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Abstract. We usea global modelof Earth's magnetospherandionospherdo
simulatethe Geospacé&nvironmentModeling (GEM) substormchallengeevent
of November24, 1996. We compareour resultsto InternationalMonitor for
Auroral Geomagneti&ffects IMA GE) groundmagnetometedata,assimilatve
mappingof ionosphericelectrodynamic4AMIE) polar cap potentialandfield
alignedcurrentpatterns,Polar Visible Imaging System(VIS) estimatesof the
polar cap magneticflux, GOES8 geosynchronoumagnetometedata, IMP 8
magnetometedata,andGeotailplasmaandmagnetidield data.We find generally
good agreemenbetweenthe simulationandthe data. The modeledevolution

of this substormgenerallyfollows the phenomenologicahearEarth neutral
line model. However, reconnectiorin the tail is very localized,which makes
establishing causarelationbetweertail dynamicsandauroraldynamicddifficult,
if notimpossible. We alsofind that the modelresultscritically dependon the
parameterizatiomf auroralHall and Pederserconductancesnd anomalous
resistvity in the magnetosphereFor mary combinationsof parametershat
entertheseparameterizationso substorndevelopsin the model,but insteadthe
magnetospherentersa steadycornvectionmode. The maindeviation of the model
from the datais excessve corvection,which leadsto a strong,drivenwestward
electrojetin the growth phaseonly partial tail loading,anda reducedrecovery
phasePossibleemediesareabettermodelfor auroralconductancegnimproved
anomalousesistvity model,anda morerealistictreatmenbf thering current.

1. Introduction

One of the goalsof the GeospacdenvironmentModel-
ing (GEM) substorncampaignss the evaluationof current
modelsof Earth's spaceernvironmentandan assessmerdf

how well they canpredicttheeminentfeatureof substorms.

Whatmalkesthis taskparticularlydifficult is thefactthatno
universallyaccepteanodelof the substornmorphologyex-
ists, let alonea modelthat would explain the physicsof a
substorm.Neverthelessin orderto make progressa rigor-
ouscomparisorof modelswith dataneedso be made,be-
causeonly in thisway canthe particularstrengthsandshort-
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comingsof modelsbecomeapparent.On the basisof such
assessmentgnprovementsto the models,andthusto our
understandingf the substornprocessgcanthenbe made.

Themostcomprehensieabinitio modelsof Earth'sspace
ervironmentare basedon numericallysolving the magne-
tohydrodynamic(MHD) equations. Several such models
exist [Lyon et al., 1998; Ogino, 1986; Winglee and Meni-
etti, 1998; Gombosiet al., 1998; Tanakg 1995; Janhunen
etal., 1995; Raeder 1999] and have beenusedto various
extentsto model substorms. Several of thesemodelsalso
includeanionospherenodelandsolve the electrodynamic
coupling betweenthe ionosphereand the magnetosphere
self-consistentlylt hasbeenarguedthattheionosphereon-
trols to a large extent magnetosphericorvection [Fedder
andLyon, 1987;Raedertal., 1996],althoughnotin asub-
stormcontext. In thispapemwe will providefurtherevidence
that this is the case;in particular we will shav thationo-
sphericconductanceas well asanomalougesistvity, can
determinewhetherthe magnetospherentersa steadymag-
netosphericonvection(SMC) modeor a corvectionmode
duringwhicha substorndevelops.

MHD modelsgenerallypredictasubstornevolution[Lyon
etal., 1998;Goodrich et al., 1998; Pulkkinenet al., 1998;
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Walker etal., 1993;Raeder 1995;Raederand McPheron,
1998] that closely resembleghe predictionsof the near
Earthneutralline (NENL) model[McPheronetal., 1973b;
McPheron, 1991; Baker et al., 1996,1999]. In particular

the substormexpansionphaseonsetis closely associated

with the formationof a nev nearEarthneutralline. How-

ever, it is generallydifficult to definewith precisionwhat
constituteghe onsetin the model. Experimentally the on-
setis usuallydefinedby eitherthe brighteningof theaurora,
negative baysat aurorallatitudes,or Pi2 pulsations.These
signaturesanusuallybetimedto within ~2 min [seeLyons
etal., this issue(a)this issue(b)]. Simulationsdo not (yet)

provide Pi2 pulsations. Although auroral emissionshave

beemmodeledusingglobalsimulationdFedderetal., 1995],
the auroralfeaturesarestill too poorly definedin spaceand
time to usethemfor definingthe onsetprecisely Negative
bays,on the otherhand,canbe modeledandareusedin this

study Modeling the groundmagneticperturbationss par

ticularly usefulbecausd allows usto comparghetemporal
andspatialevolution of the electrojetin detail.

In the remainderof this paperwe will first describeour
model,in particular thecomputatiorof ionosphericonduc-
tancesand ground magneticperturbations.We then com-
pareresultsfrom our modelwith groundmagnetometerss-
similatedmappingof ionosphericelectrodynamic$AMIE)
potential and field aligned current (FAC) estimates,esti-
matesof the polarcapmagneticflux from the PolarVisible
ImagingSystem(VIS) imager GOES8 magnetometedata,
IMP 8 magnetidield data,andGeotailplasmaandfield data.
We thensummarizeanddiscussour findings.

2. TheMode€

For this studywe useaglobalnumericaimodelof Earth's
spaceervironmentthatis principally basedon a MHD de-
scriptionof the plasma. An integral part of this simulation
codeis anionospherianodelfor the closureof field-aligned
currents.In orderto accommodatéhe large simulationvol-
umewith along tail andlong simulationtimes,the simula-
tion codeis parallelizedfor runningon Multiple Instruction-
Multiple Data(MIMD) machinedy usingadomaindecom-
positiontechnique[Fox et al., 1988] and messageassing.
ThemodelsolvestheidealMHD equationgmodifiedasde-
scribedin section2.1) for themagnetospheranda potential
equationfor theionosphereNumericaleffects,suchasdif-
fusion, viscosity andresistvity, are necessarilyntroduced
by thenumericamethods Thesepermitviscousinteractions
andto alimited extentmagnetidield reconnectionTheonly
explicit diffusivetermis theanomalousesistvity thatis in-
cludedin Ohm'slaw. Theeffectsof numericaldiffusionand
theanomalousesistvity termarediscussedy Raedertal.
[1996] and Raeder[1999]. In this paperwe will provide a
furtherassessmermtf anomalousesistvity on substormde-
velopment.

