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Abstract. This paperpresentsresultsfrom global MHD
simulationsshowing the evolution of the plasmaandfield
in the near-Earthtail during the substormphases.The late
growth phaseis characterizedby pronouncedthinning of
the plasmasheetand stretchingof the field in the region
betweenapproximately-6

���
to -30

���
. A pre-existing

X-line movestailwardto beyond-50
� �

. Closeto onset,a
new X-line formsnear-18

� �
in themidnightsector. Earth-

wardflows emanatingfrom this X-line dipolarizethenear-
Earthfield, leadingto a reductionof the cross-tailcurrent
in the midnight sector, but not elsewhere. The magnetic
shearbetweenthe dipolarizedfield nearmidnight and the
stretchedfield elsewhereis equivalent to currentsflowing
throughthe ionospherein a region 1 sense,andsoforming
thecurrentwedge.Laterin theexpansionphase,thedipolar-
izationspreadsin localtimeatarateof about0.3hoursMLT
perminute.A strongelectricfield andarapidincreaseof the
plasmapressureis associatedwith thedipolarization.Near
midnightthedipolarizationappearsto occuratall distances
between6.6 and13

� �
at the sametime within the reso-

lution ( � 2 min) of our model. However, the modelresults
indicatethatdipolarizationstartsbefore groundonsetin the
pre-midnightsectorandpropagatesbothearthwardandeast-
ward.Thus,dipolarizationmaybemuchmorecomplex than
simpleearthward/tailwardand/orazimuthalexpansion.

1. Introduction

Theformationof a substormcurrentwedgeat expansion
phaseonsetof a substormhasbeenknown for sometime
now [McPherron et al., 1973], yet thereis still substantial
controversyasto its nature.It hasbeenarguedthatthesub-
stormcurrentwedgeformsasa resultof flows from a near-
EarthX-line, becausetheseflowsmaynotbeuniformin the
Y-direction,causingmagneticshearof the near-Earthfield
which is equivalentto currentsflowing into andout of the
ionosphere[Birn and Hesse, 1991; Birn et al., 1996]. A
differenttheorywaspostulatedby [Lui et al., 1988,1992]
which statesthatprocesseslocal to thecurrentwedgeitself
areresponsiblefor its formation.In thisscenario,kinetic in-
stabilitiesoccurringin thenear-Earthtail atsubstormexpan-
siononsetcausea “disruption” of thecurrentin this region.
Currentcontinuitythendemandsthatpartof thecurrentthat

waspreviously flowing acrossthe tail musttake a different
path,mostlikely throughtheionosphere.

Eithermechanismis notoriouslydifficult to prove or dis-
prove using in situ observations,becauseonly singleor at
mosta few spacecraftareavailable. Too few spacecraftal-
waysleavespace- timeambiguitiesandtheproblemis com-
poundedby thefactthattherearesignificantdifferencesbe-
tweenindividualsubstorms.

In thispaperweaddresstheproblemby usingglobalsim-
ulations.Whenconsideringobservationsof a singlespace-
craft thesimulationresultsshow essentiallythesameeffects
as thoseobserved. This indicatesthat the simulationba-
sically producesthe correctphysicalprocessesthat arere-
sponsiblefor the substorm.We cantheninterpretthesim-
ulationresultsin their entiretyandshedsomelight on how
the substormprocessworks. Although therearemany as-
pectsof substormsthatneedto beconsidered,wefocushere
on thenear-Earthtail processes,in particularthedipolariza-
tion at onset. Otheraspectsof this substormevent will be
presentedelsewhere.

2. The Model

For this studywe useour global MHD magnetosphere-
ionospheresimulationmodelthathasbeenusedextensively
for otherstudiesof thesolarwind - magnetosphere- iono-
sphereinteractionsin thepast.Detaileddescriptionsof the
modelcan be found in [Raederet al., 1996,1997,1998].
Thuswe give only a brief descriptionof themodelparam-
eterspertainingto this study. Theresistive MHD equations
aresolvedonanonuniformrectangulargrid extendingfrom���	�
�

= -300to
�������

= 22
���

, andfrom-40
���

to40
���

in thetransversedirections,thusplacingall outerboundaries
into supermagnetosonicflows. Thegrid resolutionis about
0.35

���
neartheEarthandincreasestowardstheboundaries

of the simulationbox. MagnetosphericBirkelandcurrents
areclosedby usinganionospheremodelthatcomputesthe
ionosphericpotentialfrom theBirkelandcurrents.Theion-
sphericHall and Pedersenconductancesare computedby
using an empirical model for EUV ionization [Moen and
Brekke, 1993],andby usingself-consistentlycomputeddif-
fuseanddiscreteelectronprecipitation.Thisrunwasstarted
about5 hoursbeforetheeventunderconsideration.Thefirst



two hoursasteadynegativeIMF 
�� wasused,afterthatthe
measuredsolarwind parameterswereused.

