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Abstract. We presentresultsfrom a globalsimulationof the interactionof thesolarwind with Earth’s magnetosphere,iono-
sphere,andthermospherefor theBastilleDay geomagnetic stormandcompare theresultswith data.We find thatduring this
event the magnetospherebecomesextremelycompressedanderoded,causing3 geosynchronousGOESsatellitesto enterthe
magnetosheath for anextendedtime period.At its extreme,themagnetopausemovesat local noonascloseas4.9RE to Earth
which is interpretedastheconsequenceof thecombinedactionof enhanceddynamic pressureandstrongdaysidereconnection
due to the strongsouthward interplanetarymagneticfield component Bz, which at one time reachesa value of -60nT. The
lobesbulgesunwardandshieldthedaysidereconnection region,therebylimiting thereconnectionrateandthusthecrosspolar
cappotential.Modeledground magneticperturbationsarecompared with datafrom 37 sub-auroral,auroral,and polar cap
magnetometerstations.While themodelcannot yet predicttheperturbationsandfluctuationsat individual groundstations,its
predictionsof thefluctuationspectrumin the0-3mHzrangefor thesub-auroral andhigh-latituderegionsareremarkablygood.
However, at aurorallatitudes(63

�
to 70

�
magneticlatitude)thepredictedfluctuationsareslightly too high.

1. Introduction

Contemporary terrestrial weatherforecasts rely on a combination of denseobservation networks and
sophisticated numerical models which project the current weatherconditions into the future. Similarly,
spaceweather forecasting will require large scalenumerical models of Earth’s space environment asa
key operational element, alongwith sufficient timely observationsto providemodelinput andto initialize
modelfields.Besides their utility for spaceweather forecasting, suchmodels arealsoessential tools to
understandthe environment andthe plasmaphysical processesin it, becausein situ measurements are
often too sparseto enablea unique interpretation of the data, andbecausethe complexity of the space
environmentlimits ourtheoretical understanding.By comparingpredictionswith data,largescalemodels
alsoserveto testourknowledgeabout theprevailingprocesses,i.e.,successfulmodelpredictionssuggest
that the assumptions underlying the modelarecorrect,whereas model failurespoint to deficienciesof
our understanding. Models have also becomean increasingly important tools to analyze and interpret
experimental data, by putting in situ measurementsfrom a single (or at most a few) spacecraft into
perspectiveandthusextending the“vi ew” of theobservations.Thus,progressis oftenmadeby combining
dataanalysiswith global modeling, sinceboth areessentially complementary. In the foreseeable future
tensto hundredsof spacecraftmight provide data,in which casemodelswill alsoplay a crucial role in
assimilating thesemeasurementsin orderto provideglobal synoptic mapsof Earth’s spaceenvironment.

No global comprehensivemodelof Earth’sspaceenvironment existstoday. However, regional models
have beendevelopedthat treatlimited regionsor processes. For example, global MHD modelscover the
outer magnetosphere (Ogino, 1986; Tanaka, 1995; Janhunenet al., 1995; Lyon et al., 1998; Winglee
and Menietti, 1998; Gombosi et al., 1998; Raeder, 1999), but omit the particle drift physics of the
inner magnetospherewithin a few RE from Earthaswell asthe plasmaandneutral constituents of the
ionosphere–thermospheresystem. Someof thesemodels(FedderandLyon, 1987; Tanaka, 1995; Jan-
hunenetal.,1995; Lyonetal.,1998; Raeder, 1999; Raederetal.,2000; Raederetal.,2001a;Raederetal.,
2001b) includeanionospheresubmodel thatsolvesapotential equation to closethefield alignedcurrents
originating in themagnetosphere.Theionospheric conductancein thesesubmodels is either taken to be
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constant or derived by using empirical modelsfor EUV ionization andparameterizations for electron
precipitation in the auroral zone (Slinker et al., 1998; Raeder, 1999). However, suchsubmodels do not
fully representthe ionosphere–thermosphere system, but approximateonly oneaspect of it, namelythe
closure of field aligned currents,andrely on a number of approximationsandparameterizations.