2.1. Outer Magnetosphere

The magnetospheriGMHD) part of the modelis solved
usingafinite differencemethodwhichis conserativefor the

2
gasdynamicpartof thenormalizedViHD equations:
op
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wherethe symbolshave their usualmeaningsthatis, B is
the magnetidield, E is the electricfield, p is themassden-
sity, v is the plasmavelocity, e is theplasmaenegy density
pistheplasmapressurej is thecurrentdensity and- is the
ratio of specificheatstakento be5/3in thesimulationgre-
sentedchere. ThejxB andE - j termsaretreatedassource
termsbecauséheverylow plasmas andthelargemagnetic
field gradientsnearthe Earthdo notallow the useof thefull
consenrative form of the MHD equationsThe modelof the
anomalousesistvity is givenby

n=aH(j' - 8)(4")?, 9)
g lilA
- |B|+¢€’ (10)

whereH is theHeavisidefunction,j is thelocal currentden-
sity, B is the local magneticfield, A is the grid spacing,
ande is a very small numberintroducedto avoid dividing
by zero. The normalizedcurrentdensityj’ (0 < j' < 1)is
usedasa switch for theresistvity. In placeswherethe re-
sistivity is switchedonit becomegproportionako thesquare
of thelocal currentdensity Similar resistvity modelshave
beenusedin the pastto modelthe kinetic effectsthatlead
to anomalousesistvity [ Satoand Hayashj 1979;Hoshing
1991, Otto, 2000]. The parameters andé determinethe
valueof theresistvity andthe currentdensitythresholdthat
mustbereachedor theresistvity to beswitchedon. These
parametersire chosersuchthat the resistvity n is nonzero
only at a very few grid pointsin strongcurrentsheets.Nu-
mericalvaluesfor 6 anda will begivenin section4.5. The
anomalousesistvity is assumedo be causedy kineticin-
stabilitiesandtheresultingplasmaturbulence.Althoughno
generallyacceptedheory exists describingthesephenom-
ena, experimentalevidenceand justification for including
an anomalougesistvity term is given by the obsenations
of strongelectromagnetievave actiity in thetail [Sigsbee
etal., thisissue;seealsoCattell and Mozer, 1986; Cattell,
1996;Cattell etal., 1998].

The numericalgrid is rectangularand nonuniformwith
the highestspatialresolution(~0.3 Rg) nearEarthandin
thetail plasmasheetlt extendsl9 R in thesunwarddirec-
tion, 300 RE in the tailward direction,and+40 Rg in the
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Y andZ directions.The gasdynamigartof the equationss
spatially differencedby usinga techniquein which fourth-
orderfluxesarehybridizedwith first-order(Rusane®) fluxes
[Hartenand Zwas 1972;Hirsdch, 1990]. The magneticin-
ductionequations treatedsomevhatdifferently[ Evansand
Hawley, 1988] in orderto consere V - B = 0 exactly.
The time-steppingschemefor all variablesconsistsof a
low-order predictorwith a time-centereccorrector which
is accurateto the secondorderin time. Thusthe numeri-
cal schemas flux-limited, thatis, it producesliffusiononly
to the extent neededat shocksand discontinuities. In re-
gions whereall variablesvary smoothly the gas-dynamic
variablesare computedwith fourth-orderaccurag, andthe
magnetidield is computedvith second-ordeaccurag. The
outerboundaryconditionsarefixed at the given solarwind
valuesontheupstreanside.At the otherboundariesve ap-
ply open,i.e.,zeronormalderivative, boundaryconditions.

2.2. lonosphere

Theinnerboundarywherethe MHD quantitiesarecon-
nectedto theionosphereis takento be a shell of radius3.5
Rpg centeredat Earth. The choiceof thisradiusis a compro-
mise necessitatethy numericalconsiderationssuchas ex-
traneouslyhigh Alfv én speedgup to a fractionof the speed
of light) andvery largemagnetidield gradientsloserto the
Earth. However, this choiceallows for the propermapping
of all relevantfield-alignedcurrent(FAC) systemsdown to
~59% magnetidatitude. The placemenbf theinnerbound-
ary alsoinhibits the formationof aring current. Insidethis
shellwe donotsolvethe MHD equationdut assume static
dipolefield. Theimportantphysicalprocessesarthvard of
thatshellarethe flow of FACsandthe closureof thesecur-
rentsin theionosphere.Every few time steps(correspond-
ing to atimeinterval of lessthan5 sin realtime) we usethe
staticdipolefield to mapthemagnetospherieACsfrom the
3.5 Rg shellontothe polar cap. We thenusethe FACs as
inputfor theionospherigotentialequation:

V-Z-V@:—j”sinI, (11)
which is solved on the surfaceof a spherewith a radiusof
1.015RE, i.e.,at110-kmaltitude.Here® denotegheiono-
sphericgpotentialasafunctionof magnetidatitudeandlocal
time, ¥ isthetensorf theionosphericonductancej; isthe
mapped-AC with thedownwardcurrentconsideregbositive
andscaledor flux tubecorvergenceandI is theinclination
of the dipole field at the ionosphere.The boundarycondi-
tion ® = 0is appliedattheequator For theionospheriddall
and Pederserconductancesy g and ¥ p, which enterthe
conductancéensorx [KamideandMatsushita1979],three
ionizationsourcesaretaken into account. First, for the so-
lar EUV ionizationwe usean empiricalmodel[Moenand
Brekle, 1993]thatdependsonly on the solar 10.7-cm flux
(F19.7) andthe solarzenithangle(y):

YH (F10.7)%%3(0.81k + 0.54k'/?),  (12)
Yp = (Fio7)**(0.34k + 0.93kY/%),  (13)
k = cosy. (14)

Secondwe computethe meanenegy E, andenepy flux
Fg of precipitatingelectrongthat are acceleratedby a par

3

allel potentialdrop A® in regionsof upwardfield-aligned
current§Knight, 1972;Lyonsetal., 1979]:

Fp = RAdljl, (15)
EO = eA<I>”, (16)

Ad, = Amax(O—') 17)
= V2rm. kT, >IN

Third, diffuse electronprecipitationis modeledby assum-
ing completepitch anglescatteringof electronsat 3.5 Rg
[Kenneland Petsthek 1966]:

Eyne (kT /2nm,) 3 ,
kTe,

Fp =
E, =

(18)
(19)

in whichn,, T,, andm, arethe electrondensity tempera-
ture,andmassyrespectiely, takenatthe 3.5 R shell. Be-
causeahe MHD formalismdoesnotprovide anelectrontem-
peraturewe have includedthe empiricalfactorsF; and F;
to allow for anadjustmenbf the electronfluxes. In section
4.5we shaw how avariationof thesefactorsaffectsthe sub-
stormdevelopment.

The conductanceare computedfrom the electronpre-
cipitationparametersisingthe empiricalrelation[Robinson
etal., 1987]:

[40Eo/ (16 + E3)|Fy
045555 p.

Xp
Sy o=

(20)
(21)

Becausehe processesesponsibldor generatingthe con-
ductanceregivenby theionizationrateswhich arein equi-
librium with recombinationthe Hall and Pederseronduc-
tancesfrom the differentsourcesare addedby taking their
geometrianean.

Using the mappedFACs andionosphericconductances,
the potentialequationis solved usinga pseudospectrdba-
lerkin method Canutoetal., 1987],andtheionospherigo-
tentialis mappedo the 3.5 Rg shell,whereit is usedasa
boundaryconditionfor the magnetospheriiow by taking
v =(-V®)xB/B2.

