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Abstract. We usea global modelof Earth's magnetosphereandionosphereto
simulatetheGeospaceEnvironmentModeling(GEM) substormchallengeevent
of November24, 1996. We compareour resultsto InternationalMonitor for
Auroral GeomagneticEffects(IMAGE) groundmagnetometerdata,assimilative
mappingof ionosphericelectrodynamics(AMIE) polar cappotentialandfield
alignedcurrentpatterns,PolarVisible ImagingSystem(VIS) estimatesof the
polar capmagneticflux, GOES8 geosynchronousmagnetometerdata,IMP 8
magnetometerdata,andGeotailplasmaandmagneticfield data.Wefind generally
goodagreementbetweenthe simulationandthe data. The modeledevolution
of this substormgenerallyfollows the phenomenologicalnear-Earth neutral
line model. However, reconnectionin the tail is very localized,which makes
establishingacausalrelationbetweentail dynamicsandauroraldynamicsdifficult,
if not impossible.We alsofind that the modelresultscritically dependon the
parameterizationof auroralHall and Pedersenconductancesand anomalous
resistivity in the magnetosphere.For many combinationsof parametersthat
entertheseparameterizations,no substormdevelopsin themodel,but insteadthe
magnetosphereentersa steadyconvectionmode.Themaindeviationof themodel
from thedatais excessive convection,which leadsto a strong,drivenwestward
electrojetin the growth phase,only partial tail loading,anda reducedrecovery
phase.Possibleremediesareabettermodelfor auroralconductances,animproved
anomalousresistivity model,andamorerealistictreatmentof thering current.

1. Introduction

Oneof the goalsof the GeospaceEnvironmentModel-
ing (GEM) substormcampaignsis theevaluationof current
modelsof Earth's spaceenvironmentandan assessmentof
how well they canpredicttheeminentfeaturesof substorms.
Whatmakesthis taskparticularlydifficult is thefactthatno
universallyacceptedmodelof thesubstormmorphologyex-
ists, let alonea model that would explain the physicsof a
substorm.Nevertheless,in orderto make progress,a rigor-
ouscomparisonof modelswith dataneedsto bemade,be-
causeonly in thiswaycantheparticularstrengthsandshort-�
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comingsof modelsbecomeapparent.On thebasisof such
assessments,improvementsto the models,andthus to our
understandingof thesubstormprocess,canthenbemade.

Themostcomprehensiveabinitio modelsof Earth'sspace
environmentarebasedon numericallysolving the magne-
tohydrodynamic(MHD) equations. Several such models
exist [Lyon et al., 1998; Ogino, 1986; Winglee and Meni-
etti, 1998;Gombosiet al., 1998;Tanaka, 1995;Janhunen
et al., 1995;Raeder, 1999] andhave beenusedto various
extentsto modelsubstorms.Several of thesemodelsalso
includean ionospheremodelandsolve the electrodynamic
coupling betweenthe ionosphereand the magnetosphere
self-consistently. It hasbeenarguedthattheionospherecon-
trols to a large extent magnetosphericconvection [Fedder
andLyon, 1987;Raederetal., 1996],althoughnot in a sub-
stormcontext. In thispaperwewill providefurtherevidence
that this is the case;in particular, we will show that iono-
sphericconductance,as well asanomalousresistivity, can
determinewhetherthemagnetosphereentersa steadymag-
netosphericconvection(SMC) modeor a convectionmode
duringwhicha substormdevelops.

MHD modelsgenerallypredictasubstormevolution[Lyon
et al., 1998;Goodrich et al., 1998;Pulkkinenet al., 1998;
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Walker et al., 1993;Raeder, 1995;RaederandMcPherron,
1998] that closely resemblesthe predictionsof the near-
Earthneutralline (NENL) model[McPherronetal., 1973b;
McPherron, 1991;Baker et al., 1996,1999]. In particular,
the substormexpansionphaseonsetis closely associated
with the formationof a new near-Earthneutralline. How-
ever, it is generallydifficult to definewith precisionwhat
constitutesthe onsetin the model. Experimentally, theon-
setis usuallydefinedby eitherthebrighteningof theaurora,
negative baysat aurorallatitudes,or Pi2 pulsations.These
signaturescanusuallybetimedto within � 2 min [seeLyons
et al., this issue(a),this issue(b)].Simulationsdo not (yet)
provide Pi2 pulsations. Although auroralemissionshave
beenmodeledusingglobalsimulations[Fedderetal., 1995],
theauroralfeaturesarestill too poorly definedin spaceand
time to usethemfor definingtheonsetprecisely. Negative
bays,on theotherhand,canbemodeledandareusedin this
study. Modeling the groundmagneticperturbationsis par-
ticularly usefulbecauseit allowsusto comparethetemporal
andspatialevolutionof theelectrojetin detail.

In the remainderof this paperwe will first describeour
model,in particular, thecomputationof ionosphericconduc-
tancesand groundmagneticperturbations.We then com-
pareresultsfrom ourmodelwith groundmagnetometers,as-
similatedmappingof ionosphericelectrodynamics(AMIE)
potential and field aligned current (FAC) estimates,esti-
matesof thepolarcapmagneticflux from thePolarVisible
ImagingSystem(VIS) imager, GOES8 magnetometerdata,
IMP 8 magneticfielddata,andGeotailplasmaandfielddata.
We thensummarizeanddiscussourfindings.

2. The Model

For thisstudyweuseaglobalnumericalmodelof Earth's
spaceenvironmentthat is principally basedon a MHD de-
scriptionof the plasma.An integral part of this simulation
codeis anionosphericmodelfor theclosureof field-aligned
currents.In orderto accommodatethelargesimulationvol-
umewith a long tail andlong simulationtimes,thesimula-
tion codeis parallelizedfor runningonMultiple Instruction-
Multiple Data(MIMD) machinesby usingadomaindecom-
positiontechnique[Fox et al., 1988] andmessagepassing.
ThemodelsolvestheidealMHD equations(modifiedasde-
scribedin section2.1)for themagnetosphereandapotential
equationfor theionosphere.Numericaleffects,suchasdif-
fusion, viscosity, andresistivity, arenecessarilyintroduced
by thenumericalmethods.Thesepermitviscousinteractions
andtoalimitedextentmagneticfield reconnection.Theonly
explicit diffusivetermis theanomalousresistivity thatis in-
cludedin Ohm's law. Theeffectsof numericaldiffusionand
theanomalousresistivity termarediscussedby Raederetal.
[1996] andRaeder[1999]. In this paperwe will provide a
furtherassessmentof anomalousresistivity onsubstormde-
velopment.

2.1. Outer Magnetosphere

Themagnetospheric(MHD) part of the modelis solved
usingafinite differencemethodwhichis conservativefor the

gasdynamicpartof thenormalizedMHD equations:������ � ������� ������� (1)�������� � ������� ��� �"!$#&% �'!"(*),+-�
(2)�/.��� � �������10 .2!3#546�&�'!"( �87 � (3)�/+��� � ��� ) 7 � (4)�9� + � : � (5)7 � � �;),+<!>=�(��
(6)( � � ),+"�
(7). � ?@ ��ACBD! #E � ? � (8)

wherethe symbolshave their usualmeanings,that is,
+

is
themagneticfield, 7 is theelectricfield,

�
is themassden-

sity,
�

is theplasmavelocity,
.

is theplasmaenergy density,#
is theplasmapressure,

(
is thecurrentdensity, and E is the

ratioof specificheats,takento be5/3 in thesimulationspre-
sentedhere.The

(*),+
and 7<� ( termsaretreatedassource

termsbecausethevery low plasmaF andthelargemagnetic
field gradientsneartheEarthdonotallow theuseof thefull
conservative form of theMHD equations.Themodelof the
anomalousresistivity is givenby= �HG�IJ�LK�M*�ON � �PKQM � B � (9)

K M � R K R SR T"R !VU � (10)

whereH is theHeavisidefunction,K is thelocalcurrentden-
sity,

T
is the local magneticfield,

S
is the grid spacing,

and
U

is a very small numberintroducedto avoid dividing
by zero. ThenormalizedcurrentdensityK M ( :XWYK M W ?