3. Results

Herewepresentsimulationresultsfor asubstormthatoc-
curredonMay 19,1996ataround2028UT. Thesimulation
wasdrivenby solarwind andIMF dataobtainedby theWind
satellite.Theresultsof this simulationwerecomparedwith
groundobservationsand with magneticfield observations
in the southerntail lobe obtainedby IMP-8. The compar-
isonsshowed by andlarge a goodcorrelationbetweenthe
simulationresultsandthedata.In particular, thesimulation
resultsshow asubstormonsetatabout2028UT in thesimu-
latedgroundmagnetometersthatcorrespondswell with the
observedgroundmagnetometersignatures.Detailsof these
comparisonswill bepresentedelsewhere.
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Figure1: The WYX componentof the magneticfield in the mag-
neticequatorialplaneat geosynchronousdistanceandat different
magneticlocal times. For eachtracethe medianvaluehasbeen
subtracted.

3.1. Spreading of the Dipolarization

Figure1 shows the magneticfield 
�� componentin the
tail from the simulationas it would be seenby a number
of satellitesin the magneticequatorat geosynchronousor-
bit. Thesevirtual satellitesspanmagneticlocal timesfrom 5
MLT to 19 MLT. Theexpansionphaseonsetasdetermined
from thesimulatedgroundmagneticsignaturesis indicated
by the vertical line at 2028 UT. Within 2 minutesof the
onset,the virtual spacecraftlocatedat 24 MLT observesa
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Figure2: The plasmapressurein the magneticequatorialplane
at geosynchronousdistanceandat differentmagneticlocal times.
For eachtracethemedianvaluehasbeensubtracted.
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Figure3: Thetotal electricfield in themagneticequatorialplane
at geosynchronousdistanceandat differentmagneticlocal times.
For eachtracethemedianvaluehasbeensubtracted.

rapid increasein 
�� . A similar 
�� increasecanbeseenat
latertimesatalmostall othervirtual spacecraft.Clearly, the



rapid 
�� increaseindicatesthe dipolarizationof the mag-
neticfield. Thedipolarizationbeginsat local midnightand
thenspreadsazimuthallyat a rateof about0.3 hoursMLT
per minute. This rate is comparableto, albeit somewhat
slower, thantheratethatwasfoundby Nagai [1982]in asta-
tistical study. Thefield dipolarizationis generallystronger
in thepre-midnightsectorandpetersoutafterabout4 hours
MLT on eithersideof the midnight meridian. The fastest
dipolarizationrateoccursat 22.5 MLT andhasa valueof
about20nT/min. Thisvalueis consistentwith observations
neargeosynchnonousaltitude[?].

Figure2 shows theplasmapressurefor thesameconfigu-
rationof virtual spacecraftasin Figure1. A rapidpressure
increaseoccursalmostsimultaneouslywith the increaseof

�� . The pressureincreaseis strongestnearmidnight and
weakestpost-midnight. It is alsonoticeablethat the pres-
sureincreasein thepre-midnightsectorbetween19 and22
MLT occursseveralminutesbeforethedipolarization.

Figure3 shows the total electricfield for the samecon-
figurationof virtual spacecraftasin Figure1. A substantial
increaseof theelectricfield occursat thesametime asthe

 � valuesincrease.Thepeakvalueof theelectricfield in-
crease(20 mV/m) compareswell with observations.Shep-
herd etal. [1980] foundpeakvaluesof 15mV/m for asimi-
lar sizedevent,while for amuchlargerevent60mV/m were
reported[Aggsonetal., 1983].Thereis alreadyanoticeable
increaseof theelectricfield valuesbeforethedipolarization
occurs,indicatingthatsometail reconfigurationoccursprior
to theexpansionphaseonset.Unlike thepressureincreases,
theelectricfield pulsesarestrongerin thepre-midnightsec-
tor.
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Figure4: The W X componentof themagneticfield in themagnetic
equatorialplaneat 10 æèç distanceandat differentmagneticlocal
times.For eachtracethemedianvaluehasbeensubtracted.
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Figure5: The W X componentof themagneticfield in themagnetic
equatorialplaneat 13 æ ç distanceandat differentmagneticlocal
times.For eachtracethemedianvaluehasbeensubtracted.

