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Theplasmadepletionlayer(PDL) is a layeron thesunwardsideof themagnetopause

with lowerplasmadensityandhighermagneticfield strengthcomparedto their corre-

spondingupstreammagnetosheathvalues.ThePDL usuallyoccursduringnorthward

interplanetarymagneticfield (IMF) conditionswhenthereis low magneticshearacross

themagnetopause.ThePDL studyhasattracteda lot of attentionbecauseit affectsthe

couplingof mass,momentum,andenergy betweenthe solarwind andthe magneto-

sphere.Theoretical,observational,andnumericalstudieshavemadegreatprogressin

understandingthisstructure,howeverstill many problemsexist. Are MHD effectsand

pressureisotropy sufficient to describetheplasmadepletionlayer?Is thePDL astable

or transientstructure?How doesthePDL dynamicallyrespondto transientsolarwind

conditions? What is the spatialextension andglobalgeometryof the PDL? What is

responsiblefor the formationof the PDL? How doesa flux tubeget depletedin the

magnetosheath?Doesslow modefront exist in themagnetosheath? Whatis theexact

role of theslow modewavesfor thePDL?How is thePDL dependenton solarwind

conditions andtheEarthdipoletilt? Thepurposeof this dissertationstudyis to solve

theseproblemsin a systematic way. The UCLA global model is usedin the study

asanimportanttool, togetherwith PDL observationsandtheoreticalanalysis.First I

confirmthevalidity of theglobalmodelin studying thePDL with goodfitting between
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modelresultsandspacecraftobservations. MHD effectsandpressureisotropy aresuf-

ficient to describetheformationof theplasmadepletionlayer. ThePDL is foundto be

a stablestructureunderstablesolarwind conditions,anddynamicallychangingsolar

wind hasstronginfluenceon themagnetosheathstructures.After modelvalidation, I

analyzetheforcesresponsible for theformationof thePDL andfind thatthecombined

pressuregradientforceandmagneticforceis responsiblefor theformationof thePDL.

ThePDL extendslongitudinally andlatitudinally alongthemagnetopausewith vary-

ing properties.Flux tubedepletionoccursin almostall the subsolarmagnetosheath

insteadof just nearthe subsolarmagnetopause.The bow shockplaysan important

role in deceleratinganddepletingflux tube.Nearthemagnetopausecomplex pressure

gradientforceexistswhichmightberesponsible for thecomplex PDL observations. A

new methodis introducedto calculatetheslow modefront in themagnetosheathand

theexistenceof theslow modefront in themagnetosheathfor certain,but notall solar

wind conditions,is confirmed. However, the PDL doesnot necessarycorrespondto

theslow modefront andtheslow modefront playsnodiscerniblerole for shapingthe

plasmaandfield in themagnetosheath.Finally, differentdegreesof dependenceof the

PDL andtheslow modefront on thesolarwind magnetosonic Machnumber, IMF B � ,
theIMF tilt andclockangles,andtheEarthdipoletilt areobtained.
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CHAPTER 1

Intr oduction

1.1 Intr oduction

Themagnetosheathfield andflow structurenearthemagnetopausehasbeenthesub-

ject of muchresearchbecauseit affectsthecouplingof mass,momentum, andenergy

betweenthe solar wind and the magnetosphere. When the interplanetarymagnetic

field (IMF) is southward (B ����� ), magneticreconnectioncantake placeat the sub-

solarmagnetopauseandsubstantial amounts of energy, mass,andmomentumcanbe

transferreddirectly from the solarwind into the magnetosphere,powering magneto-

sphericphenomena,suchas the aurora. The linkageof the magnetosphereand the

magnetosheathmagneticfield leadsto transferof magneticflux into themagnetotail.

Theflux transferevent (FTE) [RussellandElphic, 1978] is an unsteadyform of this

transfer. However, whentheIMF is northwardandthemagneticshearacrossthemag-

netopauseis low, noreconnectionflow signaturesareobservednearthesubsolarmag-

netopause.During suchperiods,the interplanetarymagneticfield lines pile up near

the magnetopauseand the plasmapressureanddensityand/ortemperaturedecrease

to keepthe total pressurein balance[Phanet al., 1997]. This magnetosheathregion

on themagnetopause with decreasedplasmadensityandincreasedmagneticpressure

is calledtheplasmadepletionlayer (PDL). Its maincharacteristicsarelower plasma

densityandhighermagneticfield valuescomparedto their correspondingupstream

magnetosheathvalues.Theconditionsfor theformationof thePDL canbemorecom-

plex thanwhatwehavejustmentionedabove. For example,thePDL canalsoform for
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Figure 1.1: Resultsof Spreiter’s model [Spreiteret al., 1966]. Figure courtesyof
KivelsonandRussell[1995]. Theleft panelshowsthestreamlinesfor supersonicflow
pastthe magnetospherefor a Mach numberof 8 anda polytropic index of 5/3. The
flow-line spacinghasbeenchosenfor conveniencein illustrationof themagnetosheath
flow andis notanindicationof massflux. Theright panelshows thedensitycontours
for supersonicflow pastthemagnetospherefor a Machnumberof 8 anda polytropic
index of 5/3.

southwardIMF underhighsolarwind dynamicpressurewhichcouldberelatedto the

limitationof reconnectionflows for high solarwind Machnumbers[Andersonet al.,

1997;Farrugiaet al., 1997].

1.2 Physicsof the Magnetosheath

1.2.1 Gasdynamics

Spreiter’s modelis oneof theearliestmodelsto describetheflow patternin themag-

netosheath[Spreiteret al., 1966]. In thismodel,theEarthmagnetosphereis treatedas

a blunt bodyandthegasdynamic equationsarenumericallysolvedfor thebow shock

andthemagnetosheathplasmaconditionsgivenasetof solarwind conditions. Spreiter

et al. [1966] systematicallystudied the influenceof thesolarwind Machnumberand

thepolytropic index ontheparametersalongthestagnationline andthemagnetosheath

properties.Spreiter’s modelhasbeenfoundto reproducethebroadcharacteristicsof
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the plasmaflow aroundthe magnetosphere(the left panelin Figure1.1), and it has

beenwidely usedin thestudiesin themagnetosheathandits surrounding regions.The

principalfeatureof theinteractionshown in theright panelof Figure1.1is acompres-

sionof theplasmadensityacrossthe front of themagnetosheathandjust behindthe

shockfollowedby a rarefactionwave astheflow expandsbehindtheobstaclewhich

reducesthedensityalongthemagnetopauseboundary. The gasdynamic resultshave

beenhelpful in studyingthePDL eventhoughthey maynot containall thephysicsof

themagnetizedplasma.For example,ZwanandWolf [1976]usedtheresultsof Spre-

iter’s modelto provide a critical boundaryconditionfor themagnetosheathflux tube

evolution in their PDL study. To overcome the temporal-spatial ambiguity in space-

craft magnetosheathobservations,Songet al. [1999] developeda modifiedmethodto

correspondsolarwind observations in the magnetosheathfor the referenceof mag-

netosheathobservations. Their methodalsousedSpreiter’s modelresultsto provide

the necessaryreferencefor timing, the magnetopauseandbow shocklocations, and

shockjump conditions. Startingfrom the gasdynamic flow patternsfrom Spreiter’s

model,Alksne[1967] usedtheassumption of themagneticfrozen-inconditionto de-

rive magnetosheathmagneticfield patternsin a kinematic way. Shefoundthatunder

this assumption the magneticfield increasestoward the magnetopauseand goesto

infinity at thesubsolarpoint,contraryto observations.

However, Spreiter’smodelisagasdynamic modelandnotamagnetohydrodynamic

model, which meansthat the only force controlling plasmamotion in the magne-

tosheathis the plasmapressuregradientforce. Although the magneticfield canbe

obtainedfrom Spreiter’s model[Alksne, 1967], it is donein a kinematic way andno

magneticforceis involvedin thecalculation.In ordertostoptheplasmamotion toward

thesubsolarmagnetopause,theremustbeapressuregradientforcepointing awayfrom

themagnetopause.This correspondsto anenhancementof theplasmadensitytoward

themagnetopauseif thereis nolargechangein theplasmatemperature(theright panel

3



of Figure1.1). As a result,no plasmadepletionlayer occursnearthesubsolarmag-

netosheathfrom Spreiter’s model.Unlesstheplasma (theratio betweentheplasma

thermalpressureandthemagneticpressure)is muchlarger thanunity in themagne-

tosheath,it is improperto usethegasdynamic approachto studythemagnetosheath,

especiallythe PDL. However, when  valueis very large andthe magneticforce is

relatively weak, the behavior of the magnetosheathplasmashouldbe similar to the

gasdynamic resultswhichhavenoplasmadepletionon themagnetopause.

1.2.2 Magnetohydrodynamics(MHD)

Thebigdifferencebetweentherealmagnetosheathandthegasdynamic magnetosheath

is theexistenceof thenon-negligible magneticfield. Themagneticfield linespile up

onthemagnetopauseandtheplasmais divertedfrom thesubsolarpointunderthemag-

neticforcetogetherwith theplasmapressuregradientforce.Sincetheearliesttheoret-

ical studiesrelatedto theplasmadepletionin themagnetosheath[Midgely andDavis,

1963;Lees,1964],themagneticfield hasbeenidentifiedasplayinga crucial role for

theplasmadepletion.Thegeneralpatternof theconventionalplasmadepletionlayer

observations: plasmadensitydecreaseandmagneticfield magnitudeenhancementto-

ward the magnetopause [e.g., CummingsandColeman,1968;Crooker et al., 1979;

Songetal.,1990;Paschmannetal.,1993;Phanetal.,1994,1997]resemblethatfound

in anMHD slow modewave. Magnetosheathplasmadensityenhancementstogether

with magneticfield magnitudedecreasesupstreamof thePDL have beenreportedby

Songet al. [1990,1992]. The behavior of thesestructures,an anti-correlationof the

plasmadensityandthemagneticfield magnitude alsoresemblestheslow modewave

feature,althoughthisslow modepatternis oppositeto thatfoundin thePDL. Wenote

thatthisslow modedensitycompressionsitsupstreamof thePDL densityrarefaction,

very muchanalogousto the fastmodecompressionandrarefaction found in thegas-

dynamicsimulation but hereon a larger scale. As we will show in the dissertation
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this analogousbehavior may not be coincidental.Someof the mostimportanttheo-

reticalmodelsof theplasmadepletionlayer [e.g.,ZwanandWolf, 1976;Southwood

andKivelson,1992,1995], have alsousedMHD theoryto explain the formationof

the PDL. Almost all the recentattemptsfor numericalsimulation of the PDL [e.g.,

Wu, 1992;Lyon,1994;DentonandLyon,2000;Siscoeet al., 2002]have usedMHD

simulations.However, becauseof thefinite grid sizesof thoselarge-scaleglobalsim-

ulations,it is difficult to clearly resolve the physical processesoccurringin the PDL

with thosecodes.In thisdissertationweattemptto gobeyondthoseearliersimulation

studiesto addresstheunderlyingphysical processesresponsiblefor the formationof

thePDL.

1.3 PDL Identification

Theplasmadepletionlayeris usuallydefinedasa layeron thesubsolarmagnetopause

with a lowerplasmadensityandahighermagneticfield comparedto theircorrespond-

ing upstreammagnetosheathvalues.Well documentedmeasurementsin thisregionare

rare. Thuswe useaneventobservedby Wind spacecrafton Jan. 12, 1996at around

1700LT is shown in Figure1.2 asanexample. This eventhasoneof themostclear

depletionfeaturesand stablesolar wind conditions. From top to bottomof Figure

1.2aretheplasmavelocity, themagneticfield magnitude, theplasmadensity, andthe

ratio betweenthe plasmadensityandthe magneticfield magnitude(N/B) from both

Wind andIMP 8 duringthis event. Thebasiccharacteristicsof a PDL canbeseenin

thisfigure: plasmadensitydecreaseandmagneticfield magnitudeincreasetowardthe

magnetopause.SuchaPDL structureis notcorrelatedwith plasmaandfield structures

convectedfrom thesolarwind. TheN/B values,insteadof theotherplasmaandfield

parameters,measurethedegreeof flux tubedepletion.Panel(d) of Figure1.2 shows

thatflux tubedepletionoccursalongall theWind magnetosheathpassage,insteadof
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Figure1.2:Wind (in themagnetosheath)andIMP 8(in thesolarwind)observationsfor
theJan.12,1996PDL event. As labeledonthetopof thefigure,Wind movesinbound
from thesolarwind into themagnetosheathandtheninto themagnetosphere.IMP 8
provided solarwind plasmaandIMF observationsduring Wind magnetosheathpas-
sage.Fromtop to bottomare: theplasmavelocity, themagneticfield magnitude,the
plasmadensity, andtheratio betweentheplasmadensityandthemagneticfield mag-
nitude.NotethatIMP 8 magneticfield magnitudevaluesaremultiplied by a factorof
3 andplasmadensityvaluesaremultipliedby a factorof 2.2for bettercomparisonbe-
tweensolarwind andmagnetosheathobservations. Theverticaldashedlinesfrom left
to right correspondto thebow shock,thePDL outerboundary, andthemagnetopause,
respectively.
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beingsolelynearthe magnetopause. In anotherword, thereis no boundarybetween

flux tubedepletionandnon-depletion in the magnetosheath. However, in the region

closeto themagnetopause betweenthetwo right dashedlinesin Figure1.2,flux tube

depletionis muchstronger. Theboundarybetweenstrongandweakflux tubedeple-

tion canbedefinedastheouterboundaryof theplasmadepletionlayer. Model results

later in this dissertation show that in somecasesit is difficult to find a sharpbound-

arybetweentwo magnetosheathregionswith weakflux tubedepletionandstrongflux

tubedepletion,respectively. In suchcases,theplasmadensitywill beusedinsteadto

identify thePDL outerboundarywhichusuallyhasmoredistinctfeaturesin themag-

netosheath.Somecurrentlymostoftenusedmethodsto definetheouterboundaryof

thePDL, e.g.,thedepletionfactormethod[e.g.,ZwanandWolf, 1976;Siscoeet al.,

2002]andtheplasma method[e.g.,Farrugiaet al., 1997],definesomemoreor less

randomlychosenthresholdvaluesfor theouterboundaryof thePDL. In thisdisserta-

tion, however, I will concentrateon the spatialtrendof the N/B valueor the plasma

densityin themagnetosheath. Theouterboundaryof thePDL will bedefinedasthe

boundarybetweenweakandstrongplasmadepletionregionsin the magnetosheath.

Visualidentification,insteadof computerautomaticidentification,will beusedto find

thePDL outerboundaryto accountfor thecomplex patternsin themagnetosheath.

Thedefinitionof theinnerboundaryis muchlessaproblem.In observationalstud-

ies the magnetopauseis the PDL inner boundary. In numericalstudies,sometimes

theopen-closedmagneticfield boundaryis usedconvenientlyto marktheroughmag-

netopauselocationsinceotherparametersshow no sharpchange. The open-closed

magneticboundaryseparatesthosefield lineswith bothendsconnectingto theEarth

andthosewith at mostoneendconnectingto the Earth. This definition of the mag-

netopause,thusthe PDL inner boundary, is widely usedin the dissertation. During

the modelstudiesalongthe stagnationline in Chapter6 of the dissertation, another

definition of the magnetopauseis used,in which the magnetopauseis definedasthe
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Figure1.3: Takenfrom Crookeretal. [1979]. Positionsof IMP 6 magnetopausecross-
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tosheathadjacentto themagnetopause. Thesecasesareindicatedby upwardtriangles.

placewherethemagnetosheathplasmaspeedis closeto zero.

1.4 Previous PDL Studies

1.4.1 Observational studies

CummingsandColeman[1968] studiedATS 1 observationsduring several magne-

topausecrossingson January14, 1967. During thosecrossings,therewasa strong

southward componentof the IMF and the magnetopausewas compressedto k 6.6
l�m

from the Earth. They found that the magneticfield increasedby 1/3, andparti-

clesmovedaway from the region just inside themagnetopausebetweenthefirst and

thelastATS 1 magnetopause crossing.

Crooker et al. [1979] studied17 low- to mid-latitudecrossingsof thedaysideand

near-daysidemagnetopauseusingIMP 6 plasmameasurements.Thelocationsof those

crossingsin their studyareshown in Figure1.3. Themagnetopausewasdetermined

8



Figure1.4: Takenfrom Crookeretal. [1979]. Logarithmic plotsof densityalongeight
IMP 6 orbit segmentscrossingthemagnetopause.Thedateof eachorbit is indicated
on theright. All crossingswereinboundexceptfor theoneon February16,1973,for
which thedataareplottedbackwardsin time. Theslopingstraightlinesfor eachorbit
emphasizetheconsistency of thedensitygradientadjacentto themagnetopause.

Figure1.5: Taken from Crooker et al. [1979]. The averagedensityn, the magnetic
field magnitude n opn , andthepressureanisotropy ratio Pq /Pr variation alongtheorbit
that crossedthe magnetopausenearestto the stagnationstreamline(D s 7

l�m
). The

verticaldashedlinesmarkthe180t phasedifferencebetweenthepeaksandtroughsof
thedensityandfield.
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by a changein field orientationin all but two caseswhereno field changewasappar-

ent. For the two cases,they wereidentifiedby thecharacteristicrise in temperature.

Elevenoutof the17caseswerefoundto show densitydecreasesin themagnetosheath

just outsidethe magnetosphereboundary. Thesedensitydecreasesconsistof a drop

of about k 40% from the ambientvalueover a periodof about20 min beforeeach

magnetopausecrossing.Also, plasmadecreasesoccurredundera largerangeof IMF

orientations, includingsouthwardIMF. Someof thedensitydecreasesbeforethemag-

netopausecrossingsareshown in Figure1.4. The thicknessof the densitydepletion

rangesfrom 0.2to 0.4
lum

basedonspacecraftmotionandtherangeof thepercentage

decreasesis 22-58%. No orderingof apparentthicknessor percentagedecreasesac-

cordingto distancefrom thestagnationstreamwasfoundfrom their study. In 14 out

of 17 casesof themagnetosheathdata vwqyxzv r wereobtainedwith a range1.2-1.6.

Using thecriteria for mirror modeinstability:  {q{|} ~r�x���������|} �q~� , they found that

themagnetosheathplasmain thevicinity of themagnetopauseappearedat leastto be

marginally unstableto wavegrowth triggeredby themirror instability. In oneof the17

cases,they foundtheslow modewaves(Figure1.5),duringtheIMP 6 passesclosest

to thestagnationstreamline.Theslow modewave occurredafterpressureanisotropy

increasesto thecritical valueandit actedto limit theanisotropy, which beganto drop

at 1810UT in Figure1.5. However, they couldnot determinewhethertheslow mode

wave was producedby the mirror modeinstability in the magnetosheathor by the

magnetopausemotion.

Paschmannetal. [1993]analyzed22AMPTE/IRM passesthroughthelow latitude

magnetopauseregion for which themagneticshearacrossthemagnetopausewasless

than30t . They found,on themagnetosheathside,a layerof plasmadensitydepletion

(by a factorof two or more)andconcurrentmagneticfield pile-up in lessthanhalf

of the crossings.The depletionlayer was found to be 0.4
l�m

thick and was often

characterizedby a dropin T ��� .
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Figure1.6: Takenfrom Phanetal. [1994]. Superposedepochanalysisof 13 low-shear
and 25 high-shearmagnetopausecrossings. The key times of the low-shearand
high-shearcrossingsaredefinedby the timesof the protontemperaturechangeand
maximummagneticfield rotation, respectively. Themagnetosheathis to the left and
themagnetosphereis to theright of thekey time. Thelow-shearcasesaredisplayedin
theleft panels,andthehigh-shearcasesaredisplayedin theright panels.Fromtop to
bottomthefiguredisplaysthemagneticfield rotationangle ��� , themagneticpressure
P� , theperpendicularthermalpressureP��� , thetotal pressureP����� , theplasma , and
thefield elevationangle ��� .
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Phanet al. [1994] studied38 low-latitude,dayside(0800-1600LT) magnetopause

crossingsby theAMPTE/IRM satellite to investigatethevariations of key plasmapa-

rametersandthe magneticfield in the magnetosheathregion adjacentto the dayside

magnetopause.They foundthatthestructuresof thekey plasmaparameters,themag-

netic field, andthe dynamicsof plasmaflows in this region dependstrongly on the

magneticshearacrossthemagnetopause,asshown in Figure1.6. Whenthemagnetic

shearis low ( �y��� t ), theplasmadepletionlayerexistswherethemagnetosheathmag-

neticfield pilesup againstthemagnetopause.In thePDL region, theplasmadensity

andthe plasma aswell asthe protonandthe electrontemperaturesarelower than

that in themagnetosheathproper. They foundthat theconditionfor themirror mode

instability is generallynot met in the PDL wherethe plasma often falls below 1.

Whenthe magneticshearis high ( x���� t ), they found that the magnetosheathregion

nearthemagnetopauseis moredisturbed.Themagneticfield doesnot pile up in the

immediatevicinity of themagnetopauseandthemirror modethresholdis marginally

satisfiedthroughoutthe magnetosheath. We note that in eithercasethe sumof the

magneticpressureandtheplasmapressureis really constant(paneld).

Theconventional pictureof theplasmadepletionlayer, lower plasmadensityand

highermagneticfield magnitude comparedto their correspondingupstreammagne-

tosheathvalues,is complicatedby the observations of Songet al. [1990]. Among

the 26 ISEE 1 and2 magnetopausepassesnearthe stagnationline in their study, 17

eventsshow plasmadensityenhancements.Observations for oneof sucheventsare

shown in Figure1.7. Figure1.8shows thespatialdistribution of theeventswith den-

sity enhancements[Song and Russell,2002]. Only 4 of these17 events,however,

correspondto northwardB � , andtheothersoccurredduringsouthwardB � or B � close

to 0. Little heatingwasfoundassociatedwith thedensityenhancement,which implies

thatdissipation critical to a shockdoesnot seemanessentialelementof thestructure

[SouthwoodandKivelson,1995].

12



Figure1.7: Takenfrom Songetal. [1990]. An inboundmagnetosheathpassof ISEE1.
Themagnetopauselocationis shown asadashedline in thefigure.Themagnetosphere
is to theleft of themagnetopauseandthemagnetosheathis to theright of themagne-
topause.Theshadedregion indicateswherethedensityenhancementswereabove the
averageupstreammagnetosheathdensity. Thereis aplasmadensitydepletioncloserto
themagnetopause with an increasedmagneticfield magnitudeanddecreasedplasma
density.
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Figure1.8: Taken from SongandRussell[2002]. Spatialdistribution of the density
enhancementsin themagnetosheathnearthemagnetopausefrom ISEE1 and2 magne-
tosheathpasses[Songet al., 1992]. ISEE1 and2 werein thesameorbit. An example
of the orbit is shown. ISEE 3 wasupstreamin the solarwind to provide solarwind
conditions. Openandclosedcirclesindicatetheouterandinneredgesof thedensity
enhancementswhichhavebeennormalizedto amodelmagnetopause.Thesurvey was
madenearthestagnationstreamline.Similar densityenhancementsarealsoobserved
in theflank region.
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Figure1.9: Thetrajectoriesof GeotailandACE between1200and2400UT on Sept.
25, 2000. The left panelshows the trajectoriesin the GSEz=0 planeandthe right
panelshowsthetrajectoriesin theGSEy=0 plane.

Farrugiaet al. [1997, 2000] studiedISEE observations and found that the PDL

properties,e.g.,widthandstructure,arestronglydependentonthesolarwindAlfv énMach

number. We would expectsucha dependenceif the PDL wereformedby magnetic

forcesbecausethe Alfv én velocity squaredis proportional to the magneticpressure

dividedby theplasmadensity.

1.4.2 Observational Difficulties

1.4.2.1 The importance of solar wind observations

The plasmadepletionlayer occursjust outside of the subsolarmagnetopause in the

magnetosheath.The spacecraftobservationsin this region may containseveral con-

tributions: local spatialstructure,magnetopause oscillations,andchangingsolarwind

conditions. Solarwindstructurescanpropagateinto themagnetosheathwhichcanpro-

ducenonlocalstructuresin themagnetosheath.Also, thechangingsolarwind condi-

tionscausemagnetopausemotion,whichcanfurthercomplicatethealreadydisturbed

magnetosheathobservations. Thus,in order to make surethat an observed structure

in the magnetosheathis a real intrinsic spatialstructure,we have to usesolarwind

observations for comparison.

In ordertoshow theimportanceof upstreamsolarwindobservations, wehereshow

theGeotailandACEobservationsbetween1200and2400UT onSept.25,2000asan
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Figure 1.10: Comparisonbetweensolar wind observationsfrom ACE and magne-
tosheathobservations from Geotailbetween1200and2400UT on Sept. 25, 2000.
Fromtopto bottomare:theflow speed,themagneticfield threecomponentsandmag-
nitude,andtheplasmadensity. Themagneticfield anddensityvaluesaremultiplied
by a factorof 3 for bettercomparisonbetweensolarwind andmagnetosheathobserva-
tions.TheACEobservationsareshifted49minutesto accountfor thetimeneededfor
thesolarwind structuresto convect from the upstreamspacecraft to the downstream
one.
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example.Figure1.9shows thetrajectoriesof thetwo spacecraftduringthis periodof

time. GeotailprovidedmagnetosheathobservationsandACEprovidedupstreamsolar

wind observations.Theobservationsof thetwo spacecraftduringthis time periodare

shown in Figure1.10. Note the two densitypeaksjust beforethe magnetopause in

panel(f) of Figure1.10.Withoutsolarwind observations,wehaveall thepossibilities,

aslistedabove, for thecauseof theobserveddoublepeakdensitystructure.Thusno

conclusiveresultscanbeobtainedfrom singlespacecraftmagnetosheathobservations,

except throughstatistical studieswhich is not possiblein many cases.However, by

comparingboth magnetosheathandupstreamsolarwind observations,we cancon-

cludethat thespecialdensitystructureon themagnetopausewasmainly causedby a

very similar densitystructurefrom the solarwind. Also, it is very unlikely that the

motionof themagnetopauseis playingamajorrole for thisstructure.

Becauseof observationallimitations,therearenosatisfactoryupstreamsolarwind

observationsfor somePDL-likestructuresnearthemagnetopausein themagnetosheath.

Someauthorstried to avoid this difficulty by assumingstablesolarwind conditions

with solarwind parametersthesameaswhata spacecraftobservesin thesolarwind

beforeor after its “PDL” encounter. However, this methodcanonly work if it hap-

pensthatthereis reallynostructurein thesolarwind duringthe“PDL” encounter. As

we have just learnedfrom thesampleeventanalysis,conclusive resultsaredifficult to

obtainfrom suchstudiesif nosolarwind observationsareavailable.