Ontheotherhand, full y dynamicalmodelsof theionosphere–thermospheresystemexist, for example
the ThermosphereIonosphere MesosphereElectrodynamics GeneralCirculation Model (TIME-GCM)
(Roble and Ridley, 1994) or the NOAA Coupled Thermosphere Ionosphere Model (CTIM) (Fuller-
Rowell et al., 1996). Thesemodelsdepend on magnetospheric input, for examplethe electric field and
particle precipitation. For the lack of direct observations of thesequantities with sufficient resolution,
they areusually taken from empirical (climatological) models, parameterizations,or data-assimilative
models,for example AMIE (RichmondandKamide,1988).

Clearly, comprehensive models of Earth’s spaceenvironmentrequire thecoupling of magnetosphere
modelswith ionosphere–thermosphere modelsbecausethesetypesof modelsarecomplementary. The
global magnetosphere modelslack thephysical first-principle calculationsat theionospheric endwhich
canbe providedby an ionosphere–thermosphere (IT) model; vice versa,IT modelsrequire input that
magnetosphere modelscanprovide, andat the sametime provide input to magnetosphere models.We
haverecently coupled theUCLA magnetosphere-ionosphere (MI) modelwith theNOAA thermosphere-
ionospheremodel (CTIM) and presented first results from a simulation of the January 10/11, 1997
geomagnetic storm(Raederet al., 2001b). We found that the coupled modelsignificantly improvesthe
predictictedground magnetometerresponse,whichwasattributedto themuchmorerealistic ionospheric
conductancesthat CTIM self-consistently provides.In this paper we expand on this work with a sim-
ulation study of the Bastille Day (July 14-16, 2001) storm, which hasso far beenone of the largest
geomagnetic stormsof this solar cycle. We show that our model correctly predicts the erosion of the
magnetosphereandtheentry of threegeosynchronousGOESspacecraft into themagnetosheath.Wealso
show the detailed responseof modeled ground magnetometersand comparethem with data.Eachof
thesepredictions is of importance for space weather, becausegeosynchronousspacecraft entering the
magnetosheathareoften disruptedin their operations,andstrong ground magnetic perturbationscause
ground inducedcurrentsthatcaninterrupt power systemsandcause pipelinecorrosion.

2. The Model

The model that is usedin this study hasalready been discussedin the literature, thuswe give only a
brief description here.Specifically, the UCLA MI model is described in Raeder (1999) andRaederet
al. (2001a); CTIM is discussedby Fuller-Rowell et al. (1996) andthe coupled model is introducedin
Raederet al. (2001b).

Briefly, theUCLA global MI modelsolvestheMHD equations in a large volumesurrounding Earth
suchthattheentireinteraction region between thesolar wind andthemagnetosphere is included.Specif-
ically, the simulation domaincomprises the bow shock, the magnetopause, and the magnetotail up to
severalhundredRE from Earth.Thusthemodelinput is givenby thesolar wind plasmaandIMF (Inter-
planetaryMagnetic Field),whichusually comesfrom measurementsof asolarwind monitoringsatellite.
Thismodelhasbeendevelopedandcontinually improvedoverthemany yearsandnow goeswell beyond
a “three-dimensional global MHD simulationmodel.” Besidesnumerically solving theMHD equations
with high spatial resolution, the model also includesionospheric processesand their electrodynamic
coupling with the magnetosphere. The coupling betweenthe magnetosphere and the ionosphereis an
essential partof themodelbecausetheionospherecontrols to alargepartmagnetosphericconvection,by
providing theresistive closure of thefield alignedcurrentsthataregeneratedfrom theinteraction of the
solarwind with the magnetosphere (Raederet al., 1998). Processesthat occurin the near-Earthregion
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on polarcapandauroral field linesandthatareinherently kinetic have beenparameterizedin themodel
usingempirical relationships (Raederet al., 2001a).Theseprocessesincludethe field alignedpotential
dropsthat areassociatedwith upward field aligned currents andrelatedelectron precipitation, andthe
diffuseelectron precipitation that is caused by pitch anglescattering of plasmasheet electrons(Lyons
et al., 1979; KennelandPetschek, 1966; Weimeret al., 1987). Theseelectron precipitation parameters
are then usedas input for CTIM. In turn, the MI model usesthe conductances and the field aligned
currents to solve the ionospheric potential equation. The embedded ionospheremodel yields many
ionosphericquantities that areobservable from the ground andlow Earthorbiting satellites, including
the field alignedcurrents, the Hall andPedersen conductances,the electric potential, the total andthe
equivalent ionospheric current, the dissipation rates, andground magnetic perturbations. In particular,
thegroundmagnetic perturbation canbecomputed at any point of theauroral zoneandthepolar cap,as
well asrelated geomagnetic indiceslike the AE, AU, andAL indices. The availability of the synthetic
magnetogramsandindices allows for direct comparisonswith ground data(Raeder et al., 2001a).

