous(0.1 cm
�� ) andcold (5000K) plasmaof zerovelocity. Thesimulationrun
is startedat 0800UT with a southward IMF in orderto let theunphysicalinitial conditionsevolve into
a magnetosphericconfiguration.After two hours(at 1000UT) we startusingballistically propagated
Wind dataasinput to thesimulation.Thus,theperiodof interest,1200to 1800UT begins4 hoursafter
thestartof thesimulation;at thattimeeffectsof theinitial conditionsshouldno longerplayany role.

3.4 Model - data comparison

In order to comparethe simulationresultswith the Interball datawe take time seriesat the Interball
locationin thesimulationbox andplot thesetogetherwith thedata.Figure4 shows sucha comparison.
From top to bottomthe magneticfield components,the field elevation angle( ©�ª�«[¬ � ��	 � � � ), the field
clock angle( ©Jj©�¬ � ��® � � 	 � ), the total field, the x-componentof the velocity, the plasmadensity, and
theplasmapressureareshown for both Interball (in red)andthesimulation(blackcurves). Thereis in
generala reasonableagreementbetweenthedataandthesimulationresults.Of course,thereno oneto
onematch,mainly becauseof the limited resolutionof the simulationandbecauseInterball is always
locatedverycloseto themagnetopausewheresmallpositionalchangescanhaveadramaticeffectonthe
observedfieldsandplasmamoments.In particular, smallerscalefeaturesof theorderof a few minutes
aremissingfrom thesimulation.However, thesimulationcapturesmany of themainfeatures.Thefirst
boundarycrossingat around1330UT is clearlyvisible in the

���
and

��	
componentsaswell asin the

plasmaparameters.Therearealsoclearenhancementsof theflow � � componenton themagnetosheath
side. The plasmadensityandpressurearegenerallysomewhat larger thanthe observed values,which
may in part be due to the limited energy rangeof the plasmainstrument. Also, the

N � � N valuesare
generallylarger in the simulationascomparedto the Interball measurements,however, the measured
valuesarealsosmallerthanthe ambientsolarwind values,which may point in part to an instrument
effect. Thetrendof increasingdensityin thetail lobeduringthis interval is evidentbothin thedataand
in themodelresults.Becauseof thesefavorablecomparisonsweareconfidentthatthemodelgivesafair
representationof themagnetosphereat this time, includingall therelevantphysicalprocesses.

3.5 Reconnection geometry

Figure5 shows a three-dimensionalrenderingof thesimulatedmagnetosphereviewedfrom a sunward-
dawnward-northwardperspective at 1400UT. Theequatorialplaneshows color codedtheplasmapres-
sure,with magentadepictinglow values,greenandyellow depictingintermediatevalues,andred de-
pictinghighvalues.Thebow shock,magnetosheath,magnetopause,andplasmasheetareclearlyvisible
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andprovide guidancein this figure. The noon-midnightmeridianandthe planeat X=-23.1 ��� show
colorcodedtheplasmavelocitywith thesamecolorscale.A setof bluefield linesstartsat66 magnetic
latitudeandhelpsto illustratetheorientationof Earth'sdipole.Thebluesphericalsurfaceat thecenteris
theinnerboundaryof thesimulationdomain3.5 ��� from Earth.Thesmallbluespherein theX=-23.1
��� planeindicatestheInterballposition.Thegreencoloredfield line passesthroughthespacecraft.The
setof pink field linesis chosensuchthat they all passthroughtheX=-23.1 � � planeat theInterballY
position,but atdifferentZ values.