1.4.2.2 Multipoint solar wind observations

As we have just discussed,solarwind observations arevery important for analyzing

magnetosheathandplasmadepletionlayerobservations. Thesameholdstruefor nu-

mericalsimulationsusingsolarwind observations asinput. Whenthereis only one

solarwind monitor, its observationsareusuallyusedasmodelinput and/orfor com-

parisonwith magnetosheathobservationsaftersimply shifting themby anappropriate

17
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Figure1.11: The trajectoriesof ACE andWind between2000UT, May 1, 1999and
0800UT, May 2, 1999.Theleft panelshowsthetrajectoriesin theGSEz=0planeand
theright panelshows thetrajectoriesin theGSEy=0 plane.

amountof time. However, it is possible thatsolarwind structurescanevolvewith time

in space,especiallyin the foreshockregion upstreamof the bow shockwhereback-

streamingionsslow andheatthesolarwind flow [e.g.,Sanny etal.,1996].Thiscanbe

demonstratedwhentherearemultiple solarwind monitor spacecraftto provide con-

currentsolarwind observations. Figure1.11shows thetrajectoriesof ACE andWind

between2000UT, May 1, 1999and0800UT, May 2, 1999. Both ACE andWind

werein thesolarwind duringthis period.Figure1.12shows thecomparisonbetween

solarwind observationsfrom thesetwo spacecraft.Dif ferencesashigh as25% be-

tweentheirmagneticfield magnitudevalues,andashighas30%betweentheirplasma

densityvaluesarefound.Therearethreepossiblesourcesfor suchbig differences:

1. thepossibleerrorsin instrumentationandcalibration;

2. theevolution of thesolarwind duringits propagationfrom onespacecraftto the

other;

3. thepossiblespatialstructuresof thesolarwind.

The first sourceof differencescanbe eliminatedthroughbetterinstrumentation and

crosscollaborationbetweendifferentspacecraft.Having solarwind monitors asclose

upstreamof thebow shockaspossiblecouldminimize thedifferencesfrom thesecond

source.Thethird sourceof differencesreflectsthestructuresin thesolarwind. Only

by having enoughsolarwind monitorsto resolve thesestructurescanthis problembe

solved. Beforewe fully understanddifferentsimultaneoussolarwind observations,
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Figure1.12:Comparisonbetweensolarwind observationsby ACEandWind between
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Figure1.13:Thetrajectoriesof GeotailandACE between0000and1200UT onOct.
1, 1999.Theleft panelshowsthetrajectoriesin theGSEz=0planeandtheright panel
showsthetrajectoriesin theGSEy=0 plane.

usingtheseobservationscansometimesleadto differentresults,especiallyin quanti-

tativenumericalmodelstudies.

Closelyrelatedis the difficulty of usinga time-varying IMF B 1 assimulation input.

Figure1.13shows thetrajectoriesof GeotailandACE between0000and1200UT on

Oct. 1,1999.Figure1.14showsthecomparisonbetweensolarwind observationsfrom

ACE andmagnetosheathobservationsfrom Geotail. A PDL structureon themagne-

topauseis seenwith decreasedplasmadensityandenhancedmagneticfield magnitude.

In globalnumericalsimulations,usuallysolarwind plasmaandIMF observationsare

usedasinput for modelvalidationandspaceweatherprediction.Becauseof the lim-

itationsof observations, in mostof thecaseswe do not have simultaneousmultipoint

solarwind observations to provide reasonablespatiallyresolvedsolarwind structures.

In orderto provide solarwind input to driveaglobalmodel,certainassumptionshave

to bemade.Oneof themostfrequentlyusedassumptionsis thatall thesolarwind pa-

rametersareindependentof thetransversecoordinatesy andz. For theUCLA global

MHD model that I am using in the dissertationstudy, a planeperpendicularto the

Sun-Earthline is chosen,andthe solarwind inputsare: V 1 , V 2 , V � , B 1 , B 2 , B � , 3 ,
andp. For compressible flow that we arefacing( 46587 9��� ), this assumption does

not causeany problemfor V 1 , V 2 , V � , B 2 , B � , 3 , andp. This assumption produces
:<; 2 | :>= �z� and

:?; � | :>@ �z� . Becauseof themagneticfield divergencefreecondi-

tion ( 4A5�o �z� ), we shouldalsohave
:<; 1�| :CB ��� . However, this is not possible if

wehavea temporallyvaryingIMF B 1 observations,asthoseshown in Figure1.14.
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Figure1.14:Solarwind observationsfrom ACEandmagnetosheathobservationsfrom
Geotailbetween0000and1200UT on Oct. 1, 1999. From top to bottomare: the
flow speed,the magneticB 1 , the magneticfield magnitude,the plasmadensity, and
the N/B ratio. The magneticfield anddensityvaluesaremultiplied by a factorof 3
for bettercomparisonbetweensolarwind andmagnetosheathobservations. TheACE
observations areshifted50 minutesto accountfor thetime neededfor thesolarwind
to convectfrom theupstreamspacecraftto thedownstreamone.
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Theeasiestpracticalsimplificationto avoid thisproblemis to assumeB 1 =constant

by neglecting all the B 1 temporalvariations. Raederet al. [2001] and Wang et al.

[2003], from their studiescomparingmodelsimulation resultswith spacecraftobser-

vations, haveshown thattheinfluenceof IMF B 1 is smallfor themagnetosheathwhen

IMF B 1 is smallercomparedto the other IMF components. Farrugiaet al. [1997]

studiedfrom the ISEE observations andshowedthatB 1 haslittle effect on thePDL.

Thestudyof thePDL dependenceon theIMF tilt anglein Chapter6 alsoshows that

littl e influenceis exertedon thePDL from IMF B 1 , evenwhenIMF B 1 is larger than

the othercomponentsof the IMF. Thus, the simplification of IMF B 1 in the model

validationstudyin Chapter3 of thedissertation is sufficiently justified.

1.4.2.3 Complexitiesin the PDL observations

As we have mentionedearlier, thestructuresin the magnetosheatharesubjectto the

influencesfrom several factors. This is the sourceof the complexity for the PDL

observations in thisregion. Herewediscusssomeof theimportantonesasanexample

to show how importantit is to includesystematic globaldynamicmodelsimulationin

thestudy.

Figure 1.15 shows the trajectoriesof the solarwind and the magnetosheathob-

serversfor two PDL eventsbetween1000and2200UT onSept.3, 2000andbetween

1300and2100UT onJan.12,1996.ACEandIMP 8 providedsolarwind observations

for thesetwo events, respectively. GeotailandWind providedthePDL observations,

respectively, andthey followedvery similar trajectoryacrossthemagnetopause.The

solarwind andmagnetosheathobservationsfor thesetwo events areshown in Figure

1.16.VeryobviousPDL structuresareseenonthemagnetopause for bothevents,with

decreasedplasmadensityandincreasedmagneticfield magnitude. Meanwhile,there

arenostructuresin solarwind observationscorrespondingto thesetwo PDL observa-

tions. Besidesthe many similarities betweenthesetwo PDL events, e.g.,flow speed
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Figure1.15:Theleft two panelsshow thetrajectoryof Geotailbetween1000and2200
UT onSept.3, 2000in theGSEz=0planeandy=0 plane,respectively (ACEwasnear
theL1 point, which is not shown here).Theright two panelsshow thetrajectoriesof
Wind andIMP 8 between1300and2100UT on Jan.12, 1996in theGSEz=0 plane
andy=0 plane,respectively.

enhancementtowardthemagnetopause,onemajordifferencebetweenthesetwoevents

is thechangingpatternof themagneticfield magnitude acrossthemagnetopause.For

thefirst event,a gradualtransition is seenin which themagnetopauseis actingmore

like a rotationaldiscontinuity. For the secondevent, an abrupttransition is seenin

which the magnetopauseis actingmorelike a tangentialdiscontinuity. Thesediffer-

encesmightberelatedto theparticularsolarwind conditionsthatthey experiencedand

theglobaldynamicsof themagnetospheresystemduringthesesolarwind conditions.

Also, themagnetopausecrossingsoccurredat (2.93,15.17,2.96)
l�m

for thefirst event

and(-2.47,15.57,-0.12)
l�m

for thesecondevent.Thesedifferentlocationsmightalso

contributeto differentcrossmagnetopausepatternsfor thesetwo events.

Figure 1.17 shows the trajectoriesof Geotail and Wind for two events between

1000and2200UT on Jun. 25, 1998andbetween0700and1900UT on Nov. 27,

1999,respectively. Wind providedsolarwind observationsandGeotailprovidedmag-

netosheathobservationsfor thesetwo events. In bothevents,northwardB � is seenjust

onthemagnetopause.Solarwindandmagnetosheathobservationsfor thesetwoevents

areshown in Figure1.18. Thetrendsof thedensityandthemagneticfield structures

23



Bo� w S� ho� c� k Ma� g� ne� t� o� p� a� u� s� e�
(� a� ) 

 80

 160

 2¡ 4¢ 0£ 3¤ 2¡ 0£ 4¢ 0£ 0£
V

¥  (¦ k§ m¨ /© s

ª )« (� a� ) 
G¬ e o® t̄a� i° l±
ACE    

(� b) 
 -1² 6³ -8

 0£ 8́

B

µ x¶  (¦ n· T¸ )

« (� b) Geot̄a� il
ACE    

(� c¹ ) 
 -1² 6³ -8

 0

 8́

 16

B

µ yº  (¦ n· T¸ )

« (� c¹ ) Geot̄a� il
A
»

C¼ E½     
(� d) 

 -20

 -10

 0£ 10

 20

B

µ z¾  (¦ n· T¸ )

« (� d) 
G¬ e o® t̄a� i° l±
ACE    

(� e) 
 5

 1² 0£ 15

 20

B
 (

¦ nT)«
(� e) G¬ e o® t̄a� i° l±

A
»

C¼ E½     
(� f) 

 0

 6³ 1² 2¡ 1² 8́
 2¡ 4¢ 30

N
 (

¦ c¿ m-3
)« (� f) G¬ e o® t̄a� i° l±

A
»

C¼ E½     
(� gÀ ) 

1² 0£ 1² 1² 1² 2¡ 1² 3¤ 1² 4¢ 1² 5Á 1² 6³ 1² 7Â 1² 8́ 1² 9Ã 2¡ 0£ 2¡ 1² 2¡ 2¡
Time�  (Ä UÅ T)Æ

0.01

0.10

1² .Ç 0£ 0£

N
/© B (¦ 1/© c

¿ m3
nT

)« (� gÀ ) 
G¬ e o® t̄a� i° l±
A
»

C¼ E½     

BÈ oÉ wÊ  SË hÌ oÉ cÍ kÎ MÏ aÐ gÑ nÒ eÓ tÔ oÉ pÕ aÐ uÖ s× eÓ
(Ø aÙ )Ú

 0Û 8Ü 0Û 1Ý 6Þ 0Û 240

 3ß 2à 0Û 4á 0Û 0Û

V
 (

â km/ã sä )å
(Ø aÙ )Ú

Wæ iç nè dé
IêMë Pì 8Ü

(Ø bí )Ú
 -12

 -6Þ 0 6Þ
 12

 1Ý 8Ü

B

î xï  (â nð Tñ )

å (Ø bí )ÚWind 
IMP 8

(Ø cò )Ú
 -1Ý 5ó -1Ý 0Û -5ó 0Û

 5ó

B

î yô  (â nð Tñ )

å (Ø cò )ÚWind 
IMP 8

(Ø dé )Ú
 -10

 0

 1Ý 0Û 2à 0Û
 30

B

î zõ  (â nð Tñ )

å (Ø dé )ÚWind 
IêMë Pì  8Ü

(Ø eö )Ú
 0

 8

 1Ý 6Þ 24

 3ß 2à

B
 (

â nT)å
(Ø eö )ÚWæ iç nè dé  

IMP 8

(Ø f÷ )Ú
 0

 2à 0Û 40

 60
N

 (

â cø m-3
)å (Ø f÷ )ÚWæ iç nè dé  

IêMë Pì  8Ü
(Ø gù )Ú

1Ý 3ß 1Ý 4á 1Ý 5ó 1Ý 6Þ 1Ý 7ú 1Ý 8Ü 1Ý 9û 2à 0Û 2à 1Ý
TimeÓ  (ü Uý T)þ

0.1

1Ý .ÿ 0Û
1Ý 0Û .ÿ 0Û

N
/ã B (â 1/ã c

ø m3
nT

)å (Ø gù )Ú
Wæ iç nè dé  
IêMë Pì  8Ü

Figure1.16:Thesolarwind andmagnetosheathobservationsbetween1000and2200
UT on Sept.3, 2000(left) andbetween1300and2100UT on Jan.12, 1996(right).
ACE providedsolarwind observations andGeotailprovidedmagnetosheathobserva-
tions for the first case. IMP 8 provided solarwind observationsandWind provided
magnetosheathobservations for the secondcase. From top to bottomare: the flow
speed,the magneticfield threecomponentsandmagnitude,the plasmadensity, and
theN/B ratio. In thefirst time period,themagneticfield anddensityvaluesaremul-
tiplied by a factorof 3, andin the secondtime periodthe magneticfield magnitude
valuesaremultiplied by a factorof 3 andthedensityvaluesaremultiplied by a factor
of 2.2,for bettercomparisonbetweensolarwind andmagnetosheathobservations.The
ACEobservationsin thefirst caseareshifted1 hourto accountfor thetimeneededfor
the solarwind to convect from the upstreamspacecraftto the downstreamone. The
IMP 8 observationsin thesecondcasearenotshiftedbecauseIMP 8 wasverycloseto
thebow shock.
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Figure1.17: The left two panelsshow the trajectoriesof GeotailandWind between
1000and2200UT onJun.25,1998in theGSEz=0planeandy=0 plane,respectively.
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Figure1.18:Solarwind observationsfrom ACEandmagnetosheathobservationsfrom
Geotailbetween1000and2200UT onJun.25,1998(left) andbetween0700and1900
UT onNov. 27,1999(right). Fromtopto bottomare:theflow speed,themagneticB � ,
themagneticfield magnitude,theplasmadensity, andtheN/B ratio. In bothpanels,the
magneticfield anddensityvaluesaremultipliedby a factorof 3 for bettercomparison
betweensolarwind andmagnetosheathobservations. The Wind observationsin the
left eventareshifted17 minutesto accountfor the time neededfor thesolarwind to
convectfrom theupstreamspacecraft to thedownstreamone.TheWind observations
in theright eventarenot shiftedbecauseit wasverycloseto thebow shock.
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Figure1.19: The left two panelsshow the trajectoriesof GeotailandWind between
0700and1900UT onSept.15,1999in theGSEz=0planeandy=0plane,respectively.
Theright two panelsshow thetrajectoryof Geotailbetween1400UT onJun.9, 1999
and0200UT onJun.10,1999in theGSEz=0planeandy=0plane,respectively (Wind
trajectoryis notshown becauseit wasfar upstreamneartheL1 point).

on themagnetopausefor thesetwo events arevery different.For thefirst event,there

is a plasmadensitydepletionon the magnetopause. However, thereis no magnetic

field pile-upandthemagneticfield magnitudeis very flat in this region. For thesec-

ondevent, thereis anobviousmagneticfield pile-upsignatureon themagnetopause.

However, theplasmadensityis very flat with a very small trendof depletion.There

canbeseveralreasonsfor sucha big differencebetweenthesetwo events,e.g.,differ-

entspacecrafttrajectoriesin themagnetosheathanddifferent  values.Note that the

plasmaspeedexceedsthesolarwind speednearthemagnetopausefor thefist eventin

Figure1.18.This canoccurdeepin therarefactionregion alongtheflank andit is far

from thesubsolarregion.

Figure 1.19 shows the trajectoriesof Geotail and Wind for two events between

0700and1900UT on Sept. 15, 1999andbetween1400UT on Jun. 9, 1999and

0200UT on Jun. 10, 1999. Wind providedsolarwind observationsandGeotailpro-

vided magnetosheathobservations for both events,asshown in Figure1.20. In the

first event, therewascontinuous northwardB � nearthe magnetopause.However, no

PDL structureis seen. The magnetosheathstructureswerehighly influencedby the

solarwind, especiallyfor the plasmadensity. Insteadof beingdepleted,the plasma

densityincreasedslightly toward the magnetopause. The magneticfield magnitude

increasedvery littl eandnocleardensitystructureis seenon themagnetopauseexcept

26



B� o� w�  S� h� o� c� k� M� a� g� n� e� t� o� p� a� u� s� e�
(� a� ) 

 0£ 2¡ 0£ 0£ 400

 6³ 0£ 0£ 800

V

¥  (¦ k§ m¨ /© s

ª )« (� a� ) 
Geot̄a� il
Wind   

(� b) 
 -2¡ 0£ 0£
 2¡ 0£ 4¢ 0£

B

µ z¾  (¦ n· T¸ )

« (� b) 
Geot¯ a� il
Wind   

(� c¹ ) 

 0£ 1² 0£
 2¡ 0£ 3¤ 0£
 4¢ 0£ 5Á 0£

B
 (

¦ nT)«
(� c¹ ) 

Geot¯ a� il
W� i° n� d�    

(� d� ) 

 0£ 4¢
 8́

 12

 16

N
 (

¦ c¿ m-3
)« (� d� ) 

(� e ) 

7Â 8́ 9Ã 1² 0£ 1² 1² 1² 2¡ 1² 3¤ 1² 4¢ 1² 5Á 1² 6³ 1² 7Â 1² 8́ 1² 9Ã
Time�  (Ä UÅ T)Æ

0£ .Ç 0£ 1²0.10

1.00

N
/© B (¦ 1/© c

¿ m3
nT

)« (� e ) 
G¬ e o® t̄a� i° l±
W� i° n� d�    

BoR w SS hoR cT kMaU gV neW tX oR pY aU uZ s[ eW
(\ a] )̂

 2_ 0̀0̀

 4a 0̀0̀

 6b 0̀0̀

V

c  (d ke mf /

g sh )i
(\ a] )̂

Geotj a] il
W
k

il nm dn    
(\ bo )̂

 -2_ 0̀ 0
 20

 40

B

p zq  (d nr T

s )i (\ bo )̂ Gt eu ov tj a] il lw
Wind   

(\ c)̂

 0

 1x 0̀ 2_ 0̀ 30

 40

B

p  (d nr Ts )

i (\ c)̂ Gt eu ov tj a] il lw
Wind   

(\ dn )̂

 0

 3y 6
 9z 1x 2_

N
 (

d c{ m-3
)i (\ dn )̂Geotj a] il

W
k

il nm dn    

(\ eu )̂

14 15 16 17 18 19 20 21 22 23 0 1 2

TimeW  (| U} T)~
0̀.� 0̀1x0.10

1x .� 0̀0̀

N
/g B (d 1

/g c{ m3
nT

)i (\ eu )̂

Geotj a] il
Wind   

Figure1.20:SolarwindobservationsfromWindandmagnetosheathobservationsfrom
Geotailbetween0700and1900UT onSept.15,1999(left) andbetween1400UT on
Jun.9, 1999and0200UT on Jun.10,1999(right). Fromtop to bottomare: theflow
speed,themagneticB � , themagneticfield magnitude,theplasmadensity, andtheN/B
ratio. Themagneticfield andtheplasmadensityvaluesin botheventsaremultiplied
by a factorof 3 for bettercomparisonbetweensolarwind andmagnetosheathobserva-
tions. TheWind observationsareshifted17 minutesin the left paneland35 minutes
in theright panelto accountfor thetimeneededfor thesolarwind to convectfrom the
upstreamspacecraftto thedownstreamone.
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Figure1.21:Thetrajectoriesof GeotailandACE between0500and1700UT onOct.
15, 2000. The left panelshows the trajectoriesin the GSEz=0 planeandthe right
panelshowsthetrajectoriesin theGSEy=0 plane.

theconvecteddensitystructurefrom thesolarwind. In thesecondevent,continuous

southwardB � wasobservednearthemagnetopause.However, clearPDL structureis

seen,with enhancedmagneticfield anddecreasedplasmadensity. Meanwhile,this

PDL couldnot becausedby theconvection of solarwind structures.Andersonet al.

[1997] foundthatthePDL couldexist for southwardIMF whenthedynamicpressure

is strongso that reconnectioncannot competewith themagneticfield piling up pro-

cess.Farrugiaet al. [1997] alsofoundevidenceof a plasmadepletionlayerwhenthe

IMF waspointingsouthusingISEEobservations. In panel(e) for bothevents,we see

clearflux tubedepletionnearthemagnetopause.This furtherconfirmsthe important

roleof theN/B ratio for thePDL study.

Figure 1.21 shows the trajectoriesof Geotail andACE between0500and 1700

UT on Oct. 15, 2000. ACE provided solarwind observations andGeotailprovided

magnetosheathobservations, which areshown in Figure1.22.Therewerevery stable

solarwind conditionsduring this event, except for someoscillations in IMF B 1 and

B 2 . However, the observed densitystructuresnearthe magnetopausewerefar from

smooth. It is most likely that magnetopauseoscillations were responsiblefor the

disturbedmagnetosheathobservations. Thesemagnetopause oscillations weremore

likely causedby themagnetospheredynamicevolution thanbeingdirectlyaffectedby

solarwind variations. It is impossible for themodelslackingmagnetospheredynamics

to give reasonableexplanation for suchobservations.In addition,(quasi)stablesolar
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Figure1.22:Solarwind observationsfrom ACEandmagnetosheathobservationsfrom
Geotailbetween0500and1700UT on Oct. 15, 2000. From top to bottom are: the
velocity threecomponents andmagnitude, the magneticfield threecomponents and
magnitude, andthe plasmadensity. The magneticfield anddensityvaluesaremul-
tiplied by a factorof 3 for bettercomparisonbetweensolarwind andmagnetosheath
observations. TheACE observationsareshifted1 hourto accountfor thetimeneeded
for thesolarwind to convectfrom theupstreamspacecraft to thedownstreamone.
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Figure1.23:Thetrajectoriesof GeotailandWind between1600UT onSept.20,1999
and0100UT on Sept.21,1999.Theleft panelshows thetrajectoriesin theGSEz=0
planeandtheright panelshowsthetrajectoriesin theGSEy=0 plane.

wind conditionsarenotsufficient to producea stablemagnetopause.

Figure1.23showsthetrajectoriesof GeotailandWind between1600UT onSept.

20, 1999and0100UT on Sept. 21, 1999. Wind provided solarwind observations

andGeotailprovidedmagnetosheathobservations,whichareshown in Figure1.24.A

PDL structurewasdevelopedon themagnetopausewith magneticfield enhancement

andplasmadensitydecrease,and therewasno suchstructurein the corresponding

solar wind observations. The southward B � when the spacecraftpassedacrossthe

magnetopauseproducedsmallbut obvious signaturesof reconnection,with decreased

magneticfield andenhancedplasmadensity. Thusboth magneticfield pile-up and

depletioncoexistedin thisevent.

1.4.3 Theoretical studies

Similar to theobservationsof thesolarwind which followedthetheoreticalprediction

of its existence,theplasmadepletionlayerwasalsofirst predictedby theoreticalstud-

ies beforeit wasobserved. Midgely andDavis [1963] presentedoneof the earliest

qualitativestudiesof thephysicsin themagnetosheathwith theconsiderationof mag-

neticfield effects. They concludedthat thereshouldbea layer in themagnetosheath
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Figure1.24:SolarwindobservationsfromWindandmagnetosheathobservationsfrom
Geotailbetween1600UT on Sept. 20, 1999and0100UT on Sept. 21, 1999. From
top to bottomare: theflow speed,themagneticB � , themagneticfield magnitude, the
plasmadensity, andthe N/B ratio. The magneticfield anddensityvaluesaremulti-
plied by a factorof 3 for bettercomparisonbetweensolarwind andmagnetosheath
observations. The Wind observationsareshifted20 minutesto accountfor the time
neededfor thesolarwind to convect from theupstreamspacecraftto thedownstream
one.
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Figure1.25: Takenfrom ZwanandWolf [1976]. Idealizedsketchesof thesqueezing
processat successive timesT Ê , T Ë , andT Ì . As plasmamovesaroundthe magneto-
sphere,flux tubesbecomedrapedaroundthenoseof themagnetosphere.

next to the magnetopausein which the plasmadensitywas depleted. By studying

a very simplified axis-symmetric flow configuration,Lees[1964] analyzedtheeffect

of the magneticfield in the magnetosheathandpredicteda densityminimum at the

stagnationpoint.

Thefirst comprehensivetheoreticalplasmadepletionlayerstudywasconductedby

ZwanandWolf [1976]. Theevolution of a singlethin flux tubemoving into themag-

netosheathfrom the solarwind wasinvestigatedin their study. Two processeswere

proposedfor depletingtheflux tube(shown in Figure1.25):first, by deflectingplasma

aroundthemagnetospherethebow shockpushesplasmaoutalongthefield linesaway

from thenoseof themagnetosphere;second,thecompressionalstressexertedonmag-

netosheathflux tubesnearthenosetendsto squeezeplasmaout alongthefield lines,

further depletingthem. They consideredthe frozen-in interplanetarymagneticfield

to beconvectedtangentialto themagnetopause,without assuming axis-symmetric as

what Lees[1964] did. In their study, they calculatedthe motion of a thin flux tube

in themagnetosheath.Spreiter’s modelresultsnearthesubsolarregion wereusedto

provide crucialpressureboundaryconditionsfor theflux tubemotion. A comparison

betweentheresultsof ZwanandWolf [1976]andLees[1964] is shown in Figure1.26.

However, thereareintrinsic discrepanciesin ZwanandWolf ’s model. In their calcu-

lation,they usedamagneticforcealongmagneticfield line to squeezeoutanddeplete
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Figure1.26: Takenfrom ZwanandWolf [1976]. A comparisonof Zwan-Wolf model
densityprofileswith onecomputedby Lees[1964]. All curvesarefor Í 
 (SW)=5.8.
ZwanandWolf usedÎ �ÐÏÌ , andLeesusedÎ �ÒÑ . Thedensity 3ÓË is thedensityjust
postshock.

flux tube. However in ideal MHD thereis no sucha force. Although they pointed

out that their solutionscorrespondto theslow modewavesexpandingalongtheflux

tube,the function of the wave in moving plasmais contraryto the slow modewave

properties,i.e.,moving plasmainto thenoseof themagnetopauseinsteadof moving it

out [SouthwoodandKivelson,1992].

Basedontheslow modeobservationsby Songetal. [1990],SouthwoodandKivel-

son[1992] consideredtheevolution of plasmaandfield nearthemagnetopausefrom

the point of view of MHD waves. Similar to the formationof the bow shock,the

slow modewave canalsopropagateupstreamto form a slow modefront in themag-

netosheath,asshown in Figure1.27. They believed that the slow modefront should

attacheitherto themagnetopauseor to a region of compressedandstagnatingplasma

pressedupagainstthenose.Becauseof thebendingof thefield line towardthemagne-

topause,they expectedthat thesourceregion is spatiallyextendedandthat theactual

front becomesidentifiableonly away from theEarth-Sunline. They madea detailed
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Figure1.27: Taken from Southwood andKivelson[1992]. A sketchshows the flow
structureupstreamof thesubsolar magnetopause.Thereis a field compressionregion
with roughlythepropertiesof ZwanandWolf ’s flux tubeimmediatelyadjacentto the
magnetopause.However thefield is notalignedwith theouterboundaryof theregion.
Field lines threadingthe compressionregionsbendtoward the Sunandentera field
rarefactionregion which is immediatelybehinda slow MHD wave front. Outsidethe
front thefield threadstheincomingmagnetosheathflow.

analysisof the point sourceemitting the slow modewavesandpointed out that, at

the slow modefront, the upstreamflow velocity normalto the front mustbe exactly

equalto the phasespeedof the wave in the directionof the normal. As the plasma

approachestowardthemagnetopause,thenormalcomponentof theflow continuesto

slow andthevelocityrotatestowardanorientationparallelto themagnetopausebound-

ary. Theslowing down of theflow componentin the front normaldirectionis linked

to an increaseof density. Sucha motion alsoinevitably modifiesthe field strength.