TheCTIM part of the coupled modelis a global multi-fluid modelof the thermosphere–ionosphere
systemwith a long heritage (Fuller-Rowell et al., 1996). CTIM solvesboth neutral andion fluid equa-
tions self-consistently from 80 to 500 km for theneutral atmosphereandfrom 80 to 10,000km for the
ionosphereonasphericalgrid with 2� latituderesolutionand18� longituderesolution. Thethermosphere
part solvesthe continuity equation, horizontal momentum equation, energy equation, andcomposition
equationsfor themajorspeciesO, O2, andN2 on 15 pressure levels.The ionospheremodelpart solves
thecontinuity equations,ion temperatureequation, vertical diffusion equations, andhorizontal transport
for H � and O� , while chemical equilibrium is assumed for N�2 , O�2 , NO� , and N � . The horizontal
ion motion is governed by the magnetospheric electric field. The coupled model includesabout 30
different chemical and photo-chemical reactions betweenthe species. CTIM’s primary inputs are the
solarUV andEUV fluxes(parameterized by thesolar10.7cmradioflux), thetidal modes(forcing from
below), auroral precipitation,andthemagnetospheric electric field, eachof which is usually taken from
parameterizedempirical models.CTIM providesseveraloutputs thatareof prime importancefor space
weather, for exampleglobal two- andthree-dimensional ionosphereandthermosphere statefields, like
electron density, neutral density, neutral wind, chemical composition, NmF2,hmF2,andtotal electron
content (TEC).A morethorough description of CTIM, including the detailed equations,reaction rates,
andexamplescanbefoundin (Fuller-Rowell et al., 1996).

In coupling the MI modelwith CTIM, the MI modelprovidesthe electron precipitation parameters
and the magnetospheric electric field. In turn, CTIM provides the ionospheric conductance and the
ionosphericdynamo current to the MI model.Thus,as far as the MI model is concerned,we replace
empirical conductancecalculations (Robinsonet al., 1987)that wasusedin mostprior studieswith first-
principlecalculationsandalsoaccount for theionospheric dynamoeffect. Thelatter effect is probably of
minor importancein mostsituations, but maybecomesignificant during stormrecovery (Richmond and
Roble,1987). With this coupling, CTIM is alsodriven with morerealistic magnetospheric inputs and
dependson fewer empirical parameters.

3. Solar Wind and Interplanetary Magnetic Field

Figure1 showsthemostimportant solarwind andIMF parametersfor thisevent. TheIMF parametersare
from the ACE magnetometerandthe plasmadatahave been recoveredandcompiled from Wind-SWE
datathatwereoriginally contaminated by thesolar proton eventassociated with this storm(courtesyof
Al LazarusandJustin Kasper, MIT). Thetoptwo panels of Figure1 show theIMF By andBz components,
followedby thesolarwind speed, thenumber density, themagnetosonicMachnumber, andtheplasma
β (ratio of theplasmapressure to themagnetic pressure). An interplanetary shock arrivesat � 1430UT
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Figure 1. Solarwind andIMF measurementsfor July 15,2000.Fromtop to bottom:TheIMF By andBz components,thesolar
wind velocity, the solarwind numberdensity, the solarwind magnetosonic Mach number, andthe plasmaβ (ratio of plasma
pressureto magneticfield pressure).Theshadedregion is theCME sheath,which beginsat the interplanetaryshockandends
with theCME proper, which is definedhereasthemagneticflux rope.

and initiatesthe event. The plasmadensity and the magnetic field increase,aswell as the solar wind
speed, which eventually reachesvaluesof up to 1200km s� 1. Thepassageof thesheath of this Coronal
MassEjection (CME) lastsfor severalhoursuntil � 1910UT, whentheCME proper arrives.TheCME
sheathis characterized by increasedmagnetic field, velocity, anddensity. TheIMF Bz fluctuatesstrongly
and reachesvalues of � -20 nT several times.As the CME proper arrives, the IMF Bz turns strongly
southwardandreachesa minumumof -60 nT at � 2000UT. Suchextremevaluesof Bz arerarely seen
in the solarwind, andlead, aswe will show in the foll owing, to severe erosion of the magnetosphere.
Bz stayssouthward for several morehours andslowly recoversto smallervalues. At the sametime the
plasmabetais very low ( � 10� 2) andthesolarwind Machnumber is alsounusually low ( � 2).