2.3. Ground M agnetometer Calculation

The model provides all currentsthat are necessaryto
computegroundmagnetigerturbationsexceptthering cur-
rent. In principle, Biot-Savart's law canbe usedto integrate
overall currentsn themagnetospherandtheionosphere¢o
determinghegroundperturbatioratagivenlocation. How-
ever, thisis a very costly procedurébecausehe integration
hasto be doneover a large volume andfor mary pointsin
time. Becauseve are mostly interestedn perturbationsn
the auroralzone, the calculationscan be simplified by us-
ing Fukushimas theorem[Fukushima1976], which allows
usto reducethethree-dimensiondiot-Savartintegrationto
atwo-dimensionalntegrationover the ionospheridoroidal
(equivalent)current. Thuswe split thetotalionosphericur-
rent,givenby,

j=-%-Va, (22)
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into the poloidalandtoroidalparts:

i=ip+ir, (23)
which satisfy

V-ir = 0, (24)

Vxjp = 0. (25)

Thus the poloidal currentjp canbe written in termsof a
scalarpotential®:

ip=-VY, (26)
whichleadsto a Laplaceequatiorfor ¥:
V¥ =-V.jp=-V-j. (27)

After solvingfor ¥ thetoroidalcurrentcanbeobtainedrom
r=j—-jp=j+VUu. (28)

As pointedoutby Fukushimd1969,1976jandKamideetal.
[1981], thecurrentsystenrepresentedly j; andjp together
producesno groundmagneticsignatureunderthe assump-
tion of radial geomagnetidield lines. The latter assump-
tion is certainlyno worsethanour assumptiorthatall iono-
sphericcurrentsflow in a sphericakhellat a givenaltitude.
Becausehe groundperturbationof j; andjp cancel,the
perturbationsare given by jr andthe magnetosphericur-
rents.However, thelattercurrentswill produceonly aminor
contribution at high latitudescomparedo jr. Thuswe ob-
tainthegroundmagnetigerturbatiorby usingBiot-Savart's
law with jr:

Ho s 0 R —r' '
6B R)="— ——d
cr(R) 47T/IOJT(T)><|R_r,|3 r',

(29)
where the integration extends over the sphericalshell at
110kmthatrepresenttheionosphereR isthelocation,and
0B r(R) is the perturbatiorat a groundmagnetometein
reality, the groundperturbationis expectedto be modified
by ground-inducedurrents.However, thesedependon the
conductvity of the Earth's outerlayers,which arevery dif-
ficult to quantify. We assumehatthis effectis small at the
frequenciegonsideredere,andwe make no correctionfor
thesecurrents.

2.4. Initial Conditions

Theinitial conditionsfor themagnetidield areconstruc-
ted from the superpositionof the Earth's dipole over an
equally strongmirror dipole, suchthat B, vanishesat z =
16 Rg. Sunward of the planeof symmetryat 16 Ry the
field is replacedby the initial solarwind field. This proce-
dure ensures divergence-fredransitionfrom the constant
solarwind field to themagnetospherifield. Thedipole ori-
entationin the simulationcorrespondso the Earth's dipole
orientationat2230UT on November24,1996(the obsened
substormonset),andis held constandduring the entirerun.
Thesimulationboxisinitially filled with tenuoug0.1cm~3)
andcold (5000K) plasmaof zerovelocity. The simulation
runis startedwith a southwardinterplanetarymagnetidield

18 19 20 21 22 23 00
Time (Hours)

Figure 1. Wind interplanetarynagneticfield (IMF) andso-
lar wind datafrom (73,-18,8) Rz GSE on November24,
1996. Fromtop to bottom: the magneticfield components
B,, By, andB;; thetotalmagnetidield (all in nT, GSE);the
flow velocity componentd/,, V,,, andV, (in kms~!, GSE);
thenumberdensity(in cm~2); andthetemperaturgin eV).

(IMF) andaveragesolarwind parameterén orderto let the
unphysicalinitial conditionsevolve into a magnetospheric
configuration After 1 hour, we startto rotatetheIMF vector
towardits orientationatthebeginningof theinterval of inter-
est(1800UT). Thus3 morehours(approximatelythreetran-
sit times)elapseuntil the beginning of the substormgrowth
phase. This ensureghat the simulationof the substormis
not affectedby theinitial conditions.

3. Solar Wind Input

Wind obsenationsof the solarwind andIMF areshawvn
in Figurelfor theperiodof 1800-2400JT onNovember4,
1996. Wind is duringthis time locatedat (73,-18,8)Rg in
GSEcoordinatesThe datain Figurel arenot time-shifted.
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The solarwind velocity is almostconstantthroughoutthe
entireinterval. The solarwind numberdensityis someavhat
higherthannormal(10-12cm~2) but fairly constant.There
arealsono major variationsin the solarwind temperature.
The IMF is predominantlynorthward until ~2100UT. At
thattime a major rotationof the IMF occurs,andthe IMF
becomegpredominantlysouthward, until ~2213UT. After
thattime theIMF is predominantlynorthwardagain.

In orderto usethe Wind dataasinput for the simulation
we propagatehe Wind databallistically at the prevailing
solarwind speed(-420 km s 1) to the inflow boundaryof
thesimulationwhichis locatedl9 Ry upstreanfrom Earth.
We alsocomputethe normaldirectionof the solarwind dis-
continuitiesusingthe minimumvariancemethod[Sonnerup

andCahill, 1967,1968]overtheentireinterval from 1800to Table 1. IMAGE® MagnetometeEtations
2400UT, whichwefind to be(0.88,-0.46,0.1¢in GSEcoor - ,

dinates Thisassumethatthe solarwind roughlyconsistof Station Mag. latitude MLT
layersthatareall inclinedby thesameangleto theSun-Earth

line. We find thatthe magneticfield componenin the nor- '—YR: 74.31 0243
mal directionis approximatelyconstantyhich justifiesthis HOR 73.47 0222
assumption.On the basisof this normaldirectionwe then BJIN¢ 71.02 0202
propagatehe solarwind and IMF into the simulationbox. AND* 67.13 0134
Hencewe not only obtaina more accurateboundarycon- SOR 67.16 0176
dition, but we canalso propagatehe IMF B, component TROY 66.94 0152

into the simulation. The alternatve, which entails setting

h
theentireinflow boundaryto themeasuredlata,impliesthat KIL ; 66.06 0157
the solarwind parameterareindependentf Y and Z. In MAS' 65.97 0175
thatsituation,B, cannotchangepecaus¢hatwould violate KEV/ 65.69 0194
Maxwell's equationV - B = 0. KIR® 65.07 0146
MUO! 64.72 0164
4. Results soD™ 63.61 0175
PEL" 63.46 0162
4.1. Auroral Ground Magnetic Signature LOZ° 62.84 0222
Substormsre primarily identifiedby their groundmag- Sg‘; gggé gigg
netic signature. Figure 2 shavs the comparisorof ground s '
magnetometerérom the InternationalMonitor for Auro- NUR 57.62 0128
ral Geomagneti&ffects(IMA GE) chainacrossScandingia
[VillanenandHakkinen 1997]with the computednagneto- ¢ |InternationaMonitor for Auroral Geomag-
gramsfrom the model. The stationsareorderedfrom north neticEffects,
to southin Figure2. Only the north-southcomponentis bLongyearbyen, °Hornsund, ¢Bear Island,
shavn here becausét hasthelargestandmostdistinctvari- ¢Andenes/ Sgrgya,
ations. Table 1 shows the magneticlatitude and the mag- 9Tromsg,"Kilpisjarvi, {Masi, Kevo, *Kiruna,
neticlocal time at 2230UT of thesestations.Beginning at !Muonio,
~2100UT theIMA GE magnetometerseethegrowth phase mSodankla, "Pello, °Lovozero, POulujarvi,

of the substorm,which is reflectedin a small increaseof

the westward electrojet,i.e., a small negative perturbation.
Thecomputednagnetogramalsoshav anegative perturba-
tion; however, it is of muchlargeramplitude At ~2227UT,