Sincemagneticfield enhancementwill excite fastmodewaveswhich arecapableof

propagatingaway to the upstream,only a magneticfield decreasecancorrespondto

thedensityenhancementnearthemagnetopause.This scenariowill notautomatically

leadto the boundaryconditionon the magnetopausewith the alignedfield line. For

thistheauthorsproposedto solveBernoulli’sflow equationsto makethefield andflow

fit thespecificmagnetopauseboundaryconditions.
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Figure1.28: Sketchof thebasicstructuresof thesubsolar magnetosheathflow taken
from Southwood andKivelson [1995]. In the figure, therearestructureswith large
physical parametervariations occurring at the bow shock, the magnetopause,the
plasmadepletionlayer andthe slow wave front. They areall constrainedto limited
regions.For theotherpartsthatoccupy mostspacein themagnetosheath,smoothflow
andfield dominate.

Later, SouthwoodandKivelson[1995]providedarationalizedscenariofor theflow

structurenearthemagnetopauseattempting to reconcilethediscrepanciesbetweenthe

ZwanandWolf [1976] modelandSouthwoodandKivelson [1992] model. They be-

lievedthat thedetachedregionsof enhanceddensityandthedepletionlayeradjacent

to themagnetopauseareactuallymanifestations of asinglephenomenon.In theirnew

scenario,asshown in Figure1.28,threeregionswereidentifiedin themagnetosheath:

(i) an upstreamregion wherethe flow is insufficiently deflectedto move aroundthe

boundary;(ii) a frontal region wheredeflectionof the flow is imposed;(iii) a region

of depletionagainstthemagnetopause.In thesethreeregions,normalmagnetosheath

densityandmagneticfield, compresseddensityandrarefiedmagneticfield, andcom-

pressedmagneticfield andrarefieddensityexist, respectively. Thefield linesarenot

alignedwith theouterboundaryof theplasmadepletionregion. Theplasmacompres-

sionresultsin anetforceexertedontheplasmaatthefront whichcausesthedeflection
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Figure 1.29: Taken from Wu [1992]. Distribution of 3 , ÔÖÕ , and B � along the
Earth-Sunline from thepostbow shockto themagnetopausenormalizedby 3Ø× �����ÙÑ}� ,
ÔÚÕÛ× �ÝÜ����ßÞ � , and àâáã×��äÜ�������� , thedownstreamvaluesof theshockfrom the jump
relations. The thick curvesare from MHD simulation and the thin curvesare from
theorybasedonstaticflow, Lees’results,andadiabaticcondition.

of theflow away from thenoseof themagnetosphere.On thosepartsof thefield line

whichcrossedthefront, thereis motionawayfrom thenose.Thisflow, inducedby the

slow front, givesrise to a depletionnearthenose.Thus,this new pictureintroduces

into ZwanandWolf picturea mechanismfor “squeezing”theplasmaalongthefield

andsqueezethemagneticflux to enhancethemagneticfield. Justlike a standingfast

modewave which hasa compression (thebow shock)andanexpansionfanalongthe

flankswherethedensitydecreases,theslow modewavecanalsobeassociatedwith a

compressionalfront andanexpansionfan. Sincetheslow modewave is slower than

fastmodewave the structuremustappearmuchcloserto the magnetopause. Since

the wave is guidedby the magneticfield andcannotpropagateisotropically like the

fastmode,it musthave a restrictedregion of occurrenceandthusbemoredifficult to

observe.

1.4.4 Numerical Studies

Wu [1992] madethe first simulation of the large-scalethree-dimensionalMHD flow
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Figure1.30:Takenfrom Lyon[1994]. Density(solid line) andmagneticfield strength
(dashedline) asa functionof radialdistancethroughthemagnetosheathfor thecalcu-
lationwith àåá��æÞ nT (theleft panel)and àçá��æÑ}� nT (theright panel).Theline is in
thexz planeandstartsat about2

lum
from theSun-Earthline.

in themagnetosheathwith a perfectlyconducting sphereasthemagnetopause.Com-

parisonbetweenhisresultsandsomeothermagnetosheathresultsalongtheSun-Earth

line is shown in Figure1.29.ThePDL is seenon thesubsolar magnetopausefrom his

results.However, his simulation producedmuchlargerPDL thicknessthanobserved,

whichwasattributedby Lyon[1994] to thehighnumericaldissipation in Wu’smodel.

Lyon [1994] usedMHD simulationswith lessnumericaldissipation andsimilar

boundaryconditions to studythe magnetosheathpatternandthe PDL structure. He

found that slow wave modescould only exist for low Mach number case(the right

panelof Figure1.30)andnoevidenceof suchmodewavesexist for typicalsolarwind

Machnumber(the left panelof Figure1.30). This is inconsistentwith somemagne-

tosheathslow modewaveobservations whichcovera wide rangeof solarwind condi-

tions [Songet al., 1990,1992]. Lyon wasunableto determinewhethertheobserved

densityenhancementis an ideal MHD phenomenonor not. Finally, he arguedthat

greaterresolution is neededto studythestagnation regionandthenearmagnetopause

structurefor highMachnumbersolarwind flow.
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Erkaev et al. [1999] useda three-dimensional,one-fluid,steadystateMHD model

of themagnetosheathflow nearthesubsolarline to studytheplasmadepletionin the

magnetosheath.Their modelallowedfor unequalplasmapressuresperpendicularand

parallel to the magneticfield, and they assumedthat the total pressurewas normal

to themagnetopause.They found that thedensity, theparallelandtheperpendicular

temperature,the plasmapressures,and the plasma all decreasedtoward the mag-

netopause.Anisotropy wasfound to have considerableeffect on the densityprofile

andtheaccelerationin bothfield directionswasaffectedby thedecreasingdensity. In

contrast,DentonandLyon[2000]alsostudiedtheeffectsof pressureanisotropy onthe

magnetosheathstructureusinga two-dimensional MHD modelwith anisotropic pres-

sure.They assumeda flux surfacemagnetopauseandfoundthattheexactform of the

parallelpressuregradientforcemight not becrucial for globaldynamicsof thePDL.

Theanisotropy led to a largerbow shockstandoff distancecomparedto the isotropic

casedueto thedifferencein perpendicularpressure.Their resultsalsoimply that the

effectsof pressureanisotropy might beevenlessfor a three-dimensionalsystemthan

for a two-dimensionalsystem.

Siscoeet al. [2002] summarizedfour importantMHD effectsin themagnetopause

boundarylayerandthemagnetosheaththatcannot beproducedby gasdynamic mod-

els, oneof which was the plasmadepletionlayer. A clear dependenceof the PDL

thicknesson the IMF clock anglewasfound from their global MHD simulation re-

sults,whichareshown in Figure1.31.

1.5 Purposeof the Dissertation

Sincetheearliestpredictionsof theplasmadepletionon themagnetopause[Midgely

andDavis, 1963;Lees,1964],significantprogresshasbemadein observational, the-

oretical,andnumericalstudiesin understandingtheplasmadepletionlayer. However,
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Figure1.31:Takenfrom Siscoeetal. [2002]. Thenormalizedplasmadensityalongthe
stagnationstreamlinefor differentIMF conditions. Anglesspecifytheclock angleof
theIMF. Thetwo verticallinesin eachpanelshow wherethevelocitygoesto zero(the
stagnationpoint) andwherethedensitydropsto half its post-shock value(to determine
thethicknessof thedepletionlayerby theZwanandWolf criterion).

many problemsaboutthestructurestill exist or arenot fully understoodbecauseof the

complexitiesshown in our earlierdiscussion. Are MHD effectsandpressureisotropy

sufficient to describethe plasmadepletionlayer? Is the PDL a stableor transient

structure?How doesthePDL dynamicallyrespondto transientsolarwind conditions?

Whatis thespatialextensionandglobalgeometryof thePDL?Whatis responsiblefor

the formationof thePDL? How doesa flux tubegetdepletedin themagnetosheath?

Doesslow modefront exist in themagnetosheath?What is theexactrole of theslow

modewavesfor the PDL? How is the PDL dependenton solarwind conditionsand

the Earth dipole tilt? The purposeof this dissertation study is to investigatethese

importantquestions aboutthe plasmadepletionlayer, andtry to provide somemore

understandingof thebackgroundphysicsfor its formation.

Thedissertationis organizedin thefollowing way:

In Chapter2, I will carryout thederivation of theMHD equationsfrom thekinetic
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theory(Vlasov equationandMaxwell’sequations).Assumptionsusedin practicedur-

ing thederivation areemphasizedwhichprovidelimitationsfor applyingMHD theory.

FurtherI will show thattheresistiveMHD equationsareapplicablefor thePDL model

study. In thesecondpartof thischapter, I will giveadetailedintroductionto theUCLA

globalMHD model,includingmodelgrids,initial andboundaryconditions, numerics,

andparallelization.Specialissuesrelatedto themodelstudyof thePDL will alsobe

discussed,including themodelresolution,IMF B 1 problem,andtheshifting of grids

for thebestresolutionaroundaspacecrafttrajectory.

In Chapter3, I will addressthevalidation of theUCLA globalmodelin studying

the PDL. Global modelsimulations for two PDL events,Jan. 12, 1996andJan. 1,

1999,areperformedwith solarwind observations asmodelinput. Model resultsare

comparedwith in situ PDL observations. Overall goodconsistency betweenmodel

resultsandobservationsimpliesthattheglobalmodelcangive reasonabledescription

of the formalismof theplasmadepletionlayer. Somedetailedanalysesarealsocon-

ducted,includingtheeffectsof thesolarwind structuresin themagnetosheathandthe

spatial-temporal ambiguities in observationsthatcanbeavoidedusingmodelsimula-

tions.

In Chapter4, amodelsimulation is conductedusingnormalsolarwind conditions

with northwardIMF. Detailedforceanalysisis conductedfor themodelresultsin the

magnetosheath.Forcesresponsiblefor theformationof thePDL arestudiedandboth

thepressuregradientforceandthemagneticforceplay importantrolesfor controlling

themagnetosheathflow andfield pattern,which is drasticallydifferentfrom Spreiter’s

modelresults. Detailedflux tubedepletionin the magnetosheathis investigatedand

theresultsarecomparedwith ZwanandWolf ’sflux tubedepletiondescription.

In Chapter5, the role of the slow modefront for the formation of the PDL is

addressed.Resultsfrom globalsimulationsarestudiedwhichshow thattheslow mode

front maynot play animportantrole for PDL formation. Specifically, theslow mode
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front doesnotexist in theGSEz=0planewherethePDL exists.

In Chapter6, the detaileddependenceof the PDL and the slow modefront on

thesolarwind velocity anddensity 3 , IMF tilt andclock angles,andtheEarthdipole

tilt, is investigated. Differentdegreesof dependenceof thePDL on theseconditions

arefound. Comparisonwith earlierresultsarealsodiscussedwith consistenciesand

inconsistencies.

In Chapter7, I will summarizetheresultsof this dissertation study. Finally, I will

proposefuturework whichwould leadto betterunderstanding of theplasmadepletion

layer.
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CHAPTER 2

MHD Theory and Global MHD Simulation

2.1 Intr oduction

As we have shown in Chapter1, MHD theory hasbeenusedwidely in describing

the formationof the plasmadepletionlayer. It is also a fundamentalbasisfor the

global model that I am using in the dissertation study. However, thereare certain

restrictionsfor thevalidity of MHD theory. It is importantthatwe know thoserestric-

tionsandmake surethat theregion in thedissertationstudyfits thoseconditions. Al-

thoughMHD theoryhaslong beenestablishedto describethemacroscopicevolution

of plasmasystem[e.g., Montgomery andTidman, 1964;Clemmow andDougherty,

1969;BarakatandSchunk,1982;Parks,1991], in this chapter, I will still discussin

detailhow theMHD equationsarederivedfrom somebasicequations:Vlasov equa-

tion andMaxwell’s equations.The SI systemof units will be usedthroughoutthe

derivation and in all the dissertation. After this the strongpointsand limitationsof

MHD theorywill becomevery clear. Specialattentionwill be given to the assump-

tionsusedin deriving theMHD equations,which have to befollowedin practice.We

find that,for thecaseof theplasmadepletionlayer, all thoseassumptionsarebasically

metor arenotvery importantfor thePDL.After thatI will giveadetailedintroduction

to theUCLA globalmodelusedin thedissertationstudy, including the modelgrids,

the initial andboundaryconditions, the core algorithms, andparallelization. Some

modelissuesspecificallyrelatedto thePDL studywill alsobediscussed.
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2.2 From Kinetic to MHD

Therearevariousparticlespeciestypically foundin theEarthmagnetosphere-ionosphere

systemandtheinterplanetaryspace,includingchargedparticlesandneutralparticles.

However, fartheraway outsideof the innermagnetospherewhereneutralparticlesdo

play significantroles(saycausingPedersenandHall conductivity in the ionosphere,

andbeingresponsiblefor thelossmechanismin thering currentregion),theroleof the

neutralparticlesis muchweaker comparedto thatof thechargedparticles.Especially

for processesin the Earth’s magnetosheathandthesolarwind we cansafelyassume

thatonly chargedparticlesexist. Althoughprotonsgenerallyconstitutethemajorityof

theionsin space,therearealsootherion speciespresent.For example, cold O è ions

canbeacceleratedfrom theionosphereandpropagateinto themagnetospherelobeand

mantleduring magneticstormsandsubstorms [e.g.,Seki et al., 1998],andthe solar

wind usuallycontainsk 5-10%Heèéè ions. Theseminor ion speciesin themagneto-

sphereandtheinterplanetaryspacecancausesomeeffects,for example waveparticle

interactions.However, in many cases,especiallyfor thestudyof the largescaleevo-

lution of spaceplasmas,therehasbeenlittl e evidenceto show that the inclusion of

thoseminor ionswouldsignificantlychangethegeneralresults.ThereforeI assumein

thisstudythatthesolarwind andmagnetosphericplasmaconsistsolelyof protonsand

electrons.

For a non-relativistic chargedparticle,the motionof the particleis controlledby

theLorentzequation(assumingtherearenootherforcesthantheelectricforceandthe

magneticforce):

ê
ëíì
ëíî �ðï �òñ � ìôó o �öõ (2.1)

hereê is theparticlemass,
ì

theparticlevelocity, ï theparticlecharge, ñ theelectric
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field, and o themagneticfield. Thetrajectoryof theparticleis givenby:

ëí÷
ëíî � ì � (2.2)

Togetherwith Maxwell’s equationsandthe equationsfor charge densityandcurrent

density, the whole equationsystemis closed. Theoretically, if we can traceall the

particlesin thesystemthatwearestudying,all thephysicscanbeobtainedunlessthat

is not includedin theseequations,e.g.,non-electromagneticparticleinteractions.This

is the foundationnot only for the particlesimulations,but alsofor othersimulations

andtheplasmatheories.In (2.1)and(2.2),thereareseveralintrinsic scales:

Spatialscales: particlegyroradius( 3Óøw�Òùûúüþý )

ion inertial length(dÿ =c|���� ÿ =c| � � ÿ�� Ë |	� × ê ÿ )
electroninertial length(d
 =c|�����
 =c| � � 
� Ë |	� × ê 
 )
DebyeLength( ��� ������������ 
���� Ê�� Ë )

Temporalscales: particlegyroperiod( � ø � Ë� ùüþý )

ion plasmafrequency ( �!� ÿ � � � ÿ�� Ë |	� × ê ÿ � Ê�� Ë )
electronplasmafrequency ( ���"
w� � � 
#� Ë |�� × ê 
 � Ê�� Ë )

Many importantplasmaprocessesareverycloselyrelatedto thesescales,e.g.,plasma

ion cyclotronwavesandwhistlerwaves.In orderto resolveoneprocess,thenumerical

grid sizeandthe time stepof a simulation would have to be muchsmallerthanthe

spatialandtemporalscalesrequiredfor the respective process.In practice,however,

it is very difficult, especiallyfor largescalespacesimulations,to resolve someof the

small scalesbecauseof the large amountof computation neededfor tracinga huge

numberof particles.Evenin many smallscalesimulations,strongconstraintshave to

bemadeto make calculationspossible, e.g.,thenumberof particlesin a grid cell and

the ratio betweenion massandelectronmass.To overcomethedifficulty of particle

simulationsin large scales,theequationswe mentionedabove needto besimplified.
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Amongthesesimplifiedequationsets,MHD equationsarecurrentlytheonly practical

setfor largescalesimulationsof theEarth’smagnetosphere.

An ensembleof particlescanberepresentedby aparticledistribution function:$&% � $�% � î õ#' õ)( õ+* õ Ô Õ õ Ô&, õ Ô á��öõ (2.3)

where- refersto theparticlespeciesand
$&%

definestheparticlephasespacedensityat

location �.' õ)( õ+*�� for particleswith velocity � ÔíÕ õ Ô�, õ Ô á�� . Thenumberdensityat ��' õ)( õ+*��
is givenby: � � î õ#' õ#( õ+*��w� /01 / /01 / /01 /

$ � î õ#' õ#( õ+* õ Ô Õ õ Ô�, õ Ô á�� ë ÔÚÕ ë Ô�, ë Ô á�� (2.4)

The evolution of the particlephasespacedensityis describedby Fokker-Planck

equation: 2 $�%2
î �

: $�%
: î � ì 5 4 $�% � ï %

ê % � ñ � ì ó o � 5 443 $�% �65 : $�%: î87:9�; (2.5)

here <>= is theparticlecharge, ?@= theparticlemass, A	B"C�DB+EGF 9 the rateof changeof the

particledistribution by collisions thatarenot describedby theLorentzequationwith

themacroscaleH and I . Notethat J hereis not theflow velocity of theparticles,but

anindependentvariable.

PlasmaType KML (m) NOL
Solarwind 10 10PRQ
Magnetosphere 10S 10PRT

Table2.1: Typical K�L and NUL for theinterestedspaceenvironment(takenfrom Kivel-
sonandRussell[1995])

Thetreatmentof thephase-spacedistributionfunctionsisvalidonlywhenthenum-

ber of particlesin a Debyesphere,N L , is muchlarger thanone[e.g., Kivelson and
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Russell,1995]. This meansthata systemcaneffectively shieldsingleparticleeffects

suchthat thefield, H and I , neednot to includemicroscopiceffects. This condition

introducesa spatialscalefor the problemsthat we canaddressusing (2.5), namely

theDebyelength, K�L . Thetypical KML andthenumberof particlesin a Debyesphere,NUL , for thespaceenvironmentthatwe areconcernedwith arelistedin Table2.1. For

theouterEarthmagnetosphereandtheinterplanetaryspaceenvironment,thecollision

frequenciesareusuallyverysmallsothatthey canbeneglectedin (2.5). This leadsto

Vlasov equation:2WV =2YX[Z]\ V =\ X_^ Ja`&b V = ^ <c=?d=�e H ^ JgfhIjik`&b43
V = Zmlon

(2.6)

In principal,equation(2.6) for all particlespecies,togetherwith Maxwell’s equations

andthe definitionsof the charge densityandthe currentdensity, cancompletelyde-

scribesa plasmasystem.Wave particleinteractionsareincludedself-consistently in

(2.6),insteadof in theright handtermof (2.5).Equation(2.6)is alsocalledLiouvill e’s

theoremwhichstatesthatthephase-spacedensityis constantalongaparticletrajectory

if therearenocollisions.

By multiplying (2.6)with differentpowersof J : p , J , J!J , ... andthenintegrating

them over J , we obtain the moment equations,which expressthe plasmain terms

of the macroscopicvariablesthat we commonlyusein practice. Thesemacroscopic

variablesaredefinedin termsof thedistribution function,

V = , asfollows:q = Z r V =tsuJ ; (2.7)v = Z pq = r J
V =tsuJ ; (2.8)w = Z q =t?d= ; (2.9)v Z x=�yuz|{ } e w = v =~i� x=�yuz|{ } w = ; (2.10)� = Z ?d= r e Ja� v i e J�� v i

V =tsuJ ; (2.11)
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� = Z ?d=� r]� e.� ���Oi S e J�� v i��
V =~suJ ; (2.12)� = Z <>= v = ; (2.13)� = Z ?d=� r e.� ���Ui S

V =~stJ ; (2.14)

here?�= is themassand <�= is thechargeof an � particle, q = , v = , w = , � = , � = , � = , and� = arethe numberdensity, the bulk velocity, the massdensity, the thermalpressure,

the heatflux, the currentdensity, and the internalenergy densityof the � particles,

respectively, and
v

is thecenterof massvelocity. In (2.7), (2.8), (2.11),(2.12),and

(2.14),we shouldcarry out the integration from �Y� to � . For simplicity hereand

in somelater partsof the derivations,we omit sucha rangefor integrations. In the

following, I will derive the 0��� , 1� E , and2�|� momentequationsof Vlasov equation,

whicharealsocalledthemass,themomentum, andtheenergy conservationequation,

respectively.

2.2.1 MassConservation

The0��� ordermomentof (2.6) is obtainedby simply integrating it over J :r \ V =\ X stJ ^ r J�`&b V =~stJ ^ r <>=?d= e H ^ J�fhIjik`&b 3
V =~suJ Z�lon

(2.15)

Theleft handtermsin (2.6)give:r \ V =\ X stJ Z \\ X�� r V =tsuJ�� Z \ q =\ X ; (2.16)r J�`&b V =ustJ Z b�` � r J V =ustJ�� Z b�` e q = v =~i ; (2.17)r <>=?d=:e H ^ J�faIjiG`&bj3
V =ustJ Z r <c=?d= H�`&bj3

V =~stJ ^�r <>=?d= e JgfhIjiG`�bj3
V =~suJ n
(2.18)
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Assuming ¡£¢£¤¥�¦¨§ V = Zml
, theright handtermsin (2.18)become:r H_`&b43 V =tsuJ Z r bj3©` e

V =uHªisuJ�� r V =~bj3Y`�HªsuJ Z�l ; (2.19)r e JgfaIjiG`&b 3
V =tsuJ Z r b 3 `¬« e J�faIji

V =	£stJ�� r V =¬b 3 ` e J�fhIji�stJ Z�l ;
(2.20)

hereweused: §r® § bj3Y` e
V =	HWisuJ Z e

V =tHªi�¯ § ® § Zml ; (2.21)§r® § b43©`¬« e J�faIji
V =u�suJ Z « e JgfhIji

V =	�¯ § ® § Z�l ; (2.22)b 3 `�H Z l ; (2.23)bj3°` e JgfhIji Z \\ ��± eR��²>³Y´ � ��´�³°² i
^\\ ��² eR�&´�³°± � �&±�³°´ i
^\\ �&´ eR��±�³°² � �&²c³°± i
Zmlµn

(2.24)

Now theLorentzforcetermbecomes:r <>=?d= e H ^ J¶fhIjiG`&b 3
V =~suJ Zmlon

(2.25)

Finally, from (2.16),(2.17),and(2.25)it followsthat:\ q =\ X ^ b·` e q = v =ti Z_lon (2.26)

By multiplying (2.26)with ?a= we obtain:\ w =\ X ^ b·` e w = v =~i Z�l ; (2.27)
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which is themassconservationequationanddescribestherateof changeof themass

densityat agiven point in spacedueto thetransportcausedby themassflux w = v = .
2.2.2 Momentum Conservation

The1̧ � ordermomentof equation(2.6) is obtainedby multiplying it with J andthen

integrating it over J :r J \
V =\ X suJ ^�r J!J�`&b V =tsuJ ^�r J <>=?d= e H ^ J¶fhIjiG`&b 3

V =~suJ Z�lon
(2.28)

For eachleft handtermin (2.28),wehave:r J \
V =\ X suJ Z \\ X � r J V =ustJ � Z \ e q = v =~i\ X ; (2.29)r J!Ja`&b V =tsuJ Z b�` � r J!J V =ustJ � ; (2.30)r <>=?d= J e H ^ JgfhIji¹`&b 3
V =tsuJ Z <>=?d= � r e J�HªiG`&b 3

V =tsuJ ^r e J!J�fhIjiG`�b 3
V =~stJ � n (2.31)

Theright handtermof (2.30)includes º¨J»J V =tsuJ , which is thesecondordermoment

of

V = . Wecanusethemacroscopicvariable
� = to replaceit:r J!J V =~suJ Z r e Ja� v i e J�� v i
V =tsuJ ^ r e J v ^ v J�� vdv i V =~stJZ � =?d= ^ q = v = v ^ q = vdv =W� q = vdv n (2.32)

Then(2.30)becomes:r J!Ja`�b V =~suJ Z p?d= b�`~« � = ^ q =	?d= e v = v ^ vdv =8� vdv i� n (2.33)
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For (2.31),wehave:r e J�H¼`&b43
V =~suJ Z r b43©` e J�H

V =¬isuJ�� r V =¬bj3Y` e J�H©isuJ ;Z l � r V =tHªsuJ Z � e r
V =~suJki�H Z � q =tH (2.34)r e J»JgfaIjiG`&b 3

V =~suJ Z r b 3 ` e
V =	J!J�fhIjisuJ�� r V =¬b 3 ` e J!JgfhIjiisuJZ l � r V =uJgfaI4suJ Z � e r

V =	JksuJGi½faI Z � q = v =¾f�I ;
(2.35)

hereweused: §r® § b 3 ` e J�H
V =¬isuJ Z e J�H

V =¬i�¯ § ® § Z�l ; (2.36)§r® § b 3 ` e
V =	J»JgfhIjisuJ Z e

V =	J!JgfhIji�¯ § ® § Z�lon
(2.37)

Now equation(2.31)becomes:r <c=?d= J e H ^ JgfhIjik`&b 3
V =tsuJ Z <>=?d= «¿� q =tH¼� q = v =ÀfhIUZ � q =t<>=?d=Áe H ^ v =¾faIji n (2.38)

Finally, weput (2.29),(2.33),and(2.38)into (2.28),which leadsto:\ e q = v =ti\ X ^ p?d= bÂ`&« � = ^ q =t?d= e v = v ^ vdv =8� vdv i�~� q =u<>=?d=�e H ^ v =8fdIji Z�lon
(2.39)

Multiplying ?�= in eachsideof (2.39)andreformatingit, weobtain:\ e w = v =¬i\ X Z �Yb�`« � = ^ q =u?d= e v = v ^ vdv =W� vdv iÃ ^ q =t<c= e H ^ v =ÄfªIji ; (2.40)
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which describesthe rateof changeof the momentum at a given point in spacedue

to: theplasmapressuregradientforce, theplasmakinetic pressuregradients,andthe

Lorentzforce.

2.2.3 Energy Conservation

The2�|� ordermomentof equation(2.6)is obtainedby multiplying it with J!J andthen

integrating it over J :r J!J \
V =\ X suJ ^ r J!J»Ja`&b V =~suJ ^ r J!J <>=?d= e H ^ J�fhIjiG`�b 3

V =~stJ Z�lon
(2.41)

For eachleft handtermin (2.41),wehave:r J!J \
V =\ X suJ Z \\ X � r J!J V =~suJ � ; (2.42)r J!J!J�`�b V =~suJ Z b�` � r J»J!J V =tsuJ�� ; (2.43)r J!J <c=?d= e H ^ J�faIjiG`&b 3
V =tsuJ Z <c=?d= � r J!J!H_`&b 3

V =tsuJ ^r J!J»JgfhI[`�b 3 V =~suJ � n (2.44)

The right handtermsof (2.42)-(2.44)includetensors.A way to simplify their right

handtermsis to calculatethediagonaltermsof thosetensorsandthensumthemup.