Figures4 and5 show themagneticfield 
 � componentin
thetail similar to Figure1, but at10and13

� �
from Earth,

respectively. Thefield signatureis basicallythesameasat
6.6

� �
but lesspronounced.Comparingthe24 MLT time

tracesof Figures1, 4, and5 onefindsthatthedipolarization
onsetoccursatthesametimeregardlessof thedistancefrom
Earth.In otherwords,thereappearsto benopropagationof
a dipolarizationfront nearmidnight,neitherearthwardnor
tailward.Oneshouldnote,however, thatthetimeresolution
of thesimulationis limited to about � 2 minutes,thusthere
mayindeedbeapropagationthatis not resolvedin thissim-
ulation. In thepre-midnightsector, however, thereareclear
signsof a beginningfield dipolarizationbefore the ground
onsetandbeforethe dipolarizationonsetat midnight. Be-
tween2000and2200MLT adipolarizationfront propagates
earthwardandpossiblydawn ward.

Figure6 showsthree-dimensionalviewsof thetail config-
urationat threedifferenttimes. All threepanelsshow the
sameperspective; thelook angleis from 3.5hoursMLT and
15( elevation.Thepanelsshow colorcodedthex-component
of the velocity ( )+* ) in a planethat is offset by 3

� �
from

the noon-midnightmeridiantowarddusk. Blue andpurple
color tonesindicateantisunwardflow, redandyellow tones
indicatesunwardflows, andgreentonesindicatevery slow
velocity values. The red surfaceis the isocontourof ) * =
200 km/s, i.e., theacceleratedsunwardflows. Theyellow-
ishsurfaceis theisocontourof 800picoPascalplasmapres-
sure. The red field lines originatein the ionosphereat the
magneticnoon-midnightmeridian.Thebluefield linesorig-
inatein the ionosphereat 65( magneticlatitude. The large



bluesphererepresentstheinnerboundaryof thesimulation
at3.7

� �
.

Thetoppanel(6a)shows thetail configurationduringthe
late growth phaseat 2020UT, 8 minutesbeforeexpansion
phaseonset. Thereis a X-line presentin the tail beyond
about-40

� �
(not visible in this figure). The tail field is

highlystretchedandtheflux tubesexhibit strongkinksin the
magneticequator. This region of a strongcrosstail current
sheetreachesfrom well insidegeosynchronousdistanceto
beyond-30

���
. Field linesneargeosynchronousdistances

andtailwardof theterminator(thebluefield linesin thefig-
ure)areall highly stretchedanddeviateconsiderablyfrom a
dipolarfield. Theflow is earthwarddirectedandtheflow ve-
locity valuesarerelatively small. Thestrongestflows look
like plasmasheetboundarylayer (PSBL) flows, i.e., they
arepredominantlyparallelto thefield anddivertaroundthe
inner magnetosphereto high latitudes. This flow is essen-
tially the fluid counterpartto the PSBL ion beamsthat are
frequentlyobserved [Eastmanand Hones, 1979;Eastman
et al., 1985]. The 800 pPa contoursurfaceof the plasma
pressureoutlinestheshapeof theplasmasheetin thenear-
Earthregion. At this time, theplasmasheetis considerably
compressedandshowsasharpkink, i.e., largepressuregra-
dient,at theequator.

Thesecondpanel(6b) of Figure6 shows thetail configu-
rationapproximately8 minutesafterexpansionphaseonset.
A new X-line hasformedat about-18

� �
nearthe noon-

midnight meridian. From this X-line strongflows emerge
both earthward and tailward. The earthward flow, which
barelyexceeded200km/sduringthegrowth phasenow rea-
chesvaluesashighas700km/s.Also, theflow is notPSBL-
like any more,but hasa largecomponentthat is perpendic-
ular to thefield. As a consequence,magneticflux is rapidly
transportedearthwardandthefield nearthemeridiandipo-
larizes.However, at this time theX-line is still of very lim-
ited extent in the Y-direction. Thusthe field lines that are
not close to the meridianare still stretched(seethe blue
field lines in the nightside). This causessubstantialmag-
netic shearbetweenthe dipolarizedandthe stretchedfield
which is equivalentto a (mostly)field alignedcurrent.This
currentis in theregion1 currentsense,i.e., it flows into the
ionosphereat thedawn sideandoutof theionospherein the
duskside.

