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Abstract. This paperpresentsesultsfrom global MHD
simulationsshaving the evolution of the plasmaand field
in the nearEarthtail duringthe substornphases.The late
growth phaseis characterizedy pronouncedhinning of
the plasmasheetand stretchingof the field in the region
betweenapproximately-6 Rg to -30 Rg. A pre-«isting
X-line movestailwardto beyond-50 Rg. Closeto onset,a
new X-line formsnear-18 Rg in themidnightsector Earth-
ward flows emanatingrom this X-line dipolarizethe near
Earthfield, leadingto a reductionof the cross-tailcurrent
in the midnight sector but not elsavhere. The magnetic
shearbetweenthe dipolarizedfield nearmidnight andthe
stretchedfield elsevhereis equivalentto currentsflowing
throughtheionospherén aregion 1 senseandsoforming
thecurrentwedge.Laterin theexpansiorphasethedipolar
izationspreadsn localtimeatarateof about0.3hoursMLT
perminute.A strongelectricfield andarapidincreasef the
plasmapressureas associatedavith the dipolarization.Near
midnightthe dipolarizationappearso occuratall distances
between6.6 and 13 Rg at the sametime within the reso-
lution (2 min) of our model. However, the modelresults
indicatethatdipolarizationstartsbefore groundonsetin the
pre-midnightsectorandpropagatebothearthvardandeast-
ward. Thus,dipolarizatiormaybemuchmorecomple than
simpleearthvard/tailvardand/orazimuthalexpansion.

1. Introduction

The formationof a substorncurrentwedgeat expansion
phaseonsetof a substormhasbeenknown for sometime
now [McPheron et al., 1973], yet thereis still substantial
controversyasto its nature.lt hasbeenarguedthatthe sub-
stormcurrentwedgeformsasaresultof flows from anear
EarthX-line, becaus¢heseflows maynotbeuniformin the
Y-direction,causingmagneticshearof the nearEarthfield
which is equivalentto currentsflowing into and out of the
ionosphergBirn and Hesse 1991; Birn et al., 1996]. A
differenttheorywas postulatedby [Lui et al., 1988,1992]
which stateghat processetocal to the currentwedgeitself
areresponsibldor its formation.In this scenariokineticin-
stabilitiesoccurringin thenearEarthtail at substormexpan-
siononsetcausea “disruption” of the currentin this region.
Currentcontinuitythendemandshatpartof thecurrentthat

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

Either mechanisms notoriouslydifficult to prove or dis-
prove usingin situ obsenations,becausenly singleor at
mosta few spacecrafareavailable. Too few spacecraftl-
waysleave space time ambiguitiesandtheproblemis com-
poundedy thefactthattherearesignificantdifferencede-
tweenindividual substorms.

In this paperwe addresshe problemby usingglobalsim-
ulations. Whenconsideringobsenationsof a singlespace-
craftthesimulationresultsshown essentiallythe sameeffects
asthoseobsered. This indicatesthat the simulation ba-
sically produceghe correctphysicalprocesseshat are re-
sponsiblefor the substorm.We cantheninterpretthe sim-
ulationresultsin their entiretyandshedsomelight on how
the substormprocesavorks. Althoughthereare mary as-
pectsof substormshatneecdto beconsideredywe focushere
onthenearEarthtail processesn particularthedipolariza-
tion at onset. Otheraspectof this substormeventwill be
presenteelsavhere.

2. The Model

For this studywe useour global MHD magnetosphere
ionospheresimulationmodelthathasbeenusedextensvely
for otherstudiesof the solarwind - magnetosphereiono-
spherenteractiondn the past. Detaileddescriptionof the
model canbe found in [Raederet al., 1996,1997,1998].
Thuswe give only a brief descriptionof the modelparam-
eterspertainingto this study Theresistve MHD equations
aresolvedon anonuniformrectangulagrid extendingfrom
Xgse =-300to Xgsg =22Rg, andfrom-40Rg t040REg
in thetrans\ersedirectionsthusplacingall outerboundaries
into supermagnetosonftows. The grid resolutionis about
0.35Rg neartheEarthandincreasesowardstheboundaries
of the simulationbox. MagnetospheriBirkelandcurrents
areclosedby usinganionospherenodelthatcomputeghe
ionospherigotentialfrom the Birkelandcurrents.Theion-
sphericHall and Pederserconductanceare computedby
using an empirical model for EUV ionization [Moen and
Brekle, 1993],andby usingself-consistentlizomputedif-
fuseanddiscreteelectronprecipitation.Thisrunwasstarted
about5 hoursbheforetheeventunderconsiderationThefirst



two hoursa steadynegative IMF B, wasused afterthatthe
measuredolarwind parametersvereused.