For threevectorcomponents,like J!J»J , wewill calculatethesumof thediagonalterms

of thetensormadeupof thefirst two vectors.For ºÅJ!J V =tsuJ , weget:xÆ y ± { ² { ´
r � SÆ

V =~suJ Z xÆ y ± { ² { ´
r � eR� Æ ��� Æ i S ^ � � Æ � Æ ��� SÆ �

V =~stJZ r � eR� �Ç�Èi S ^ � Ja` v ��� S � V =~stJZ r e.� �Ç�Èi S
V =~suJ ^ � r J V =~suJ�` v ��� S r V =~suJZ r e.� �Ç�Èi S
V =~suJ ^ � v =W` v � q =¬� S
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Z �?d= � = ^ � q = v =8` v � q =¬� S n (2.45)

For ºÅJ!J!J V =ustJ , wefirst transformit sothatwecanusethemacroscopicheatflux,
� = ,

to simplify it:r J!J!J V =tsuJ Z r « e Ja� v i e J�� v i e J�� v iÃ
V =tsuJ^ r J v J V =~suJ ^ r v J!J V =~suJa� r vdv J V =tsuJ^¶r J!J v V =~suJ�� r J vdv V =tsuJa� r v J v V =tsuJ^¶r vdvdv V =~stJ n (2.46)

Thesumof thediagonaltermsof (2.46)is:xÆ y ± { ² { ´
r � SÆ J

V =tsuJ Z xÆ y ± { ² { ´
rÉ� e.� Æ ��� Æ i S e J�� v i �

V =tsuJ ^ xÆ y ± { ² { ´
r � Æ � Æ J

V =tsuJ^ xÆ y ± { ² { ´
r � Æ � Æ J

V =tsuJ�� xÆ y ± { ² { ´
r � Æ � Æ J V =tsuJ^ xÆ y ± { ² { ´

r � Æ � Æ v
V =ustJ�� xÆ y ± { ² { ´

r � Æ � Æ v
V =tsuJ� xÆ y ± { ² { ´

r � Æ � Æ v
V =tsuJ ^ xÆ y ± { ² { ´

r � Æ � Æ v V =usuJZ xÆ y ± { ² { ´
rÉ� e.� Æ ��� Æ i S e J�� v i��

V =tsuJ ^ xÆ y ± { ² { ´
r � � Æ � Æ J

V =tsuJ� xÆ y ± { ² { ´
r � SÆ J V =tsuJ ^ xÆ y ± { ² { ´

r � SÆ v
V =tsuJ� xÆ y ± { ² { ´

r � � Æ � Æ v
V =ustJ ^ xÆ y ± { ² { ´

r � SÆ v V =ustJZ r � eR� ���Èi S e Ja� v i��
V =~suJ ^Êr � e J�` v i�J

V =tsuJ� r � S J V =~suJ ^ r e Ja`|JGi v
V =usuJ� r � e J�` v i v

V =usuJ ^ r � S v V =ustJZ rË� eR� ���Èi S e Ja� v i��
V =~suJ ^ � v ` � r J»J V =tsuJ �
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�Y� S � r J V =~stJ��^ r « e Ja� v iG` e Ja� v i ^ J�` v ^ v `|Ja� v ` v  v V =tsuJ� � �Ìr J V =ustJ��°` vdv ^ � S v �Ír V =ustJ��Z r � eR� ���Èi S e Ja� v i �
V =~suJ^ � v `ÏÎ � =?d= ^ q = v = v ^ q = vdv =W� q = vdv¾Ð� q =¬� S v = ^ � r eR� �g�Èi S

V =~suJ � vZ �?d= � = ^ � v ` Î � =?d= ^ q = v = v ^ q = vdv = ^ q = vdv Ð� q =¬� S v = ^ �?d= � = vZ �?d= � = ^ � v `ÏÎ � =?d= ^ q = v = v � q = vdv�Ð ^q =~� S v = ^ �?d= � = v n (2.47)

Thesumof thediagonaltermsof thefirst right handtermof (2.44)is:xÆ y ± { ² { ´
r � SÆ H¼`&bj3

V =~suJ Z e.� S H
V =~i�¯ § ® § � r V =¬b43Y` e.� S HWisuJ Z � � r V =	Ja`�H©stJZ � � � r J V =~suJ�` � H Z � � q = v =8`�H n (2.48)

Thesumof thediagonaltermsof thesecondright handtermof (2.44)is:xÆ y ± { ² { ´
r � SÆ J�faI[`&b 3 V =tsuJ Z eR� S J¶fhI

V =~i�¯ § ® § � r V =~b 3 ` e.� S JgfhIjisuJZ � r V = � e b 3 � S iG` e J�fhIji ^ � S b 3 ` e JgfhIji���suJZ � r V = � � Ja` e J�faIji ^ � S b43©` e JgfaIji � suJZ � r V =°« lÑ^Êl �suJ Z�lon
(2.49)
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Here J is perpendicularto JÊf�I , thus JÒ` e JÊf�Iji ZËl
. Also from (2.24)we havebj3Y` e J¶fhIji Zml

. Now (2.41)becomes: \\ XUÓ �?d= � = ^ � q = v =O` v � q =¬� S#Ô^ b�` Î �?d= � = ^ � v `¹Õ � =?d= ^ q = v = v � q = vdv 7 ^ q =t� S v = ^ �?d= � = v Ð� �?d= � =O`�H Zmlµn
(2.50)

Multiplying (2.50)with ?a=~� � andreformattingit, weobtain:\\ XUÓ � = ^ w = v =O` v � p� w =¬� S#Ô Z�Yb�` � � = ^ v ` � = ^ w = v ` e v = v � vdv i ^ p� w =~� S v = ^ � = v � ^ � =8`�H ; (2.51)

which is theenergy conservation equationfor species� .

2.2.4 Simplifications of the Equations

For convenience,we rewrite the massconservation equation(2.27), the momentum

conservationequation(2.40),andtheenergy conservationequation(2.51)with a little

reformatting: \ w =\ X Z �©b�` e w = v =~i ; (2.52)\ e w = v =¬i\ X Z �Yb�`¬« � = ^ ?d= q = e v = v ^ vdv =W� vdv iÃ ^ q =t<>=uH ^ � =�fhI ; (2.53)\\ X Ó � = ^ w = v =W` v � p� w =¬� S)Ô Z�©b�` � � = ^ v ` � = ^ w = v ` e v = v � vdv i ^ p� w =¬� S v = ^ � = v � ^ � =O`cH n (2.54)

To closetheseequations,we have to know a higherorder moment, and the higher

momentwill needan even highermoment. For example,in the massconservation
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equation(0��� ordermoment),in order to get the time evolution of the massdensity,

we needto know the momentum (1̧ � order moment). However, if we want to get

themomentumfrom themomentum conservation equation,we now needto know the

plasmapressure(andenergy) (2�|� ordermoment). Again, if we want to useenergy

conservation to get the pressure,we still needto know the heatflux, which needsa

highermoment(3Ö � ordermoment). In somepracticewe truncatethe seriesat the

energy conservationequation,andclosetheequationswith anassumption for theheat

flux.

In deriving theabove conservationequations, (2.52)-(2.54),only Vlasov equation

wasusedandnonew assumptionswereaddedexcept ¡£¢Í¤¥�¦¨§ V = Z_l andtherequirement

for thespatialscalewhichis easilymetfor globalsimulationsof a largescaleproblem.

Thus, for an ideal casewhen we know the heatflux
� = in (2.54), theseequations

would give anexactdescriptionof thespaceplasmawith themacroscopicvariables.

Thisalsomeansthattheseequationsshouldalsobeableto handleany typeof particle

distributions,e.g.,Maxwell andkappadistributions,even thoseparticledistributions

varyingwith time. However, in practice,weusedto makecertainapproximation about

theheadflux. Whenthisoccurs,errorsareintroduced.

If

V = is axissymmetricaround
v

, i.e.,V = e v ^ JGi Z V = e v ��Jki ; (2.55)

theheatflux vectorvanishes:� = Z ?d=� rÉ� eR� ���Ui S e Ja� v i �
V =tsuJ Zmlµn

(2.56)

Rewrite (2.11): � = Z ?d= r e J�� v i e J�� v i
V =usuJ n (2.57)
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In thiscase,thenon-diagonaltermsof
� = will alsobezero.Furtherlet usassumethat

theparticlephasespacedistribution is sphericalsymmetricaround
v

:V = e J�� v i Z
V = e ¯ J�� v ¯×i ; (2.58)

then all the diagonalterms of tensor
� = are equal. For a sphericallysymmetric

Maxwelliandistribution, which is oftenobservedin spaceplasmaenvironment,

V = Zq = Q A�Ø DS�ÙcÚÛ D F TÃÜ SÞÝ"ßµà � � Ø Duáãâ ®µä�åÍæS�ÚÛ D � (here q = Q is theplasmanumberdensity),theinternal

energy density, � = , becomes� = Z ?d=� r e.� ���Oi S
V =~stJZ ?d=� q = Q Ó ?d=�&çéè¬ê = Ô TÃÜ S r §Q ë S Ý"ßµà Î � ?d= ë S�uè¬ê = Ðíì ç ë S s ëZ î � q = Q è¬ê = ; (2.59)

here ë
Z � ��� . For eachnon-zerodiagonalplasmapressurecomponents,saythexx

component,wehave:ï ±+± Z ?d= q = Q Ó ?d=�&ç¹è¬ê = Ô TÃÜ S §r® § §r® § §r® § � S±�ðcñtò Î�� ?d= eR� S±
^ � S² ^ � S´ i�	è¬ê = Ð s ��± s �&² s ��´Z q = Q è¬ê = n (2.60)

For the
ï ²² and

ï ´�´ , wehave thesameresult.Finally wehave:

� Zôóõõõõõö q = Q è¬ê =
l ll q = Q è¬ê = ll l q = Q è¬ê =

÷�øøøøøù Z ï =uú ; (2.61)

here
ï = Z q = Q è¬ê = and ú is the unit tensor. Putting (2.56), (2.59), and (2.61) into
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(2.52),(2.53),and(2.54),wehaveanew setof conservationequations:\ w =\ X�Z �Yb�` e w = v =~i ; (2.62)\ e w = v =ti\ X Z �©b�`¬« ï =uú ^ w = e v = v ^ vdv =8� vdv i� ^ q =u<c=tH ^ � =¾f�I ; (2.63)\\ XUÓ î� ï = ^ w = v =W` v � p� w =~� S#Ô Z�©b�` � ï = v ^ w = v ` e v = v � vdv i ^ î � ï = v ^ p� w =~� S v = � ^ � =8`�H n (2.64)

A furthersimplification canbedoneby addingprotonsandelectronsfor (2.62)-(2.64),

which leadsto: \ w\ X Z �Yb�` e w v i ; (2.65)\ e w v i\ X Z �Yb�` e ï ú ^ w vdv i ^ wtû H ^ � fhI ; (2.66)\\ X Ó î � ï ^ p� w � S)Ô Z �Yb�` � e>ü� ï ^ p� w � S i v � ^ � `�H ; (2.67)

herew Z w z ^ w } , ï Z ï z ^ ï } , wtû Z q z ð � q } ð , � Z � z ^ � } .
To close(2.65)-(2.67),we still needto know H and I , which are governed by

Maxwell’sequations:

b�`�H Z wtûý Q ; (2.68)b�`�I Z l ; (2.69)b�fhI Z � Q ý Q \ H\ X ^ � Q � ; (2.70)b�faH Z � \ I\ X n (2.71)

In order to find out the relative importanceof the termsin (2.65)-(2.71),one thing

we cando is to normalizethoseequations.The normalizationalsohelpsnumerical

simulation to avoid extremelylargeor smallnumbersin calculation.Theparameters
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in theaboveequationscanbenormalizedin thefollowingway:w Z w Q wuþ ;ÿ Z ÿ Q ÿ þ ;ê Z ê Q ê þ ;wtû Z wtû Q w þ û ;� Z ï Q � þ ;v Z � Q v þ ;I Z ³ Q I þ ;H Z � Q H þ ;� Z � Q � þ ;
heretheprimedvaluesarenormalizedvalueswithoutunit, w Q , ÿ Q , ê Q , w~û Q , ï Q , � Q , ³ Q ,� Q , and

� Q arethe normalizationparameterschosensuchthat the primedvaluesare� e p�i . Thenormalizedform of (2.65)-(2.71)are:w Qê Q
\ w þ\ X þ Z � w Q � Qÿ Q b þ ` e w þ v þ i ; (2.72)w Q � Qê Q

\ e w þ v þ i\ X þ Z � pÿ Q b þ ` A ï Q ï þ ú
^ w Q � SQ w þ vdv þ F^ wtû Q � Q w þ û H þ ^ � Q ³ Q � þ fhI þ ; (2.73)pê Q

\\ X þ Ó î � ï Q ï þ ^ p� w Q � SQ w þ � þ S#Ô Z � pÿ Q b þ `
� ecü� ï Q ï þ ^ p� w Q � SQ w þ � þ S i#� Q v �^ � Q � Q � þ `�H þ ; (2.74)

� Qÿ Q b þ `|H þ
Z wtû Q w þ ûý Q ; (2.75)b þ `�I þ Z l ; (2.76)³ Qÿ Q b þ faI þ
Z � Q ý Q

� Qê Q
\ H þ\ X þ ^ � Q � Q � þ ; (2.77)� Qÿ Q b þ f�H þ

Z � ³ Qê Q
\ I þ\ X þ n (2.78)
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Now we choose
ÿ Q , w Q , and ³ Q asthe independentnormalizationparameters,all the

othernormalization factorscanbeobtainedfrom them:

� Q Z ³ Q� � Q w Q ; (2.79)ê Q Z ÿ Q� Q
Z ÿ Q � � Q w Q³ Q ; (2.80)ï Q Z ³ SQ� Q ; (2.81)� Q Z � Q ³ Q Z ³ SQ� � Q w Q ; (2.82)

� Q Z ³ Q� Q ÿ Q ; (2.83)wtû Q Z ý Q � Qÿ Q
n

(2.84)

Puttingtheminto (2.72)-(2.78),weobtain:\ w þ\ X þ Z �©b þ ` e w þ v þ i ; (2.85)\ e w þ v þ i\ X þ Z �©b þ ` e ï þ ú ^ w þ vdv þ i ^ � SQ� S w þ û H þ ^ � þ fhI þ ; (2.86)\\ X þ Ó î � ï þ ^ p� w þ � þ S)Ô Z �©b þ ` � ecü� ï þ ^ p� w þ � þ S i v � ^ � þ `�H þ ; (2.87)b þ `�H þ Z wuþû ; (2.88)b þ `�I þ Z l ; (2.89)b þ fhI þ Z � SQ� S \ H þ\ X þ ^ � þ ; (2.90)b þ faH þ Z � \ I þ\ X þ ; (2.91)

here �
Z P� ���
	�� is the speedof light. For � Q� � , which is the casefor mostof the

spaceplasmaprocesses,we cansafelyneglect
ä æ�9 æ w þ û H þ (Coulombforce) in (2.86)andä æ�9 æ B����B+E � (polarizationcurrent)in (2.90).Also ��� � ä ����
Z ä æ�9 æ � p leadsto:

¯ q Æ � q }&¯ � q } ; (2.92)
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i.e.,plasmais quasi-neutral( q z�� q } Z q ).

Rewriting (2.85)-(2.91)anddroppingtheprimeon eachparameterfor simplicity,

weobtain: \ w\ X Z �©b�` e w v i ; (2.93)\ e w v i\ X Z �©b�` e ï ú ^ w vdv i ^ � fhI ; (2.94)\ ý\ X Z �©b�`~« e ï ^ ý i v  ^ � `�H ; (2.95)\ I\ X Z �©b f�H ; (2.96)b�`�I Z l ; (2.97)� Z b�fhI ; (2.98)ý Z î � ï ^ p� w � S ; (2.99)

herewe dropped(2.88)becauseboth sidesof it areequallysmall, but asthe charge

densitydoesnot enter into any of the other equations,this equationis not needed

[Ki velsonandRussell,1995].

2.2.5 Derivation of the GeneralOhm’s Law

In (2.93)-(2.99),every variableexceptelectricfield H canbe deriveddirectly, either

from time integrationsor from theresultsof thetime integrations.Herewe derive the

generalOhm’s law which relatestheelectricfield to theothervariables.

Consideringthe proton-electroncollisions andthe quasi-neutralcondition,equa-

tion (2.63)for protonsandelectronscanbewrittenas:

?d} \ e q v }+i\ X Z �©b ï } ��?d})b�`�� q e v } v ^ vdv }Ï� vdv i��� q ð e H ^ v }ÅfaIjiG�g?d} q e v }Ï� v z&i��&}£z ; (2.100)
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?4z \ e q v z	i\ X Z �©b ï zY�¶?4z&b�`�� q e v z v ^ vdv z¨� vdv i��^ q ð e H ^ v zOfaIjiG�g?4z q e v z¨� v })i��"z�} ; (2.101)

here ��}Íz�� q s �"z�} are the effective collision frequency betweenprotonsand ions. The

collisionsbetweenelectronsandprotonscomefromtherighthandcollision term A B"CB+E F 9
of (2.5),andweassumethatthecollisionforcebetweenprotonsandelectronsdepends

on the relative velocity of protonsandelectrons.Note herethat the inclusionof the

collision termswill affect theconservationequations,(2.93)-(2.95),for singlespecies

of particles.However, they will notaffect theconservationequationsfor thecombined

protonsandelectronsbecausethecollisionsdo not changethemass,momentum, and

energy of thecombinedsystem. To conservemomentum, collisionsmustsatisfy:

?d} q e v }Ï� v z�i!�&}Íz Z �°?4z q e v zÑ� v }#i��"z�} n (2.102)

Wefirst multiply (2.101)with ?�} and(2.100)with ?jz , thensubtractthem.This leads

to:

?4z�?d} \\ X « q e v z°� v })i� Z �°?d})b ï z ^ ?4z&b ï }�°?4z�?d})b�`�� q e v z°� v }i v ^ q v e v z¨� v }#i��^ ?d} q ð e H ^ v zOfaIji ^ ?4z q ð e H ^ v }½faIji�°?4z�?d} q e v zÑ� v }i e �"z�} ^ �&}Íz&iZ �°?d})b ï z ^ ?4z&b ï }�°?4z�?d})b�`�� q e v z°� v }i v ^ q v e v z¨� v }#i��^ w ð e H ^ v fhIjiG� e ?4zÑ�g?d})i � f�I� ?4z�?d}ð e ��z"} ^ ��}£z&i � n (2.103)
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Further, wemultiple (2.103)by ð andobtain:

?4z�?d} \ �\ X Z �Ñ?d} ð b ï z ^ ?4z ð b ï }Ï��?4z�?d})b�`�� � v ^ v � �^ w ð S e H ^ v faIjiG� ð e ?4z°�g?d}#i � fhI�Ñ?4z�?d} e �"z�} ^ �&}£z&i � n (2.104)

We thenreformat(2.104)to obtain:?4z�?d}w ð S e �"z�} ^ �&}Íz&i � Z H ^ v fhI ^ ?4z e b ï }G� Ø#"Ø%$ b ï z�iw ð � ?4z e pÑ� Ø&"Ø'$ i � fhIw ð� ?4z�?d}w ð S Î \ �\ X¨^ b�` e � v ^ v � i Ð n (2.105)

Taking ?jz)( ?d} wehave:

H Z � v fhI ^ * � � b ï }q ð
^ � fhIq ð

^ ?d}q ð S Î
\ �\ X ^ b�` e � v ^ v � i Ð ; (2.106)

here *
Z Ø "+ } æ e �"z�} ^ ��}£z&i is theelectricresistivity. Thenormalizedform of theabove

equation,with * Z * Q * þ and * Q Z �,�
- æ�Û � , is (theprimeoneachparameteris removedfor

simplicity):

H Z � v f:I ^ * � � p�&ç ê 9 zê Q b ï }q � p�&ç ê 9 zê Q � fhIq
^ pe �&ç i S ê 9 z ê 9 }ê SQ Î \ �\ X ^ b�` e � v ^ v � i Ð ;

(2.107)

here
ê 9 z Z S�Ù Ø%$}/. � is theprotongyroperiod,

ê 9 } Z S�Ù Ø#"}0. � is theelectrongyroperiod,andê 9 z1( ê 9 } because?4z2( ?d} . When
ê Q is muchlarger than

ê 9 } , we canneglect the

lastright handtermof (2.107).When
ê Q is muchlargerthan

ê 9 z , we canalsoneglect

the third andforth right handtermsof (2.107). This leadsto severalcommonly used

simplificationsto theelectricfield from (2.107):
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IdealMHD: H Z � v fhI
ResistiveMHD: H Z � v fhI ^ * �

Hall MHD: H Z � v fhI ^43 576+ }
The ideal MHD assumption is usually usedwhen plasmacollisions are very small

andthe problemtime scaleis muchlarger thanthe ion gyroperiod. Resistive MHD

assumption is usually usedwhen plasmacollisions are not negligible. It can lead

to magneticreconnectionin large scalespaceplasmasimulations. The Hall MHD

assumption is usuallyusedwhenthe temporalscaleof theproblemis comparableto

the ion gyroperiod. For a typical magnetosheathmagneticfield, ³ =50 nT, N Z
ü
l

cm® T , and
ÿ Z p989: , wehave:

ê 9 z)� 1 s,
ê Q � 40s,and

ê Q ( ê 9 z . Thusin our PDL

study, thelastthreetermsontheright handsideof (2.107)areneglected.In theUCLA

globalMHD model,theresistive MHD assumption is usedbecausethis modelcovers

theregionswherereconnectionexists,including themagnetotailcurrentsheetandthe

magnetopause.However, in theotherregions, the resistivity, * , is setto zero,which

equalsto theidealMHD assumption. Thesettingof theresistivity is discussedin more

detail in Section2.3.7.Notein practicalsimulations,numericalresistivity existseven

whenwe set * equalsto zero. However, it should not play an important role, aswe

will seelater in this chapter. Sincea muchsmallertime scaleis neededfor theHall

MHD approximation,it is verydifficult to usein globalmodelsimulations,if it is not

impossible.

2.2.6 Limitations of the MHD Description

Rewriting (2.93)-(2.99)and the resistive MHD assumptionfor the Ohm’s Law for

convenience,weobtain: \ w\ X Z �©b�` e w v i ; (2.108)
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\ e w v i\ X Z �©b�` e ï ú ^ w vdv i ^ � fhI ; (2.109)\ ý\ X Z �©b�`~« e ï ^ ý i v  ^ � `�H ; (2.110)\ I\ X Z �©b f�H ; (2.111)� Z b�fhI ; (2.112)ý Z î � ï ^ p� w � S ; (2.113)H Z � v f�I ^ * � ; (2.114)

herewedropped(2.97)becauseit is notneededin thetimeintegrationof anMHD sys-

tem. However, it shouldbeconsideredin MHD simulationsto ensurethecorrectness

of modelresults. Equations(2.108)-(2.114)area full setof closedMHD equations

usedin theUCLA globalMHD model. In deriving theseequations,we usedthe fol-

lowing assumptions:

1. Therearenoneutralparticles.

2. Therearenootherchargedparticlespeciesotherthanprotonsandelectrons.

3. Thephasespacedensityapproachesto zerowhen J approachesto infinity.

4. Thespatialscaleof theproblemis muchlargerthantheDebyelength, KéL .

5. Thetemporalscaleof theproblemis muchlargerthantheion gyroperiod.

6. Theflow andwavespeedsof theproblemshouldbemuchsmallerthanthelight

speed.

7. Theprotonmassis muchlargerthantheelectronmass.

8. Theprotonnumberdensityis verycloseto theelectronnumberdensity.

9. Plasmaphasespacedistribution is sphericallysymmetric.

10. Collision termisnegligiblein mostof theregionsexceptin certainregionswhere

it canbedescribedin a form like: ?Àz q e v z°� v })i��"z�} .
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Assumptions 1-8 areusuallyvery well satisfiedin the outermagnetosphereandthe

interplanetaryplasmaenvironments. Assumption 9 is usedto remove heatflux,
�

,

from theenergy conservation equation.Thisassumption alsoimpliespressureisotropy

which is usedin our description.In many casesit is satisfiedvery well in space.In

the magnetosheathwherethe PDL occurs,however, sometimesnon-negligible pres-

sureanisotropy exists [e.g.,Crooker et al., 1979]. In suchcases,we shouldeitheruse

anisotropy pressuretreatmentor show that pressureanisotropy is not important. In

the PDL event studyin Chapter3 of this dissertation, the global modelresultswith

isotropic pressurecanreproducethemajor featuresof theplasmadepletionlayerob-

servations. This implies that plasmaanisotropy is not playing a major role in PDL

formation. DentonandLyon [2000] studied theeffectsof pressureanisotropy on the

magnetosheathstructureusinga two-dimensional MHD simulation with anisotropic

pressure.They foundthattheexactform of theparallelpressuregradientforcemight

not be crucial for the global dynamicsof the PDL. Thusthe isotropic pressureused

in our globalmodelshouldbesufficient to addresstheprincipalphysicsof thePDL.

Assumption 10 is a simplified approximationto theplasma”collisions”. In theouter

magnetosphereandtheinterplanetaryspace,theCoulombcollisionsbetweenparticles

arevery rare. In this case,theresistivity alsostandsfor thewave particleinteractions

that cannot be describedby the simplification forms of (2.107)becauseof the scal-

ing. Thus,anomalousresistivity is alsoanempiricalway to describethe small scale

processesthatcannot be treatedin largescalesimulations. In thePDL studyof this

dissertation, however, magneticreconnectionis not important[Raeder,2000].

2.3 UCLA/NOAA Global Magnetosphere-IonosphereModel

TheUCLA/NOAA globalgeospacemodelis usedin thisstudy. Thismodelsolvesthe

MHD equations(2.108)-(2.114)in a largevolumesurroundingtheEarthsuchthatthe
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entire interactionregion betweenthe solarwind andthe magnetosphereis included.

Specifically, thesimulation domaincomprisesthebow shock,themagnetopause,and

themagnetotail up to severalhundred8;: from theEarth.It canbedriveneitherby so-

lar wind plasmaandIMF observationsor by idealizedsolarwind andIMF conditions.

NOAA CoupledThermosphereIonosphereModel (CTIM) is includedto handlethe

couplingbetweenthemagnetosphereandthe ionosphere.TheMHD modelwasdis-

cussedin moredetailby Raeder[1999,2003],theCTIM modelwasdiscussedin detail

by Fuller-Rowell et al. [1996], andthecoupledmodelwasfirst presentedin detailby

Raederet al. [2001]. In the following sections,I will introducethe most important

partof this modelanddiscusssomeimportantissuesrelatedto thePDL studyin the

dissertation.

2.3.1 Basics

The basicideaaboutMHD simulation is to start from oneinitial spaceplasmastate

at time t Q , following theMHD governing equations,equations(2.108)-(2.114)for the

globalmodelusedin thisdissertation,with boundaryconditions,to obtainanew state

at time t Q +dt. This processcanberepeateduntil thedesiredendtime is reached.As

we discussedearlier, equations(2.108)-(2.114)is a full setof closedequations. In the

model, w , w v , ý , and I areusedastheprimaryvariables.At time t Q , wecancalculate

all the right handtermsof (2.108)-(2.111).Thenwe canmake time integrationsfor

theseequationsandgettheprimaryvariablesfor anew time t Q +dt.