IMA GE recordsthe onsetof a substormexpansionphase,
marked by the rapid negative excursionat mostof the sta-
tions. The computedmagnetogramslso shav the expan-
sion phaseonsetsignature marked by the acceleratingle-
creaseof the magneticfield valuesat mostof the stations.
However, the onsetin themodeloccurs~5 min earlier The
modeledsignaturds alsodifferentfrom theobsenedonein

otherrespectsFirst, thereis a gradualdecreasef the per

turbationvaluedongbeforetheonsetatsomeof thestations,
whereaghe IMA GE stationsshav no signsof anincreasing
electrojetbeforethe commencemerdf onset,exceptfor the
small growth phasesignature.Secondthe expansiononset

7Hopenlsland,
*Nurmijarvi
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Figure 2. Groundmagnetometetracesfrom the Interna-
tional Monitor for Auroral Geomagneticffects (IMA GE)
magnetometechain on November24, 1996 (thick dotted
lines),andthe comparisorwith the modelresult(thin solid
line). Shawn is the north-south(X) componenin units of
nT. The stationsLongyearbyenLYR), Hornsund(HOR),
Bearlsland(BJN),AndenegAND), Sgrayg SOR), Tromsg
(TRO), Kilpisjarvi (KIL), Masi(MAS), Kevo (KEV), Kiruna
(KIR), Muonio (MUO), Sodankla (SOD), Pello (PEL),
Lovozero (LOZ), Oulujarvi (OUJ), Hopen Island (HOP),
Nurmijarvi (NUR) are orderedin latitude from north to
south,andtheirlocationsaregivenin Tablel.

6

proceedsslower in the model. Most IMA GE stationssee
a drop of several hundrednanoteslasvithin 5 min of on-

set, whereaghe modeledperturbationshav a ratethatis

slower by a factorof 1.5-3. Third, the expansionphaseis

much shorterin the simulationas comparedo thatin the
data. Therecovery at the IMA GE stationsbegins ~30 min

afterthe onsetandlastsfor morethan1 hour At 2330UT

mostIMA GE stationshave notyetrecoveredto their presub-
stormvalues.On the otherhand,the modelshaws recovery
beginning ~15 min afteronset. The recovery in the model
is alsomoregradualandshorter so that after 40 min most
stationshave recoveredto nearlytheir presubstornvalues.

Thefirst onsetsignaturan the IMA GE stationsoccursat
KIR (Kiruna), MUO (Muonio), SOD (Sodankla),andPEL
(Pello), i.e., between63° and 65° magneticlatitude. The
westvardelectrojethenexpandsbothnorthwardandsouth-
wardin time. At thesouthwardendtheelectrojetis bounded
by the stationNUR (Nurmijarvi) at which no expansionis
obsened, i.e., belov 58° magneticlatitude. The IMAGE
chainprovidesno boundat the northward end; thusthe ex-
pansionproceeddeyond 74° magnetidatitude. Themodel
resultagreesrery well with the obsened southvard expan-
sion,with the exceptionof the HOP (Hopenlsland)station.
However, the OUJ (Oulujarvi) station,which is closelylo-
catedto HOR alsoseesonly a very small expansionsigna-
ture. Thusthe modelpredictsthe southvard expansionto
betterthan2°, whichis comparabléo the modelresolution.
At the northward end of the electrojetthe modeldoesless
well. At the stationsBJN (Bearlsland),HOR (Hornsund),
andLYR (Longyearbyen)which all lie northward of 70°
magnetidatitude, themodelpredictsno expansiorbut justa
drivensignatureduring the growth phase.Becauséhe sub-
stormexpandsto at least74° magneticlatitude, the model
predictionis off by atleast4° .

4.2. Polar Cap Parameters

Figure3 shows time seriesof the magneticfield B, and
B, componentgust upstreanof the magnetopauseearthe
subsolampoint (Figures3aand3b), anideal AL index from
the model (i.e., the minimum of the north-southperturba-
tion over the entire northernpolar ionosphere)(Figur&c),
the polar cap magneticflux from the model and from Po-
lar VIS data(Figure3d), therateof changeof the polarcap
flux from the model (Figure 3e), the modeledcrosspolar
cappotentialin thenorthernhemispherégFigure3f), andthe
magnetidield elevationangleat GOES8 (Figure3g).

The magneticfield B, and B, componentsit the mag-
netopauselearly mark the arrival times of the IMF rota-
tions at the magnetospherahat is, the southward turning
of B, occursat 2102UT, andthe northwardturningoccurs
at 2236 UT. We do not claim that theseare the actualar-
rival timesin the magnetospherdyecausave do not know
the exactpropagatiorcharacteristicsf thesediscontinuities
in the solarwind. However, thesetimes are importantfor
timing other signaturedn the simulation. A few minutes
after the arrival of the southvard B, at the magnetopause,
the substormgrowth phasebegins with the expansionof
the polar cap,a jump in the crosspolar cap potentialfrom
~60kV to ~160kV, andthe growth of a driven electrojet,
i.e.,thegradualnegative excursionof AL. The polarcapflux
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Figure 3. (a,b) Time seriesof the magneticfield B, and
B, componentsn the magnetosheatht the subsolamag-
netopausegc) themodeledAL index, (d) thepolarcapmag-
neticflux from themodel(solid line) andfrom PolarVisible
ImagingSystem(VIS) estimategdottedline), (e) therateof
changeof the polar capflux asestimatedrom the model,
(f) thecrosspolar cappotentialfrom the model,and(g) the
magneticfield elevation angleat GOES8 from the model
(solid line) andfrom GOESS (dottedline).

7

doesnot grow steadybut grows initially faster(at a rate of
~2x10° Wb s~1), andthenthegrowth slows down to arate
of ~5x10* Wb s~!. Comparisorof the polarcapmagnetic
flux with dataobtainedfrom the VIS imageronboardthe
Polarsatelliteshavs qualitatively the samebehaior in the
data.During thefirst 30 min the growth rateof the polarcap
is roughlythe samein thedataandin themodel. Later, until
amaximumis reachedyIS shows alargergrowth rate,and
thus a higher maximum(1.15x 10° Wb, versus0.88x 10°
Wb for the model,i.e., a 23% difference). This difference
is consistenwith differencegoundin thelobefield strength
(seebelow). However, the VIS dataandthe modelhave in
commonthatthe expansionof the polar cap continuesuntil
aftertheexpansiorphaseonset.Notethattheonsetrecorded
by VIS occurslaterthanthatin themodel,i.e.,at2227UT.

The AL index shavs the substormexpansionphaseonset
commencingat 2222 UT, beforethe northward turning of
the magneticfield at the magnetopaused-dowever, the only
signaturein the polar capflux is, at most,a slight decrease
in its growth rate. It takes~10 moremin afterthe AL onset
until the polarcapareabeginsto shrink. Thecrosspolarcap
potentialbehaessimilarly. At the AL onsetthereis asmall
increasef thepotential whichreachesmaximumandthen
beginsto decreasén syncwith the polarcapflux. Boththe
decreasef thepolarcapflux andthepotentialoccur~5 min
afterthenorthwardIMF reacheshe magnetopause.