The solarwind andIMF datapresentedin Figure1 wereusedasinput to the global simulation. In
addition, theIMF Bx andthetransversesolar wind flow componentsweresetto zero.UsingtheIMF Bx

asinput is generally difficult (see:Raeder et al., 2001a for a discussion), andthetransverseflows areof
little consequence for the magnetospheric response.Neglecting the IMF Bx componenthasalsoonly a
minor influence,aslong asit is not thedominant field component.

4. Magnetospheric Compression and Erosion

The increaseof the solarwind dynamic pressure associated with the initial interplanetary shockis ex-
pectedto compress the magnetosphere. In addition, the southward component of the IMF reconnects
with themagnetospheric field at thedayside magnetopause, leading to theerosion of themagnetosphere
on the dayside.Either of theseeffects is generally not sufficient to bring the magnetopause, which is
usually located � 10 RE from Earth,to within geosynchronousdistance ( � 6.6 RE). The effectsof this
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stormon the magnetospherearemoreseverebecauseboth the solarwind dynamic pressure is strong,
andtheIMF Bz is strongly southwardat timesaswell.
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Figure 2. The magneticfield component Bz observed by the 3 GOESsatellites(from top to bottom: GOES8, GOES11,
andGOES10, orderedin increasingeastlongitude).The GOESdataon July 15, 2000areplottedasblack solid lines, the
corresponding modelresultsasblack lineswith dots,andtheGOESdatafor July 13, 2000areplottedasthick blackline. The
latterdataarefrom a typical geomagneticallyquietday.

Figure2 shows theBz component(in GSE,that is, Geocentric SolarEcliptic, coordinates) measured
by threegeosynchronousGOESsatellites (GOES8 at 285.3� eastlongitude, GOES 10 at 224.8� east
longitude,andGOES11at255.7� eastlongitude).Thethick blacklinesshow thefield 2 daysprior to the
event (July 13, 2000), which wasa typical quiet day. The thin black lines show theGOESdataon July
15,2000, andthethin black lineswith dotsshow theresults from thesimulation. As expected,thefield
exhibits essentially only a small diurnal variation during the quiet day. On July 15, the field becomes
initially compressedaround 1500 UT when the interplanetary (IP) shock impactsthe magnetosphere
andthesolarwind dynamicpressure increases. This effect is mostnoticeable, starting at � 1437UT, at
GOES 8 andGOES 11 that areclosest to the dayside at this time. At � 1550UT the field at GOES8
becomesbriefly negative, indicating that GOES8 enters the magnetosheath. At this time GOES8 is
located at 1040magnetic local time (MLT), while GOES10 is located at 0655MLT andGOES11 at
0840MLT. GOES11enters themagnetosheath next, at1615UT (0910 MLT), andGOES10at1700 UT
(0752MLT). Subsequently, all threeGOESspacecraftexit andre-enterthemagnetosheath multiple times
during the passageof the CME sheath.However, with the arrival of the CME proper at � 1920UT all
3 spacecraft enterthe magnetosheath for an extendedperiod, lasting for about 3 hours. This extended
magnetosheathexcursion is due to the fact that all 3 spacecraft pass through local noon around this
period(GOES8 at � 1705UT, GOES 10 at � 2052UT, andGOES11 at � 1854UT).