From the greenfield line it is obvious that Interball is at this time locatedjust outsideof the lobe
in themagnetosheath.This field line hasa strongkink sunward of Interballwhich indicatesthat it has
formedby reconnectionbetweenthe lobe field and the IMF somewhat earlier. The set of pink field
lines confirmsthis picture. Field lines that passjust below Interball have their kink locatedcloserto
Earth,whereasfield lines that passfurther below Interball connectto Earth. The region just around
thesharpkink of theearthmostunconnectedfield line andtheopenfield line of highestlatitudeis the
reconnectionsite. It is locatedat about(-3,-12,9) ��� in GSEcoordinates,i.e., at (-3,-6.5,13.5)��� in
GSM coordinates.The kinked field linesemanatingtailward from the reconnectionsite exert tailward
accelerationon theplasma.This accelerationis clearlyvisible in theplaneat X=-23.1which shows the
color codedvelocity. Justoutsideof themagnetopause,andin thevicinity of Interball, thereis a layer
of fastflowing plasma(red andyellow) whosevelocity exceedsthevelocity of the solarwind andthe
velocity in thesurroundingmagnetosheath.Thethicknessof thishighvelocity layeris abouttwo to four
��� , andit is about15 to 20 ��� wide. Thereis alsoamoreextendedregionof flows at higherlatitudes
thatarelessacceleratedthanthosedownstreamof the reconnectionbut still fasterthanthesolarwind.
Theseflows appearto beacceleratedby IMF field lines that have drapedover themagnetosphere,and
which alsoexert a tailward forceon theplasma.Suchacceleratedflows have beenreportedpreviously
by Chenet al. [1993].

We have inspectedthe sizeof the reconnectionregion andfound that it is of very limited extent,
roughly2 ��� in theY directionandabout4 ��� in theX direction.Wehave alsoexaminedthelocation
andsizeof thereconnectionregion asa functionof time duringthis interval. We foundthatneitherits
sizenor its locationchangessignificantlybetween1200and1800UT, which is consistentwith theIMF
datathatalsoshow very little variationduringthis interval.

3.6 Lobe convection

Figure6 showscutsof differentquantitiesandatdifferenttimesin theY-Z planeat theInterballlocation,
i.e., at X=-23.1 ��� . The left panelsshow theplasmadensity, themiddlepanelsshow color codedthe
X componentof the plasmavelocity ( � � ) andthe ( � � , � 	 ) componentsasarrows, andthe right panels
show thecolor codedcurrentdensity. Thesnapshotsaretaken, from top to bottom,at 1330,1500,and
1630UT. TheblackcrossesmarktheInterballpositionin all of thesefigures.

From the strongdensitygradientandfrom the currentdensityit is obvious that Interball is in the
immediatevicinity of the magnetopauseat all times. From the scaleof the densitygradientandfrom
thewidth of themagnetopausecurrentlayer it is clearthat thesimulationseverelyunder-resolvesthese
features.For example,thecurrentlayeris about1 ��� thick in thesesimulations,whereastheobserved
thicknessis aboutoneorderof magnitudeless[Berchemand Russell, 1982]. Thus,the rathersmooth
timeseriesobtainedfrom thesimulation(seeFigure4) canbeeasilyexplainedby thelackof resolution.

Fromthedensityplotsit canbeseenthatthelobesslowly fill with plasmaduringthisevent.Although
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it appearsfrom the densityplots that the lobesare getting compressedby the increasingsolar wind
density, thiseffectseemsto beminor (comparewith thecurrentdensityplotson theright). Rather, there
appearsto beplasmaenteringthetail from theflanks. This effect is mostpronouncedby thetongueof
plasmathatemergesfromthehighlatitudedusksideandextendsin timemoreandmoretowarddawnand
theInterballpositionatthedawn sidemagnetopause.Theplasmaentryis obviouslydrivenby convective
flows, which areshown in the middle panels.Thereis a steadydawnward flow in the tail toward the
magnetopausein thevicinity of Interball.A similar, albeitweaker flow towardthemagnetopauseoccurs
in thesouthernduskhemisphereof thetail. Theseflowsarequiteobviouslydrivenby reconnection.The
reconnectionprocessdescribedearlierat thetail flank continuouslystripsmagneticflux away from the
tail which thenconvectstailward. This flux is thenreplacedby the flows that areobserved here. The
netmagneticflux of thetail doesnot changesignificantly, becausefor eachflux tubethatis strippedoff
thetail a new openflux tubeis created,which initially drapesover thedaysidemagnetosphere[Russell,
1972;Cowley, 1983]. Theseoverdrapedfield lines(seegreenflux tubesin Figure5) eventuallyconvect
aroundthemagnetosphereandareaddedto thelobes.