In Platel we presentheionosphergotential field-alig-
nedcurrent(FAC), andthe polar caparea,andwe compare
themto AMIE [Richmond 1992;Lu et al., 1995] results
whereappropriate Platesla-1leshaw, respectiely, the po-
tential patternfrom the model (MHD-PQT), the AMIE po-
tential pattern(AMIE-POT), the model FAC (MHD-FAC),
the AMIE FAC distribution (AMIE-FAC), andthe polarcap
atfour differenttimes(from left to right: 2100,2200,2245,
and2300UT). In Platel, downward FACsarepositive.

At 2100UT the southvard IMF hasnot yet reachedhe
magnetopausehusthe northward IMF with substantialB,
andB, componentteadsto atwo-cell potentialpatterrwith
a nearly circular positive cell over the pole and a kidney-
shapedhegyative cell atlower latitudesin the dusksector At
2200UT, well into the growth phasethe corvectionpattern
is characterizely atypicaltwo-cell corvectionpatternwith
strongday-nightcorvectionover the pole. This cornvection
patternpersistswith little modificationinto the expansion
phaseasshavn by the2245UT plots. Later, in therecovery
phasethe northward IMF B, andthe strongnegative IMF
B, producea corvection patternwith a positive cell over
the pole anda negative cell at lower latitudes. This pattern
is similar to the presubstornpattern;however, the corvec-
tion, is strongerandthe negative cell is shiftedtowardsthe
nightside.

The corvectionpatterngproducedby the modelaregen-
erally very similar to thoseproducedoy AMIE. The main
differences the strengthof the corvection. The modelpre-
dicts a crosspolar cap potentialthatis abouttwice of that
predictedby AMIE. We have found similar differencesn a
previous study[Raederet al., 1998], but we could not find
a particularreasonfor the discrepang. Herewe alsocom-
parethe field-alignedcurrentsfrom our model with those
from AMIE (Plateslc and1d). Both AMIE andthe model
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produceafairly similar currentpattern;in particular there-
gion1andcuspcurrentdistributionarecomparableAt 2100
and2200UT the currentproducedby the modelis signifi-
cantlystrongetthanthe currentproducedoy AMIE, andthe
MHD modelalsopredictsstronglocalizedcurrentsthatare
absenin the AMIE model. At thesetimesit is quite plausi-
ble thatthelargepotentialin our modelis causedfor exam-
ple, by reconnectiomatesin the magnetospherthataretoo
high anddrive FACsthat aretoo strong. However, at later
times(2245and2300UT) the FACsproducedy AMIE and
thosefrom themodelarequitecomparableln particular the
magnitudesare very similar, and both modelsshav strong
localizedcurrents,althoughin differentlocations. Thus, at
thesetimesit appeardo be morelikely that differencesn
the ionosphericconductancesausethe discrepang in the
potentialvalues. We have comparedhe conductanceat-
ternsof thetwo models(not shavn here)andfoundthatthe
differencesarevery complex anddo not offer a simple ex-
planation.Therefore aswe speculatedh our previousstudy
[Raedeeetal., 1998],it is unlikely thatthereis asinglefactor
thatcauseshepotentialdifferences.

Thereis also a notabledifferencebetweenAMIE and
our modelin the substormcurrentwedgesignature. Our
model predicts nightsideregion 1 current signaturesthat
arereminiscenbf a substormcurrentwedgealreadyin the
late growth phaseat 2200UT, i.e., the strongupward FAC
in the 1900-2400MLT sectorand the downward current
around0600MLT. Thesecurrentsare essentiallyabsentin
the AMIE FAC pattern,andthey producethe strongground
magneticsignaturebefore onsetin the modeledmagneto-
grams(seeFigure?2). Later, in the expansionphase AMIE
predictsa currentwedgesignaturein the 2400-0200MLT
sectorwhereaghemodelpredictsthecurrentwedgethates-
sentiallyonly consistof adownwardcurrentnear0600MLT.
Obviously, thesecurrentsignaturesareall generatedn the
tail, andwe will discussthemin more detail with the tail
signatures.

4.3. Signaturesin the Near-Earth Tail

A typical nearEarth signatureof substormexpansion
onsetis the dipolarizationof the magneticfield. During
the growth phasethe field attainsa stretchecconfiguration,
which at onsetand during the expansionphasesnapsback
to a more dipolar geometry[McPherion et al., 1973a,b;
Kokuhun and McPherion, 1981;Nagai, 1982;Singer etal.,
1985]. During this event, only the GOESS satellitewasin
areasonabl@ositionto obsere thefield dipolarization,al-
thoughit was far from local midnight, at ~1730MLT in
the duskmagnetosphereFigure 3g shavs the comparison
of the magneticfield elevation anglemeasuredy GOESS8
with the modelresult. During the growth phase stretching
of thefield occursat GOESS8 aswell asat the GOESS lo-
cationin the model. Dipolarizationcommencesat GOES
8 at ~2245UT, i.e., ~18 min after the onset. In the mo-
del, dipolarizationoccursearlier at ~2225UT. Although
theionospherionsetoccursearlierin themodelaswell, the
time delaybetweenionosphericonsetand dipolarizationat
GOES8is muchshorterin themodel.In themodelthedipo-
larizationessentiallycoincideswith the onset,while GOES
8 obsenresthedipolarizationapproximatelyl8 min afteron-
set. This discrepang indicatesthatthereis a considerable
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differencein the formationandthe evolution of the current
wedgebetweenthe modeland the data. This hasalready
becomeavidentfrom thecurrentwedgelocationin theiono-
spherewherethemodelplaceshecurrentwedgesignatures
furtherto the flanksthanthe AMIE modeldoes.Unlike the
time difference,the magnitudeof the dipolarizationin the
modelcomparesvell with thedata.

In orderto investigatehe dipolarizationfurtherwe shawv
in Plate2 cutsthroughthe simulationdomainin aplanepar
allel to the equatorialplaneat Z=-3.3 Rg . Plate2 shows,
from left to right, B, gse, Vz,ase, and the temperature,
at four differenttimes(2200,2215,2245,and2300UT in
Plates?a-2d,respectiely). The contourlines shav B,=0
and V,=0, respectiely. Note that becauseof the winter
dipole orientationandthe hinging of the tail, thesecutsare
not exactly in the plasmasheeteverywhere;however, we
have chosenthe location of the cut suchthatit coversas
muchof the plasmasheetaspossible.

At 2200and2215UT (in the late growth phase}he tail
is stretchedthatis, the B, is relatively weakin the near
Earthtail, andflows arepredominantlyearthward. At these
times,thereis alreadysomeindicationof the beginningof a
breakupin the tail in the morningsectorwhereflows have
becomeweakly tailward and B, is reducedor slightly neg-
ative. The nearEarthplasmais at this time relatively cool
with amaximumtemperaturef 12 keV.

At 2245UT breakuphasoccurredwith the formationof
anew x line ataround-17 Ry from Earthin thedawn sector
andat~25 R from Earthin thedusksector Althoughone
couldamuethatthereis a singlex line becausef the con-
tinuousB,=0 contour thereappeato betwo distinctrecon-
nectionregions,eachof whichis associatedavith a channel
of earthvard flow. Of thesetwo active regions,which only
extenda few Rg in the Y direction, the onein the morn-
ingsideis strongerand producesearthvard flows of up to
300kms~!. Associatedvith theseearthvardflowsis asub-
stantialincreaseof B,, i.e., the dipolarizationof the field.
This dipolarizationis initially localizedbetween2300 and
0400 MLT, but spreaddater both radially and aroundthe
flanks. Also associatedvith the dipolarizationis a substan-
tial heatingof the nearEarthplasma.During the expansion
phasg2245UT) thenearEarthplasmatemperatureeaches
~30keV andthengraduallycoolsduringtherecovery phase
(2300UT). Thisis theMHD equialentof ring currentinjec-
tion. However, becaus&HD doesnottreatthedrift motion
of thisplasmajt will notbetrappedandform aring current,
but eventuallyescapeahroughthe daysideandflank bound-
aries.