Conservationequations(2.108)-(2.110)canbewritten in ageneralform:\=<\ XÇZ �Yb�`?> ^ @ ; (2.115)

here
<

is aconservativeprimaryvariable,> is theflux, and
@

is thesourceterm.In the

model,conservative flux methodis usedto securemass,momentum,andenergy con-
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Figure2.1: Flow chartfor thepredictor-correctormethodusedin theglobalmodel.

servation.For thetimeintegrationof themagneticfield, theconstrainedtransport(CT)

method[EvansandHawley, 1988]is usedto ensureb[`>I Zml
. In bothof thesemeth-

ods,flux and H needto becalculatedbeforetimeintegrations. To achievesecondorder

accuracy in time integrationthemodelusespredictor-correctorintegrationscheme.In

thisscheme,for a timestepi
X
, thesystemis first pushed0.5i

X
(predictorstep).Then

the fluxesand H arecalculatedusingthe half stepvalues.Finally, full time integra-

tionsareperformedwith thesefluxes(correctorstep). Theflow chartfor a complete

simulationwith constrainedflux andCT methods, usingpredictor-correctortypetime
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integration, is shown in Figure2.1.Next wewill addressseveralimportantcomponents

on thisflow chart.

2.3.2 Simulation Grid
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Figure2.2: ThestretchedCartesiangrid for a typicalmodelrun in theGSEz=0plane.
Thedotsstandfor thecenterof thegrid cell. Only oneoutof everyfour gridsis shown
in eachdirectionfor abetterview. Thetwo curvesstandfor themagnetopauseandthe
bow shockcalculatedfrom Fairfield [1971].

Beforeintroducingthemodelinitialization,it will behelpfultoshow thesimulation

grid andhow theparametersareseton thegrid. A stretchedCartesiangrid is usedin

themodel.(A sphericalgrid is usedin theCTIM modelwhichprovidestheionosphere

boundary. I neglect discussionof this grid becauseit is not directly relatedto the

problemin this dissertation). ThestretchedCartesiangrid for a typical modelrun in

thez=0 planeis shown in Figure2.2. Thedotsstandfor thecenterof a grid cell and

only oneout of every four grids is shown in eachdirection for a betterview. The

two curvesstandfor the magnetopauseandthe bow shockcalculatedfrom Fairfield

[1971]. The grid coordinatesare alignedwidth the geocentricsolarecliptic (GSE)

axes.Usually, thephysicaldomainof themodelrangesfrom { -300to { 20 8|: in the

GSEx direction,andabout { -40 to { 40 8;: in the GSEy andz directions. There

areusually { 300 grid cells in the GSEx directionand { 80 grid cells in the GSEy

andz directions.From Figure2.2, we seethathigh resolution is given to the region

aroundtheEarth,theneutralsheet,themagnetopause,andthebow shock.Thehighest
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resolutionthatthestretchedgridscanachieve is { 0.18): .
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Figure2.3: TheshiftedstretchedCartesiangrid for aPDL eventstudyusingtheglobal
modelon thez=0plane.Theothersettingsarethesameasthosein Figure2.2.

In typicalmodelsimulation runs,thestretchedCartesiangrid is symmetric around

the Sun-Earthline. Usually higherresolutionis setcloserto this line. However, in

certaincases,high resolution is neededaway from theSun-Earthline. For example,

thePDL eventstudiesthatwehaveconductedin Chapter3 needhighresolutionaround

thePDL observation spacecrafttrajectory, which is about10 8;: away from theSun-

Earthline. In thesecases,thehighresolutionpartof thegrid canbeshiftedaccordingly

to somespeciallocations,asshown in Figure2.3.

2.3.3 Spatial Settingsof VariablesOn the Grid

In (2.108)-(2.114),thevariablesusedin thesimulationare: w , v ,
ï

,
�
, I , ý , and H . In

addition,for theconservativeflux methodusedin themodel,ahydroflux variable,> ,

is alsoneeded.As we discussedearlier, > is puton thesurfaceof eachgrid cell andit

describesthefluxesmoving in andoutof thecell which is critical for theconservation

equations(2.108)-(2.110).Also for initial magneticfield settings,themagneticpoten-

tial vector, } , is usedto ensuremagneticfield divergencefree.Staggeredgrid settings

areusedto setthosevariablesin the stretchedCartesiangrids. In the following, we

only chooseonegrid cell asan example. The settingsof thevariableson a grid cell

areshown in Figure2.4. w , ï ,
v

, and ý arecalculatedat thecenterof eachgrid cell.
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Figure2.4: Thegrid settingsfor thevariablesin themodel.

Thehydroflux, > , is calculatedat thecenterof thesurfacesof thegrid cell, with � ±
on thex surfaces,� ² on they surfaces,and � ´ on thez surfaces.Magneticfield, I , is

calculatedat thesurfacecentertoo, andthelocationsof ³©± , ³°² , and ³Y´ arethesame

asthoseof � ± , � ² , and � ´ , respectively. Themagneticpotentialvector, } , theelectric

field, H , andthecurrentdensity,
�
, arecalculatedat thecenterof theedgesof thegrid

cell, with
< ± , � ± , and � ± at thecenterof theedgesalongthex axis,

< ² , � ² , and � ² at

thecenterof theedgesalongthey axis,and
< ´ , � ´ , and � ´ at thecenterof theedges

alongthez axis.
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2.3.4 Initialization

In themodel,a very simpleinitial conditionis used.Themodelusuallystartswith a

cold ( { 5000� K) plasmawith auniformdensityof 0.1cm® T . Themagneticfield starts

from a mirror dipoleconfigurationasshown in Figure2.5. It takes { 0.5-1.0hourfor

thewholeglobalmodelto reconfigureitself from this initial condition into a realistic

magnetosphereconfiguration.After that themodelresultscanbeusedto addressthe

physicsof thedaysidemagnetosphere.

Figure2.5: The initial magneticfield configurationin the model. A mirror dipole is
usedto producethisconfiguration.

The magneticdivergence-free condition,(2.97),requiresthat the initial magnetic

field fits thiscondition. Specificallyfor agrid cell, (i,j,k), weshouldhave:

e b�`�Iji Æ { ��{ Ú Z ³ ±Æ����æ { �Ã{ Ú � ³ ±Æ ® �æ { ��{ Úi ñ
^ ³ ²Æ { � ���æ { � � ³ ²Æ { � ® �æ { Úi��

^ ³ ´Æ { �Ã{ Ú ���æ � ³ ´Æ { �Ã{ Ú ® �æi�
Z�l ;

(2.116)

here i ñ , i�� , and i� arethegrid cell sizesin thex, y, andz direction.Thiscondition

for a complex configurationis usuallyachievedthroughmagneticpotential,} . From
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themagneticpotentialvector, wehave:

I Z b�f�}
Z óõõõõõö B����B ² � B����B ´B��� B ´ � B����B ±B�� �B ± � B��� B ²

÷�øøøøøù n (2.117)

Further, wehave for agrid cell, (i,j,k):

³ ±Æ�� �æ { ��{ Ú Z < ´Æ�� �æ { � � �æ { Ú � < ´Æ¡� �æ { � ® �æ { Úi�� � < ²Æ�� �æ { ��{ Ú � �æ � < ²Æ�� �æ { ��{ Ú ® �æi¢� ; (2.118)

³ ±Æ ® �æ { ��{ Ú Z < ´Æ ® �æ { � � �æ { Ú � < ´Æ ® �æ { � ® �æ { Úi�� � < ²Æ ® �æ { ��{ Ú � �æ � < ²Æ ® �æ { ��{ Ú ® �æi¢� ; (2.119)

³ ²Æ { � ���æ { Ú Z < ±Æ { � � �æ { Ú � �æ � < ±Æ { � � �æ { Ú ® �æi� � < ´Æ�� �æ { � � �æ { Ú � < ´Æ ® �æ { � � �æ { Úi ñ ; (2.120)

³ ²Æ { � ® �æ { Ú Z < ±Æ { � ® �æ { Ú � �æ � < ±Æ { � ® �æ { Ú ® �æi� � < ´Æ�� �æ { � ® �æ { Ú � < ´Æ ® �æ { � ® �æ { Úi ñ ; (2.121)

³ ´Æ { ��{ Ú ���æ Z < ²Æ����æ { ��{ Ú ���æ � < ²Æ ® �æ { ��{ Ú ���æi ñ � < ±Æ { � ���æ { Ú ���æ � < ±Æ { � ® �æ { Ú ���æi� ; (2.122)

³ ´Æ { ��{ Ú ® �æ Z < ²Æ�� �æ { ��{ Ú ® �æ � < ²Æ ® �æ { ��{ Ú ® �æi ñ � < ±Æ { � � �æ { Ú ® �æ � < ±Æ { � ® �æ { Ú ® �æi�
n

(2.123)

Putting(2.118)-(2.123)into (2.116),weseethat e b�`�Iji Æ { ��{ Ú Zml
.

2.3.5 Boundary Conditions

From Figure2.1 we seethat boundaryconditionsareusedtwice in eachstepof the

model,oncebeforecalculatingthe time step,andoncebeforethecorrectorstepflux

calculation. In the model,boundaryconditions for the facesof the simulation-box,

otherthantheonetowardtheSun,aresetusingfreeboundaryconditions:\¤£\ q Z_l ; (2.124)
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here q is thenormaldirection,and
£

is any primaryvariableof thesimulation other

thanthe magneticfield componentperpendicularto the boundary. For the magnetic

field componentperpendicularto theboundary, themodelusesdivergence-freecondi-

tion to obtainit, afterall theothercomponents of magneticfield on theboundaryare

obtainedfrom (2.124).

Therearetwo typesof boundaryconditionsthatcanbeusedon theboundaryto-

wardtheSun:solarwind monitor observationsor idealizedsolarwind conditions. The

latterincludesconstantsolarwind conditionsandthosetimevaryingoneswhichstand

for solarwind structures,e.g.,suddenIMF northwardturning.

Becauseof thepresenceof solarwind structures,asshown in Chapter1, andthe

scarcityof simultaneoussolarwind observations, themodelusuallyassumesthat the

solarwind structuresareplanarin the directionperpendicularto the Sun-Earthline.

This assumption is self-consistentfor all theothersolarwind parametersexceptIMF

B ¥ . Planarassumption leadsto B . �B ² Z B . �B ´ Z l
, while time varying IMF B ¥ leads

to B .  B ± ¦Z l
. Altogetherwe get b6` I ¦Z l

on the solar wind boundary, which is

nonphysical. Boundarynormalmethods,e.g., the minimum variancemethod,have

beenusedto relieve thisproblem.In thosemethods,thesolarwind structuresmaynot

beplanaror perpendicularto theSun-Earthline. However, therearestill problemswith

thosemethods,especiallyfor largesolarwind oscillations. Observational studies[e.g.,

Farrugiaetal.,1997],comparisonsbetweennumericalmodelresultswith observations

[Wanget al., 2003],andPDL dependencestudiesonsolarwind conditionsin Chapter

6 of this dissertation all show that IMF B ¥ haslittl e effect on the PDL. Thus,in the

latersimulationstudyfor modelvalidationwith thesolarwind asinput, IMF B ¥ values

aresimply setto zeroto solve thisproblem.
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2.3.6 Time Step

Thetime stepdetermineshow fastwe canevolve thesimulation. The larger thetime

step,thefasterthesimulation canbe,thelesscomputational resourcewe needto per-

form asimulation run. However, wecannotsetthetimesteptoo large,becauseof the

socalledCourant-Friedrichs-Levy (CFL) criteria,which is requiredfor thestabilityof

anumericalsimulation. For theMHD simulation, theCFL criteriais:

i
X
§©¨ ¤�¢«ª e i ñ ; i�� ; i�ti¯ v ¯ ^ �¬�® ; (2.125)

here �¬�® Z°¯ ±�²
�
^ . æ� is the fastmagneticsonicspeedafternormalizationand ¨ is

anempiricalparameterwhich is usuallysmallerthan1.

2.3.7 Flux Calculationsand Time Integrations

In thepredictorflux calculationin Figure2.1,low orderRusanov schemeis used:V´³Æ����æ Z p� e � Æ ^ � Æ�� P iG� pì e ¯ � Æ ¯ ^ � Æ ^ ¯ � Æ�� P ¯ ^ � Æ�� P i e < Æ�� P � < Æ i ; (2.126)

here

V
is theflux on thecenterof thegrid cell face,� thetotal flow velocity, and � the

soundspeed.For � and
<

pleaserefer to (2.115). In the correctorflux calculation,

bothlow orderRusanov schemeandfourthordercentralschemeareused:V¤µÆ�� �æ Z ¶p � e � Æ ^ � Æ�� P iG� pp � e � Æ ® P ^ � Æ�� S i n (2.127)

Differentschemes,like the flux calculationschemein (2.126)and(2.127),have dif-

ferentordersof accuracy. The orderof a schemeis definedasthe smallestorderof

the derivative with non-vanishingcoefficient minus1 [Raeder, 2003]. For example,

a third orderschemehasonly error termscorrespondto thefourth andhigherderiva-
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tives of thesolution. Thus,the lower orderschemehaserror termscorrespondingto

lower derivatives,which leadsto largenumericaldiffusion. Thehigherorderscheme

haserrortermscorrespondingto higherderivatives.Althoughthehigherorderscheme

seemsdesirable,it is almostuselessin themagnetospheresystemsimulation because

of thesevereovershootsandundershoots at shocks.In thecorrectorflux calculations

in themodel,a combination of thelow orderschemeandhigherorderschemeis used

[HartenandZwas,1972]:V Æ����æ Z¸· Æ����æ
V µÆ����æ ^ e p¨� · Æ¡���æ i

V´³Æ¡���æ n (2.128)

In this scheme,a flux limiter,

· Æ�� �æ , is usedto shift the weight betweenhigherorder

scheme,which is goodfor thesmoothregions,andlowerorderscheme,which is good

for regionswith largegradients,likeshocks.

l¹º· Æ����æ ¹ p andit is determinedby the

gradientsof plasmaenvironment.

Anotherparametercalculatedtogetherwith the fluxesis the electricfield. From

(2.111),wehave: \\ X e b�`�Iji Z �Yb·` e b f�HWi Zmlµn
(2.129)

So theoreticallyif we set bÉ`tI Z]l
at initialization,we shouldhave magneticfield

divergencefreeat all the later time. However, numericalerrorsin thesimulationcan

causea finite b `oI unlessa methodis employed that createsno b `µI errorsdue

to thediscretization.Theconstrainedtransportmethod[EvansandHawley, 1988] is

onesuchmethod,andwe useit in our model. In this method,electricfield variableis

placedat thecenterof theedgesin eachgrid cell, with

� ± , � ² , and

� ´ on theedges

parallelto thex, y, andz axis,respectively. Equation(2.114)is usedin calculatingthe

electricfield. For thecalculationof theanomalousresistivity, * , in themodel,we first

define:

� þ Z ¯ � ¯ i¯ I�¯ ^ ý ; (2.130)
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here ý is anarbitraryverysmallnumber. Then:

* Z »¼½ ¼¾ �¿� þ S e � þ¤À ¨ il e � þ ¹ ¨ i (2.131)

here i , � , and ¨ are empirical parameters,and ý is a very small numberto make

surethe denominatorof (2.130)is not zero. Anomalousresistivity is importantfor

magneticreconnectionin MHD becauseit provides an electric field parallel to the

magneticfield whichbreaksthemagneticfrozen-inconditions, thusplasmacanmove

acrossmagneticfield line. In theEarthmagnetospheresystem, this occursin the tail

currentsheetandon themagnetopause.

After we get all the hydrofluxesandelectricfield, we canperformtime integra-

tions.For thetypicalconservativeequation(2.115),weuse:

< E �ÂÁ E Z < E �Ãi
X Õ
V
± { Æ�� �æ { ��{ Ú �

V
± { Æ ® �æ { ��{ Úi ñ^ V ² { Æ { � � �æ { Ú �

V
² { Æ { � ® �æ { Úi��

^ V
´ { Æ { �Ã{ Ú � �æ �

V
´ { Æ { ��{ Ú ® �æi� 7 ^ i

X
@ E n (2.132)

This canbeusedto obtainthehydrovariablesat thenext time step.This constrained

flux methodwill make surethatmass,momentum, andenergy moving out from one

grid cell will all endupat its neighboringcells.Thechangingof themass,momentum,

andenergy in thewholesimulationboxonly dependsontheboundaryconditions.For

themagneticfield of thenew time step,(2.111)is used.Notein predictorstep,a time

stepof 0.5i
X

is used.While for correctorstep,a timestepof i
X

is used.

2.3.8 Parallelization

Becauseof the computational requirementsof the large scaleglobal magnetosphere

simulations,the global model is parallelizedandrunson state-of-the-artsupercom-
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puters(e.g.,IBM/SP2,CRAY/T3E) or local Beowulf Clusters.TheMessagePassing

Interface(MPI) library is usedto parallelizethecode.Thescalabilityof themodelon

parallelcomputershasbeentestedby Raeder[2003]with excellentresults.In particu-

lar, themodelcanberun in realtimewith 60nodesandamilli ongrid cells.

2.3.9 Resolution
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Figure2.6: Simulationgrids alongthe Sun-Earthline for a typical simulation in the
dissertationstudy. The solarwind inputsare:

v
=(-450,0, 0) km/s, I =(0, 0, 7) nT,

N=6 cm® T , andT í =Tî =10eV.

Becauseof therelatively small thicknessof theplasmadepletionlayer, resolution

hasbeenoneof the biggestbarriersfor the applicationof the global magnetosphere

simulationsin thePDL study. For a typical thicknessof the PDL, 0.3-0.5 8ï: , a res-

olution of 0.1 8ð: in the magnetosheathis requiredto provide properresolution of

the PDL. Simulationgrids along the Sun-Earthline for a typical simulation in this

dissertationis shown in Figure2.6. From this figure we seethat morethan20 grids

exist in themagnetosheath,with a resolutionof { 0.1 8ñ: nearthemagnetopause.The

PDL structureon the magnetopauseis sufficiently resolved usingthis model,aswe

canseefrom Figure2.6.Higherresolutionwith { 30gridsalongtheSun-Earthline in

themagnetosheathhasalsobeentestedfor this run. A comparisonbetweenthesetwo

runswith differentresolutions is shown in Figure2.7. Thereis very littl e difference
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Figure2.7: A comparisonbetweenmodelresultswith low andhigh resolutions along
the Sun-Earthline for a typical simulation in the dissertationstudy. The solarwind
inputsare:

v
=(-450,0, 0) km/s, I =(0,0, 7) nT, N=6 cm® T , andT í =Tî =10eV.

for this two runs. Becausethe largenumberof computationsneededfor high resolu-

tion modelrunsanddataanalysis,wehereonly uselower resolutionrunresultsin this

dissertation.

2.3.10 Effects of AnomalousResistivity

As wementionedearlier, anomalousresistivity is importantfor magneticreconnection

in MHD becauseit providesanelectricfield parallelto themagneticfield which can

helpto breakmagneticfrozen-inconditions,thusplasmacanmoveacrossthemagnetic

field line. For theplasmadepletionlayerthatwe will addressin this dissertationwith

northwardIMF, reconnectionis not important.However, polewardreconnectiondoes

occur, whichhelpsto drivemagnetosheathplasmafrom thepolarregion into theGSE

z=0 planeinsidethe magnetopause,thusaffecting the inner boundaryof the plasma

depletionlayer. It wouldbeinterestingto seeto whatextenttheanomalousresistivity

affectsthePDL. In orderto doso,wemake two globalMHD runs.Bothof theseruns

aredonewith the samesolarwind conditions asmodel input:
v

=(-450,0, 0) km/s,
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Figure2.8: Resultsfrom global modelsimulations in the z=0 andy=0 planeswith
the following solarwind conditionsas input:

v
=(-450, 0, 0) km/s, I =(0, 0, 7) nT,

N=6 cm® T , andT í =Tî =10eV. Suchsolarwind conditionscorrespondto M � =7.2.The
left panelsaretheresultsfor *

Z lon l
ü andtheright panelsaretheresultsfor *

Z l
.

The top panelsarein thez=0 planeandthebottompanelsarein they=0 plane. The
parametersalongtheradiallinesin thefigureareshown in Figure2.9.I =(0, 0, 7) nT, N=6 cm® T , andT í =Tî =10eV. Suchsolarwind conditionscorrespond

to M � =7.2.Theonly differencebetweenthesetwo runsis theanomalousresistivity, * ,

whichis definedin (2.131).For onerun,weusethetypical * of theglobalmodel,0.05.

For theotherrun, we set *
Z�l

. Themodelresultsfor thesetwo runsin they=0 and

z=0 planesareshown in Figure2.8. Thereis very little differencebetweenthecases

with * Z]lon l
ü and *

ZÉl
, exceptthat theopen-closedmagneticfield boundariesare

slightdifferent.Figure2.9showsacomparisonof theparametersalongtheradiallines

in Figure2.8 for *
Z lon l

ü and *
Z l

. Fromtop to bottomin theleft andright panels

aretheplasmavelocity, theplasmadensity, themagneticfield magnitude,andtheN/B

ratio for thesetwo casesalong the radial lines in the z=0 planeand the y=0 plane.

Themagnetopauselocationis shown asa blackdot on eachline, andit is definedas

the locationwherethemagnetosheathplasmavelocity is closeto zero. In Figure2.9,
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Figure2.9: A comparisonof the parametersalongthe radial lines in Figure2.8 for* Z lonãl
ü and *

Z l
. Fromtop to bottomaretheplasmavelocity, theplasmadensity,

the magneticfield magnitude,andthe N/B ratio for thesetwo casesalongthe radial
lines in the z=0 planeand the y=0 plane. The magnetopauselocation is shown as
a black dot on eachline, and it is definedas the locationwherethe magnetosheath
plasmavelocity is closeto zero.

thereis very little differencebetweenthesetwo runs,whichmeansthattheanomalous

resistivity, * , haslittl e effect on the PDL structure. The plasmaandfield structures

insidethe magnetopause,which subjectto the poleward reconnection,arenot much

influencedby different resistivities either. This is likely causedby the fact that the

modelnumericalresistivity is generallylargerthantheanomalousresistivity. It is very

difficult to calculatethe numericalresistivity for sucha complex system. However,

it is not likely the numericalresistivity is playing a major role for the PDL, because

otherwisewewouldexpectmuchmoresignificantdifferencesbetweenthesimulation

resultsandin situobservations thanthosethatwehavefoundin thisdissertation study.

Wewill presentthoseresultsin thenext chapter.
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CHAPTER 3

Event Studiesand Model Validation

3.1 Intr oduction

Although therehasbeena lot of progressin the observational, theoretical,andnu-

mericalplasmadepletionlayer studies,many questionsaboutthe natureof the PDL

remain. WhetherMHD effectsdominatethe PDL. Whetherpressureisotropy is suf-

ficient to describethe magnetosheathpattern. How the PDL is affectedby transient

solarwind conditions. Whetherthe PDL exists in a stablemanneror in a transient

fashion.Beforewestartto addresstheseproblems,weneedfirst to makesurethatthe

UCLA globalmodelto beusedin thedissertationstudyis a valid tool to investigate

the PDL. In order to test the validity of this model,we comparemodelresultswith

Wind observationson the flanksof the magnetopauseon Jan. 12, 1996andJan. 1,

1999. Theconsistency betweenmodelresultsandobservationsshows that theglobal

modelis sufficient to describethedepletionprocessobservedin this region. Thesim-

ulationalsoshows thatthedepletionis stableaslongastherearenomajorsolarwind

variations. Temporal-spatialambiguitiesareanalyzedfor the1996eventandasignifi-

cantdifferencebetweenthetimeseriesandtheinstantaneousspatialstructureis found.

A muchsmoother instantaneousspatialstructureis foundin thesimulatedspacecraft

time seriesin theobservations, which arehighly modulatedby solarwind variations.

Thelocal timeandlatitudedependenceof thedepletionfor the1996eventarealsoob-

tainedfrom themodelresultsthatpredictsa thinner depletionnearthesubsolarpoint

anda thickerdepletionfartheraway from thatpoint.
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3.2 Event Selection

PDL observationsarerare,particularlythosewith simultaneoussolarwind plasmaand

IMF observations. Therearetwo reasonswhy weneedsimultaneoussolarwind obser-

vations: First, our globalmodelneedsthoseobservationsasinput; second,andmore

important, magnetosheathvariationsareusuallytemporalandarecontrolledby solar

wind changes.It is necessaryto comparesolarwind andmagnetosheathobservations

to make surethat the structuresin the magnetosheathareof internalorigin andnot

structuresconvectedfrom thesolarwind. We excludeevents with southwardIMF to

avoid effectsof subsolarreconnection.We examinetwo events,basedon thecharac-

teristicsof PDL-like signatures,the availability of threedimensional magnetosheath

flow measurements,andsolarwind plasmaandIMF data:theeventon Jan.12, 1996

thatwaspreviously publishedby Phanet al. [1997]andaneventonJan.1, 1999.

3.2.1 The Jan. 12,1996Event

Thetrajectoriesof theWind andIMP 8 spacecraftduringtheJan.12, 1996eventare

shown in Figure3.1.TheIMP 8 spacecraftstayedoutsideof thebow shockfrom 1300

to 2100UT andprovided solarwind observationsfor this event,while Wind passed

throughthebow shock,themagnetosheath,andthemagnetopause.Wind andIMP 8

observations for this eventareshown in Figure3.2. Fromtop to bottomin Figure3.2

aretheflow speed,themagneticfield clockanglein theGSEyz plane,theratioof B ±
to themagneticfield magnitude,themagneticfield magnitude,theplasmadensity, the

plasmatemperature,andthe N/B ratio. Note that IMP 8 magneticfield magnitudes

aremultiplied by a factorof 3 anddensityvaluesaremultiplied by a factorof 2.2 for

bettercomparisonbetweensolarwind andmagnetosheathobservations. SinceWind

and IMP 8 were very closeto eachother in the Sun-Earthdirection,no time delay

betweenthem is consideredwhen we comparetheir observations. More complete
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Figure3.1: Wind andIMP 8 trajectoriesfor the Jan. 12, 1996event. IMP 8 moved
from (-6.3,31.2,22.7) 8 : to (-11.3,30.4,22.1) 8ð: from 1300to 2100UT, whichwas
outsideof thebow shockin thesolarwind. Wind moved from (5.8,19.6,0.7) 8ï: to
(-3.8,14.6,-0.3) 8 : acrossthebow shock,themagnetosheath,andthemagnetopause.
Thebow shockandmagnetopausecurvesarecalculatedusingtheempiricalFairfield
[1971]model.