3.7 Ionospheric convection

Figure 7 shows in the upperpanelthe ionosphericconvection patternin the northernhemisphereat
1500 UT. The ionosphericpotential is color coded(negative valuesare blue and positive valuesare
yellow or red),andcontoursat10kV intervalsarealsodrawn. Notethatthecontoursarealsostreamlines
of theionosphericplasmaflow. Thegreenline showsthepolarcapboundary, i.e., theboundarybetween
openandclosedfield lines.Themagneticfootpointof Interball,which is at this time locatedin thelobe
(seeFigure5), is markedby theblackcross.

Theconvectionpatternis comprisedof two majorcells. Onecell is situatedover themagneticpole
circulatingcounter-clockwise.Thiscell is commonlycalledthe“lobe cell” [Crooker, 1992;Hill , 1994].
Thesecondcell is kidney shapedandextendsat lower latitudes,between70 and80 magneticlatitude,
andbetween18and24hoursmagneticlocal time. Thiscell circulatesclockwise.

Wehavenoobservationalconvectionpatternavailablefor this interval. Howeverseveralstudieshave
addressedconvectionpatternsfor very similar IMF conditions.For example,Lyonset al. [1996,1998]
presentpatternsfor northward

��	
, negative

���
conditions(their Figure5), aswell asLu et al. [1994]

(their Figure5), Knipp [1993] (their Figures3 and5), andBurke et al. [1994] (their Figure6, which
shouldbeflipped aboutthe noon-midnightmeridianbecausethe IMF

���
is positive). Theseobserva-

tionalconvectionpatternsareall verysimilar to theonein Figure7,andthedifferencesshouldbemainly
due to the somewhat different IMF conditionsand seasonaleffects. Also, several models[Reiff and
Burch, 1985;Crooker, 1992;Crooker etal., 1998]predicta two cell structurelike theonein Figure7.

Althoughtheconvectionpatternsfor northward IMF in thepresenceof an IMF
���

componentare
fairly well establishedfrom observationsandby geometricalmodels,it is muchlessclearhow they map
to thetail. This simulationgivessomecluesasto this mapping.Thelower panelof Figure7 shows the
ionosphericconvectionpatternmappedto the ¯G°�±J� - ²)°�±J� planethroughInterball.As expected,there
is nearlya oneto onecorrespondencebetweenthemappedionosphericconvectionpatternin Figure7
andthetail convectionpatternof Figure6 (middlerow andmiddlecolumn). Thus,theplasmaarriving
at Interball comesfrom thedusksideof the tail, wherenew openfield lines thathave formedthrough
lobe-IMFreconnectionenterthetail. A bundleof suchfield linescanbeseenin Figure5 (thegreenfield
linesat high latitude). Justafter thesefield lines form throughlobe-IMF reconnectionthey drapeover
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thedaysidemagnetosphere.They arethensweptalongtheduskflank of themagnetosphereandenter
themid tail at theduskward“appendix”seenin thelowerpanelof Figure7. Clearly, thesefield linesare
of solarwind/magnetosheathorigin andthuscarryplasmathatis of muchhigherdensitythancommonly
foundin thelobes.Becausethisplasmamustconvectacrosstheentiretail to reachtheInterballposition,
a significantdelay(severalhours)betweenthelobe-IMF reconnectiononsetandtheappearanceof this
plasmaat Interball is expected,and indeedobserved. This processof filling the lobeswith plasma
from the solarwind is very similar to the oneobserved during southward IMF [Goslinget al., 1984,
1985]. In the lattercase,theplasmaentersthe tail at high latitudesthroughthemantle,whereasin the
northward IMF caselike this the plasmatakes a “detour” along the daysideandflank magnetopause
via theoverdrapedfield. Thereis alsothepossibility thata slow modeexpansionfan forms,similar to
whatis predictedandobservedfor southwardIMF [Rosenbaueretal., 1975;Goslingetal., 1984;Siscoe
andSanchez, 1987;Sanchezet al., 1990]. However, becauseof themorecomplicatedgeometryin the
northwardIMF casethismaybemuchmoredifficult to show eitherexperimentallyor via simulations.