) is
usedasa switch for the resistivity. In placeswherethe re-
sistivity is switchedonit becomesproportionalto thesquare
of the local currentdensity. Similar resistivity modelshave
beenusedin the pastto modelthe kinetic effectsthat lead
to anomalousresistivity [SatoandHayashi, 1979;Hoshino,
1991;Otto, 2000]. The parametersG and N determinethe
valueof theresistivity andthecurrentdensitythresholdthat
mustbereachedfor theresistivity to beswitchedon. These
parametersarechosensuchthat theresistivity

=
is nonzero

only at a very few grid pointsin strongcurrentsheets.Nu-
mericalvaluesfor N and G will begivenin section4.5. The
anomalousresistivity is assumedto becausedby kinetic in-
stabilitiesandtheresultingplasmaturbulence.Althoughno
generallyacceptedtheoryexists describingthesephenom-
ena, experimentalevidenceand justification for including
an anomalousresistivity term is given by the observations
of strongelectromagneticwave activity in the tail [Sigsbee
et al., this issue;seealsoCattell andMozer, 1986;Cattell,
1996;Cattell etal., 1998].

The numericalgrid is rectangularandnonuniformwith
the highestspatialresolution( � 0.3 Z\[ ) nearEarthandin
thetail plasmasheet.It extends19 Z [ in thesunwarddirec-
tion, 300 Z [ in the tailward direction,and ] 40 Z [ in the



RAEDERET AL.: GLOBAL SIMULATION 3

Y andZ directions.Thegasdynamicpartof theequationsis
spatiallydifferencedby usinga techniquein which fourth-
orderfluxesarehybridizedwith first-order(Rusanov) fluxes
[Harten and Zwas, 1972;Hirsch, 1990]. The magneticin-
ductionequationis treatedsomewhatdifferently[Evansand
Hawley, 1988] in order to conserve �^� + �_: exactly.
The time-steppingschemefor all variablesconsistsof a
low-order predictorwith a time-centeredcorrector, which
is accurateto the secondorder in time. Thus the numeri-
calschemeis flux-limited, thatis, it producesdiffusiononly
to the extent neededat shocksand discontinuities. In re-
gions whereall variablesvary smoothly, the gas-dynamic
variablesarecomputedwith fourth-orderaccuracy, andthe
magneticfield is computedwith second-orderaccuracy. The
outerboundaryconditionsarefixedat thegivensolarwind
valueson theupstreamside.At theotherboundariesweap-
ply open,i.e.,zeronormalderivative,boundaryconditions.

2.2. Ionosphere

Theinnerboundary, wheretheMHD quantitiesarecon-
nectedto theionosphere,is takento bea shellof radius3.5Z [ centeredatEarth.Thechoiceof thisradiusis acompro-
misenecessitatedby numericalconsiderations,suchasex-
traneouslyhighAlfv `. n speeds(up to a fractionof thespeed
of light) andvery largemagneticfield gradientscloserto the
Earth. However, this choiceallows for thepropermapping
of all relevantfield-alignedcurrent(FAC) systemsdown to� 59a magneticlatitude.Theplacementof theinnerbound-
ary alsoinhibits the formationof a ring current. Insidethis
shellwedonotsolvetheMHD equationsbut assumeastatic
dipolefield. Theimportantphysicalprocessesearthwardof
thatshellaretheflow of FACsandtheclosureof thesecur-
rentsin the ionosphere.Every few time steps(correspond-
ing to a time interval of lessthan5 s in realtime)weusethe
staticdipolefield to mapthemagnetosphericFACsfrom the
3.5 Zb[ shell onto the polar cap. We thenusethe FACs as
input for theionosphericpotentialequation:�9�8cV�6�edf���gKQhjilkPm;n � (11)

which is solvedon the surfaceof a spherewith a radiusof
1.015 Zb[ , i.e.,at110-kmaltitude.Here d denotestheiono-
sphericpotentialasafunctionof magneticlatitudeandlocal
time, c is thetensorof theionosphericconductance,KQh is the
mappedFAC with thedownwardcurrentconsideredpositive
andscaledfor flux tubeconvergence,and n is theinclination
of the dipole field at the ionosphere.The boundarycondi-
tion d = 0 is appliedat theequator. For theionosphericHall
and Pedersenconductances,oqp and oqr , which enterthe
conductancetensorc [KamideandMatsushita, 1979],three
ionizationsourcesaretaken into account.First, for the so-
lar EUV ionizationwe usean empiricalmodel [Moenand
Brekke, 1993] that dependsonly on the solar

? :tsvu -cm flux
( wyx1z|{ } ) andthesolarzenithangle( ~ ):oqp � � w�x�z6{ } � z|{ ��� ��:ts � ?�� ! :ts���� � xl� B6��� (12)oqr � � w�x�z6{ } � z|{ ��� ��:ts ��� � ! :ts ��� � xl� B6��� (13)� � ���Qi ~ s (14)

Second,we computethe meanenergy � z andenergy fluxw [ of precipitatingelectronsthat areacceleratedby a par-

allel potentialdrop
S dbh in regionsof upwardfield-aligned

currents[Knight, 1972;Lyonsetal., 1979]:w [ � wyx S dbh R KQh R � (15)��z � . S dbh � (16)S dbh�� . B|�5�� @�� � � � � �D¡e¢�£ ��: � �gKQh � s (17)

Third, diffuseelectronprecipitationis modeledby assum-
ing completepitch anglescatteringof electronsat 3.5 Zb[
[KennelandPetschek, 1966]:

w [ � w B �5� � �C�'�|¤�@�� �3� �Q¥¦ � (18)��z � �C�'� �
(19)

in which
�5�

,
�'�

, and
�§�

arethe electrondensity, tempera-
ture,andmass,respectively, takenat the3.5 Zb[ shell. Be-
causetheMHD formalismdoesnotprovideanelectrontem-
perature,we have includedtheempiricalfactorsw�x and w B
to allow for anadjustmentof theelectronfluxes. In section
4.5weshow how avariationof thesefactorsaffectsthesub-
stormdevelopment.

The conductancesare computedfrom the electronpre-
cipitationparametersusingtheempiricalrelation[Robinson
etal., 1987]:

oqr � ¨ ��: ��z ¤ � ?8© ! � Bz �«ª w x¬� B[ �
(20)oqp � :js �C� � ����­z oqr s (21)

Becausethe processesresponsiblefor generatingthe con-
ductancearegivenby theionizationrateswhicharein equi-
librium with recombination,theHall andPedersenconduc-
tancesfrom the differentsourcesareaddedby taking their
geometricmean.