89



(
b
ac )d

 0
e 8
f

0
e 16
g

0
e 2
h

4
i

0
e 3
j

20
e 40
e

0
e

V
 (

k km
/l sm )n (

b
ac )d

W
o

i
p
nq dr

IMP8
f

(
b
b
s

)
d

 0
e 4
i

0
e 8
f

0
e 120
e 16
g

0
e

 (

k )n (
b
b
s

)
d

W
o

i
p
nq dr  

IMP 8
f

(
b
ct )d

-0
e

.u 8f-0
e

.4

0
e

.u 0e0
e

.u 4i0
e

.u 8f

B

v xw /l B

v
(
b
ct )dW

o
i
p
nq dr  

IxMy P
z

 8
f

(
b
d
r

)
d

0
e

.u 0e8
f

.u 0e16
g

.0
e24.0
e3

j
2.0
e

B
 (

k nT
)n (

b
d
r

)
d

Wind
r

 
IMP 8
f

(
b
e{ )d

 0
e 2
h

0
e 40
e 6
g

0
e

N
 (

k c| m
-3

} )n (
b
e{ )dW

o
i
p
nq dr  

IxMy P
z

 8
f

(
b
f)
d

10
e  0~1� 0e  1�10
e  2

10
e  3�

T
 (

k e� V
)n (

b
f)
d

Wind
r

 
IMP 8
f

(
b
g� )d

1� 3j 1� 4i 1� 5� 1� 6g 1� 7� 1� 8f 1� 9� 2
h

0
e

2
h

1�
Time�  (� U� T)�

10
e  -1

10
e  0~

1� 0e  1

N

� /l B

v  (

k 1� /l c| m

� 3} n� T

� )n (
b
g� )d

W
o

i
p
nq dr  

IxMy P
z

 8
f

Figure3.2: Wind andIMP 8 observations for the Jan. 12, 1996event. From top to
bottomare: the flow speed,the magneticfield clock anglein the GSEyz plane,the
ratio of B ± to themagneticfield magnitude, themagneticfield magnitude,theplasma
density, the plasmatemperature,andthe N/B ratio. Note that IMP 8 magneticfield
magnitudesaremultiplied by afactorof 3 anddensityvaluesaremultipliedby afactor
of 2.2for bettercomparisonbetweensolarwind andmagnetosheathobservations.The
vertical dashedlines from left to right correspondto the bow shock,depletionouter
boundary, andthemagnetopause,respectively.
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observations for this event areshown in Phanet al. [1997]. From 1300to 2100UT,

Wind movedinbound from (5.8,19.6,0.7) 8�: to (-3.8,14.6,-0.3) 8ð: , i.e.,veryclose

to the GSEz=0 planeandnearthe duskflank of the magnetopause andfrom 74� to

109� solarzenithangle.At { 1510UT Wind reachedthebow shock,asevidentfrom

thejumpof theplasmadensityandtemperature,andthedecreaseof theplasmaspeed.

A sharpincreaseof theplasma� valueswasalsoobserved from { 1 upstreamof the

shockto { 10 downstreamof theshock,which meansthat theplasmawasdominant

in controllingthemotion in themagnetosheath.Behindthebow shock,Wind stayed

in the magnetosheathfrom 1510to 2000UT. As pointedout by Phanet al. [1997],

a sharpincreaseof plasmadensityvalueswasobservedin theearlypartof theWind

magnetosheathpassage.About anhourlater thedensitydroppedto relatively smaller

values.Therewasno obvious solarwind densitystructurein the IMP 8 observations

that might correspondto this magnetosheathdensitystructure. However, the IMF

did rotateat this time and,aswe will show later, the MHD modelusingIMP 8 data

asinput doesreproducea densityenhancementat this time. The plasmavelocity is

lessstructured.It first decreasedbehindthe bow shockandthenincreasedasWind

approachedthe magnetopause.The velocity increasebeforethe magnetopausewas

interpretedasdueto the �Òf I force[Phanet al., 1997]. Closeto themagnetopause,

anobvious densitydecreaseanda magneticfield magnitudeincreaseoccurred,which

wasidentifiedby Phanet al. [1997]asthePDL. ThePDL structurewasnotcorrelated

with any changein the solarwind plasma.However, therewasa changein the IMF

orientationcoincidentwith theonsetof thedecreasein thedensityidentifiedwith the

PDL. We do not believe thePDL wasaffectedby this changein theIMF becausethe

variationin the PDL wasgradualwhile the IMF changewasabrupt. After crossing

themagnetopause,Wind enteredtheLLBL which wascharacterizedby a very sharp

decreaseof the flow speed,the plasmadensity, and the magneticfield magnitude,

togetherwith a verysharpincreaseof theplasmatemperature.
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Figure3.3: Wind trajectoryfor the Jan. 1, 1999event from 1400to 2400UT. Dur-
ing this period,Wind moved inboundfrom (9.0, 9.3, -14.2) 8|: to (-1.0, 11.8, -4.2)89: throughthe magnetosheathand the magnetopauseinto the plasmasheet,while
ACEstayedataround(226,38,-2) 8 : upstreamin thesolarwind. Thebow shockand
magnetopausecurvesarecalculatedwith theempiricalFairfield [1971]model.

During the Wind inboundpassagefrom 1300to 2100UT IMP 8 alsomoved in-

boundfrom (-6.3,31.2,22.7) 8;: to (-11.3,30.4,22.1) 8ð: . It waslocateddownstream

of Wind,but remainedupstreamof thebow shockbecauseof its largedistancefromthe

Sun-Earthline. During this period,the IMP 8 solarwind observationsarerathersta-

ble. No obviousstructuresexist thatwouldcorrespondto thePDL structure,although

therearecorrelationsbetweenmagnetosheathandsolarwind parameterswhich will

bediscussedlater. A morecompleteanalysisof this eventcanbefoundin Phanet al.

[1997].

3.2.2 The Jan. 1, 1999Event

TheWind trajectoryfor theJan.1,1999eventis shown in Figure3.3.TheACEspace-

craft providedsolarwind observations from a position neartheL1 Lagrangianpoint.

Wind andACE observationsfor thiseventareshown togetherin Figure3.4.Fromtop
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Figure3.4: Wind andACE observationsfor theJan.1, 1999PDL event. Fromtop to
bottom: theflow speed,themagneticfield clockanglein theGSEyz plane,theratioof
B ± to themagneticfield magnitude, themagneticfield magnitude,theplasmadensity,
theplasmatemperature,andtheN/B ratio. NotethatACE magneticfield magnitudes
aremultiplied by a factorof 3 anddensityvaluesaremultiplied by a factorof 2.2 for
bettercomparisonbetweensolarwind andmagnetosheathobservations. Thevertical
dashedlinesfrom left to right correspondto thebow shock,theouterPDL boundary,
and the magnetopause,respectively. It took { 55 min for the solarwind to convect
from ACE to Wind, andtheACE dataareshiftedthis amountof time in thefigurefor
bettercomparison.
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to bottom aretheflow speed,themagneticfield clock anglein theGSEyz plane,the

ratio of B ± to themagneticfield magnitude, themagneticfield magnitude,theplasma

density, theplasmatemperature,andtheN/B ratio. NotethatACEmagneticfield mag-

nitudesaremultiplied by a factorof 3 anddensityvaluesaremultiplied by a factorof

2.2 for bettercomparisonbetweensolarwind andmagnetosheathobservations. Since

ACE was { 225 8 : upstreamof the Earth,we needto considera delayof { 55 min

whenwe relateWind observationswith thoseof ACE. Sucha time delayis included

in Figure3.4. From 1400to 2400UT, Wind moved inboundfrom (9.0, 9.3, -14.2)

89: to (-1.0, 11.8, -4.2) 8 : andfrom a solarzenithangleof 62� to 95� . During this

period it passedfrom the solarwind acrossthe bow shock,the magnetosheath,the

magnetopause,theLLBL, andeventuallyinto theplasmasheet.At { 1550UT Wind

crossesthe bow shock. Behind the bow shock,Wind stayedin the magnetosheath

from 1550to 2200UT. Therewasnodistincthighdensitystructureright afterthebow

shockasobservedin theformerevent.Theflow speeddecreasedasWind approached

themagnetopause. Unlike in thefirst event, therewasno acceleratedplasmaflow in

thedepletionlayer. As Wind approachedthemagnetopause at { 2200UT, theplasma

densitydecreasedover a periodof nearlytwo hourswith a simultaneousincreaseof

the magneticfield. Clearly, the magneticfield increaseandthe densitydecreaseare

not correlatedwith the solarwind, but asbeforethe onsetof the depletionoccursat

an IMF discontinuity. Like in thepreviouscasewe do not believe that this IMF dis-

continuity affectedthedepletionbecauseof its abruptnesscomparedto thedepletion

structure.After crossingthemagnetopause,Wind enteredtheLLBL. Theflow speed

andtheplasmadensitydroppedto smallervaluesover a very shorttime. Unlike case

1 thereis very litt le changeof themagneticfield magnitudeacrossthemagnetopause.

DuringtheWind inboundpassagefrom1400to2400UT, ACEonlymoved slightly

and basicallystayednear(226, 38, -2) 8ð: . During this period, ACE’s solar wind

parameterswereratherstableandthe magneticfield remainednorthward during the
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Wind depletioncrossing.Note that in panel(b) of Figure3.4 therewasa prolonged

southwardIMF periodfrom 1930to2010UT in theACEobservations.However, there

wasonly a comparatively shortperiodof southward IMF in the Wind observations

duringthis time. Sincethebow shockdoesnot changethemagneticclockanglein yz

planein asignificantway, webelievethatthemostlikelyexplanationfor thisdifference

is that the solarwind field structureobserved at ACE is different from the one that

impactsthe EarthbecauseACE was { 200 8ð: upstreamin the solarwind from the

Earthandit was { 40 8 : away from theSun-Earthline. Suchdifferencecouldhave

significanteffectsonmodelresults,aswewill show laterin thischapter.

3.3 Model

The UCLA/NOAA global geospacemodel is usedin this studywhich hasbeende-

scribedin Chapter2. This modelsolves the MHD equationsin a large volumesur-

roundingtheEarthsuchthat theentireinteractionregion betweenthesolarwind and

the magnetosphereis included. Specifically, the simulation domaincomprisesthe

bow shock,the magnetopause,and the magnetotailup to several hundred8|: from

theEarth. It canbedrivenby real solarwind plasmaandIMF observations. NOAA

CoupledThermosphereIonosphereModel (CTIM) is includedto handlethecoupling

betweenthe magnetosphereandthe ionosphere. The MHD modelwasdiscussed in

more detail by Raeder[1999], the CTIM model was discussedin detail by Fuller-

Rowell et al. [1996], andthe coupledmodelwasfirst presentedin detail by Raeder

et al. [2001].

In theJan.12,1996event,theWind spacecraft passedthroughthemagnetopause

at the dusksidemagnetopauseflank, which is abouty=15 8�: andz=0 89: . In the

Jan. 1, 1999 event, the Wind spacecraftpassedthroughthe magnetopause also at

its duskflank but in thesouthernhemisphereat abouty=15 8ñ: andz=-8 89: . For the
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simulationspresentedherewehaveadaptedtheMHD grid suchthatthebestresolution

is obtainedin thevicinity of thespacecraftorbit of interest.Specifically, within a few

89: of thespacecrafttrajectorythegrid sizeis { 0.2 8 : . We will show later that this

resolutionis sufficient to resolve thePDL.

Solarwind plasmaandIMF observationsby IMP 8 andACE areusedastheinput

of theglobalmodelin the two simulations,respectively. Thedatagapsin the IMP 8

observations during the simulation periodarefilled by linear interpolation. Because

of thedifficulty of usingIMF B ¥ observationsasmodelinput, we setthesolarwind

B ¥ componentto zero in the simulations presentedhere. As we have discussed in

Chapter2, this treatmentwill not havemajoreffectson thePDL. Thesimulation runs

cover from 1300 to 2100UT for the first event and from 1400 to 2400UT for the

secondevent.

3.4 Results

3.4.1 The Jan. 12,1996Event

The model time seriesresultsalongWind trajectoryduring this event areshown in

Figure3.5,alongwith theWind data.Fromtopto bottomin Figure3.5aretheplasma

velocities perpendicularand parallel to the local magneticfield, the magneticfield

threecomponentsandmagnitude,theplasmadensity, theplasmatemperature,theN/B

ratio,andthefield line connectivity (to bedefinedlater). Thesimulation resultsshow

thebow shockcrossingslightly laterthanobservedby Wind (spatialdistanceis { 0.75

89: which is about threetimes the local grid size). However, the differenceis in-

significantfor thisstudyandit canbeattributedto thelimitedspatialresolutionof the

simulationnearthebow shock,themissing B ± in themodelinput, andtheneglectof

pressureanisotropy [DentonandLyon, 2000]. During the remainingWind passage

in the magnetosheaththe model resultsfit well with Wind observations. In partic-
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Figure3.5: Comparisonbetweenthe time seriesfrom theglobalmodelresultsalong
theWind trajectoryandWind observations for theJan. 12, 1996event. Fromtop to
bottom: the plasmavelocitiesperpendicularandparallel to the local magneticfield,
the magneticfield threecomponentsandmagnitude, the plasmadensity, the plasma
temperature,the N/B ratio, andthe field line connectivity. The threeverticaldashed
linescorrespondto thethreeverticallinesin Figure3.2.
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ular, the depletionstructurewith lower plasmadensityandhighermagneticfield as

observedby Wind is reproduced.Thevelocity valuesperpendicularandparallelto the

localmagneticfield alsofit well with Wind observationsduringthisperiod,with only

smallshiftingof { 50km/sin theperpendicularvelocityvaluesin thedepletionregion.

During the entireWind magnetosheathpassage,including the depletion,modeltem-

peraturevaluesarehighly consistentwith observations.After 1955UT, theLLBL and

theplasmasheetareencounteredandthemodelresultsdeviatemoresignificantlyfrom

theobservations. Specifically, a sharpperpendicularvelocity dropobservedby Wind

is not fully reproducedby the model. Also, the magneticfield is not predictedcor-

rectly. Themodelshowsplasmaperpendicularvelocity decreasebut at a muchslower

rate,until thevelocity reachestheobservedvaluesat { 2020UT. Themodelparallel

velocityvaluesfit well with Wind observationsduringthetransitionfrom thedepletion

to theLLBL andinsidethemagnetopause. In contrastto thedecreasingvaluesof the

totalmagneticfield observedby Wind, themodeltotalmagneticfield increasesslowly

from 1955to 2100UT. Densityvaluesexperiencethesametrendastheperpendicu-

lar velocity, i.e., a smoothdecreaseinsteadof a sharpdrop of the plasmadensityis

obtainedin the model. A large differencebetweenthe modelandthe observed tem-

peraturesoccursinside the magnetopause. This canbe attributedto the fact that no

high energetic ring currentparticlesareincludedin themodel. Model N/B valuesfit

well with observations too, andthereis a sharptransitionof N/B valuesbeforeand

after thedepletion, which is expected.This implies that theN/B ratio canbeusedas

aneffectivemeasureto identify thedepletionstructure.

To complement the visual evaluation of the fit betweenmodelandobservations,

herewealsocalculatethestandarddeviationsof observations(SD)andaveragedepar-

turesof modelresultsfrom observations (AD), whicharedefinedas:

@¾½ Z ¿ÀÀ
Á pN ��p Âx Æ y P e �ÄÃÆÅ � { Æ �ÈÇ�ÉÃÆÅ � i S ; (3.1)
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< ½ Z pN ÂxÆ y P ¯ � Ø Ã Á }
³ { Æ ���ÉÃÊÅ � { Æ ¯ ; (3.2)

whereN is thetotalnumberof datapointsin given timeinterval. Theresultsareshown

in Table3.1.

Table 3.1: StandardDeviations of Observations and AverageDeparturesof Model
Results

16:40-19:55UT 16:40-19:05UT 19:05-19:55 UT
Component SD= AD Ë SD AD SD AD
V Ì (km/s) 72.6 36.2 45.6 29.7 54.1 54.6
V Í (km/s) 53.3 22.4 27.2 18.3 74.1 34.8
B ± (nT) 3.9 2.3 2.8 1.8 4.8 3.9
B ² (nT) 3.3 1.5 1.7 1.3 3.7 1.8
B ´ (nT) 10.3 3.6 6.2 3.8 6.6 3.2
B (nT) 5.1 1.7 2.6 1.9 3.3 1.1

N (cm® T ) 8.4 3.9 2.9 4.0 7.9 3.4
T (eV) 12.2 19.2 2.5 18.7 20.5 20.8

N/B (1/cmT nT) 0.7 0.3 0.3 0.4 0.4 0.1= StandardDeviationof Observations
Ë AverageDepartureof ModelResultsfrom Observations

In Table3.1, we choosethreetime intervals for standarddeviation andaveragede-

parturecalculations: 16:40-19:55 UT (both the magnetosheathand the depletion),

16:40-19:05 UT (the magnetosheath),and19:05-19:55UT (the depletion),in order

to quantify the matchbetweenmodelandobservations. We do not includethe early

part of the magnetosheathpassagebecauseit is not relevant to the depletion. From

Table3.1 we canseethat modelaveragedeparturesare, in mostcases,smallerthan

or comparableto thestandarddeviationsof theobservations. Also, themodelaverage

departuresarealwaysmuchsmallercomparedto their correspondingobservation val-

uesaswe canseefrom Figure3.5. In rarecases,e.g.,density, temperature,andN/B

in the magnetosheath,modeldepartures(4.0 cm® T , 18.7eV, and0.4 cm® T nT ® P ) are
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largerthanthestandarddeviationsof observations. However, thesedeparturesarestill

muchsmallerthantheir averagebackgroundvalues,which are { 100 cm® T , 100 eV,

and2 cm® T nT ® P , respectively.

Panel(j) in Figure3.5shows theconnectivity of thefield linesalongWind trajec-

tory fromthemodelresults.Theconnectivity of afield line is definedastheconnection

betweenthis field line andtheEarth.Therearethreetypesof connections:bothends

of a field line connectto the solarwind (marked by a valueof 0 andalsocalledso-

lar wind field line); oneendof a field line connectsto the Earthandthe otherto the

solarwind (markedby a valueof 1 andalsocalledopenfield line); andbothendsof

a field line connectto the Earth(marked by a valueof 2 andalsocalledclosedfield

line). Panel(j) shows that thedepletionlies primarily on openfield linesduring this

event. Becausethe IMF is stronglynorthward, thesefield lines canexperiencecusp

reconnectionanddrapeover thedaysidemagnetopause.This might contribute to the

formationof thedepletion. However, morework is neededto determinethedetailed

influenceof thecuspreconnectionto thedepletionprocess,which is beyondthescope

of thisdissertation.

Figure 3.6 shows the three-dimensionalfield line configurationalong the Wind

trajectoryat2000UT for thisevent.Theboundarybetweenopenandclosedfield lines

is shown asa pink surface.Thez=0 8 : planeshows theplasmadensityandthey=-6

89: planeshows theplasmapressure.Field linesalongtheWind trajectoryareshown

with differentcolors:green,black,andblue,whichcorrespondto thesolarwind,open,

andclosedfield lines,respectively. Thefield linesthat threadthePDL region arefor

themostpartopen.They obviously originate from thereconnectionbetweentheIMF

andthe northernlobe,which is typical for northward IMF conditions. Unlike in the

caseof very strongnorthward IMF, wheresimultaneousreconnectionof IMF field

lines at the northernand the southernlobe canoccur, in this casethe reconnection

only occursin onehemisphere.The resultingnew openfield lines thendrapeover
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Figure3.6: 3D field line configurationalongthe Wind trajectoryat 2000UT for the
Jan. 12, 1996event. The boundarybetweenopenandclosedfield lines is shown as
a pink isosurface. The z=0 8 : planeshows the plasmadensityvaluesandthe y=-689: planeshows theplasmapressurevalues.Field linesalongtheWind trajectoryare
shownwith differentcolors:green,blackandblue,whichcorrespondto thesolarwind,
openandclosedfield lines,respectively.

daysidemagnetopause,asevident from Figure3.6. In the magnetosheaththesefield

linesconvecttailwardandwill eventuallybecomepartof thelobe.

3.4.2 The Jan. 1, 1999Event

ThemodelresultsalongtheWind trajectoryduringthiseventareshown in Figure3.7,

alongwith theWind observations. Fromtopto bottomin Figure3.7aretheplasmave-

locitiesperpendicularandparallelto thelocal magneticfield, themagneticfield three

componentsandmagnitude,theplasmadensity, theplasmatemperature,theN/B ra-

tio, andthefield line connectivity. Similar to case1, the locationof thebow shockis

not preciselydetermined,which is not importantfor our study. During theremaining

Wind passagein themagnetosheath,themodelresultsfit well with Wind observations.

The depletionstructurewith lower plasmadensityandhighermagneticfield asob-
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Figure 3.7: Comparisonbetweenthe time seriesof the global model resultsalong
Wind trajectoryandWind observations for theJan. 1, 1999PDL event. Fromtop to
bottom: the plasmavelocitiesperpendicularandparallel to the local magneticfield,
the magneticfield threecomponentsandmagnitude, the plasmadensity, the plasma
temperature,the N/B ratio, andthe field line connectivity. The threeverticaldashed
linescorrespondto thethreeverticallinesin Figure3.4.
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served by Wind is alsowell reproduced.Model velocity valuesfit well with Wind

plasmavelocity observationsduring all the Wind magnetosheathpassage.In partic-

ular, themodelperpendicularandparallelvelocity valuesmatchthe plasmavelocity

patternsin thedepletionregionobservedby Wind. Meanwhile,themodeltemperature

valuesfit well with observationsduringtheentireWind magnetosheathpassage.The

modelmagneticfield anddensityvaluesfit well with Wind observations, too. After

2200UT, the LLBL andthe plasmasheetareencountered.In contrastto the results

of case1, a sharpparallelvelocity dropobservedby Wind is not fully reproducedby

themodel. Themodelshows plasmaparallelvelocity decreasebut at a muchslower

rate. Themodelperpendicularvelocity valuesfit well with Wind observationsduring

thetransitionfrom thedepletionto theLLBL andinsidethemagnetopause.Different

observedtransitionpatternsfor perpendicularandparallelvelocitiesacrossthemagne-

topausein thetwo eventsarepossibly relatedto differentlatitudesfor thetwo events.

Differentfrom case1, themodelmagneticfield anddensityvaluesfit muchbetterto

the Wind observations inside the magnetopause.A large differencebetweenmodel

andobservationtemperaturealsooccursinsidethemagnetopause,which is similar to

the first event. Model N/B valuesalsofit well with observed N/B valuesinsidethe

depletionand in mostpart of the magnetosheath.However, a very large difference

betweenmodelandobservedN/B valuesoccursjust beforethe depletion.The most

likely causefor this largeerroris that,aswehavementionedin Section3.2.2,theIMF

structureobservedatACEmightnotbetheexactIMF structurethathit theEarth.This

is a typical limitationof usingsolarwind observationsobtainedrelatively far from the

EarthandtheSun-Earthline whichrequirescarefulconsiderationwhencomparingthe

modelresultswith in situdata.Wehavedonethesameerroranalysisaswedid for the

first eventandsimilar resultsareobtained,whicharenot shown here.

Panel(j) in Figure3.7shows theconnectivity of thefield linesalongWind trajec-

tory from the modelresults.Similar to case1, in the depletionregion field linesare
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Figure3.8: SnapshotsalongWind trajectoryfrom 1300to 2100UT for threedifferent
times:1800,1930,and2100UT for theJan.12,1996event.Overlaidaremodeltime
seriesresultsalongtheWind trajectoryduringthis event. Thepanelsshow, from top
to bottom, theflow speed,themagneticfield magnitude,andtheplasmadensity. The
threeverticaldashedlinescorrespondto thethreeverticallinesin Figure3.2counting
in oppositedirection.

open.However, insidethemagnetopausein theLLBL region,thefield linesareatleast

partiallyopentoo,which is differentfrom case1.

3.4.3 Spatial-Temporal Ambiguities

In order to have a betterunderstanding of the depletionstructure,we considerthe

differencesbetweentherealdepletionstructuresandthespacecraftdepletionobserva-

tions. Thelatterareaffectedby bothtemporalandspatialevolutionsof thedepletion.

Figure3.8showstheflow speed,themagneticfield magnitude,andtheplasmadensity

alongWind trajectoryfrom 1300to 2100UT for theJan.12, 1996event. Insteadof

usingtime seriesaswe have donein Figure3.5,herewe only take snapshotsof these
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interestingparametersalongWind trajectoryduringthesameperiodfor threespecific

times: 1930,1800,and2100UT. Thesethreetimesare the centerof the depletion

observationtime at Wind, onehouranda half beforeandafter that time. Overlapped

in thesepanelsaremodeltimeseriesresultsalongWind trajectory. Both temporaland

spatialvariationsarekept in the time seriesresultscomparedto thesnapshotresults.

We plot the resultsversusposition alongthe GSEx axis. Onevery prominentfea-

tureof thefigure is that,differentfrom themodeltime seriesresultsalongthe Wind

trajectory, which fit well with Wind observationsandmatchmany fine structuresin

themagnetosheathandthedepletion,thesnapshotprofilesof themodelresultsalong

Wind trajectorylook muchsmoother. Thesameis truefor thesecondevent.Thus,the

relatively fastvariationsin thetime seriesdonot necessarilycorrespondto thespatial

gradientsin themagnetosheath,but many of themareapparentlycausedby thecon-

vectionof theplasmaandfield structurespastthespacecraft.Thisalsosuggests thatat

any instantthe realdepletionstructureis smoother andlessstructuredthanobserved

by Wind, which in factmeasuresconvectedstructuresaswell asthespatialgradients

in the magnetosheath.In Figure3.8, the spatialdepletionstructureis similar for all

the threetimes. This meansthat the depletionstructureundernorthward IMF in the

duskflank of themagnetopause is fairly stablewith time, insteadof beinga transient

structure.Similar resultsareobtainedfor case2. In contrastto themonotonically de-

creasingplasmavelocityobservedby Wind in themagnetosheathbeforethedepletion,

panel(a) in Figure3.8 shows that both increaseanddecreaseof the plasmavelocity

mayexist atdifferenttimes.At all threetimes,avelocity increaseoccursat thebegin-

ningof thedepletionandavelocitydecreasefollows in thelaterpartof thedepletion.

For the distinct densitypeakduring the early phaseof the Wind magnetosheath

passagein the Jan. 12, 1996event, in additionto the modelresultsshown in Figure

3.5,weobtainthesnapshotsof theplasmadensityalongWind trajectoryfrom 1300to

2100UT for threedifferenttimes: 1500,1600,and1700UT asshown in Figure3.9.
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Figure3.9: DensitysnapshotsalongWind trajectoryfrom 1300to 2100UT for three
different times: 1500,1600, and 1700UT for the Jan. 12, 1996event. The three
vertical dashedlines correspondto the threevertical lines in Figure3.2 countingin
opposite direction.

ThesetimesarearoundthetimewhenWind observedthemagnetosheathdensitypeak

structure. From the comparisonit is clear that the unusualdensityincreaseat 1500

UT is just a transientfeature,insteadof beinga stablestructuredownstreamof the

bow shock.In panel(c) of Figure3.8thereis no suchdistinct densitystructureeither.

From IMP 8 observationswe canseethat this structureis likely causedby the rota-

tion of the IMF from 1500to 1600UT, whenWind waspassingthroughthis density

peakregion (Figure3.2). This is consistentwith thethree-dimensional MHD magne-

tosheathsimulation resultsby [CableandLin, 1998]which showedthathigh plasma

densityin themagnetosheathcouldresultfrom theinteractionbetweenmagneticfield

rotationaldiscontinuity andthebow shock.However, thedensitypeakobservedin the

magnetosheathcanalsobetheeffect of foreshockcavities causedby IMF variations.

Sibecket al. [2000] foundthatthearrival of a density/pressurecavity increasebound-

ing a cavity shouldcausea spacecraftlocatedin themagnetosheathjustoutsideof the

magnetopauseto observe densityincreases.Observationsandmodel resultsfor the

secondeventdo not show sucha densitypeak,however, which furtherconfirmsthat

sucha densitystructurejust downstreamof thebow shockis not a stablestructureof

themagnetosheath.