3. Results

Herewe presensimulationresultsfor a substornthatoc-
curredon May 19, 1996ataround2028UT. Thesimulation
wasdrivenby solarwind andIMF dataobtainedy theWind
satellite. Theresultsof this simulationwerecomparedvith
ground obsenationsand with magneticfield obsenations
in the southerntail lobe obtainedby IMP-8. The compar
isonsshaved by and large a good correlationbetweenthe
simulationresultsandthe data.In particulat the simulation
resultsshav asubstornmonsetatabout2028UT in thesimu-
latedgroundmagnetometerthat correspondsvell with the
obsenedgroundmagnetometesignaturesDetailsof these
comparisonsvill be presentealsevhere.
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Figure 1. The B, componenbf the magneticfield in the mag-
netic equatorialplaneat geosynchronoudistanceandat different
magneticlocal times. For eachtracethe medianvalue hasbeen
subtracted.

3.1. Spreading of the Dipolarization

Figure 1 shavs the magneticfield B, componenin the
tail from the simulationasit would be seenby a number
of satellitesin the magneticequatorat geosynchronouser-
bit. Thesevirtual satellitesspanmagnetidocaltimesfrom 5
MLT to 19 MLT. The expansionphaseonsetasdetermined
from the simulatedgroundmagneticsignaturess indicated
by the vertical line at 2028 UT. Within 2 minutesof the
onset,the virtual spacecraftocatedat 24 MLT obsenesa
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Figure2: The plasmapressuren the magneticequatorialplane
at geosynchronoudistanceandat differentmagneticlocal times.
For eachtracethe medianvaluehasbeensubtracted.
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Figure3: Thetotal electricfield in the magneticequatoriaplane
at geosynchronoudistanceandat differentmagneticlocal times.
For eachtracethe medianvaluehasbeensubtracted.

rapidincreasen B,. A similar B, increasecanbe seenat
latertimesatalmostall othervirtual spacecraftClearly, the



rapid B, increaseindicatesthe dipolarizationof the mag-
neticfield. Thedipolarizationbeginsat local midnightand
thenspreadsazimuthallyat a rate of about0.3 hoursMLT

per minute. This rateis comparableto, albeit someavhat
slower, thantheratethatwasfoundby Nagai[1982]in asta-
tistical study The field dipolarizationis generallystronger
in the pre-midnightsectorandpetersout afterabout4 hours
MLT on eitherside of the midnight meridian. The fastest
dipolarizationrate occursat 22.5 MLT andhasa value of

about20 nT/min. Thisvalueis consistentvith obsenations
neargeosynchnonoualtitude[?].

Figure2 shavs the plasmapressurdor the sameconfigu-
rationof virtual spacecrafasin Figurel. A rapid pressure
increaseoccursalmostsimultaneouslywith the increaseof
B,. The pressurdncreaseis strongestearmidnightand
wealest post-midnight. It is alsonoticeablethat the pres-
sureincreasén the pre-midnightsectorbetweenl9 and22
MLT occursseveralminutesbeforethe dipolarization.

Figure 3 shaws the total electricfield for the samecon-
figurationof virtual spacecrafasin Figurel. A substantial
increaseof the electricfield occursat the sametime asthe
B, valuesincrease.The peakvalue of the electricfield in-
creasg20 mV/m) comparesvell with obsenations. Shep-
herd etal. [1980]found peakvaluesof 15 mV/m for a simi-
lar sizedevent,while for amuchlargerevent60 mV/m were
reportedAggsonetal., 1983]. Thereis alreadya noticeable
increasef the electricfield valuesbeforethe dipolarization
occursjndicatingthatsometail reconfiguratioroccursprior
to theexpansiorphaseonset.Unlike the pressuréncreases,
theelectricfield pulsesarestrongeiin the pre-midnightsec-
tor.
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Figure4: The B, componenbf themagnetidield in themagnetic
equatoriaplaneat 10 Rr distanceandat differentmagnetidocal
times.For eachtracethe medianvaluehasbeensubtracted.
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Figureb5: The B, componenof themagnetidield in themagnetic
equatoriaplaneat 13 Rz distanceandat differentmagnetidocal
times. For eachtracethe medianvaluehasbeensubtracted.