Using the mappedFACs andionosphericconductances,
the potentialequationis solvedusinga pseudospectralGa-
lerkin method[Canutoetal., 1987],andtheionosphericpo-
tential is mappedto the3.5 Z [ shell,whereit is usedasa
boundaryconditionfor the magnetosphericflow by taking� ���1���ed ��),+ ¤ T B .
2.3. Ground Magnetometer Calculation

The model provides all currentsthat are necessaryto
computegroundmagneticperturbations,exceptthering cur-
rent. In principle,Biot-Savart's law canbeusedto integrate
overall currentsin themagnetosphereandtheionosphereto
determinethegroundperturbationatagivenlocation.How-
ever, this is a very costlyprocedurebecausethe integration
hasto be doneover a largevolumeandfor many pointsin
time. Becausewe aremostly interestedin perturbationsin
the auroralzone,the calculationscanbe simplified by us-
ing Fukushima's theorem[Fukushima, 1976],which allows
usto reducethethree-dimensionalBiot-Savart integrationto
a two-dimensionalintegrationover the ionospherictoroidal
(equivalent)current.Thuswesplit thetotal ionosphericcur-
rent,givenby, ( ���\c>�6�ed � (22)
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into thepoloidalandtoroidalparts:( � ( r !-(8®g�
(23)

whichsatisfy �9� (8® � : � (24)� )j( r � :js (25)

Thus the poloidal current
( r can be written in termsof a

scalarpotential ¯ : ( r �°��� ¯ � (26)

which leadsto a Laplaceequationfor ¯ :

� B ¯ �����°� ( r �����°� ( s (27)

After solvingfor ¯ thetoroidalcurrentcanbeobtainedfrom( ® � ( � ( r � (2! � ¯ s (28)

As pointedoutby Fukushima[1969,1976]andKamideetal.
[1981],thecurrentsystemrepresentedby KQh and

( r together
producesno groundmagneticsignatureunderthe assump-
tion of radial geomagneticfield lines. The latter assump-
tion is certainlyno worsethanourassumptionthatall iono-
sphericcurrentsflow in a sphericalshellat a givenaltitude.
Becausethe groundperturbationsof KQh and

( r cancel,the
perturbationsaregiven by

( ®
andthe magnetosphericcur-

rents.However, thelattercurrentswill produceonly aminor
contribution at high latitudescomparedto

( ®
. Thuswe ob-

tainthegroundmagneticperturbationby usingBiot-Savart's
law with

( ®
:

N +²±5³ ��´ � �¶µ z� � ·t¸�¹ ( ® �»º M ��) ´¼�½º MR ´¼�½º M R �j¾ º M � (29)

where the integration extendsover the sphericalshell at
110km thatrepresentstheionosphere.´ is thelocation,andN +²±5³ ��´ � is theperturbationat a groundmagnetometer. In
reality, the groundperturbationis expectedto be modified
by ground-inducedcurrents.However, thesedependon the
conductivity of theEarth's outerlayers,which arevery dif-
ficult to quantify. We assumethat this effect is smallat the
frequenciesconsideredhere,andwemake no correctionfor
thesecurrents.

2.4. Initial Conditions

Theinitial conditionsfor themagneticfield areconstruc-
ted from the superpositionof the Earth's dipole over an
equallystrongmirror dipole, suchthat

T\¿
vanishesat À =

16 Z\[ . Sunward of the planeof symmetryat 16 Zb[ the
field is replacedby the initial solarwind field. This proce-
dureensuresa divergence-freetransitionfrom the constant
solarwind field to themagnetosphericfield. Thedipoleori-
entationin thesimulationcorrespondsto theEarth's dipole
orientationat2230UT onNovember24,1996(theobserved
substormonset),andis heldconstantduring theentirerun.
Thesimulationboxis initially filled with tenuous(0.1cmÁ � )
andcold (5000K) plasmaof zerovelocity. Thesimulation
run is startedwith asouthwardinterplanetarymagneticfield
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Figure 1. Wind interplanetarymagneticfield (IMF) andso-
lar wind data from (73,-18,8) Z [ GSE on November24,
1996. From top to bottom: the magneticfield componentsT ¿

,
TbÂ

, and
T\Ã

; thetotalmagneticfield (all in nT, GSE);the
flow velocitycomponentsÄ ¿ , Ä Â , and Ä Ã (in km sÁ x , GSE);
thenumberdensity(in cmÁ � ); andthetemperature(in eV).

(IMF) andaveragesolarwind parametersin orderto let the
unphysicalinitial conditionsevolve into a magnetospheric
configuration.After 1 hour, westartto rotatetheIMF vector
towardits orientationatthebeginningof theintervalof inter-
est(1800UT). Thus3 morehours(approximatelythreetran-
sit times)elapseuntil thebeginningof thesubstormgrowth
phase.This ensuresthat the simulationof the substormis
notaffectedby theinitial conditions.

3. Solar Wind Input

Wind observationsof thesolarwind andIMF areshown
in Figure1 for theperiodof 1800-2400UT onNovember24,
1996. Wind is during this time locatedat (73,-18,8)Zb[ in
GSEcoordinates.Thedatain Figure1 arenot time-shifted.
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The solar wind velocity is almostconstantthroughoutthe
entireinterval. Thesolarwind numberdensityis somewhat
higherthannormal(10-12cmÁ � ) but fairly constant.There
arealsono major variationsin the solarwind temperature.
The IMF is predominantlynorthward until � 2100UT. At
that time a major rotationof the IMF occurs,andthe IMF
becomespredominantlysouthward,until � 2213UT. After
thattime theIMF is predominantlynorthwardagain.

In orderto usetheWind dataasinput for thesimulation
we propagatethe Wind databallistically at the prevailing
solarwind speed(-420 km sÁ x ) to the inflow boundaryof
thesimulationwhichis located19 Z [ upstreamfrom Earth.
We alsocomputethenormaldirectionof thesolarwind dis-
continuitiesusingtheminimumvariancemethod[Sonnerup
andCahill, 1967,1968]overtheentireinterval from 1800to
2400UT, whichwefind to be(0.88,-0.46,0.12) in GSEcoor-
dinates.Thisassumesthatthesolarwind roughlyconsistsof
layersthatareall inclinedby thesameangleto theSun-Earth
line. We find that themagneticfield componentin thenor-
mal directionis approximatelyconstant,which justifiesthis
assumption.On the basisof this normaldirectionwe then
propagatethe solarwind andIMF into the simulationbox.
Hencewe not only obtaina more accurateboundarycon-
dition, but we can alsopropagatethe IMF

T ¿
component

into the simulation. The alternative, which entailssetting
theentireinflow boundaryto themeasureddata,impliesthat
the solarwind parametersareindependentof Å and Æ . In
thatsituation,

Tb¿
cannotchange,becausethatwouldviolate

Maxwell'sequation�°� + �H: .
4. Results

4.1. Auroral Ground Magnetic Signature

Substormsareprimarily identifiedby their groundmag-
netic signature.Figure2 shows the comparisonof ground
magnetometersfrom the InternationalMonitor for Auro-
ral GeomagneticEffects(IMAGE)chainacrossScandinavia
[ViljanenandHäkkinen, 1997]with thecomputedmagneto-
gramsfrom themodel. Thestationsareorderedfrom north
to south in Figure 2. Only the north-southcomponentis
shown here,becauseit hasthelargestandmostdistinctvari-
ations. Table1 shows the magneticlatitudeand the mag-
netic local time at 2230UT of thesestations.Beginningat� 2100UT theIMAGEmagnetometersseethegrowthphase
of the substorm,which is reflectedin a small increaseof
the westward electrojet,i.e., a small negative perturbation.
Thecomputedmagnetogramsalsoshow anegativeperturba-
tion; however, it is of muchlargeramplitude.At � 2227UT,
IMAGE recordsthe onsetof a substormexpansionphase,
marked by the rapid negative excursionat mostof the sta-
tions. The computedmagnetogramsalsoshow the expan-
sion phaseonsetsignature,marked by the acceleratingde-
creaseof the magneticfield valuesat mostof the stations.
However, theonsetin themodeloccurs� 5 min earlier. The
modeledsignatureis alsodifferentfrom theobservedonein
otherrespects.First, thereis a gradualdecreaseof theper-
turbationvalueslongbeforetheonsetatsomeof thestations,
whereastheIMAGEstationsshow nosignsof anincreasing
electrojetbeforethecommencementof onset,exceptfor the
smallgrowth phasesignature.Second,theexpansiononset