Anotherinterestingfeatureis themappingof thelobeboundarybetweenthetail andtheionosphere.
We have tracedmagneticfield lines from points just insideof the magnetopauseinto the ionosphere.
Eachtraceis markedin the ¯G°�±J� - ²:°�±J� planeandthein theionosphereplot of Figure7 with adistinct
color. This mappingis expectedto be a continuousandsmoothfunction,which the continuouscolor
variation along the curve definedby thesedots indeedshows. However, the mappingappearsto be
stronglyirregular asthe spacingof the dotsin the ionosphereshows. Also, the dotsshouldall lie on
thegreenline which wascomputedby tracingfield lines from the ionosphereinto themagnetosphere.
Althoughthisholdsby andlarge,therearesomesignificantdifferences.

First, thereis an extremestretchingof the mappingbetween1600and2300magneticlocal time
in the ionosphere.Thus,all field lines in this sectorof the ionosphereandjust poleward of the open-
closedboundarymapto essentiallyonepoint in thetail, namelythesoutherntip of dusk“appendix”of
thenorthernlobe. Becausemany flow linescut throughtheopen-closedboundaryin this sectorof the
ionosphere,thereis astrongbunchingof flow linesat thecorrespondingtail site. It alsoimpliesthatthis
siteis theprimaryentrysiteof plasmainto thetail. Comparingthelowerpanelof Figure7 with Figure5
it is easyto seethat this mustbe thesite wherethereconnected,overdrapedfield entersthe tail lobes.
Becausethelayerof overdrapedfield is ratherthin ( ³´ 1 ��� , nearthelimit of theresolutionof themodel)
theentrysitemustalsobeof smallextent.

Second,thereis anear-singularityof theoppositekind in themappingnearthecusp.Essentiallythe
entiremagnetopauseof thenorthernlobeat µ§°�±J� =-23.1 ��� mapsto a narrow throatnearlocal noon.
This throatextendsfrom the cusplocationto the centerof the lobe convectioncell andcuts the lobe
convectioncell openin sucha way that thecenterof theconvectioncell doesnot mapinto the tail. If
thecenterof theconvectioncell doesnot mapinto thetail, it mustmapon closedfield lines. However,
thereareno closedfield linespresentanywherenearthemappingof thethroatinto thetail, which runs
from abouttheInterballpositionto thetip of thedusk“appendix”(themagentadots).Thusthefield line
mappingis singularin thevicinity of thethroat.Becauseof thefinite resolutionof thesimulationandthe
near-singularmappingit maywell bepossiblethatthethroathaszerowidth in reality, i.e.,thatasingular
line is runningfrom thecuspto thecenterof thecell. If this is thecase,thenparticleprecipitationon
eithersideof this line shouldbedifferentandthesingularitymaybeobservablein precipitationdata.

Thisparticularmappingof thelobecell mayalsosolve a long-standingproblemregardingthemap-
pingof lobecellsin asteadystatesituation.Hill [1994]andVasyliunas[1988]have pointedout thatit is
difficult to explainhow anti-sunwardmagnetosheathflow canproducesunwardflow in theionosphereon
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thesamefield line. In particular, they areconcernedwith themappingof thelobecell centerthatwould
have to mapto a stagnationpoint in the solarwind, which seemsnot very plausible. Consideringthe
singularor near-singularmappingfound in this studythe problemsolvesitself becausethe cell center
mapsnowhere(in a strict mathematicalsense)or to closedfield lines in a way that is still undefined.
That would still leave the problemof sunward flow on anti-sunward convectingfield lines. Here,the
flaw Hill' s andVasyliunas's argumentmay be the assumptionof steadystatemappingover large dis-
tancesinto thetail. Becausetheflowson lobefield lineseventuallybecomesupermagnetosonictailward
(usuallyat a distanceof about150-200��� from Earth),thedynamicsof thetailwardportionof a field
line becomesdecoupledfrom its ionosphericend. In otherwords,the ionosphericendof thefield line
cannotknow whatthetailwardenddoes,becausenoinformationcantravel againstthesuperfasttailward
flow.