Figures4 and5 shov themagnetidield B, componentn
thetail similarto Figurel, butat10and13 Ry from Earth,
respectiely. Thefield signaturds basicallythe sameasat
6.6 Rg but lesspronounced.Comparingthe 24 MLT time
tracesof Figuresl, 4, and5 onefindsthatthedipolarization
onsetccursatthesameimeregardles®f thedistancdrom
Earth.In otherwords,thereappearso beno propagatiorof
a dipolarizationfront nearmidnight, neitherearthward nor
tailward. Oneshouldnote,however, thatthetime resolution
of the simulationis limited to about+2 minutes thusthere
mayindeedbea propagatiorthatis notresohedin this sim-
ulation. In the pre-midnightsector however, thereareclear
signsof a beginningfield dipolarizationbefore the ground
onsetand beforethe dipolarizationonsetat midnight. Be-
tween2000and2200MLT adipolarizationfront propagates
earthvardandpossiblydavn ward.

Figure6 shavsthree-dimensionaliews of thetail config-
urationat threedifferenttimes. All threepanelsshowv the
sameperspectie;thelook angleis from 3.5hoursMLT and
15° elevation. Thepanelsshav colorcodedthex-component
of the velocity (V,,) in a planethatis offsetby 3 Rg from
the noon-midnightmeridiantoward dusk. Blue and purple
color tonesindicateantisunvard flow, red andyellow tones
indicatesunward flows, andgreentonesindicatevery slow
velocity values. The red surfaceis the isocontourof V,, =
200km/s,i.e., the acceleratedunward flows. The yellow-
ish surfaceis theisocontoumnf 800pico Pascalplasmapres-
sure. Theredfield lines originatein the ionosphereat the
magneticmoon-midnighimeridian.Thebluefield linesorig-
inatein theionosphereat 65° magnetidatitude. Thelarge



blue sphererepresentsheinnerboundaryof the simulation
at3.7Rg.

Thetop panel(6a)shavs thetail configuratiorduringthe
late growth phaseat 2020UT, 8 minutesbeforeexpansion
phaseonset. Thereis a X-line presentin the tail beyond
about-40 Rg (not visible in this figure). Thetail field is
highly stretchedindtheflux tubesexhibit strongkinksin the
magneticequator This region of a strongcrosstail current
sheetreachedrom well inside geosynchronoudistanceto
beyond-30 Rg. Field linesneargeosynchronoudistances
andtailward of theterminator(thebluefield linesin thefig-
ure)areall highly stretchedanddeviateconsiderablyfrom a
dipolarfield. Theflow is earthwarddirectedandtheflow ve-
locity valuesarerelatively small. The strongestlows look
like plasmasheetboundarylayer (PSBL) flows, i.e., they
arepredominantlyparallelto the field anddivertaroundthe
inner magnetospher® high latitudes. This flow is essen-
tially the fluid counterparto the PSBL ion beamsthat are
frequentlyobsened [Eastmanand Hones 1979; Eastman
et al., 1985]. The 800 pPa contoursurfaceof the plasma
pressureutlinesthe shapeof the plasmasheetin the near
Earthregion. At thistime, the plasmasheetis considerably
compressedndshovs asharpkink, i.e., large pressuregyra-
dient,attheequator

The secondpanel(6b) of Figure6 shavs thetail configu-
rationapproximately8 minutesafterexpansiorphaseonset.
A new X-line hasformedat about-18 R nearthe noon-
midnight meridian. From this X-line strongflows emege
both earthvard and tailward. The earthward flow, which
barelyexceeded®00km/sduringthegrowth phasenow rea-
chesvaluesashighas700km/s. Also, theflow is not PSBL-
like any more,but hasa large componenthatis perpendic-
ularto thefield. As aconsequencenagnetidlux is rapidly
transportectarthward andthefield nearthe meridiandipo-
larizes.However, at this time the X-line is still of very lim-
ited extentin the Y-direction. Thusthe field linesthatare
not closeto the meridianare still stretched(seethe blue
field lines in the nightside). This causessubstantiamag-
netic shearbetweenthe dipolarizedandthe stretchedield
whichis equivalentto a (mostly)field alignedcurrent. This
currentis in theregion 1 currentsensei.e., it flowsinto the
ionospheratthedawn sideandout of theionospherén the
duskside.