Table 1. IMAGEÇ MagnetometerStations

Station Mag. latitude MLT

LYR È 74.31 0243
HORÉ 73.47 0222
BJNÊ 71.02 0202
AND Ë 67.13 0134
SORÌ 67.16 0176
TROÍ 66.94 0152
KIL Î 66.06 0157
MAS Ï 65.97 0175
KEV Ð 65.69 0194
KIR Ñ 65.07 0146
MUO Ò 64.72 0164
SODÓ 63.61 0175
PELÔ 63.46 0162
LOZ Õ 62.84 0222
OUJÖ 60.91 0162
HOP× 60.33 0128
NURØ 57.62 0128

Ç InternationalMonitor for AuroralGeomag-
neticEffects,Ù
Longyearbyen, Ú Hornsund, Û Bear Island,�
Andenes,Ü Sørøya,Ý
Tromsø, Þ Kilpisj ärvi, ß Masi, à Kevo, á Kiruna,â
Muonio,ã
Sodankylä, ä Pello, a Lovozero, å Oulujärvi,æ

HopenIsland,ç
Nurmijärvi
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Figure 2. Groundmagnetometertracesfrom the Interna-
tional Monitor for Auroral GeomagneticEffects(IMAGE)
magnetometerchain on November24, 1996 (thick dotted
lines),andthecomparisonwith themodelresult(thin solid
line). Shown is the north-south(X) componentin units of
nT. The stationsLongyearbyen(LYR), Hornsund(HOR),
BearIsland(BJN),Andenes(AND), Sørøya(SOR),Tromsø
(TRO),Kilpisj ärvi (KIL), Masi(MAS), Kevo(KEV), Kiruna
(KIR), Muonio (MUO), Sodankylä (SOD), Pello (PEL),
Lovozero (LOZ), Oulujärvi (OUJ), Hopen Island (HOP),
Nurmijärvi (NUR) are orderedin latitude from north to
south,andtheir locationsaregivenin Table1.

proceedsslower in the model. Most IMAGE stationssee
a drop of several hundrednanoteslaswithin 5 min of on-
set,whereasthe modeledperturbationsshow a rate that is
slower by a factorof 1.5-3. Third, the expansionphaseis
muchshorterin the simulationas comparedto that in the
data. Therecovery at the IMAGE stationsbegins � 30 min
after theonsetandlastsfor morethan1 hour. At 2330UT
mostIMAGEstationshavenotyetrecoveredto theirpresub-
stormvalues.On theotherhand,themodelshows recovery
beginning � 15 min afteronset.The recovery in themodel
is alsomoregradualandshorter, so that after 40 min most
stationshaverecoveredto nearlytheirpresubstormvalues.

Thefirst onsetsignaturein theIMAGEstationsoccursat
KIR (Kiruna),MUO (Muonio),SOD(Sodankylä),andPEL
(Pello), i.e., between63è and 65è magneticlatitude. The
westwardelectrojetthenexpandsbothnorthwardandsouth-
wardin time. At thesouthwardendtheelectrojetis bounded
by the stationNUR (Nurmijärvi) at which no expansionis
observed, i.e., below 58è magneticlatitude. The IMAGE
chainprovidesno boundat thenorthwardend;thustheex-
pansionproceedsbeyond74è magneticlatitude.Themodel
resultagreesvery well with theobservedsouthwardexpan-
sion,with theexceptionof theHOP(HopenIsland)station.
However, the OUJ (Oulujärvi) station,which is closely lo-
catedto HOP, alsoseesonly a very smallexpansionsigna-
ture. Thusthe modelpredictsthe southward expansionto
betterthan2è , which is comparableto themodelresolution.
At the northwardendof the electrojetthe modeldoesless
well. At the stationsBJN (BearIsland),HOR (Hornsund),
and LYR (Longyearbyen),which all lie northward of 70è
magneticlatitude,themodelpredictsnoexpansionbut justa
drivensignatureduringthegrowth phase.Becausethesub-
stormexpandsto at least74è magneticlatitude,the model
predictionis off by at least4è .

4.2. Polar Cap Parameters

Figure3 shows time seriesof themagneticfield
T\Â

andT Ã
componentsjust upstreamof themagnetopausenearthe

subsolarpoint (Figures3aand3b), an idealAL index from
the model (i.e., the minimum of the north-southperturba-
tion over the entirenorthernpolar ionosphere)(Figure3c),
the polar cap magneticflux from the modeland from Po-
lar VIS data(Figure3d), therateof changeof thepolarcap
flux from the model (Figure 3e), the modeledcrosspolar
cappotentialin thenorthernhemisphere(Figure3f), andthe
magneticfield elevationangleatGOES8 (Figure3g).

The magneticfield
T\Â

and
T\Ã

componentsat the mag-
netopauseclearly mark the arrival times of the IMF rota-
tions at the magnetosphere;that is, the southward turning
of
T Ã

occursat 2102UT, andthenorthwardturningoccurs
at 2236 UT. We do not claim that theseare the actualar-
rival timesin the magnetosphere,becausewe do not know
theexactpropagationcharacteristicsof thesediscontinuities
in the solarwind. However, thesetimesare importantfor
timing other signaturesin the simulation. A few minutes
after the arrival of the southward

T Ã
at the magnetopause,

the substormgrowth phasebegins with the expansionof
the polar cap,a jump in the crosspolar cappotentialfrom� 60 kV to � 160kV, andthegrowth of a drivenelectrojet,
i.e., thegradualnegativeexcursionof AL. Thepolarcapflux
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Figure 3. (a,b) Time seriesof the magneticfield
T\Â

andT Ã
componentsin the magnetosheathat the subsolarmag-

netopause,(c) themodeledAL index, (d) thepolarcapmag-
neticflux from themodel(solid line) andfrom PolarVisible
ImagingSystem(VIS) estimates(dottedline), (e) therateof
changeof the polar capflux asestimatedfrom the model,
(f) thecrosspolarcappotentialfrom themodel,and(g) the
magneticfield elevation angleat GOES8 from the model
(solid line) andfrom GOES8 (dottedline).

doesnot grow steadybut grows initially faster(at a rateof� 2
)

10� Wb sÁ x ), andthenthegrowth slowsdown to arate
of � 5

)
10� Wb sÁ x . Comparisonof thepolarcapmagnetic

flux with dataobtainedfrom the VIS imageronboardthe
Polarsatelliteshows qualitatively the samebehavior in the
data.Duringthefirst 30min thegrowth rateof thepolarcap
is roughlythesamein thedataandin themodel.Later, until
a maximumis reached,VIS shows a largergrowth rate,and
thus a higher maximum(1.15

)
10� Wb, versus0.88

)
10�

Wb for the model,i.e., a 23% difference).This difference
is consistentwith differencesfoundin thelobefield strength
(seebelow). However, theVIS dataandthemodelhave in
commonthat theexpansionof thepolarcapcontinuesuntil
aftertheexpansionphaseonset.Notethattheonsetrecorded
by VIS occurslaterthanthatin themodel,i.e.,at2227UT.