Thedotted lines(simulation results) foll ow theGOESdataextremely well. Thesimulationessentially
predicts all of themagnetopausecrossings,with theexception of very few, mostly at theendof the in-
terval. Fromthis wecanconcludethattheprincipal physical processes,in particular therateof magnetic
reconnection, themagnetopause pressurebalance,andthecontrol of magnetospheric convection by the
ionospherearemodeledcorrectly. While eachof theseprocesseshasbeenaddressedin previousstudies,
it hasbeenfar from clear whetherthemodelwould beableto predict themagnetopauselocation for an
extremeeventsuchasthis storm. While it mayappear to beoverkill to usea complex modellike ours to
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predict the magnetopauselocation, it is alsotrue that empirical modelsaremostlikely unable to make
suchpredictions becausethesolarwind andIMF parametersof this event arewell outside the rangeof
validity for empirical models.
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Figure 3. Cut of the noon-midnight meridionalplaneshows the plasmapressurein grayscaleand magneticfield lines at
2000UT on July 15,2000.

Figure 3 shows a cut in the noon-midnight meridianwith the plasma pressureand magnetic field
linesaround thetimewhenthedaysidemagnetosphereis mosteroded(2000UT). Themagnetopause, as
definedby thelastclosedfield line, is at this time located4.9RE from Earthat local noon. Thetopology
of the dayside magnetosphere is very unusual. While the dipolar region is shrunk andof very limited
extent in latitude,the lobes bulge out sunward. Thus,muchof the magnetic flux that is removed from
the magnetosphere cannot readily convect to the nightside.As a consequence, the cuspand the polar
capmove sunward and to low latitudes.This topology makes the magnetospherea moreblunt object
as compared to times of more benign solar wind conditions. The standoff distance of the bow shock
therefore remains comparatively large, which is also a consequence of the low magnetosonic Mach
numberof thesolar wind (seeFigure1). Thebulging of the lobes apparently shields themagnetopause
reconnection region to someextent from the compressedIMF in the magnetosheath. In order to reach
themagnetopause,theplasmaandfield hasto penetratetheregion betweentheoutbulging lobes, which
is a stagnation region with very small flow velocities that limits the convection of the IMF towards
the reconnection site. It appearsthat the magnetosphere regulatesmagnetopause reconnection by this
process, and consequently also the crosspolar cap potential, which in this simulation rarely exceeds
300kV. If thepotential scaled linearly with thesouthwardIMF Bz component, thepotential would reach
valuesof � 1000kV. Thus,this typeof shielding of themagnetopausereconnection region mayexplain
the saturation of the crosspolar cappotential that hasbeenobserved in earlier studies (Weimeret al.,
1990;Russell et al., 2001).

The dynamics of this event canbe viewed in greater detail in the animation that accompanies this
paper(note to the editor: how do we cite andrefer to the animation?). The animation shows a three-
dimensional rendering of themagnetosphere.First,thecameramovesaroundthemagnetosphereto show
themagnetospheric structuresfrom all sides. After that, themagnetospheretimeevolution is shown from
a fixed location (0900 MLT, 15� elevation in GSEcoordinates).The noon-midnight meridional plane
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shows color codedtheplasmapressure(purple andblue: low values, green: intermediatevalues,yellow
andred: high values), andtheplane at ZGSE=-3RE shows theplasmavelocity with thesamecolor scale.
The black arrowsindicatethe velocity; they arescaled to the squareroot of the velocity magnitude.A
pink field line is anchoredat (20,0,0)RE in the solarwind, along with a red arrowthat showsthe IMF
direction andmagnitude (this arrow disappears whenthe IMF is small). The 3 GOES satellites (from
westto east:GOES10,GOES11,andGOES8) aremarked by smallspheres,along with thefield lines
passing through them.A setof blue-colored field lines is tracedfrom 65� magnetic latitude every 5�
in longitude. The blue sphere at the center of the coordinatesystemis the inner boundary of the MHD
simulation andhasa radiusof 3.5RE .

Theanimation startsbefore the IP shock hits themagnetosphere.At this time the IMF is northward
andthemagnetosphere is in a quietstate.As theIP shock hits, themagnetospherebecomescompressed;
however, not asmuchasto put theGOESsatellites into themagnetosheath. As theIMF turnssouthward
the magnetospherebecomesquickly eroded and subsequently the GOESspacecraft enter the magne-
tosheath. While the CME sheath passes over the magnetosphere several episodes of northward and
southward IMF occur, alternately placing the GOESspacecraft into the magnetosheath andback into
themagnetosphere.At � 1930UT theCME sheath properarriveswith aprolonged intervalof southward
IMF, causing extremeerosion of the magnetosphere. The IMF thenslowly rotatesbackto a northward
direction at � 0200UT on July 16, leading to the re-closureof thepreviously open blue field lines, that
is, thepolar capretreats poleward.