3.8 Tail convection animation

Becausethe reconnectionprocessandthe convectionof solarwind plasmainto the tail is an intrinsi-
cally time dependentprocesswe have producedan animationfrom the simulationthat providesbetter
insight. Theanimationis shown in Movie 1 (see“ElectronicSupplements”on the journals' homepage
athttp://www.elsevier.com/locate/jastp or http://www.elsevier.nl/locate/jastp). Thean-
imationframesarethree-dimensionalrenderingsof themagnetospherethatarevery similar to Figure5.
The µ °�±J� =-23.1,̄ °�±�� =0,and ² °�±J� =0,show colorcodedtheplasmanumberdensity, onalogarithmic
scalerangingfrom 0.1cm
�� (blue)to 30cm
�� (red).TheInterballpositionis markedby thesmallsphere
in the µ§°�±J� =-23.1plane,andthefield line passingthroughInterball is drawn in green.The magenta
field linesstartin themagneticnoon-midnightmeridian.

The animationshows clearly theoverdrapingof reconnectedfield linesover the daysidemagneto-
sphereand their convection into the duskhemisphere.Here, they areaddedto the lobes,asalready
shown in theprevious section.With thesenew field lines,plasmafrom the magnetosheathis entering
thenorthernlobe.Thisplasmaconvectsslowly acrossthelobefrom duskto dawn. Someof thatplasma
eventuallyreachesthe Interball positionwhich explainsthe Interball observation of slowly increasing
lobeplasmadensitythroughthis event.

4 Summary and discussion

In thisstudywehave presentedInterballobservationsfrom thehigh latitudemid-tail magnetopausethat
providefurtherevidencethatreconnectionbetweentheIMF andlobefield linesoccursduringperiodsof
northwardIMF. Theeventstudiedhereis somewhatdifferentfrom previousstudiesof thesameprocess
[Omelchenko et al., 1983;Goslinget al., 1991,1996;Kesselet al., 1996;Berchemet al., 1995a,b; Le
et al., 1996]becauseInterballis locatedwell tailwardof thereconnectionsite,yet still observesdistinct
reconnectionsignatures,suchasacceleratedflows andD-shapeddistribution functions. This event is
alsodistinctin thattheIMF andsolarwind is fairly steadyfor asix hourperiod.Thisallows Interballto
observe aconvectionfeaturein thetail thattakesseveralhoursto develop,namelytheslow filling of the
tail lobeswith plasmaof solarwind origin.

TheseInterballobservationsprovide an importantbenchmarkfor our simulationof this event. The
simulationreproducesthekey Interballobservations,namelytheacceleratedflows, theboundarycross-
ings,andtheincreasingplasmadensityof thelobesat leastqualitatively, andin partalsoquantitatively.
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The simulationalsoproducesa ionosphericconvectionpatternthat is consistentwith previous obser-
vationsof ionosphericconvectionundersimilar IMF conditions. This allows us to usethe simulation
resultsto extendInterball's view globallyandto analyzetheprocessesin moredetail.

Thesimulationconfirmsthat reconnectionbetweenlobeandIMF field linesoccursthroughoutthe
entire interval. The reconnectionsite is found to lie nearthe terminatorwherethe lobe field andthe
drapedIMF is anti-parallel.Thereconnectionsite is alsofoundto beof smallextent (about2� � ), and
varieslittle throughtheinterval. Becauseof thefinite IMF

���
IMF field linesdonot reconnectsimulta-

neouslyin bothhemispheresasfirst proposedby Russell[1972],but form new openfield linesthatdrape
over thedaysidemagnetosphere.Thesenewly formedfield linesthenconvectover themagnetosphere's
flanksandareaddedto thetail lobes.Thisprocessresultsin nonetchangeof lobeflux, becauseon lobe
flux tubeis replacedby anotherlobeflux tube.

Mappingof thelobeboundaryfrom theInterballpositionnearµ§°�±�� =-23.1 ��� into theionosphere
revealstwo singularities.First, thereis a very smallareaof thelobewherereconnectedflux tubesenter
the tail (the “entry window”) that mapsto an extendedareain the ionosphere,spanningthereabout
6 hoursof magneticlocal time. Second,a mappingthroat forms from the cuspto the centerof the
ionosphericlobe cell, that mapsto essentiallythe entirenorthernlobemagnetopause.Becauseof this
throat,or singularline, the lobe cell is cut open,and the centerof the lobe cell cannotmap into the
lobe. This resolvesthemappingproblemraisedby Vasyliunas[1988] andHill [1994] who have argued
thatmappingthe lobecell center(a stagnationpoint) to a tailwardconvectingfield line is dynamically
impossible.