TheAL index shows thesubstormexpansionphaseonset
commencingat 2222 UT, beforethe northward turning of
themagneticfield at themagnetopause.However, theonly
signaturein thepolarcapflux is, at most,a slight decrease
in its growth rate. It takes � 10 moremin aftertheAL onset
until thepolarcapareabeginsto shrink.Thecrosspolarcap
potentialbehavessimilarly. At theAL onsetthereis a small
increaseof thepotential,whichreachesamaximumandthen
beginsto decreasein syncwith thepolarcapflux. Both the
decreaseof thepolarcapflux andthepotentialoccur � 5 min
afterthenorthwardIMF reachesthemagnetopause.

In Plate1 wepresenttheionospherepotential,field-alig-
nedcurrent(FAC), andthepolarcaparea,andwe compare
them to AMIE [Richmond, 1992; Lu et al., 1995] results
whereappropriate.Plates1a-1eshow, respectively, thepo-
tential patternfrom themodel(MHD-POT), theAMIE po-
tential pattern(AMIE-POT), the modelFAC (MHD-FAC),
theAMIE FAC distribution (AMIE-FAC), andthepolarcap
at four differenttimes(from left to right: 2100,2200,2245,
and2300UT). In Plate1, downwardFACsarepositive.

At 2100UT thesouthward IMF hasnot yet reachedthe
magnetopause;thusthenorthwardIMF with substantial

T ¿
and

T Â
componentsleadsto atwo-cellpotentialpatternwith

a nearly circular positive cell over the pole and a kidney-
shapednegativecell at lower latitudesin thedusksector. At
2200UT, well into thegrowth phase,theconvectionpattern
is characterizedby atypicaltwo-cellconvectionpatternwith
strongday-nightconvectionover thepole. This convection
patternpersistswith little modificationinto the expansion
phase,asshown by the2245UT plots.Later, in therecovery
phase,thenorthward IMF

T Ã
andthe strongnegative IMFT Â

producea convectionpatternwith a positive cell over
thepoleanda negative cell at lower latitudes.This pattern
is similar to the presubstormpattern;however, the convec-
tion, is strongerandthenegative cell is shiftedtowardsthe
nightside.

Theconvectionpatternsproducedby themodelaregen-
erally very similar to thoseproducedby AMIE. The main
differenceis thestrengthof theconvection.Themodelpre-
dicts a crosspolar cappotentialthat is abouttwice of that
predictedby AMIE. We have foundsimilar differencesin a
previousstudy[Raederet al., 1998],but we couldnot find
a particularreasonfor the discrepancy. Herewe alsocom-
parethe field-alignedcurrentsfrom our model with those
from AMIE (Plates1c and1d). Both AMIE andthemodel
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Plate 1. Ionosphericmaps:(a) thepotentialpatternfrom themodel(MHD-POT), (b) theassimilatedmappingof ionospheric
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producea fairly similar currentpattern;in particular, there-
gion1 andcuspcurrentdistributionarecomparable.At 2100
and2200UT the currentproducedby the model is signifi-
cantlystrongerthanthecurrentproducedby AMIE, andthe
MHD modelalsopredictsstronglocalizedcurrentsthatare
absentin theAMIE model.At thesetimesit is quiteplausi-
ble thatthelargepotentialin ourmodelis caused,for exam-
ple,by reconnectionratesin themagnetospherethataretoo
high anddrive FACs that aretoo strong. However, at later
times(2245and2300UT) theFACsproducedby AMIE and
thosefrom themodelarequitecomparable.In particular, the
magnitudesarevery similar, andboth modelsshow strong
localizedcurrents,althoughin differentlocations.Thus,at
thesetimesit appearsto be morelikely that differencesin
the ionosphericconductancescausethe discrepancy in the
potentialvalues. We have comparedthe conductancepat-
ternsof thetwo models(not shown here)andfoundthatthe
differencesarevery complex anddo not offer a simpleex-
planation.Therefore,aswespeculatedin ourpreviousstudy
[Raederetal., 1998],it is unlikely thatthereisasinglefactor
thatcausesthepotentialdifferences.

There is also a notabledifferencebetweenAMIE and
our model in the substormcurrentwedgesignature. Our
model predictsnightsideregion 1 current signaturesthat
arereminiscentof a substormcurrentwedgealreadyin the
late growth phaseat 2200UT, i.e., the strongupwardFAC
in the 1900-2400MLT sectorand the downward current
around0600MLT. Thesecurrentsareessentiallyabsentin
theAMIE FAC pattern,andthey producethestrongground
magneticsignaturebeforeonsetin the modeledmagneto-
grams(seeFigure2). Later, in theexpansionphase,AMIE
predictsa currentwedgesignaturein the 2400-0200MLT
sector, whereasthemodelpredictsthecurrentwedgethates-
sentiallyonlyconsistsof adownwardcurrentnear0600MLT.
Obviously, thesecurrentsignaturesareall generatedin the
tail, andwe will discussthemin moredetail with the tail
signatures.

4.3. Signatures in the Near-Earth Tail

A typical near-Earth signatureof substormexpansion
onsetis the dipolarizationof the magneticfield. During
thegrowth phasethefield attainsa stretchedconfiguration,
which at onsetandduring the expansionphasesnapsback
to a more dipolar geometry[McPherron et al., 1973a,b;
Kokubun andMcPherron, 1981;Nagai, 1982;Singer et al.,
1985]. During this event,only theGOES8 satellitewasin
a reasonablepositionto observe thefield dipolarization,al-
thoughit was far from local midnight, at � 1730 MLT in
the duskmagnetosphere.Figure3g shows the comparison
of themagneticfield elevationanglemeasuredby GOES8
with the modelresult. During the growth phase,stretching
of thefield occursat GOES8 aswell asat theGOES8 lo-
cation in the model. Dipolarizationcommencesat GOES
8 at � 2245UT, i.e., � 18 min after the onset. In the mo-
del, dipolarizationoccursearlier, at � 2225 UT. Although
theionosphericonsetoccursearlierin themodelaswell, the
time delaybetweenionosphericonsetanddipolarizationat
GOES8 is muchshorterin themodel.In themodelthedipo-
larizationessentiallycoincideswith theonset,while GOES
8 observesthedipolarizationapproximately18min afteron-
set. This discrepancy indicatesthat thereis a considerable

differencein the formationandtheevolution of thecurrent
wedgebetweenthe model and the data. This hasalready
becomeevidentfrom thecurrentwedgelocationin theiono-
sphere,wherethemodelplacesthecurrentwedgesignatures
furtherto theflanksthantheAMIE modeldoes.Unlike the
time difference,the magnitudeof the dipolarizationin the
modelcompareswell with thedata.

In orderto investigatethedipolarizationfurtherweshow
in Plate2 cutsthroughthesimulationdomainin aplanepar-
allel to the equatorialplaneat Z=-3.3 Zb[ . Plate2 shows,
from left to right,

T Ã6é ê'ë�ì
, Ä ¿ é ê'ë|ì , and the temperature,

at four differenttimes(2200,2215,2245,and2300UT in
Plates2a-2d,respectively). The contourlines show

TbÃ
=0

and Ä ¿ =0, respectively. Note that becauseof the winter
dipoleorientationandthehingingof the tail, thesecutsare
not exactly in the plasmasheeteverywhere;however, we
have chosenthe location of the cut suchthat it covers as
muchof theplasmasheetaspossible.

At 2200and2215UT (in the lategrowth phase)the tail
is stretched,that is, the

TbÃ
is relatively weak in the near-

Earthtail, andflows arepredominantlyearthward. At these
times,thereis alreadysomeindicationof thebeginningof a
breakupin the tail in the morningsectorwhereflows have
becomeweakly tailwardand

T Ã
is reducedor slightly neg-

ative. The near-Earthplasmais at this time relatively cool
with a maximumtemperatureof 12keV.