106



-56 .7 08 08 .7 08 56 .7 08 19 08 .7 08 19 56 .7 08
x (: Re; )<

08 .08
4= .7 08
8> .08

19 2? .7 08
16@ .08

yA  (B R

C eD )E

 08
 208
 4= 08
 6@ 08

NF  (: cG mH - 3
I
)<

-56 .7 08 08 .7 08 56 .7 08 19 08 .7 08 19 56 .7 08
x (: Re; )<

08 .08
4= .7 08
8> .08

19 2? .7 08
16@ .08

yA  (

B R
eD )E

 08
 2? 08
 4= 08
 6@ 08
 8> 08

 108 08BJ  (: nK TL )<

Figure3.10: The plasmadensityandthe magneticfield magnitudein the z=0 plane
at 1900UT for theJan.12, 1996event. Theopen-closedmagneticfield boundaryis
shown asa red zigzagcurve in eachof the panels. The Wind trajectoryfrom 1300
to 2000UT is alsoshown asa red smoothcurve on the top of eachpanel. On the
open-closedmagneticfield boundaryfrom noonto duskwe draw a straightline for
everyhourlocal timeperpendicularto theboundarypointingaway from themagneto-
sphere.Theplasmadensityandthemagneticfield magnitudevaluesalongthesesolid
straightlinesareshown in Figure3.11.

3.4.4 Local Time and Latitude Extent of the PDL

Theresultspresentedin theprevioussectionsshow that thedepletionis a fairly large

structurewith athicknessof about1.5 MON atthelocationof theobservations.However,

theobservationsweretakenfarawayfromthesubsolarregion,i.e.,at P 1840LT for the

Jan.12,1996event,andat P 1740LT for theJan.1, 1999event. In orderto put these

resultsinto thecontext of otherobservationswhich maybetakenat otherlocal times,

andwhichusuallyshow amuchnarrowerPDL closerto localnoon,wehereinvestigate

how thePDL thicknessvariesasa functionof local time andlatitude. Sincethe two

previously presentedevents arerathersimilar we restrictthe investigationto theJan.

12,1996event.

Figure3.10shows theplasmadensityandthemagneticfield magnitudein thez=0

planeat 1900UT for theJan.12,1996event.Noteherethatthemagneticfield values

areclippedat 100nT in orderto make thefield structuresin themagnetosheathbetter

visible. The open-closedmagneticfield boundaryis shown asa red zigzagcurve in
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Figure3.11:Theplasmadensity, themagneticfield magnitude,andtheN/B ratioalong
thesolidstraightlinesshown in Figure3.10.

eachof thepanels.Although themodelopen-closedmagneticfield boundarydoesnot

necessarilycoincidewith the magnetopauseasdefinedby otherparameters,suchas

temperatureor currentdensity, it is mucheasierto identify in the simulation results

which donot providesteepgradientsacrossthemagnetopause.Also, theopen-closed

boundaryshould befairly closeto thedaysidemagnetopause,especiallynearthesub-

solarpoint. The Wind trajectoryfrom 1300 to 2000UT is shown asa red smooth

curve in eachof theGSEz=0cuts.On theopen-closedmagneticfield boundaryfrom

noonto duskwe draw a straightline for every hour local time perpendicularto the

boundarypointing away from the magnetosphere. The plasmadensityandthe mag-

neticfield magnitudealongthesolid straightlinesin Figure3.10areshown in Figure

3.11. Figure3.11shows that thePDL, with thecharacteristicsof the plasmadensity

decreaseandthemagneticfield magnitudeincrease,reachesasfar as1800LT. At the

subsolarpoint,asharpPDL structurewith distinctdensitydecreaseandmagneticfield

magnitude increaseis seen. The thicknessof the PDL at the subsolar point reaches

u 0.3 vxw . Moving awayfrom thesubsolarpoint, thePDL structurebecomessmoother

andthicker. At 1800LT, thePDL is still clearlydiscerniblewith a thicknessof u 1.5

vyw , but the gradientsof the plasmadensityandthe magneticfield magnitudein the

PDL areweaker. In addition,thePDL thicknesschangesnon-uniformly with LT. For
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Figure3.12: The plasmadensityandthe magneticfield magnitudein the y=0 plane
at 1900UT for theJan.12, 1996event. Theopen-closedmagneticfield boundaryis
shown asa white zigzagcurve in eachof thepanels.On this boundaryfrom theGSE
z=0 planepolewardwe draw a straightline every 10} until 40} latitudeperpendicular
to the open-closedmagneticfield boundarypointing away from the magnetosphere.
The plasmaandfield propertiesalongthesesolid straightlines areshown in Figure
3.13.

example,thePDL thicknessat 1300LT is virtually thesameasthatat noon.

Figure3.12shows theplasmadensityandthemagneticfield magnitude in they=0

planeat 1900 UT for the Jan. 12, 1996 event, in the sameformat as Figure 3.10.

On theopen-closedfield line boundaryfrom theGSEz=0 planepolewardwe draw a

straightline, for every 10} until 40} latitude,perpendicularto the boundarypointing

away from themagnetosphere. Theplasmadensityandthemagneticfield magnitude

valuesalongthesesolid straightlines areshown in Figure3.13. Figure3.13shows

thattheextentof thePDL reachesashigh as40} latitude.Still, at theGSEz=0plane

thePDL structureis thesharpestandthinnest.Moving in thepolewarddirection,the

PDL structurebecomessmootherandthicker. ThePDL structureis still distinctat40} .
However, at higherlatitudes,it becomesmoredifficult to definethePDL becauseof

thevicinity of thecusp.

In summary, the simulation resultsshow that the PDL is thinnestat the subsolar

point with a thicknessof P 0.3 M~N , and the thicknessincreasesnon-uniformly both

in local time and in latitude. We note,however, that the subsolarthicknessis only
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Figure3.13:Theplasmadensity, themagneticfield magnitude,andtheN/B ratioalong
thesolidstraightlinesshown in Figure3.12.

marginally resolvedby theMHD code.Thus,in reality thePDL mayevenbethinner

nearnoon.

3.5 Discussion

Themuchsmoothermodelresultsfor themagnetopause crossingarelikely from the

insufficientresolutionof themodelneartheboundarybetweenthemagnetosheathand

theLLBL. Althoughthemodelresolutionis assmallas0.18 v�w nearthePDL region,

this grid size is still fairly coarsecomparedto the muchsmallertransition lengthof

u 0.01 vxw quotedby Songet al. [1993]. As pointedoutby WinskeandOmidi [1995],

diffusion doesnot play a significantrole in themagnetopauseprocess.However, in-

sufficientmodelresolutionin thetransition layer, andthushighernumericaldiffusion,

makesthe modelresultsdeviate from reality. This conclusion is consistent with the

resultof Lyon[1994],whoemphasizedtheneedof higherresolutionin thePDL. Such

asmallgrid sizeis veryhardto achieveby aglobalmodelwithoutmoresophisticated

numericaltechniqueslikeadaptivemeshrefinement.

In our model simulation ideal MHD with isotropicpressureis used. The good

consistency of themagnetosheathstructuresbetweenourmodelresultsandin situob-
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servationsindicatesthatpressureanisotropy is, at leastfor thetwo events thatwehave

studied,not very important. For theJan.12, 1996event,smallpressureanisotropy is

observed in themagnetosheath(T������� /T��������������� ) andimmediately inside themag-

netopause(T������� /T��������������� ). The small anisotropy is consistentwith the goodre-

productionof theobservedmagnetosheathfeaturesby the idealMHD modelwith no

anisotropic terms. Also, consideringthe resultsof Dentonand Lyon [2000] which

showedthat theexact form of theparallelpressuregradientforcemaynot becritical

to the global dynamicsof the PDL and the anisotropiceffects in three-dimensional

casemight be lessthanthat in two dimensional case,we cansay that our isotropic

MHD globalmodelshouldgivefairly gooddescriptionof thePDL process,evenwhen

anisotropy is notverysmall. Becauseourmodelresultsdeviatesomewhatfrom obser-

vationsin theLLBL region with evenlower anisotropy in bothevents,it is not likely

that pressureanisotropy, not includedin our model,playsan importantrole for this

inconsistency. Thelargedeviationbetweenmodelandobservationtemperatureinside

themagnetopauseimpliesthatothermechanisms, e.g.,ring current,might beneeded

in theglobalmodelto betterdescribethemagnetosphereregionbesidethePDL.

3.6 Summary and Conclusions

The primary purposeof this chapteris to test the validity of the MHD framework

to studythe PDL. We concentratedon two depletionevents away from the subsolar

region for which sufficient dataareavailable for a meaningfulcomparisonwith the

simulationresults.Ourfindingsareasfollows:

1. For thetwo events thatwe studiedtheMHD descriptionwith isotropicpressure

is sufficient to describethedepletionformation.Thevisualconsistency between

theobservationsandthemodelresultsis good.Theaveragemodeldepartureis

usuallysmaller thanthestandarddeviation of observationsandit is alsousually
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muchsmallerthanthecorrespondingnormalobservations. Any otherprocesses

thanisotropicMHD arethusunlikely to playanimportantrole.

2. ThePDL is stableduringstablenorthwardIMF conditions.

3. Singlespacecraftobservationsof the PDL can be significantlydifferent from

therealspatialPDL structure.This is primarily dueto thechangingsolarwind

conditionsandthemotion of thespacecraftrelative to themagnetopausethat is

causedby small fluctuationsof the solarwind dynamic pressure.As a conse-

quencetheobservationsmakethePDL appearto bea lot morestructuredthanit

really is.

4. Thedepletionstructureextendsat least6 hoursmagneticlocal time away from

the subsolar point on the magnetopausein the GSEz=0 plane. Also, the PDL

extendsat leastto 40} latitudefrom the GSEz=0 planeandmakesa smooth

transition into the cusp. The sharpestPDL structureexists nearthe subsolar

pointandthePDL becomessmootherandthickermoving away from it.
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CHAPTER 4

The Physics of the PDL: MagnetosheathFlow Structure

and Forces

4.1 Intr oduction

In Chapter3, we validatedthe UCLA globalMHD modelin studyingthe formation

of the PDL by comparingmodelresults,usingrealisticsolarwind observations asa

driver, with in situ plasmadepletionlayerobservations. Large scaleandglobalPDL

simulationsto datehavebeenconcentratingontheexistenceof thePDL in thosesimu-

lationsandthedependenceof thePDL onsolarwind conditions,e.g.,solarwind Mach

numberandIMF clock angle[Wu, 1992;Lyon,1994;Siscoeet al., 2002]. No global

simulationshave beenconductedto addressthe detailedformationof the PDL, in-

cludingtheforcesresponsiblefor flux tubedepletionin themagnetosheath.Although

the Southwood andKivelson [1995] modelgave a phenomenological descriptionof

thestructureandtheunderlyingphysics for the formationof thePDL, thevalidity of

their modeldependson thepropagationof theslow modewavesin thecomplex flow

andfield geometryof the magnetosheath.The questionwhetherthe proposedslow

modefront exists in themagnetosheath,if so,whetherit cansignificantlychangethe

propertyof plasmaandfield acrossit, remainsopen.

In this chapter, we extend our previous work and useglobal MHD simulations

to addressthe fundamentalphysics relevant to the formationof theplasmadepletion

layer. We discussdifferentcasesfor oneto threedimensionsandfind thatonly three
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dimensional modelscanexplain theformationof thePDL. We studytheforcesin the

magnetosheathandfind that the plasmapressuregradientforce playsvery different

role thanthat in gasdynamic modelsin controlling the plasmamotion in the magne-

tosheath.ThusMHD insteadof gasdynamicmodelsshouldbeusedto studythePDL.

MHD forcesplay differentrolesin differentregionsalongthepathof a plasmaparcel

flowing aroundthe magnetopauseto form the PDL. Forcesfor regionswith differ-

entcharacteristicsareidentifiedalongthestreamlinepassingthroughthePDL. Forces

alongflux tubesatdifferentstagesof theirdepletionin themagnetosheatharealsoan-

alyzed.Wefind thatthestrongpressuregradientforceat thebow shockpushesplasma

alongtheflux tubeaway from theGSEz=0 planefor thenorthwardIMF usedin this

study. Within the magnetosheatha pressuregradientforce exists nearthe subsolar

magnetopausepushingplasmaaway from theGSEz=0planeto depletetheflux tube.

While far away from the subsolarmagnetopause in the magnetosheath,a different

pressuregradientforce exists which pushesplasmatoward theGSEz=0 plane. This

new andmoredetaileddescriptionof flux tubedepletioninsidethemagnetosheathis

comparedwith the two stepflux tubedepletionproposedby Zwan andWolf [1976]

anddifferencesarefound.Nearthemagnetopause,thepressuregradientforceis more

complex anddensityenhancementalongthefield line canoccur, asassumedby South-

wood andKivelson [1992]. This might be responsible for the observed two-layered

slow modestructures[Songet al., 1990,1992].

In thischapter, I will first discussMHD forceswhichcontroltheflow in themagne-

tosheathfrom MHD pointof view. ThenI will giveabrief discussion aboutthemodel

issues,including the importantparametersusedin our modelruns. After that, I will

discussthemodelresultswith emphasison the forcesthatgovernthemagnetosheath

flow andthe depletionof flux tubes. I will show thatdistinct flow andforce regions

exist thatexplain how thePDL forms. Finally, I summarizetheresultsandpresenta

refinedmodelfor thePDL formation.
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4.2 Theory

Spreiter’s modelis oneof theearliestmodelsto describetheflow patternin themag-

netosheath[Spreiteret al., 1966]. In thismodel,theEarthmagnetosphereis treatedas

a blunt bodyandthegasdynamic equationsarenumericallysolvedfor thebow shock

andthemagnetosheathplasmaconditions givena setof solarwind conditions. How-

ever, it is agasdynamicmodelandtheonly forcecontrolling theplasmamotion in the

magnetosheathis theplasmapressuregradientforce. Althoughmagneticfield canbe

obtainedfrom Spreiter’s model[Alksne, 1967], it is donein a kinematic way andno

magneticforcesareconsideredin thecalculation.In orderto stoptheplasmamotion

toward the subsolarmagnetopause, theremustbe a pressuregradientforce pointing

away from the sunwardmagnetopause. This usuallycorrespondsto anenhancement

of the plasmadensitytoward the magnetopause.Unlessthe plasma� (the ratio be-

tweenthe plasmathermalpressureand the magneticpressure)is much larger than

unity in themagnetosheath,agasdynamicmodelwill notgivethecorrectpressureand

densityalongthestagnation streamline.However, when � valueis very largeandthe

magneticforceis relatively weak,thebehavior of themagnetosheathplasmashouldbe

similar to thegasdynamic results,maybewith theexceptionof theregionverycloseto

thesubsolar pointon themagnetopause.

In idealMHD, theplasmamotion is describedby themomentumequation:

�����
���

� �~¡£¢¥¤§¦©¨«ª�¬ (4.1)

where ���®¯��� is the rateof changeof a plasmaparcel’s velocity along its flow path

(Lagrangianderivative). Thereare two forcescontrolling the motion of the plasma

parcel:thepressuregradientforce, �O¡°¢ , andthemagneticforce,¦~¨±ª . Thepressure

gradientforce is directly relatedto the plasmadensityandtemperature,andthereis

no constraintfor its orientation. However, themagneticforceis alwaysperpendicular
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to thelocalmagneticfield. This impliesthattheacceleration/decelerationof a plasma

parcelalonga magneticfield line canonly becausedby the pressuregradientforce.

For a given particularfield line in the magnetosheath,sincedifferentplasmaparcels

alongthis field line take differentpathsto their currentlocationsfrom thesolarwind,

theplasmapressuresat thosepointswill in generalbedifferent.Thuspressuregradi-

entsalongthismagnetosheathfield line will form thatdrive theplasmaflow alongthe

field line. We will studythedetailedforcesalongmagnetosheathmagneticfield lines

in Sect.4.4.3.

Becauseof the pressuregradientsalongmagneticfield lines no one-dimensional

model can accountfor the plasmadepletionlayer formation. For two-dimensional

models,let first assumethat theflow is in thex direction,andthemagnetopauseex-

tendsinfinitely in thez direction.Thentwo-dimensionalmodelscanprincipally either

havemagneticfield perpendicularto thexz planeor alongthez direction.In theformer

case,field linescannot convectaroundtheobstaclewhich leadsto anunconstrained

flux pile-upthatis not realistic.Assumingafinite normalvelocitycomponentthrough

themagnetopausemight leadto asteadysolution. However, thedependenceonsucha

parameterstill would leadto anunrealisticmodel.In thetwo-dimensional casewhere

thefield is alongthez direction,noPDL candevelopbecauseit is similar to thegasdy-

namiccaseby replacing¢ in thegasdynamic casewith ¢¥¤³²x´ ¶µ¯·¹¸ in theMHD case.

The caseof magneticfield having an arbitraryanglealso leadsto flux pile-up. We

thusconcludethat the PDL formationis fundamentally a three-dimensionalprocess

thatnotonly requiresa three-dimensional modelbut alsotheanalysisof gradientsand

forcesin all threecoordinatedirections.
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4.3 Model

The UCLA global modelcanbe driven by eitherspacecraftsolarwind plasmaand

IMF observationsor by idealizedsolarwind plasmaandIMF conditions. In our for-

merplasmadepletionlayercasestudyfor modelvalidation, we usedmeasuredsolar

wind plasmaandIMF observationsto drive themodelandthencomparedmodelre-

sultswith in situ PDL observations. In this study, however, we useidealizedsolar

wind plasmaandIMF conditionsto avoid the complexities that arisefrom temporal

solarwind variations. The input parametersusedin this studyare(in theGSEcoor-

dinate): º =(-450,0, 0) km/s, ª =(0, 0, 7) nT, N=6 cm»½¼ , andT ¾ =T¿ =10 eV. These

parametersaretypical valuesfor solarwind conditions exceptfor the magneticfield

which we choosethe northward direction. Thereis no dipole tilt in the modelruns

presentedin this chapter. The MHD modelusesa stretchedCartesiangrid [Raeder,

2003]. In this study, we have morethan P 20 grid pointsbetweenthebow shockand

the magnetopausealongthe Sun-Earthline, correspondingto a spatialresolution of

P 0.15 MxN in thesubsolar magnetosheathregion. This is sufficient to resolve thePDL

with typical observedthicknessof P 0.3-0.5 MON . All themodelresultsshown hereare

threehoursafter the startingof eachglobal model run, whenstablemagnetosheath

structureshavealreadybeendeveloped.

4.4 Results

4.4.1 BasicMagnetosheathPattern

The plasmadensityandthe magneticfield magnitudein the z=0 planeareshown in

Fig. 4.1. The open-closedmagneticfield boundaryis shown asa red zigzagcurve

andstreamlinesareshown aswhite smoothcurvesin eachof thepanels.Plasmaflow

comingfrom thesolarwind is first deflectedat thebow shock,thenit movesaround
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the magnetopauseto the downstreammagnetosheath.The plasmadensityand the

magneticfield magnitude in they=0 planeareshown in Fig. 4.2 in thesamemanner

as in Fig. 4.1, except that magneticfield lines are shown as white smoothcurves.

Themagneticfield magnitudeincreasesfrom thebow shocktowardthemagnetopause

alongthestreamlineclosestto thestagnationline in theright panelof Fig. 4.1. This

impliesthatmagneticfield linesarepiling up on themagnetopause.Afterward,these

field linesaredrapedaroundthemagnetopausewith plasmaflow. In bothFig. 4.1and

Fig. 4.2, a clearPDL featurewith decreasedplasmadensityandenhancedmagnetic

field is seennearthesubsolarmagnetopause.

Severalradiallyoutwardstraightlinesaredrawn from thecenterof theEarthin Fig.

4.1, which aremarked 0-4. Someplasmaandfield parametersalongtheselines are

shown in Fig. 4.3. Fromtop to bottomin Fig. 4.3aretheflow velocity, themagnetic

field magnitude, theplasmadensity, andtheratio betweentheplasmadensityandthe

magneticfield magnitude(N/B). Themagnetosphereis on the left sideof the figure,

the solarwind is on the right sideof the figure, and the magnetosheathis between

themagnetosphereandthesolarwind. Themagnetopauseis definedastheboundary

wherethemagnetosheathflow velocity is closeto zero. Themagnetopauselocations

on lines 0-4 areshown asblack dots. In panel(c) of Fig. 4.3, plasmadepletionis

seenclearlynearthemagnetopausein themagnetosheathon lines0-3, which implies

that the PDL extendslongitudinally alongthe magnetopause. However, the patterns

aredifferenton eachof theselines, which implies the longitudedependenceof the

PDL. Specifically, theclosera radialstraightline is to theSun-Earthline, thethinner

the PDL is. Especiallyclearon line 0, thereare two regionswith differentdensity

decreasingtrendsin the magnetosheathseparatedat P 10.25 M~N : a region of strong

densitydecreaseon themagnetospheresideanda regionof weakdensitydecreaseon

the sunward side. Both of theseregionsshow the PDL featurewith plasmadensity

decreaseandmagneticfield increase,but weonly call thefirst regionthePDL because
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Figure4.5: The currentdensityin the z=0 plane(the left panel)and the y=0 plane
(theright panel).Theopen-closedmagneticfield boundaryis shown asawhitezigzag
curve in eachof thepanels.

of its strongplasmadepletion.TheN/B ratioshows thedegreeof plasmadepletionin

a flux tube. The larger theN/B ratio is, themoredepletedtheflux tubeis. TheN/B

ratio in thebottom panelof Fig. 4.3showsthatflux tubedepletionoccursin thewhole

subsolarmagnetosheath.However, strongerflux tubedepletionusuallyexistscloserto

themagnetopausealonglines0-3. Similar resultsareobtainedfor thestraightlinesin

they=0 planeof Fig. 4.2,whichareshown in Fig. 4.4.FromFig. 4.4we alsoseethat

thePDL extendswith latitudealongthemagnetopauseandits thicknessalsodepends

on the latitude on the magnetopause.Theseresultsareconsistentwith the resultsof

ourpreviousPDL eventstudyin Chapter3.

Therearetwo forcescontrollingtheplasmamotionin themagnetosheath:thepres-

suregradientforceandthemagneticforce.Thelatterdependsonthecurrentdensityin

themagnetosheath.Fig. 4.5shows thecurrentdensityin thez=0plane(theleft panel)

andthey=0 plane(theright panel).Theopen-closedmagneticfield boundaryis shown

asawhitezigzagcurve in eachof theplanes.Althoughtheopen-closedmagneticfield

boundaryis closeto thepeakof thecurrentdensityon themagnetopause,they do not

coincide. The currentextendswell into the magnetosheath,which is consistentwith

theresultsof Wu [1992]. Togetherwith themagneticfield in themagnetosheath,the
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magnetosheathcurrentproducesa magneticforce which playsan important role in

shapingtheflow patternin themagnetosheath,aswewill show next.

4.4.2 Forces

In the MHD regime, plasmamotion is controlledby the pressuregradientforce and

the magneticforce. Fig. 4.6 shows the pressuregradientforce, the magneticforce,

and their combined force in the z=0 plane(the left panels)and the y=0 plane(the

right panels).Theopen-closedmagneticfield boundaryis shown asaredzigzagcurve

andthe plasmadensityis shown color codedasthe backgroundin eachpanel. The

streamlinesareshownaswhiteandblacksmooth curvesin theleft andtheright panels,

respectively. Field lines areshown aswhite smooth curvesin the right panels.The

arrows in eachpanelshow the force vectors. The force arrows are properlyscaled

within eachpanelandamongdifferentpanels.Notethatthestreamlinesareonlydrawn

onaplane,sothey maynot representtherealthreedimensionalstreamlines.Contrary

to Spreiter’s modelmagnetosheathresults[SpreiterandAlksne,1968] in which the

pressuregradientforcecausesplasmadecelerationtowardthesubsolarmagnetopause,

thepressuregradientforcein theMHD simulationisdirectedtowardthemagnetopause

in mostof thesubsolarmagnetosheath(seethetop panelsof Fig. 4.6). Themagnetic

forceis thedominantforcethatdeceleratesthemagnetosheathplasmaasit approaches

themagnetopause(seethemiddlepanelsof Fig. 4.6).Thecombinedpressuregradient

forceandmagneticforcefirst decelerateplasmanearthesubsolarmagnetopause,and

subsequently bendandacceleratethe plasmaflow aroundthe magnetopausetoward

thedownstreammagnetosheath(seethebottompanelsof Fig. 4.6). Noteherethatthe

bendingof thestreamlinesdoesnotoccurin a layercloseto themagnetopausein both

thez=0andy=0 planes,but occurscloserto themagnetopauseneartheSun-Earthline

andmovesaway from themagnetopause fartheraway from theSun-Earthline.

To betterunderstandplasmaaccelerationanddecelerationin the magnetosheath
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Figure4.7: Thecombinedpressuregradientforceandmagneticforcealongflow direc-
tion is shown color codedin thez=0 (top) andy=0 (bottom) planes.Theopen-closed
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with blackandwhitethick smooth curvesmarked0-3 in eachof thepanels.RegionsI,
II, III, andIV alongstreamline0 have differentforcefeatures.Thewhite markersare
theboundariesof thoseregionsalongstreamline0.
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we show in Fig. 4.7 the combinedpressuregradientforce andmagneticforce along

theflow direction, � �~¡£¢ ¤ ¦¥¨ ª������ � , asthecolor codedbackgroundin thez=0 (top)

and y=0 (bottom) planes. The open-closedmagneticfield boundaryis shown as a

black zigzagcurve andthe streamlinesaredrawn with black or white thick smooth

curvesmarked0-3 in eachof thepanels.A positive backgroundvaluemeansthat the

combinedforce is alongtheflow direction,thusflow is beingaccelerated. A negative

backgroundvaluemeansthatthecombinedforceis opposite to theflow direction,i.e.,

flow is beingdecelerated.In thez=0planea largedecelerationregionexistsalongthe

bow shockwhichcausesthevelocitydropacrosstheshock.Insidethemagnetosheath,

decelerationis constrainedto a region just downstreamof thebow shockandcloseto

the Sun-Earthline. Outsideof this region in the magnetosheath, accelerationdomi-

natesthroughoutthemagnetosheathbut usuallywith a largeraccelerationforcecloser

to theopen-closedmagneticfield boundary. In they=0 planea similar largedecelera-

tion region existsalongthebow shock.Insidethemagnetosheathdecelerationis also

constrainedin a region just downstreamof thebow shockandcloseto theSun-Earth

line. Outsideof this region in themagnetosheaththeflow is accelerated.In contrast

to the casein thez=0 plane,the peakof theacceleration force in themagnetosheath

is smallerand the accelerationforce is distributedmoreor lessevenly for different

distancesfrom themagnetopause.

For streamlinescloseto theSun-Earthline, likestreamline0 in thetoppanelof Fig.

4.7, plasmafirst experiencesdecelerationafter passingthroughthe bow shock,then

acceleration.For streamlinesfartheraway from theSun-Earthline, likestreamlines1-

3 in thetoppanelof Fig. 4.7,plasmais acceleratedimmediatelyafterpassingthrough

the bow shock. This acceleration/deaccelerationpatterndifferentiatesstreamline0

from streamlines1-3. Fig. 4.8shows theflow velocity, themagneticfield magnitude,

the plasmadensity, and the N/B ratio along the four marked streamlinesin the top

panelof Fig. 4.7. The horizontalaxis is the distancealong a streamlinefrom its
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Figure4.8: Theflow velocity, themagneticfield magnitude,theplasmadensity, and
the N/B ratio alongstreamlines0-3 in the top panelof Fig. 4.7. The x axis is the
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ture, decreasedplasmadensityandenhancedmagneticfield is only seenclearly on
streamline0, which is closestto themagnetopause,from P 6 M©N to P 9 MxN .
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startingpoint in thesolarwind. ThePDL, i.e.,decreasedplasmadensityandincreased

magneticfield towardthemagnetopause,is only seenon streamline0 from P 6 M N to

P 9 MyN . Ontheotherstreamlinesadiabaticfastmodeplasmaexpansion dominatesand

no distinct PDL structureis seen.Next we will only concentrateon streamline0 to

investigatetheforcesfor theformationof thePDL.