5. Ionospheric and Ground Magnetic Effects

An important aspect of spaceweather arethegroundperturbationsthatarecausedby themagnetosphere-
ionospherecoupling andtheresulting currentsin theionosphere(also called“electrojets”). In Figure4 we
comparethe north-south component of the modeled ground perturbation with data from a numberof
ground magnetometers.The modeled perturbations are calculated from first-principles, that is, using
Biot-Savart’s law (seeRaederetal. (2001a)for details).Figure4 showsin theleft columnthecomparison
of thenorth-south ground magnetic perturbation at 8 differentsites,orderedfrom north to south, andat
1 min time resolution. The dataaredrawn in black lines,andthe modelresults aredrawn in red lines.
Thereis generally a reasonable agreement betweenthe dataand the model results. In particular, the
overall magnitudesof the ground perturbations arereasonably well represented.However, at timesthe
modelmissesintensifications, andat other timesthe modelpredicts intensifications that do not occur.
Besidesthe8 stationsshown here,we have comparedthemodelresults with datafrom 30 other ground
magnetometers,all of which arelocated in the northern polar cap,the auroral zone,or the sub-auroral
zone.We find that themodelresults generally agreebetter with theobservations in thepolar cap, on the
dayside,andatmostsub-auroral stations.Stationswith thelargestdiscrepanciestendto belocated in the
auroral zoneandon thenightside.

Theright column of Figure4 shows the time derivative of the ground magnetic perturbation for the
corresponding stations of the left column.This quantity is generally of more importancefor practical
spaceweatherforecasting becauseit is directly relatedto the inducedelectric field andthusto ground
inducedcurrents(GICs)thataffectpower transmissionsystemsandpipelines.Becausetakingthederiva-
tivemagnifiesthedifferencesbetweenthemodelandthedataweexpect aworsecorrelationcompared to
thecomparisonof themagneticfield values.This is indeedthecase.Although thereis certainly no one
to onecorrelation betweentheindividual peaks of thedataandthesimulation results, theamplitudesof
thefluctuationsarecomparablefor many of thesestations.Because∂B � ∂t is characterizedby shortterm
fluctuationsit makesthusmoresenseto comparethespectral charateristicsof thesetime series.
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Figure 4. Thenorth-southground magneticperturbation(left column,thescaleis in nT) andthecorresponding timederivative
(right column,thescaleis in nT/s)for 8 groundmagnetometerstations.Thestationnamesareindicatedat theleft of eachpanel,
andthestationsareorderedfrom northto south,althoughatdifferentmagneticlocal times.Specifically, thesestationsare,with
their abbreviation, geographic longitudeand latitude given in parentheses: ResoluteBay (RES,74.7

�
, 265.2

�
), Cambridge

Bay (CBB, 69.1
�
, 255.0

�
), BearIsland(BJN,74.52

�
, 19.02

�
), Poste-d.l.-Baleine(PBQ,55.3

�
, 282.3

�
), Faroes(FAsam,62.1

�
,

353.0
�
), Hankasalmi(HAsam,62.3

�
, 26.7

�
), Ottawa(OTT, 45.4

�
, 284.5

�
), andBorok (BOsam,58.0

�
, 38.3

�
).

Figure5 showstheaveragedpowerspectral density (PSD)of thenorth-southfield perturbation for 37
ground magnetometerstationsin thepolar cap,the auroral, andthe sub-auroral regionsof the northern
hemisphere.Includedin these averagesare16 sub-auroral stations( � 63� magneticlatitude),18 auroral
stations(between63� and70� magnetic latitude),and7 high-latitudepolarcapstations(above70� mag-
neticlatitude).In spiteof thesignificant differencesat individualstationsbetweenthemodelpredictions
andtheactual observations,theaveragePSDof themodeled groundmagnetometerscomparesvery well
with theobservedone,in particular in the0-3 mHz range in thesub-auroral zoneandat high latitudes.
This is truefor boththefield perturbationsandthetimederivativeof thefield perturbation.Above3 mHz
andup to theNyquistfrequency of the1 min datausedhere(8.3mHz) themodeloverestimatesthePSD,
but at mostby a factor of 2.