At 2245UT breakuphasoccurredwith the formationof
anew x line ataround-17 Z [ from Earthin thedawn sector
andat � 25 Z\[ from Earthin thedusksector. Althoughone
couldarguethat thereis a singlex line becauseof thecon-
tinuous

TbÃ
=0 contour, thereappearto betwo distinctrecon-

nectionregions,eachof which is associatedwith a channel
of earthwardflow. Of thesetwo active regions,which only
extenda few Zb[ in the Y direction, the one in the morn-
ingsideis strongerand producesearthward flows of up to
300km sÁ x . Associatedwith theseearthwardflowsis asub-
stantialincreaseof

TbÃ
, i.e., the dipolarizationof the field.

This dipolarizationis initially localizedbetween2300and
0400 MLT, but spreadslater both radially and aroundthe
flanks.Also associatedwith thedipolarizationis a substan-
tial heatingof thenear-Earthplasma.During theexpansion
phase(2245UT) thenear-Earthplasmatemperaturereaches� 30keV andthengraduallycoolsduringtherecoveryphase
(2300UT). Thisis theMHD equivalentof ring currentinjec-
tion. However, becauseMHD doesnot treatthedrift motion
of thisplasma,it will notbetrappedandform aring current,
but eventuallyescapethroughthedaysideandflank bound-
aries.

At 2300UT therecovery phasehasbegun. Thex line is
now generallyretreating,but like theformationof thenear-
Earthneutralline, thisprocessis notuniformacrossthetail.
While thex line hasmovedbeyondX=-25 Z [ in thedawn
sector, it is still closerto Earthin thedusksector. However,
thereareno strongflows in eithersector;thus,if reconnec-
tion is still occurring,it mustbeweak.

Although
T Ã

and Ä ¿ arerathercloselyrelatedin thetail,
thereis no oneto onerelationshipbetweenthesequantities.
In particular,

T Ã
and Ä ¿ generallydo not changesignin the

samelocation. Onereasonis thedipole tilt which imposes
anadditional

TbÃ
componentonthetail whichis notuniform.
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Plate 2. Themagneticfield
T Ã

component,thevelocity Ä ¿ component,andtheplasmatemperaturein a planeat Æ ê'ë|ì =-3.3Z [ , at four differenttimes:(a)2200UT, (b) 2215UT, (c) 2245UT, and(d) 2300UT. Contoursaredrawn at thezerolevel forÄ ¿ , at12nT intervalsfor
TbÃ

, andat1 and10keV for thetemperature,respectively. TheblackdotmarksGeotail'sposition.



RAEDERET AL.: GLOBAL SIMULATION 11

Anotherreasonis thatsomeof theflows arealmostparallel
to the field, in particular, where

R T Ã R
is small. In that situ-

ation thereis essentiallyno dynamiccouplingbetweenthe
flow andthefield, becauseparallelflows arenot associated
with anelectricfield. Also, theentirex line canmove with
thelarge-scaleflow, sothatin theinertial framethevelocityí

is shifted,while in theplasmarestframetheflowsarestill
outwardfrom thex line.

Also, a distinctionbetweentopologicalx linesandmag-
neticreconnectionmustbemade.An x line is simply a ge-
ometrywherethemagneticfield is split into four topologi-
cal distinct regionsby two seperatrixsurfaceswhoseinter-
sectionforms thex line but without necessarilyhaving no-
ticeabledynamicconsequences.Reconnection,on theother
hand, is not only characterizedby an x line topology but
alsoby significantenergy conversion,i.e., fast(severalhun-
dredkm sÁ x ) flows. Most likely thereis a smoothtransition
betweenpassive,topologicalx linesandmagneticreconnec-
tion. FromPlate1 it is evidentthatbothoccurin thetail.

It is alsoevidentfrom Plate1 thatreconnectionis highly
localized in spaceand time. In particular, the reconnec-
tion geometrylooks very unlike the cartoonsthat areusu-
ally drawn to envisionthisprocess[RussellandMcPherron,
1973;Hones, 1977,1979]. Becauseof thecomplex history
of the tail imposedby the solarwind, the plasmaandfield
parametersarenonuniformin space.Thereforeit is not sur-
prising that reconnectionis stronglylocalized,becausethe
reconnectionprocessmustdependcritically on thelocalpa-
rameters.

Becauseof the rather “unorderly” characterof the tail
dynamicsin the model, it is extremelydifficult, if not im-
possible,to relate the dynamicsof the tail to other sub-
stormcharacteristics,for example,theelectrojet,andto es-
tablisha cleartimesequenceof events.Althoughthis simu-
lation shows clearlyreconnectionbeforetheauroralexpan-
sionphaseonset,it is not clearif this is really thetriggerof
the expansionphaseonset,i.e., if thereis a clear relation-
ship betweenthat reconnectionprocessandthe subsequent
enhancementof theelectrojet.

4.4. Signatures in the Middle Tail

Duringthisevent,two satellitesmadeobservationsin the
middle tail around30 Z\[ from Earth. IMP 8 waslocated
at (-36,-3,10) Z [ in GSEcoordinates,i.e., in the northern
lobe,while Geotailobservedat timesthe plasmasheetand
neutralsheetat (-25,-8,-3)Zb[ in GSEcoordinates.

Figure4 shows magneticfield datafrom IMP 8 andthe
comparisonwith themodel.No plasmadatawereavailable
from IMP 8. BecauseIMP 8 was locatedin the tail lobe,
it clearlyobservestheloadingof thetail with magneticflux
duringthesubstormgrowth phase[Caanet al., 1975]. This
signaturecommencesat IMP 8 at2138UT with thegradual
increaseof

Tb¿
andthe total field, accompaniedby a small

decreaseof
T Ã

. Thustheflaringangleandthemagneticflux
in thetail increase.This increaseendsabruptlyat 2235UT,
whenthis processreverses,but at a fasterrate. This behav-
ior of the tail is usuallyexplainedasthe loadingof the tail
with magneticflux that is peeledoff the daysidemagneto-
sphereby reconnectionandsweptinto thetail lobes,andby
the subsequentremoval of this flux by reconnectionat the
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near-Earthneutralline. Thesimulationshows qualitatively
thesamefeaturesbut with noticeabledifferences.First, the
increaseof the tail flux doesnot begin with the arrival of
the southward IMF at themagnetopause(seeFigure3) but
starts � 30 min later. This is possiblycausedby increased
tail reconnectionduringtheinitial growth phaseandwill be
discussedin section5. Theseconddifferenceis thedelayed
unloadingof the tail, which occurs � 17 min after the on-
set. The unloadingat IMP 8 is alsodelayedby 7 minutes
with respectto theonset;thustheeffectivedifferenceis � 10
min. Thisdifferenceis consistentwith thedifferencethatwe
foundcomparingtheobservedandthemodeledtime devel-
opmentof thepolarcaparea.