Theexistenceof singularitiesin themagneticmappingbetweentheionosphereandthetail needsto
betakeninto accountwhenstudyingthecouplingbetweentheionosphereandthetail usingempiricalor
theoreticalmagneticfield models[e.g.,Pulkkinenetal., 1991;Elphinstoneetal., 1991;Elphinstoneand
Hearn, 1992]. As our resultsshow, singularitiescanarisefor benignsolarwind conditionsandin near
steadystatesituations.Thussingularitiesappearto beevenmorelikely whenthemagnetotailundergoes
arapidre-configuration,suchasduringsubstormsor storms[seealso:Hesseetal., 1997].Becausemost
empiricalmagneticfield models[Tsyganenko, 1990;Tsyganenko et al., 1998]describetheEarth's field
in termsof smoothfunctionsimportantaspectsof themappingrelationshipsmaybemissed.

Finally, the“entry window” that is openedup by lobe- IMF reconnection–notat thereconnection
site,but almostoppositeto it– allows not only magneticflux to enterthe tail, but alsoplasmaof solar
wind origin. Thisplasmaslowly convectsthroughthetail lobein a fashionsimilar to theonepreviously
establishedfor southwardIMF conditions[Goslingetal., 1984,1985;SiscoeandSanchez, 1987;Sanchez
et al., 1990]. For northwardIMF, however, thepolarityof thefilling processis opposite:A negative

���
will first causethe northerndawn and southerndusk lobesto be filled with plasma. The prevailing
convectionpatternfrom the“entry window” towardthereconnectionsite,however, will fill theentiretail
lobeswith plasmaeventually. Thetimescalefor thisprocessis severalhours,asboththesimulationand
theInterballobservationsshow.
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Figure1: Wind solarwind andIMF observations,showing from top to bottom:thethreemagneticfield
components
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Figure2: Energy-timespectogramsfrom theInterballtail probe.Seetext for details.
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Figure3: Interballplasmaandfield observations,showing from top to bottom: thethreemagneticfield
components
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. All quantitiesarein GSEcoordinates.Theshadedintervals

indicatetimeswhenInterballobserveslobe-like plasmaandfields.
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Figure4: ComparisonbetweentheInterballobservations(redlines)andtimeseriestakenfrom thesim-
ulation(blacklines),thethreemagneticfield components
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Figure5: Three-dimensionalrenderingof thesimulatedmagnetosphere.Seetext for details.
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Figure6: Crosssectionsof thetail plasmaparametersnumberdensity, velocity, andcurrentdensity, at
1330,1500,and1630UT, respectively. Thecrosssectionsaretakenin theY-Z planeatX=-23.1 ��� , i.e.,
the planethroughInterball. The black crossmarksthe Interballposition. The longestvelocity arrows
represent150km/s.

21



12

24

18

6

MIN:-36 MAX:79

19-OCT-1995
1500 UT

Potential
10 kV contours

-80

-60

-40

-20

0

20

40

60

80

-30 -20 -10 0 10 20 30-30

-20

-10

0

10

20

30

YGSE[RE]

Z
G

S
E

[R
E

]

Oct 19, 1995 1500 UT      
mapped Potential

-80

-60

-40

-20

0

20

40

60

80

Figure7: Upperpanel:Ionosphericpotentialat 1500UT. Theblackcrossmarksthemagneticfootpoint
of Interball. Thegreenline is thepolarcapboundary, i.e., theboundarybetweenopenandclosedfield
lines.Lowerpanel:Theionosphericpotentialmappedto the ¯½°�±�� - ²)°�±J� planeat theInterballposition
( µ§°�±J� =-23.1 ��� ). TheblackcrossmarkstheInterballposition.Thecoloreddotsindicatethemagnetic
mappingof field linesjust insidethemagnetopausebetweentheplaneandtheionosphere.
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