At 2300UT therecovery phasehasbegun. Thex line is
now generallyretreatingbut like the formationof the near
Earthneutralline, this processs notuniform acrosshetail.
While the x line hasmovedbeyond X=-25 Rg in thedawvn
sectorit is still closerto Earthin the dusksector However,
thereareno strongflows in eithersector;thus,if reconnec-
tion s still occurring,it mustbeweak.

Although B, andV,, arerathercloselyrelatedin thetail,
thereis no oneto onerelationshipbetweerthesequantities.
In particular B, andV,, generallydo not changesignin the
samelocation. Onereasonis the dipoletilt which imposes
anadditionalB, componenbnthetail whichis notuniform.
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Anotherreasoris thatsomeof the flows arealmostparallel
to thefield, in particulay where|B,| is small. In that situ-
ationthereis essentiallyno dynamiccouplingbetweerthe
flow andthefield, becausearallelflows arenot associated
with anelectricfield. Also, the entirex line canmove with
thelarge-scaldlow, sothatin theinertial framethe velocity
V is shifted,while in theplasmarestframetheflows arestill
outwardfrom thex line.

Also, a distinctionbetweertopologicalx linesandmag-
neticreconnectiormustbe made.An x line is simply a ge-
ometrywherethe magneticfield is split into four topologi-
cal distinctregionsby two seperatrixsurfaceswhoseinter-
sectionformsthe x line but without necessarilyhaving no-
ticeabledynamicconsequence®econnectionpn the other
hand,is not only characterizedy an x line topology but
alsoby significantenegy corversion,i.e., fast(severalhun-
dredkm s~!) flows. Most likely thereis a smoothtransition
betweerpassie,topologicalx linesandmagnetiaeconnec-
tion. FromPlatel it is evidentthatbothoccurin thetail.

It is alsoevidentfrom Platel thatreconnections highly
localizedin spaceandtime. In particular the reconnec-
tion geometrylooks very unlike the cartoonsthat are usu-
ally drawvn to ervisionthis procesgRusselandMcPherion,
1973;Hones 1977,1979]. Becausef the comple history
of the tail imposedby the solarwind, the plasmaandfield
parameterarenonuniformin space.Thereforeit is not sur
prising that reconnectioris stronglylocalized,becausahe
reconnectiorprocessnustdepenctritically onthelocal pa-
rameters.

Becauseof the rather“unorderly” characterof the tail
dynamicsin the model, it is extremelydifficult, if notim-
possible,to relate the dynamicsof the tail to other sub-
stormcharacteristicsfor example,the electrojet,andto es-
tablisha cleartime sequencef events.Althoughthis simu-
lation shaws clearly reconnectiorbeforethe auroralexpan-
sionphaseonset;t is notclearif thisis really thetrigger of
the expansionphaseonset,i.e., if thereis a clearrelation-
ship betweenthat reconnectiorprocessandthe subsequent
enhancemerntf theelectrojet.

4.4. Signaturesin the Middle Tail

Duringthis event,two satellitesmadeobsenationsin the
middle tail around30 Rg from Earth. IMP 8 waslocated
at (-36,-3,10)Rg in GSE coordinatesj.e., in the northern
lobe, while Geotailobsenred at timesthe plasmasheetand
neutralsheetat (-25,-8,-3)Rg in GSEcoordinates.

Figure4 shownvs magneticfield datafrom IMP 8 andthe
comparisorwith the model. No plasmadatawereavailable
from IMP 8. BecausdMP 8 waslocatedin the tail lobe,
it clearly obsenestheloadingof thetail with magneticflux
duringthe substormgrowth phasg Caanetal., 1975]. This
signaturecommencest IMP 8 at2138UT with thegradual
increaseof B, andthe total field, accompaniedy a small
decreasef B,. Thustheflaringangleandthemagnetidiux
in thetail increaseThis increaseendsabruptlyat 2235UT,
whenthis procesgeversesput at a fasterrate. This beha-
ior of thetail is usuallyexplainedasthe loadingof the tail
with magneticflux thatis peeledoff the daysidemagneto-
sphereby reconnectiormandsweptinto thetail lobes,andby
the subsequentemoval of this flux by reconnectiorat the
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Figure 4. IMP 8 magneticfield data(dottedlines)andmo-
delresults(solid lines)on November24,1996. GSEcoordi-
nates:(a) B,, (b) By, (c) B, and(d) thetotalfield. Thetwo
verticallinesmarkthe onsetof thetail field reductionin the
dataandin themodel,respectrely.
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nearEarthneutralline. The simulationshavs qualitatvely

the samefeaturesbut with noticeabledifferences First, the

increaseof the tail flux doesnot begin with the arrival of

the southvard IMF at the magnetopauséseeFigure 3) but

starts~30 min later This is possiblycausedby increased
tail reconnectiorduringtheinitial gronth phaseandwill be

discussedh section5. The secondlifferenceis the delayed
unloadingof the tail, which occurs~17 min after the on-

set. The unloadingat IMP 8 is alsodelayedby 7 minutes
with respecto theonsetthustheeffective differences ~10

min. Thisdifferencds consistentith thedifferencehatwe

found comparingthe obsenedandthe modeledtime devel-

opmentof thepolarcaparea.

Figure5 shavsmagnetidield andplasmadatafrom Geo-
tail and the comparisonwith the modelresults. Figure 5
shaws, from top to bottom, the magneticfield B,, B,, and
B, component$Kokuhun et al., 1994]; the plasmaflow V,
component;the plasmanumberdensity; the plasmapres-
sure; and the plasmatemperature. Plasmadatafrom the
Comprehensie Plasmalnstrumentation(CPI) instrument
[Franketal., 1994]andthe Low Enegy Particles(LEP) in-
strument[Mukai et al., 1994] (lines with opencircles)are
shavn. The heavy solid line shaws the resultfrom the mo-
del atthe Geotaillocation. Therearesubstantiatlifferences
betweenthe modelandthe data. Consideringthe dynamic
natureof the tail plasmasheetand the fact that large gra-
dientsin all plasmaand field parametersxist in the tail,
this is not surprising. To illustrate what differencea small
perturbatiorof the spacecraftocationmakes,we have also
producedtime seriesat locationsthatare2 R above and
below the Geotaillocation. The upperandlower boundsof
the shadedareasin Figure 5 are definedby thesetime se-
ries. The shadedhreasessentiallybraclket the obsenations.
Thus,in orderto predictthe Geotailobsenations,a model
would not only have to producethe plasmaandfield values
correctlybut alsotheir locationbetterthanwithin 2 Rg. Of
course,this is extremely difficult, consideringthat the tail
is in constantmotion owing to the buffeting from the solar
wind andIMF andowing to its internaldynamics.