Figure5 showsmagneticfield andplasmadatafrom Geo-
tail and the comparisonwith the model results. Figure 5
shows, from top to bottom,themagneticfield

T ¿
,
TbÂ

, andT Ã
components[Kokubun et al., 1994]; theplasmaflow Ä ¿

component;the plasmanumberdensity; the plasmapres-
sure; and the plasmatemperature.Plasmadata from the
Comprehensive PlasmaInstrumentation(CPI) instrument
[Franketal., 1994]andtheLow Energy Particles(LEP) in-
strument[Mukai et al., 1994] (lines with opencircles)are
shown. Theheavy solid line shows theresultfrom themo-
del at theGeotaillocation.Therearesubstantialdifferences
betweenthe modelandthe data. Consideringthe dynamic
natureof the tail plasmasheetand the fact that large gra-
dients in all plasmaand field parametersexist in the tail,
this is not surprising. To illustratewhat differencea small
perturbationof thespacecraftlocationmakes,we have also
producedtime seriesat locationsthat are2 Z [ above and
below theGeotaillocation. Theupperandlower boundsof
the shadedareasin Figure5 aredefinedby thesetime se-
ries. Theshadedareasessentiallybracket theobservations.
Thus,in orderto predictthe Geotailobservations,a model
would not only have to producetheplasmaandfield values
correctlybut alsotheir locationbetterthanwithin 2 Zb[ . Of
course,this is extremelydifficult, consideringthat the tail
is in constantmotionowing to the buffeting from the solar
wind andIMF andowing to its internaldynamics.

Despitethis difficulty, thereare importantfeaturesthat
canbecomparedandconclusionsthatcanbedrawn. From
themagneticfield

T ¿
componentit is clearthatGeotailtra-

versestheplasmasheetseveraltimesduringthis event.The
model predictsonly one excursionat the nominal Geotail
position,but for the position2 Zb[ below Geotail it would
predictonly southernlobeobservations,andfor theposition
2 Z\[ above Geotail it would essentiallypredicta northern
lobeposition.Thustheplasmasheetin themodelis atmost
4 Z [ thick between2100and2330UT, andit is mostlikely
muchthinner in reality. Sincethe model resolutionin the
Z directionis � 0.3 Z [ , the plasmasheetis just barelyre-
solved.

TheGeotail
T Â

signatureis ratheruneventful; however,
themodelpredictsa large

TbÂ
signaturejust at thesubstorm

onset.Thissignatureis mostlikely causedby theformation
of aflux rope.The

TbÂ
spike is alsovery localizedbecauseit

doesnotappearin thetimeseriestaken2 Z [ below Geotail.
Themagneticfield

T\Ã
componentis positive during the

entiregrowth phase,while the flow is generallyearthward.
At abouttheexpansionphaseonsettheflow turnstailward,
andshortly thereafter

T Ã
becomesnegative. This indicates
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thata new x line hasformedearthwardof Geotail. Thebe-
havior of thesimulationis generallysimilar, exceptthat the
flow is tailwardfor mostof thegrowth phase,andfor abrief
interval around2135UT where

T\Ã
becomesnegative and

theflow becomesstronglytailward.However, a characteris-
tic featurein boththeGeotaildataandthesimulationis the
15-minsurgebeforethe

TbÃ
turnssouthward,duringwhichT Ã

becomesstrongernorthward(to � 5 nT) andtheflow be-
comesstronglyearthward (to � 300 km sÁ x ). This surge
is also presentto someextent in the plasmadensity and
very prominentlyin the plasmapressureand temperature.
Petrukovich etal. [1999]havefoundsuchpressuresurgesin
their survey of substorms(including this one)andattribute
them to two reconnectionregions, one earthward and one
tailwardof Geotail. Our simulationconfirmsthis view. As
the secondandthird panelsof Plate2 show, Geotail is lo-
catedjust tailward of the dawnsidenear-Earthneutralline.
A secondneutralline (not visible in Plate2) is locatedfur-
ther tailward. Thusplasmais piling up betweenthesetwo
neutrallines,causingthepressurepeakobservedby Geotail.

4.5. Parameter Variations

As outlinedin section2, our modeldependson several
parametersthat arisefrom the parameterizationof kinetic
processes.Theseare, in particular, the anomalousresis-
tivity andthe energy flux of electronsinto the ionosphere.
Thelatterdeterminestheauroralconductancesin thenight-
sideandthusaffectsmagnetosphericconvection. We have
variedtheseparameters,i.e., the resistivity thresholdN and
scalefactor G (equation(9)), andtheenergy flux factorsw�x
and w B (equations(15) and(18)) over a wide rangeof val-
ues.Wefoundthatfor mostparametercombinationsnosub-
stormoccurs.Thustheresultspresentedabove (which will
be referredto asRun 1 in the remainderof this paper)are
for a certainparametercombinationthat producesan onset
at aboutthecorrecttime andwith roughly thecorrectmag-
nitude,asmeasuredby thegroundmagnetometerperturba-
tions. Specifically, theparametersfor this run were N =0.65,G =0.05,and w x = w B =4.

Figure6 showsgroundmagneticperturbationsfrom three
runswith parametercombinationsthatdonotproduceasub-
storm. Specifically, in Run 2 we have set the precipitation
parametersw x and w B to a valueof 1.5, i.e., abouta factor
2.6lowerthanthatin Run1,but wehavekepttheanomalous
resistivity parametersthesameasthosein Run1. In Run3
we have settheanomalousresistivity to zero( G =0), andin
Run4 we have loweredthethresholdfor theanomalousre-
sistivity ( N =0.4)andincreasedits scale( G =0.2),while keep-
ing theionosphereparametersthesameasthosein Run1.

None of theseruns producesa substorm. Instead,the
magnetosphereentersa drivenmodein which theelectrojet
slowly increasesduring the growth phaseand then slowly
decreasesafter the IMF turns northward. Also, for these
runs there is no significant loading and unloadingin the
tail (via comparisonwith the IMP 8 magneticfield, not
shown here). Thus, insteadof loading the tail during the
growth phasewith magneticflux andenergy and thenun-
loadingit duringtheexpansionphase,thetail entersa state
of steadyconvectionin which daysidereconnectionis ap-
parentlywell balancedby reconnectionin thetail. Although
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this is clearlya wrongsolutionfor this event,it is not com-
pletely unphysical,and such steadymagnetosphericcon-
vection(SMC, sometimescalled“convectionbays”)events
have indeedbeenobserved[Yahninetal., 1994].

5. Summary and Discussion

TheGEM substormchallengeeventprovidesuswith the
uniqueopportunityto compareour modelwith dataandto
assessits validity with respectto substormdynamics. We
find thatthemodelgenerallycompareswell with theobser-
vations,in particular, that themodelreproducesthepromi-
nentsubstormfeaturesthat could be expectedfrom a fluid
model.Of course,othersubstormfeatures,likePi2burstsor
particleinjections,arebeyondthescopeof themodel.

The substormdynamicsproducedby the modelfollows
essentiallythe phenomenologicalnear-Earth neutral line
(NENL) model[McPherronetal., 1973b;McPherron, 1991;
Baker et al., 1996,1999]. During the growth phase,mag-
netic flux is removed from the daysidemagnetospherevia
reconnectionand swept into the tail. This createsan im-
balancebetweendaysideandnightsidereconnectionwhich
leadsto anincreasein tail magneticflux, whichfor thisevent
is observed by the PolarVIS instrument(expandingpolar
cap)andby IMP 8 in thetail lobe.Nearexpansionphaseon-
set,oneor morenew neutrallinesform in thetail relatively
closeto Earth,andeventuallythey begin reconnectinglobe
flux. As a result, tail reconnectionbecomesstrongerthan
daysidereconnection,and the tail flux begins to decrease.
However, neitherthe datanor the simulationcantell us in
detailat this pointhow reconnectionconnectsto theauroral
features.Thedataanalysisishamperedby thesparsityof ob-
servationpoints,andthesimulationis limited by too coarse
resolutionandthefactthattheplasmasheetis verydynamic
andthat reconnectionis localizedandoccursin several re-
gions.Also, becausetheIMF turnednorthwardator shortly
after theonset,it is difficult to sayby how muchthenight-
sidereconnectionrateis increasing.However, themodelis
in very good agreementwith the datain predictingthat a
new neutralline forms earthward of Geotail ( î -25 Z [ ) in
closeassociationwith expansionphaseonset.This andthe
fact that the modelalsoproducesothercommonsubstorm
signatures(groundperturbations,dipolarization,andcurrent
wedge)giveusconfidencethatthemodelisessentiallybased
on thecorrectphysicsandthattheresultsaremeaningful.