Thethird panelof Figure6 (6c) shows thetail configura-
tion about90 minutesafter onset. At this time the field is
dipolarizedat all local times,thusthecurrentwedgeceases
toexist. Togetherwith thedipolarizedfield, theplasmasheet
hasbecomethicker andsymmetric. The X-line hassome-
what retreatedto -20

���
. The fact that the X-line is still

closeto theEarthmaybeattributedto theIMF whichhasin
thiscasenotyet returnedto anorthwardorientation.

4. Summary and Conclusions

WehaveusedaglobalMHD simulationof anisolatedsub-
stormevent to study the spatialandtemporalevolution of
thesubstormcurrentwedgeandthemagneticfield dipolar-
ization.

We find thatatgeosynchronousdistancethefield dipolar-
izationstartsnearlocal midnight,coincidentwith theiono-
sphericonsetsignaturesof themodel,i.e.,a suddendropof
AL andrapidincreaseof discreteelectronprecipitation(not
shown here).Thedipolarizationthenspreadsbotheastward
andwestward at a rateof about0.3 hoursMLT/min. This
value is consistentwith the findings of a statisticalstudy
[Nagai, 1982]in whichavalueof about0.5hoursMLT/min
wasdetermined.However, in Nagai's studythe spreading
ratewasobtainedusingsuperposedepochanalysis,thusleav-
ing room for time - spaceambiguity. Our study clearly
shows that the spreading,i.e., the increasingtime differ-
encebetweenexpansionphaseonsetand the beginning of
the field dipolarizationasa function of azimuthaldistance
from local midnight, is indeedcausedby theazimuthalex-
pansionof a dipolarizationfront.

The model resultsare lessclear, however, with respect
to a radial propagationof a dipolarizationfront. Near lo-
cal midnightthereappearsto beno propagationeitherway.
However, this lack of propagationmayjust beburiedin the
limited time resolutionof themodel. Thesituationis more
complicatedif one looks at different local times. Around
2100MLT and13

���
distance,dipolarizationstartsbefore

thegroundonsetandthenpropagatesearthward. However,
at this local time, the increaseof 
 � is strongestaround10���

, and only very weak at 6.6
���

. It thus appearsthat
a dipolarizationfront startsin the pre-midnightsectorbe-
fore groundonset,andthenfirst propagatesearthwardand
duskward.At onset,morerapiddipolarizationthenoccursat
all distancesconsideredhereat local midnightandspreads
azimuthallyin bothdirections.

In summary, ourfindingsaregenerallyconsistentwith the
nearEarthneutralline modelof substorms.Currentwedge
formationandfield dipolarizationarecausedby theforma-
tion of a new neutralline beforeonsetandtheresultingfast
earthwardflows. The limited resolutionof our simulations
donotallow usyetto determinethepropagationof thedipo-
larizationfront with sufficient precision. However, our re-
sultsindicatethat thedipolarizationmaybemorecomplex
than simple earthward/tailward and/orazimuthalpropaga-
tion andthatthepropagationdirectionmayactuallychange
during the expansionphase.This may explain why it has
beensodifficult in thepastto determinethepropagationdi-
rectionwithoutambiguityby usingin situobservations.
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Figure6a-c. Three-dimensionalrenderingof the magnetosphereat threedifferenttimes. 6a) late growth phase,6b) immediatelyafter
expansionphaseonset,6c) during the recovery phase.In all threefiguresthe look angleis from 3.5 hoursMLT and15, elevation. The
figuresshow color codedthex-componentof thevelocity ( -�. ) in a planethat is offsetby 3 /10 from thenoon-midnightmeridiantoward
dusk. Blue andpurplecolor tonesindicateantisunward flow, red andyellow tonesindicatesunward flows, andgreentonesindicatevery
slow velocity values. The red surfaceis the isocontourof -�. = 200 km/s. The yellowish surfaceis the isocontourof 800 pico Pascal
plasmapressure.Theredfield linesoriginatein theionosphereat themagneticnoon-midnightmeridian.Thebluefield linesoriginatein the
ionosphereat 65, magneticlatitude.Thelargebluespherereperesentstheinnerboundaryof thesimulationat 3.7 /20 .
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