Thethird panelof Figure6 (6¢) shawvs thetail configura-
tion about90 minutesafter onset. At this time thefield is
dipolarizedat all local times,thusthe currentwedgeceases
to exist. Togethemwith thedipolarizedfield, theplasmasheet
hasbecomethicker and symmetric. The X-line hassome-
whatretreatedo -20 Rg. The factthatthe X-line is still
closeto the Earthmaybeattributedto the IMF which hasin
this casenotyetreturnedo a northwardorientation.

4. Summary and Conclusions

We haveusedaglobalMHD simulationof anisolatedsub-
stormeventto studythe spatialand temporalevolution of
the substormcurrentwedgeandthe magneticfield dipolar
ization.

We find thatat geosynchronougistancehefield dipolar
ization startsnearlocal midnight, coincidentwith theiono-
sphericonsetsignature®f themodel,i.e., a sudderdrop of
AL andrapidincreaseof discreteelectronprecipitation(not
shavn here).Thedipolarizationthenspread$oth eastvard
andwestward at a rate of about0.3 hoursMLT/min. This
value is consistentwith the findings of a statisticalstudy
[Nagai, 1982]in whichavalueof about0.5hoursMLT/min
was determined.However, in Nagai's studythe spreading
ratewasobtainedusingsuperposedpochanalysisthusleav-
ing room for time - spaceambiguity Our study clearly
shaws that the spreading,i.e., the increasingtime differ-
encebetweenexpansionphaseonsetand the beginning of
the field dipolarizationas a function of azimuthaldistance
from local midnight,is indeedcausedy the azimuthalex-
pansionof a dipolarizationfront.

The modelresultsare lessclear however, with respect
to a radial propagatiorof a dipolarizationfront. Nearlo-
cal midnightthereappeardo be no propagatioreitherway.
However, this lack of propagatiommayjust be buriedin the
limited time resolutionof the model. The situationis more
complicatedif onelooks at differentlocal times. Around
2100MLT and13 Rg distancedipolarizationstartsbefoie
the groundonsetandthenpropagategarthvard. However,
atthis localtime, theincreaseof B, is strongesaroundl10
Rg, andonly very weakat 6.6 Rg. It thusappearghat
a dipolarizationfront startsin the pre-midnightsectorbe-
fore groundonset,andthenfirst propagategarthvard and
duskward. At onsetmorerapiddipolarizatiorthenoccursat
all distancexonsiderechereat local midnightandspreads
azimuthallyin bothdirections.

In summaryourfindingsaregenerallyconsistentvith the
nearEarthneutralline modelof substorms Currentwedge
formationandfield dipolarizationare causeddy the forma-
tion of a new neutralline beforeonsetandthe resultingfast
earthvard flows. The limited resolutionof our simulations
donotallow usyetto determinghepropagatiorof thedipo-
larizationfront with sufficient precision. However, our re-
sultsindicatethatthe dipolarizationmay be more comple
than simple earthvard/tailvard and/orazimuthalpropaga-
tion andthatthe propagatiordirectionmayactuallychange
during the expansionphase. This may explain why it has
beensodifficult in the pastto determinehe propagatiordi-
rectionwithoutambiguityby usingin situ obsenations.
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Figure 6a

Figure6a-c. Three-dimensionalenderingof the magnetospherat threedifferenttimes. 6a) late gronth phase 6b) immediatelyafter
expansionphaseonset,6¢) during the recavery phase.In all threefiguresthe look angleis from 3.5 hoursMLT and15° elevation. The
figuresshawv color codedthe x-componenbf the velocity (V,.) in a planethatis offsetby 3 R from the noon-midnightmeridiantoward
dusk. Blue and purple color tonesindicateantisunvard flow, red andyellow tonesindicatesunward flows, andgreentonesindicatevery
slow velocity values. The red surfaceis the isocontourof V,, = 200 km/s. The yellowish surfaceis the isocontourof 800 pico Pascal
plasmapressureTheredfield linesoriginatein theionospheratthe magnetimoon-midnighimeridian. Thebluefield linesoriginatein the
ionospherat 65° magnetidatitude. Thelarge bluesphereeperesenttheinnerboundaryof the simulationat3.7 R .
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