However, thedifferencesbetweenthemodelandthedata
giveusanimportantlessonasto theshortcomingsof themo-
delandwhereimprovementsareneeded.A numberof these
differencesindicatethatthereconnectionratesin themodel
are too high. First, the polar cap potential is consistently
higherthanthepotentialestimatedby AMIE. Althoughthe
AMIE potentialdependson assumptions,for example,the
ionosphericconductance,it appearsto be unlikely that the
resultingerrorsin thepotentialwould beashigh asa factor
2-3. Second,the modelexhibits a strong,drivenelectrojet
duringthegrowth phasethatis at leasta factorof 5 stronger
than the observed groundsignature. This is also evident
from the FAC distribution, which shows a currentwedge
likedistributionalreadyduringthegrowthphase.Obviously,
thesecurrentsaregeneratedin the tail by reconnection.At
theGeotaillocationthemodelpredictstailwardflow during

muchof thegrowth phase,whereasGeotailobserveseither
no flow or earthward flows. Only in the late growth phase
doesthemodelreproducethetail flows well. Thusthepre-
substormx line in themodellies too closeto Earth,at least
in theGeotailmeridian.Third, asa consequenceof theex-
cessive convection,themodelstoreslessmagneticflux and
energy in the lobesasthe dataindicate. This thenleadsto
theshortrecoveryphasein themodel.

It is difficult to point to a singlecausefor thesediffer-
ences,andquitepossiblytherearemorecausesthanone:

1. As we have shown the electronprecipitation,and
thus the ionosphericconductance,substantiallyinfluences
magnetosphericconvectionand thus the substormdynam-
ics. Unfortunately, no direct measurementof conductance
is possible,and thus we cannotcalibrateour conductance
model very well. Statisticalmodelsare not of much use
here,becausethey averageover the instantaneousfeatures
andalsobecausethey arein partbasedon thesameempiri-
calrelations[Robinsonetal., 1987]thatweusein themodel.
On the otherhand,thereis muchroom for improving our
model.For example,a dynamic,self-consistentionosphere-
thermospheremodel like the CoupledThermosphereIono-
sphereModel (CTIM) [Fuller-Rowellet al., 1996]couldbe
usedin placeof theempiricalRobinsonformulaetocompute
theconductancesfrom theelectronprecipitationparameters
usingfirst principles. Also, onecouldusea modellike the
RiceConvectionModel(RCM)[Wolf , 1983;Toffolettoetal.,
1996]to computethedrift of innermagnetosphereelectrons
andthusimprove thecalculationof diffuseelectronprecip-
itation. It is alsopossibleto usespace-basedEUV images
of the aurorato infer electronprecipitationcharacteristics
[Lummerzheimet al., 1997;Germanyet al., 1997], which
couldthenbeusedtocorrectthemodelconductancesbydata
assimilationmethods.

2. Themodelof anomalousresistivity usedin thesimula-
tion is basedontheassumptionthatsomecurrent-dependent
kinetic processcausessufficient turbulenceto scatterelec-
trons to the effect of substantialanomalousdiffusion. Al-
thoughthereis experimentalevidencethat suchprocesses
indeedoccur in the tail [Sigsbeeet al., this issue;seealso
CattellandMozer, 1986;Cattell, 1996;Cattelletal., 1998],
no constraintsareavailable,andin particular, no detailsare
known aboutthedependenceonplasmaparameters.Recent
studiesof the reconnectionprocessusingvariousmodeling
approaches[Birn andHesse, 2000;Hesseetal., 2000;Otto,
2000] also indicatethat processesthat arenot includedin
MHD, for example,theHall termor the �ï��ð � term,whereð � is the electronpressuretensor, have a substantialinflu-
enceon reconnectionrates.Thusthereis considerableroom
to improvetheanomalousresistivity model,for example,by
parameterizingresultsfrom kinetic models. Furthermore,
numericalresistivity is presentin our model(like any other
model)anddifficult to quantify. Becausethesimulationof
this substormrequiredanomalousresistivity to a certainde-
gree,whereasrunningthe modelwithout anomalousresis-
tivity (i.e., reconnectionis solelycausedby numericalresis-
tivity) producednosubstorm,it is quitelikely thatnumerical
resistivity playsonly a minor role. However, its effectscan-
notberuledoutentirely.

3. Our modeldoesnot containa ring current. This is
becauseof the MHD formalism which doesnot allow for
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gradientandcurvaturedrifts. Thusplasmacannotbe cap-
tured in the inner magnetosphere,but instead7 ),+ drifts
out. In otherwords, thereis never a closeddrift shell for
any plasmaenergy. As a consequence,theplasmapressure
peaksin thetail ataround6 Z [ atpressurevaluesthatarefar
lowerthantypicalplasmapressurevaluesof thering current
[Lui etal., 1987].Thusthepresenceof a ring currentwould
inflatetheinnermagnetosphereandpossiblypushthex line
farthertailward. A ring currentwould also producemore
realistic region 2 currentsin the ionosphere,which should
partly shieldthe inner magnetospherefrom convectionand
thusalsomodify thesubstormbehavior of thetail. We note
that our modelproducesoneingredientof the ring current
formation,namely, plasmainjection. From Plate2 it is ev-
ident thatduringtheexpansionphaseplasmais transported
earthwardandenergizedto � 2-3timesthepresubstormtem-
perature.Thuscouplingwith a ring currentmodellike the
RCM mayimproveourmodelconsiderably.

A key resultof this studyis the dependenceof the sub-
stormdynamicsontheparameterizationof inherentlykinetic
processes,i.e., auroralelectronaccelerationandanomalous
resistivity in themagnetosphere.This is on onehandtrou-
blesome,becausean ab initio modelshouldnot dependon
parameters.On theotherhand,it givesussomeinsightinto
the physicsof substorms.First, the magnetosphericsteady
convectionmodethatoccursfor many parametercombina-
tionsis indeedobservedat times[Yahninetal., 1994].How-
ever, it is notknownwhatconditionsleadto aSMCmodeas
opposedto a substorm.Thesolarwind andIMF parameters
areessentiallythe same,thusthe reasonfor the difference
mustbe internal to the magnetosphereor ionosphere.Our
resultsindicatethat the reasonsmay be foundeitherin the
ionosphericcontrolof magnetosphericconvectionor in the
detailsof the reconnectionprocessin the tail. Second,the
parameterdependencepointsto someincompletenessof the
NENL model.TheNENL modelmakesno referenceto the
ionosphericresponse;instead,it treatsthe ionosphereasa
passive recipientof energy from themagnetosphere.As our
resultsshow, theremustbesomesignificantfeedbackfrom
the ionosphereto the tail, which controlsin a yet undeter-
mined way the expansionphaseonset. This is not to say
thattheionosphereis solelyresponsiblelikein somemodels
[Kan, 1993]. Rather, a numberof ingredientshave to come
together, in particular, tail loading,near-Earthreconnection,
andan ionospherethat permitsfastreconnectionanddipo-
larizationin thetail andthusanexplosiveenergyreleaseinto
theionosphere.
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