It is at this point not clearwhatcausesthe particular fluctuation levels.Part of it may just be dueto
fluctuations in the solarwind andthe IMF that propagatethrough the magnetosphere and ionosphere.
However, judging from the dynamics at individual stations this should only be a minor contribution
becausethefluctuationsatdifferentstationsdonotseemto bestrongly correlated, neither in theobserva-
tions,nor in themodel.Thus,thelargestpart of thefluctuationsmustderive from theinternal dynamics
of themagnetosphere.

6. Discussion and Summary

Wehaveused theUCLA/NOAA coupledmagnetosphere-ionosphere-thermospheremodelto simulatethe
magnetospheric andionospheric effects of theBastilledaystorm. Of themultitude of variablesthat the
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Figure 5. (a-c) shows the averagedpower spectraldensity(PSD,in units of nT2Hz � 1) of the north-south perturbationfor
groundmagnetometerstationsin thesub-auroral zone(a), theauroralzone(b), andthepolarcap(c). Thesolid line is for the
data,thesolid line with dotsrepresentsthemodelresult.Thelowerpanel(d-f) shows theaveragePSDof thetimederivative of
thenorth-southperturbation(in unitsof nT2s� 2Hz� 1) for thesamesetof stations.

modelprovides,we discuss thecompression anderosionof themagnetosphereandtheground magnetic
perturbations in detail becauseof their relevancefor spaceweather applications.Our mainfindings are:

1. TheBastilledaystormcausesanextremecompressionanderosion of themagnetosphere.Themag-
netopausecomesascloseas4.9RE (geocentric) to Earth,causingthreegeosynchronoussatellitesthat
areseparatedby almost4 hours in local time to enter themagnetosheathalmostsimultaneously for
aboutthreehours.Thus,thesector of thegeosynchronousorbit thatliesoutside themagnetopause is
at least4 hours,andpossibly asmuchas7 hourswide.

2. As a consequence of the magnetopause erosion the lobes bulge out sunward and the magneto-
spheric cuspsmove equatorward. This effect partly shields the dayside reconnection region from
themagnetosheath flow andfield. Thedaysidereconnection rateis thereforereduced,leading to the
limitation (andpossibly saturation, this will beaddressedin a forthcomingpaper)of thecrosspolar
cappotential. Theshielding alsopreventsthemagnetopausefrom moving evenfurther inward.

3. Themodeledground magnetic perturbationsin thenorthern hemispherepolarcap,auroral, andsub-
auroral region compare reasonably well with the observations. As we found in a previousstudy
(Raederet al., 2001a) themagnitudeof theelectrojets is modeledfairly well; however, the location
of the electrojetsmay be off by several degrees.Sincea ground magnetometersenses ionospheric
current at most100 km away, thesedisplacements lead to relatively poor correlation between the
measuredandthe modeled ground pertubations at individual stations.The results of this paperare
consistentwith thispicturebecausethemodeled averagedmagnetic field fluctuationarein muchbet-
teragreementwith theobservations in spiteof thefactthatlargediscrepanciesexist at theindividual
magnetometers.

4. Theaveragedfluctuationspectrumover38groundmagnetometersis verywell modeled,in particular
in the0-3 mHz range.Thespectrum seemsnot to bedueto fluctuations in thesolar wind andIMF,
but rather dueto the internal dynamics of the magnetosphere. This allows us to conclude that the
modelcapturesthe internal dynamics of themagnetosphere rather well, in spiteof the rather crude
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MHD description. This result is in line with our recent finding that substomscanbe modeled with
someaccuracy (Raederet al., 2001a), including the highly variablemagnetic reconnection in the
tail with theassociatedspatially boundedfastflow episodes.Thelatter arelikely responsible for the
fluctuationsof theionospheric currentsbecauseof theintimate links between themagnetosphereand
theionosphere.

As a final notewe would like to point out that thesesimulationswererun in better thanreal-time on
64 nodesof theIBM-SP2at theSanDiego SupercomputerCenter. Thus,with a reliableandcontinuous
solarwind andIMF datastream,real-time operational space weather forecastswould be possible with
a model like ours.However, the experiencewith the Wind plasma instrument,which wasblindedby
the solar proton event associatedwith this storm, also shows the importanceof developing andusing
instruments“immune” to severe spaceweather effectsfor space weatheroperations.
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