Despitethis difficulty, there are importantfeaturesthat
canbe comparedandconclusionghatcanbe dravn. From
themagnetidield B, componentt is clearthatGeotailtra-
verseghe plasmasheetseveraltimesduringthis event. The
model predictsonly one excursionat the nominal Geotail
position, but for the position2 Ry belov Geotailit would
predictonly southerdobeobsenations,andfor theposition
2 Rp above Geotailit would essentiallypredicta northern
lobe position. Thusthe plasmasheein the modelis atmost
4 R thick betweer?100and2330UT, andit is mostlikely
muchthinnerin reality. Sincethe modelresolutionin the
Z directionis ~0.3 Rg, the plasmasheetis just barelyre-
solved.

The Geotail B, signatureis ratheruneventful; however,
the modelpredictsa large B, signaturgust at the substorm
onset.This signaturds mostlikely causedy theformation
of aflux rope.The B, spikeis alsoverylocalizedbecausét
doesnotappeain thetime seriesaken2 R belov Geotail.

The magneticfield B, componentis positive during the
entiregrowth phase while the flow is generallyearthvard.
At aboutthe expansionphaseonsetthe flow turnstailward,
andshortly thereafterB, becomesggative. This indicates
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Figure 5. Geotailmagnetidield andplasmadataandcom-
parisonwith the modelresults,on November24,1996.The
dotted lines are magneticfield and plasmadatafrom the
MagneticField Experimen{MGF) andLow Enegy Particle
(LEP) experiment respectiely. Datarepresentedith open
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(CPI) instrument.Model resultsat the nominal Geotail po-
sition aredravn with a heary solid line. The shadedarea
is boundedy time seriestakenfrom the modelat locations
thatare2 Rg above andbelow Geotail,respectiely.
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thata new x line hasformedearthvard of Geotail. The be-
havior of the simulationis generallysimilar, exceptthatthe
flow is tailwardfor mostof thegrowth phaseandfor abrief
interval around2135UT where B, becomesegative and
theflow becomestronglytailward. However, a characteris-
tic featurein boththe Geotaildataandthe simulationis the
15-min suige beforethe B, turnssouthvard, during which
B, becomestrongemorthward(to ~5 nT) andtheflow be-
comesstrongly earthvard (to ~300 km s~1). This sumge
is also presentto someextent in the plasmadensity and

very prominentlyin the plasmapressureand temperature.

Petrulovich etal. [1999] have foundsuchpressuresurgesin
their survey of substormgincluding this one)andattribute
themto two reconnectiorregions, one earthward and one
tailward of Geotail. Our simulationconfirmsthis view. As
the secondandthird panelsof Plate2 shav, Geotailis lo-
catedjust tailward of the davnsidenearEarthneutralline.
A secondneutralline (not visible in Plate?2) is locatedfur-
thertailward. Thus plasmais piling up betweernthesetwo
neutrallines,causinghepressurgeakobsenedby Geotalil.

4.5. Parameter Variations

As outlinedin section2, our modeldependon several
parameterghat arise from the parameterizatiorof kinetic
processes.Theseare, in particular the anomalousresis-
tivity andthe enepy flux of electronsinto the ionosphere.
The latter determineshe auroralconductancei the night-
sideandthus affects magnetosphericorvection. We have
variedtheseparameters,e., theresistvity thresholds and
scalefactora (equation(9)), andthe enegy flux factorsF;
and F, (equationg15) and(18)) over a wide rangeof val-
ues.We foundthatfor mostparametecombinationgio sub-
stormoccurs. Thusthe resultspresentedbove (which will
be referredto asRun 1 in the remainderof this paper)are
for a certainparametecombinationthat producesan onset
ataboutthe correcttime andwith roughly the correctmag-
nitude,asmeasuredy the groundmagnetometeperturba-
tions. Specifically the parameter$or this run were§=0.65,
«=0.05,and Fy =F5>=4.

Figure6 shavsgroundmagnetigerturbationgrom three
runswith parametecombinationghatdo notproduceasub-
storm. Specifically in Run 2 we have setthe precipitation
parameterd) andF; to avalueof 1.5,i.e., abouta factor
2.6lowerthanthatin Runl, but we have kepttheanomalous
resistvity parametershe sameasthosein Runl. In Run3
we have setthe anomalousesistvity to zero(a=0), andin
Run4 we have loweredthe thresholdfor theanomalouse-
sistiity (6=0.4)andincreasedts scale(a=0.2),while keep-
ing theionosphergarameterthe sameasthosein Run1.

None of theseruns producesa substorm. Instead,the
magnetospherentersa drivenmodein which the electrojet
slowly increasesluring the growth phaseand then slowly
decreasesfter the IMF turns northward. Also, for these
runs thereis no significantloading and unloadingin the
tail (via comparisonwith the IMP 8 magneticfield, not
shavn here). Thus, insteadof loading the tail during the
growth phasewith magneticflux and enegy andthenun-
loadingit duringthe expansionphasethetail entersa state
of steadycorvectionin which daysidereconnectioris ap-
parentlywell balancedy reconnectiorin thetail. Although
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Figure 6. Comparisonof IMA GE ground magnetometer
recordingson November24, 1996, with the resultsfrom
threedifferentsimulationrunsthat did not producea sub-
storm (seetext for details). The format of Figure6 is the
sameasthatin Figure?2.
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thisis clearlyawrongsolutionfor this event, it is notcom-
pletely unphysical,and such steadymagnetosphericon-
vection(SMC, sometimesalled“convectionbays”) events
have indeedbeenobsered[Yahninetal., 1994].

5. Summary and Discussion

The GEM substornchallengesvent providesuswith the
uniqueopportunityto compareour modelwith dataandto
assessts validity with respectto substormdynamics. We
find thatthe modelgenerallycomparesvell with the obser
vations,in particular thatthe modelreproduceshe promi-
nentsubstormfeaturesthat could be expectedfrom a fluid
model.Of course pthersubstornfeatures|ik e Pi2 burstsor
particleinjections,arebeyondthe scopeof themodel.

The substormdynamicsproducedby the modelfollows
essentiallythe phenomenologicahearEarth neutral line
(NENL) model[McPheronetal., 1973b;McPherion, 1991;
Balker et al., 1996,1999]. During the growth phase mag-
netic flux is removed from the daysidemagnetosphereia
reconnectiorand sweptinto the tail. This createsan im-
balancebetweendaysideandnightsidereconnectiorwhich
leadsto anincreasen tail magnetidlux, whichfor thisevent
is obsened by the Polar VIS instrument(expandingpolar
cap)andby IMP 8in thetail lobe. Nearexpansiorphaseon-
set,oneor morenew neutrallinesform in thetail relatively
closeto Earth,andeventuallythey begin reconnectindobe
flux. As aresult, tail reconnectiorbecomesstrongerthan

daysidereconnectionand the tail flux beginsto decrease.

However, neitherthe datanor the simulationcantell usin
detailat this pointhow reconnectiortonnectgo theauroral
featuresThedataanalysigs hamperedby thesparsityof ob-
senation points,andthe simulationis limited by too coarse
resolutionandthefactthatthe plasmasheets very dynamic
andthatreconnectioris localizedandoccursin several re-
gions.Also, becaus¢he IMF turnednorthwardat or shortly
afterthe onset,it is difficult to sayby how muchthe night-
sidereconnectiomrateis increasing.However, the modelis
in very good agreementvith the datain predictingthat a
new neutralline forms earthvard of Geotail (>-25 Rg) in
closeassociatiorwith expansionphaseonset. This andthe
fact that the modelalso producesother commonsubstorm
signatureggroundperturbationsgipolarization andcurrent
wedge)giveusconfidencehatthemodelis essentiallybased
onthecorrectphysicsandthattheresultsaremeaningful.

However, thedifferencedetweerthemodelandthedata
giveusanimportantessorasto theshortcoming®f themo-
delandwhereimprovementsareneededA numberof these
differencesndicatethatthe reconnectiomatesin the model
aretoo high. First, the polar cap potentialis consistently
higherthanthe potentialestimatecoy AMIE. Althoughthe
AMIE potentialdependon assumptionsfor example,the
ionosphericconductanceit appeardo be unlikely that the
resultingerrorsin the potentialwould be ashigh asa factor
2-3. Secondthe modelexhibits a strong,driven electrojet
duringthegrowth phasehatis atleastafactorof 5 stronger
than the obsened groundsignature. This is also evident
from the FAC distribution, which showvs a currentwedge
likedistributionalreadyduringthegrowth phase Obviously,
thesecurrentsaregeneratedn the tail by reconnection At
the Geotaillocationthe modelpredictstailward flow during
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muchof the growth phase whereasGeotailobseneseither
no flow or earthvard flows. Only in the late growth phase
doesthe modelreproducehetail flows well. Thusthe pre-

substormx line in themodellies too closeto Earth,at least
in the Geotailmeridian. Third, asa consequencef the ex-

cessve corvection,the modelstoredessmagneticflux and
enegy in the lobesasthe dataindicate. This thenleadsto

theshortrecovery phasdan themodel.

It is difficult to point to a single causefor thesediffer-
encesandquite possiblytherearemorecauseghanone:

1. As we have shown the electronprecipitation,and
thus the ionosphericconductancesubstantiallyinfluences
magnetosphericorvectionand thus the substormdynam-
ics. Unfortunately no direct measurementf conductance
is possible,and thus we cannotcalibrateour conductance
model very well. Statisticalmodelsare not of much use
here,becausdahey averageover the instantaneougeatures
andalsobecausehey arein partbasedon the sameempiri-
calrelationgRobinsoretal., 1987]thatwe usein themodel.
On the other hand, thereis muchroom for improving our
model. For example,a dynamic,self-consistenionosphere-
thermospherenodellike the CoupledThermospherdéono-
sphereModel (CTIM) [Fuller-Rowelletal., 1996]could be
usedn placeof theempiricalRobinsorformulaeto compute
the conductanceBom the electronprecipitationparameters
usingfirst principles. Also, onecould usea modellike the
RiceCorvectionModel (RCM) [Wblf, 1983;Toffolettoetal.,
1996]to computethedrift of innermagnetospherelectrons
andthusimprove the calculationof diffuseelectronprecip-
itation. It is alsopossibleto usespace-baseBUV images
of the aurorato infer electronprecipitationcharacteristics
[Lummerzheinet al., 1997; Germanyet al., 1997], which
couldthenbeusedo correctthemodelconductancely data
assimilatiormethods.

2. Themodelof anomalousesistvity usedn thesimula-
tion is basedntheassumptiothatsomecurrent-dependent
kinetic processcausessufiicient turbulenceto scatterelec-
tronsto the effect of substantiabnomaloudiffusion. Al-
thoughthereis experimentalevidencethat suchprocesses
indeedoccurin the tail [Sigsbeeet al., this issue;seealso
CattellandMozer, 1986;Cattell, 1996;Cattelletal., 1998],
no constraintsareavailable,andin particular no detailsare
known aboutthe dependencen plasmaparametersRecent
studiesof the reconnectiorprocessusingvariousmodeling
approachefBirn andHessge2000;Hesseetal., 2000;0tto,
2000] alsoindicatethat processeshat are not includedin
MHD, for example theHall termortheV - P, term,where
P. is the electronpressurgensor have a substantiainflu-
enceon reconnectiomates.Thusthereis considerableoom
to improvetheanomalousesistvity model,for example by
parameterizingesultsfrom kinetic models. Furthermore,
numericalresistvity is presenin our model(like ary other
model)anddifficult to quantify. Becausehe simulationof
this substornrequiredanomalousesistvity to a certainde-
gree,whereasunningthe modelwithout anomalougesis-
tivity (i.e.,reconnectioris solelycausedy numericalresis-
tivity) producecho substormit is quitelikely thatnumerical
resistvity playsonly aminorrole. However, its effectscan-
notberuledoutentirely

3. Our modeldoesnot containa ring current. This is
becauseof the MHD formalism which doesnot allow for
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gradientand curvaturedrifts. Thus plasmacannotbe cap-
turedin the inner magnetosphereyut insteadE xB drifts
out. In otherwords, thereis never a closeddrift shell for
ary plasmaenegy. As a consequencehe plasmapressure
peaksn thetail ataroundé Rg, atpressur@alueshatarefar
lowerthantypical plasmgpressurevaluesof thering current
[Lui etal., 1987]. Thusthe presencef aring currentwould
inflatetheinnermagnetospherandpossiblypushthex line
farthertailward. A ring currentwould also producemore
realisticregion 2 currentsin the ionospherewhich should
partly shieldthe inner magnetospherfgom cornvectionand
thusalsomodify the substormbehaior of thetail. We note
that our modelproducesoneingredientof the ring current
formation,namely plasmainjection. From Plate2 it is ev-
identthat during the expansionphaseplasmais transported
earthvardandenegizedto ~2-3timesthepresubstorneem-
perature.Thuscouplingwith a ring currentmodellike the
RCM mayimprove our modelconsiderably

A key resultof this studyis the dependencef the sub-
stormdynamicsontheparameterizatioof inherentlykinetic
processeq,e., auroralelectronacceleratiorandanomalous
resistvity in the magnetosphereThis is on onehandtrou-
blesomebecausean ab initio modelshouldnot dependon
parametersOnthe otherhand,it givesus someinsightinto
the physicsof substorms First, the magnetospheristeady
cornvectionmodethat occursfor mary parametecombina-
tionsis indeedobsenedattimes|Yahninetal., 1994]. How-
ever, it is notknown whatconditiondeadto aSMC modeas
opposedo a substorm Thesolarwind andIMF parameters
are essentiallythe same thusthe reasonfor the difference
mustbe internalto the magnetospherer ionosphere.Our
resultsindicatethat the reasonsnay be found eitherin the
ionosphericcontrol of magnetosphericorvectionor in the
detailsof the reconnectiorprocessn thetail. Secondthe
parametedependencpointsto someincompletenessf the
NENL model. The NENL modelmalkesno referenceo the
ionosphericesponsejnstead,it treatsthe ionosphereasa
passve recipientof enegy from the magnetospheréis our
resultsshow, theremustbe somesignificantfeedbackirom
the ionosphereo the tail, which controlsin a yet undeter
mined way the expansionphaseonset. This is not to say
thattheionospherés solelyresponsibldik ein somemodels
[Kan, 1993]. Rather a numberof ingredientshave to come
togetherin particular tail loading,nearEarthreconnection,
andanionospherdahat permitsfastreconnectioranddipo-
larizationin thetail andthusanexplosiveenegy releasénto
theionosphere.
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