Fig. 4.9 shows forces in a streamlinecoordinatesystemalong streamline0 in

the top panelof Fig. 4.7, togetherwith plasmaand field parameters.From top to

bottom the figure shows: the flow velocity, the plasmadensity, the magneticfield

magnitude, the N/B ratio, the pressuregradientforce parallel to magneticfield, the

forcesperpendicularto magneticfield, the forcesperpendicularto the flow velocity,

and the forcesparallel to the flow velocity. The unit of the forcesin panels(e)-(h)

is 10»ÍÌÏÎ Pascal/m. The horizontalaxis is the distancealongthe streamlinefrom its

startingpointin thesolarwind. Panels(f)-(g) aredrawn with thesamescale,butpanels

(e)and(h) aredrawn with asmallerscaleandthusthevaluesaremorenoisy. Panel(e)

showsthatthepressuregradientforcealong ª is negligible. Thisis becausestreamline

0 is in the GSEz=0 planewherethe plasmapressureforms a local maximum along

magneticfield. However, thepressuregradientforce along ª is usuallynot zeroout

of the GSEz=0 plane,which we will show later in the paper. The regionsbounded

by dashedlines, I, II, III, IV, and V, are the regionson streamline 0 with different

forcefeatures.RegionsI, II, III, andIV aremarkedin thetop panelof Fig. 4.7,while

regionV is furtherdownstreamalongthestreamlineandis notshown in thatfigure. In

region I, theflow velocitydecreasesandthemagneticfield magnitudeincreases.This

is a typical featurefor a field line pile-upprocessdueto compression.However, the

plasmadensitydoesnot increasein unison with magneticfield asonewould expect

for adiabaticcompression.On thecontrary, theplasmadensityfirst basicallyremains

constant,thendecreases.This impliesthattheremustbeforcesmoving plasmaalong

magneticfield line. In this region, thepressuregradientforcedeceleratesplasmaand
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Figure 4.9: Forcesin a streamlinecoordinatesystemalongstreamline0 in the top
panelof Fig. 4.7, togetherwith plasmaandfield parameters.Fromtop to bottom are:
theflow velocity, theplasmadensity, themagneticfield magnitude,theN/B ratio, the
pressuregradientforceparallelto magneticfield, theforcesperpendicularto magnetic
field, the forcesperpendicularto theflow velocity, andthe forcesparallelto theflow
velocity. Theunit of theforcesin panels(e)-(h)is 10»ÍÌÏÎ Pascal/m.Thehorizontalaxis
is thedistancealongthestreamline from its startingpoint in thesolarwind. Panels(f)
and(g) aredrawn with thesamescale,but panels(e) and(h) aredrawn with a smaller
scaleandthusthevaluesaremorenoisy.
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themagneticforceacceleratesplasmaalongthestreamline,asshown in panel(h). The

netresultof thesetwo forcesis theplasmadeceleration.Plasmadecelerationdecreases

in thisregionuntil it is closeto zeroat theendof thisregion. In regionII, althoughthe

magneticforce is still trying to decelerateplasma,thepressuregradientforce begins

to dominate. Plasmaaccelerationbegins to producea net positive force alongflow

directionascanbeseenin panel(h). Much strongerforcesperpendicularto theflow

velocity directionandthe magneticfield directionexist in this region. Theseforces

areresponsible for bendingtheflow aroundthemagnetopauseanddrapingmagnetic

field linesaroundthemagnetopauseinto thedownstreammagnetosheath.At theendof

region II, thebendingforcesreachtheir peakvalues.In region III, continuousplasma

accelerationexistsbecauseof thedominantpressuregradientforceaccelerationin the

first half of thisregionandthedominantmagneticforceacceleration in thesecondhalf

of thisregion. Within thisregion,magneticfield stopspiling upandbeginsto decrease.

In regionIV, forcesareusuallymuchsmallercomparedto thepreviousregions.Plasma

andfield go througha fastmodeexpansion, i.e., the flow velocity increases,andthe

plasmadensityandthemagneticfield magnitudebothdecrease,with theaccelerating

force comingfrom both the magneticforce andthe pressuregradientforce. Finally

in regionV, theplasmaandfield slowly expandsfurtherandgraduallyreturnsto their

solarwind values.

A similar discussionis appropriatefor thestreamlinesin thebottompanelof Fig.

4.7, asshown in Fig. 4.10. ThePDL signaturewith a decreasedplasmadensityand

enhancedmagneticfield is only seenon streamline 0, which is closestto the mag-

netopause,from P 6 M N to P 9 M N . Thereare somestructuresalong streamline1;

however, they only occurfar downstreamin themagnetosheathandfar away from the

subsolarpoint.

Fig. 4.11 shows forcesin a streamline coordinatesystemalongstreamline 0 in

thebottompanelof Fig. 4.7, togetherwith plasmaandfield parameters.Thedisplay
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Figure4.11:Forcesin astreamlinecoordinatesystemalongstreamline0 in thebottom
panelof Fig. 4.7, togetherwith plasmaandfield parameters.Thedisplay is thesame
asin Fig. 4.9.
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is thesameasin Fig. 4.9. RegionsI, II, andIII arevery closeto they=0 plane,but

regionsIV andV starttodeviatefrom thisplane.Theforcefeaturesaresimilarto those

shown in Fig. 4.9. However, somesignificantdifferencesexist. Thepositive pressure

gradientforcealongmagneticfield exists in region I, II, andthefirst half of region III,

asshown in panel(e) of Fig. 4.11. This force is the only force driving plasmaflow

alongmagneticfield line to depleteaflux tube.In contrastto theregion III in Fig. 4.9,

therearebothplasmaaccelerationanddecelerationin this region, asshown in panel

(h) of Fig. 4.11. Differenceexists in region IV too, with a net plasmadeceleration.

Streamline0 in the y=0 planeendsup inside the magnetospherethroughthe polar

reconnection,thusthereis no infinite expansionasstreamline0 in theGSEz=0plane.

Thereis littl e spatialdifferencefor the startingpoints of thesetwo streamlines,(17,

1, 0) MxN and (17, 0, 1) MxN in the top andbottompanelsof Fig. 4.7, respectively.

However, this small differenceis responsible for substantialdifferencesalongthese

streamlines.

In order to get moredetailedstructurenearthe stagnationline wherethe major

physics of the PDL occurs,we plot in Fig. 4.12 plasmaandfield parametersalong

a streamlineon the z=0 planewhich is closerto the magnetopausethanflow line 0

in the top panelof Fig. 4.7. Fromtop to bottom in thefigure are: the flow velocity,

theflow velocity perpendicularandparallelto themagnetopause,theplasmadensity,

the magneticfield magnitude, andthe N/B ratio. The horizontalaxis is the distance

along the streamlinefrom its startingpoint at (17, 0.5, 0) M N . For simplicity, we

calculatethe flow velocity perpendicularandparallel to the magnetopauseusingthe

flow velocity perpendicularandparallelto the local radial line centeredon theEarth.

This calculationshouldbe reasonablyaccuratefor the region closeto the subsolar

magnetopause.Thepatternsof theforcealongthis line aresimilar to thosealongflow

line 0 in Fig. 4.9, so we do not show forcesin Fig. 4.12. In Fig. 4.12, the plasma

velocityperpendicularto themagnetopausedecreaseswhenplasmamovestowardthe
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magnetopausefrom thebow shock.As proposedin SouthwoodandKivelson [1992],

this velocity decreaseshouldcorrespondto a density increasealong the flow line,

which is notseenin Fig. 4.12.Instead,theplasmadensitycontinuesto decreasewhen

thenormalflow velocity decreases.TheLagrangianderivative of theplasmadensity

alongastreamlineis:

� �
���

� � � ¡ih º � (4.2)

We seethat the changeof the plasmadensityalonga streamlineis not solely deter-

minedby theflow velocity in onedirection,but theflow velocity in all thedirections.

In panel(c) of Fig. 4.12,thereis alsoa largechangeof theflow velocityparallelto the

magnetopausealongthestreamline.Thenet resultof this flow velocity patternis the

decreaseof theplasmadensityalongthestreamline.Similar resultsareobtainedfor

a streamlineon they=0 planewhich is closerto themagnetopausethanflow line 0 in

thebottom panelof Fig. 4.7,whicharenot shown here.

4.4.3 Flux Tube Depletion in the Magnetosheath

As magneticfield lines are piling up toward the magnetopause,the plasmadensity

andtheplasmapressurearealsotrying to increase.In a one-dimensionalmodelthis

would be the only possible solution. However, in threedimensional modelsas the

onethat we usein this study, the resultingpressuregradientcandrive plasmaaway

from the subsolar region along magneticfield lines. This depletionovercomesthe

plasmapile-upprocessandeventually producesa plasmadensitydecreasetowardthe

magnetopause.Thusit is necessaryto studythedetailedforceandflow patternsalong

magneticfield linesin themagnetosheathto understandtheplasmadepletionprocess.

In orderto dosowechoosethreefield linesin they=0 plane,whichareshown in Fig.

4.13.Theopen-closedmagneticfield boundaryis shown asa redzigzagcurveandthe

plasmadensityis shown color codedasthe background.From right to left the field

linesaremarked1-3.
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Figure4.13: Threefield lines in the y=0 planealongwhich we chooseto studythe
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Figure4.14: Parametersalongfield lines 1-3 in the noonmidnight meridianin Fig.
4.13.Thehorizontalaxisis thedistancealongeachmagneticfield line northwardfrom
its crossingin theGSEz=0plane.In eachpanel,theshadedregion is thebow shock,
theregion to the left of it is themagnetosheath,andtheregion to theright of it is the
solarwind. Fromtop to bottomare:theplasmadensity, themagneticfield magnitude,
theplasmapressure,theflow velocity alongandperpendicularto magneticfield, the
pressuregradientforce alongandperpendicularto magneticfield, andthe magnetic
force(perpendicularto magneticfield). Theunit of theforcesin panels(f)-(h) is 10»ÍÌµ´
Pascal/m.
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The plasmaandfield parametersalongfield lines 1-3 in Fig. 4.13areshown in

Fig. 4.14. Thehorizontalaxis is thedistancealongeachmagneticfield line from its

startingpoint in theGSEz=0plane.In eachpanel,theshadedregionis thebow shock,

theregionto theleft of thebow shockis themagnetosheath,andtheregionto theright

of thebow shockis thesolarwind. Fromtop to bottomwe show: theplasmadensity,

themagneticfield magnitude,theplasmapressure,theflow velocityalongandperpen-

dicularto magneticfield, thepressuregradientforcealongmagneticfield, thepressure

gradientforceperpendicularto magneticfield, andthemagneticforce(perpendicular

to magneticfield). Theunit of theforcesin panels(f)-(h) is 10»ÍÌµ´ Pascal/m.Fig. 4.14

showsthatthereis astrongpressuregradientforceperpendicularto themagneticfield

on thebow shockto deceleratesolarwind plasma.This decelerationforcedecreases

asmagneticfield line movesfurtherinto themagnetosheath.Themagneticforce(per-

pendicularto magneticfield) on the bow shockhasa similar patternasthe pressure

gradientforceperpendicularto magneticfield, exceptthatit decreasesmuchfasterand

becomesmoreandmoreinsignificant comparedto thepressuregradientforce asthe

field line movesfurtherinto themagnetosheath.Onthebow shock,thepressuregradi-

entforcealongmagneticfield line givesplasmaastrongkick away from theGSEz=0

plane.Thebow shockpushesthenewly shockedplasmaawayfrom theGSEz=0plane

andthisoccursduringall thepassageof theflux tubein themagnetosheath.Also, it de-

creaseswhentheflux tubemoves furtherdownstreaminto themagnetosheath.Inside

the magnetosheath,forcesperpendicularto magneticfield, i.e., the pressuregradient

forceperpendicularto magneticfield andthe ¦ ¨±ª force,areresponsiblefor field line

deceleration,acceleration,anddrapingaroundthe magnetopause.Thesetwo forces

arerelatively small in mostof themagnetosheath(lines1-2) until closeto themagne-

topause(line 3) wherethey havedistinctpeakmagnitudescloseto theGSEz=0plane.

Thepressuregradientforcealongflux tubeexistsinside theentiremagnetosheathand

furtherdrivesplasmaaway from theGSEz=0 plane.This resultis differentfrom the
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descriptionof ZwanandWolf [1976],whobelieved thatthisdepletioncanonly occur

at thebow shockandnearthenoseof themagnetopause.Differentfrom theothertwo

forcesin panels(g) and(h), thepressuregradientforcealongflux tubeonly increases

slightly whenthefield line movestoward themagnetopause.Very closeto themag-

netopausealongline 3, a complex pressuregradientforce patternin both directions

alongtheflux tubeexists. This complex forcepatternis responsible for thedisturbed

structuresin theplasmadensityandthemagneticfield magnitudeprofilesin panel3.

Especiallybetweenthe two dashedlines in panel3, thereis an enhancementof the

plasmadensityandadecreaseof themagneticfield magnitude,which is thesignature

of a slow modewave. However, sucha featuredoesnot exist alongthe radial lines

on the y=0 planeasshown in Fig. 4.2 andFig. 4.4. Nearthe GSEz=0 planealong

lines0-3 in Fig. 4.14,theflow velocity parallelto magneticfield is closeto zero. It

increasesawayfrom theGSEz=0plane,whichlookslikeafastmodeexpansionwave

becausethe plasmadensityandthe magneticfield magnitudedecreaseconcurrently.

However, theexpansionis alsovery closelyalignedwith themagneticfield direction

whichwouldalsoallow for aslow modeexpansionfan.Wespeculateat thispoint that

thefeaturesseenin Fig. 4.14line 3 arethoseof a slow modeexpansionfan. We will

addresstheexistenceof suchawave laterin thischapter.

4.5 Discussion

The conventional wisdom, that the plasmadensityandpressuredecreaseasa result

of the magneticpressureincreaseto keepthe total pressurebalancein the PDL, is

only anapproximation. For example,asshown in panel(h) of Fig. 4.9,thecombined

force alongthe flow directioncanbe comparableto both the pressuregradientforce

andthe magneticforce. Thereis often someinertial force so that the magneticand

plasmaforcescannot preciselybalance.As shown in Fig. 4.6,flow accelerationand
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decelerationexist almosteverywherein themagnetosheath.

ZwanandWolf [1976] usedSpreiter’s modelresultsin their MHD PDL modelto

supplya critical pressureboundarycondition for the thin flux tubeevolution in the

magnetosheath.Thus,althoughbothZwanandWolf andwe areusingtheMHD ap-

proach,specificdifferencesexist betweenourresults.Wepresentanew, moredetailed

modelto describethe formationof thePDL. In thenew model,thepressuregradient

force is responsiblefor the plasmadepletion in theflux tube. By acceleratingnewly

shockedsolarwind plasmaalongmagneticfield line awayfrom theGSEz=0plane,the

bow shockplaysanactive role in depletinga flux tubeduringits passagein themag-

netosheath.This pressuregradientforceat thebow shockactson thenewly shocked

plasmaby providing significantaccelerationalong the flux tube. Plasmadepletion

alonga flux tubeinside the magnetosheathis alsoprovidedby the pressuregradient

forcealongtheflux tube.Flux tubedepletionoccursduringall of thepassageof aflux

tubein themagnetosheathbeforeit reachesfar downstreamof themagnetosheath.A

littl efurtherupstreamof themagnetopausein themagnetosheath,thepressuregradient

force alongmagneticfield line pushesplasmaaway from the GSEz=0 plane. How-

ever, closerto themagnetopause,amorecomplex pressuregradientforcepatternexists

wherein somepartof aflux tubetheforceis pointing towardtheGSEz=0plane.This

featuremaybeindicative of a slow modefront asproposedby SouthwoodandKivel-

son[1992]. Dependingonwhichwaya virtual spacecraftgoesalongafield line close

to themagnetopause,aslow modefeaturewith enhancedmagneticfield anddecreased

plasmadensity, or a slow modefeaturewith decreasedmagneticfield andenhanced

plasmadensitymaybeobserved. This explainsPDL observationswith bothtypesof

slow modefeaturesinside themagnetosheath[Songet al., 1990,1992]. However, as

we have shown in Fig. 4.3 andFig. 4.4, only the slow modefeaturewith enhanced

magneticfield anddecreasedplasmadensityexists towardthemagnetopausealongthe

radiallinesfor thestablesolarwind conditionsin thisstudy.
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SouthwoodandKivelson[1992] proposedthat, if theflow is to bedivertedaway

from themagnetopause,thepressuremustriseacrosstheslow modefront. Thefield

mustdrop if thepressurerises.This leadsto densityenhancementandfield decrease

after the slow modefront. This slow modestructurewould correspondto the outer

layer of the observed two-layeredslow modestructure,i.e., a densityincrease/field

decrease,followedby thePDL.Suchfeatureshavebeenreportedby Songetal. [1990,

1992] and were deemedcharacteristicof the magnetosheath.However, in order to

understandthe densitydepletiononehasto considerthe velocity divergencein the

transversedirectionaswell. Around the subsolar point for the northward IMF case

in this study, in the y direction the flow divergenceleadsto a decreaseof both the

plasmadensityandthemagneticfield magnitude. In this directiontheflow patternis

a fastmodeexpansion. In thez direction,however, magneticfield is not immediately

affectedby theflow divergence.Thus,thedensitycandecreasewithout affectingthe

field. In thex direction,thecompressiontendsto increaseboththemagneticfield and

theplasmadensity. Combiningtheeffectsin all threedirections,theflow divergence

conspiresto decreasethedensityandto increasethemagneticfield magnitudetoward

themagnetopause.As shown in theprevioussectionarathercomplicatedforcepattern

causesflow divergencein the magnetosheath.However, asshown in Fig. 4.6, there

is very littl e flow bendingcloseto themagnetopauseasassumedby Southwoodand

Kivelson[1992]. And we do not seeany plasmadensityenhancementwith magnetic

field decreasein front of the magnetopause.Actually the bendingoccursfar ahead

of the subsolarpoint in the magnetosheathfor the streamlines that we have chosen.

Along theSun-Earthline, theflow towardthemagnetopausedecreases,andtheplasma

densityalsodecreases,asshown in Fig. 4.3. This is becauseplasmaflow is diverted

to theotherdirections.Thus,theflow decelerationtowardthemagnetopause doesnot

ensuretheenhancementof theplasmadensity.
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4.6 Summary and Conclusions

In this chapterwe investigatethe underlyingphysicsof the PDL usingglobal MHD

simulations.Our detailedforceanalysisshows:

1. SpecificMHD forcesplay differentrolesfor thePDL formation. Thepressure

gradientforce alonga field line is primarily responsible for plasmadepletion.

Both thepressuregradientforceandthemagneticforceareresponsiblefor the

flow patternin the magnetosheath,and divert the plasmaand magneticfield

aroundthemagnetosphere.

2. Only streamlinesthatoriginatecloseto theSun-Earthline exhibit clearplasma

depletionandcontributeto theformationof thePDL. This is consistentwith the

considerationof Southwood andKivelson [1992,1995]. On suchstreamlines,

distinct regions exist with different force features. The PDL is the result of

the plasmamotion controlledby thoseforceswith their complex roles along

streamline.

3. The analysisof the forcesin the MHD simulation resultsleadsus to propose

a more detaileddescriptionof flux tube depletionin the magnetosheath. In

this new descriptionthe bow shockplaysan importantrole to drive the newly

shockedplasmaalongtheflux tubeawayfrom theGSEz=0plane.Thepressure

gradientforceexists in theflux tube’s entiremagnetosheathpassagebeforeit is

closeto themagnetopause, which furtherdepletestheflux tube. Nearthemag-

netopause,a morecomplex pressuregradientforcepatternexistsalongtheflux

tube.Theseresultsarein contrastto theflux tubedepletiondescriptionby Zwan

andWolf [1976] which only qualitatively considersthedepletioneffectson the

bow shockandcloseto themagnetopause.

4. As shown in Fig. 4.14,a complex pressuregradientforce patternexists along
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theflux tubevery closeto themagnetopause.Slow modefeaturesareseenon

this flux tube,which could be responsiblefor the two-layeredslow modeob-

servationsfor particularspacecrafttrajectories.However, no suchtwo-layered

slow modestructureexistsperpendicularto themagnetopauseasinferredin the

observationsof Songetal. [1990,1992].
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CHAPTER 5

The Physics of the PDL: The Roleof the Slow Mode

Waves

5.1 Intr oduction

In Chapter4,weperformedadetailedforceanalysisin themagnetosheathusingglobal

model resultsand found that different forcesplay varying rolesalong the pathasa

plasmaparcelflows aroundthe magnetopause.A new magneticflux tubedepletion

descriptionis obtainedto betterexplain flux tube depletionin the magnetosheath.

Slow modesignatureshave beenobserved in the magnetosheathandthe slow mode

wavesplay animportantrole in several theoreticalplasmadepletionlayermodels.In

this chapter, I investigatethe existenceandpossiblerole of the slow modefront for

the formationof the PDL usingglobal modelresults. A new techniqueis proposed

to test the locationof the slow modefront in the magnetosheath,in which the slow

modewavegroupvelocity andtheflow velocity arecomparedto determinewherethe

slow modefront canexist. We find that, whenassuminga magnetopauseor down-

streamslow modewave source,a slow modefront canexist at certainregionsin the

magnetosheathbut only for certainsolarwind conditions. Theexistenceandlocations

of suchfronts dependon the strengthandorientationof the interplanetarymagnetic

field (IMF). Thereis no sharpeningof the slow modefront into slow modeshock

in our global simulation results. One-layeredPDL structureswith plasmadepletion

andmagneticfield enhancement,insteadof thetwo-layeredslow modestructureswith
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plasmaenhancementandmagneticfield decreasefor onelayer, andplasmadepletion

andmagneticfield enhancementfor anotherlayer, areobtainedfrom thisstudy.

5.2 Theory

MHD theoryhasbeenshown to be ableto give a reasonabledescriptionof the PDL

formation.Theoverall goodcorrelationbetweenPDL in situ observations andglobal

MHD modelresults,with realisticsolarwind observationsasthedriver, furthershows

thevalidity of MHD theoryin studying thePDL.

ThePDL structurewith enhancedmagneticfield anddecreasedplasmadensityis

principally a slow modefeature. The two-layeredslow modestructureobservations

[Songet al., 1990,1992]alsoshowedslow modefeaturesin eachof thesetwo layers

with densitycompressionandrarefaction. The slow modewaveswerealsoinvoked

for theformationof thePDL in thetheoreticalstudiesby ZwanandWolf [1976] and

SouthwoodandKivelson[1992,1995]. Herewe first discusssomeof the important

featuresof theslow modewavesbeforeweusethosefeaturesto developa slow mode

front detectiontechniqueandaddresstheroleof theslow modewavesin PDL forma-

tion.

Thedispersionrelationof theslow modewave for auniformbackgroundis:

¶¸·¹ ·»º ¼½ ¾À¿ ·ÁÃÂÅÄ ·ÆÈÇÊÉ Ë ¿ ·ÁÌÂÍÄ ·ÆÏÎ · ÇÑÐ ¿ ·ÁÒÄ ·ÆÔÓÖÕØ× ·ÚÙÀÛÝÜ (5.1)

Here Ù is theanglebetweentheslow modewavenormal( Þ ) andthebackgroundmag-

neticfield ( ß ),
¿ Á thesoundspeed,and Ä Æ theAlfv énspeed.Thegroupvelocity of

the slow modewave canbe obtainedby calculating à ¶Ìá àÀÞ . The slow modegroup
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velocitiesparallelandperpendicularto thebackgroundmagneticfield are:

Äãâåä º à ¶à ¹ ä º
Ë ¿ ·Á ÂÍÄ ·Æ ÎæÓçÕØ× Ù ÇéèëêÀìíåîÀï ìðòñ ìôóµõ÷öåøúù · êÀìíåï ìð è · óûõ÷öýüþø î óûõ÷öåøôö ÿ � ìôø ñ� è ê ìíåîÀï ìð ñ ì ù�� ê ìíåï ìð óûõ÷ö ì ø� ½�� Ë ¿ ·Á ÂÍÄ ·Æ Î Ç É Ë ¿ ·Á ÂÅÄ ·Æ Î · Ç Ð ¿ ·Á Ä ·Æ ÓÖÕØ× · Ù � (5.2)

Äãâ	� º à ¶à ¹ � º
Ë ¿ ·Á ÂÍÄ ·Æ Îæ×�
� Ù Ç èëêÀìíåîÀï ìð ñ ìôö ÿ � øúù · êÀìí ï ìð ö ÿ � øôóûõ÷öûìôø� èëê ìí îÀï ìð ñ ì ù�� ê ìí ï ìð óûõ÷ö ì ø� ½ � Ë ¿ ·Á ÂÍÄ ·Æ Î Ç É Ë ¿ ·Á ÂÍÄ ·Æ Î · Ç Ð ¿ ·Á Ä ·Æ ÓÖÕØ× · Ù Ü (5.3)

Pleasekeepin mind that Ù hereis thesameasthatusedin (5.1),andit is not theangle

betweentheslow modewave groupvelocity andthebackgroundmagneticfield. The

anglebetweentheslow modewavegroupvelocityandthebackgroundmagneticfield

canbecalculatedby Ù â º�������������� ÄÀâ	�Ä âåä�� Ü (5.4)

When ÓÖÕØ× Ù���� , (5.2)and(5.3)become

Äãâ ä º
¿ Á Ä ÆÉ ¿ ·Á ÂÍÄ ·Æ

ÓçÕØ× Ù ÓÖÕØ× Ù  (5.5)

ÄÀâ	� º �æÜ (5.6)

From(5.5)weseethattherearetwo singularpointsfor Ä âåä : Ù º�! �#" and Ù º ½%$ �#" .& When Ù approaches! �#" from asmallerangle,Ä âåä º ê í ï ð� ê ìí îÀï ìð .& When Ù approaches! � " from a largerangle,Ä âåä º Ç ê í ï ð� ê ìí îÀï ìð .& When Ù approaches
½%$ �#" from asmallerangle,Ä â ä º Ç ê í ï ð� ê ìí îÀï ìð .& When Ù approaches
½%$ �#" from a largerangle,Ä âåä º ê í ï ð� ê ìí îÀï ìð .

The slow modephaseandgroupvelocitiesfrom (5.1), (5.2), and(5.3) for Ä Æ º�æÜ(' ¿ Á areshown in Figure5.1.Thephasevelocitystandsfor thewavefrontvelocityfor

aplanewave,andit canbein any directionexceptthatperpendicularto thebackground
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Figure5.1: Theslow modewavephaseandgroupvelocitiesrelativeto thebackground
magneticfield for Ä Æ º �æÜ(' ¿ Á . Here Ä Æ is theAlfv énspeed,

¿ Á is thesoundspeed,
and ßHG is thebackgroundmagneticfield. Althoughthephasevelocity canbe in any
directionexceptperpendicularto the backgroundmagneticfield, the groupvelocity
canonly bewithin asmallangleaway from thebackgroundmagneticfield.
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Figure5.2: Theinitial disturbanceof theplasmapressurealongthex directionfor y=0.

magneticfield. The group velocity standsfor the energy propagationvelocity and

it canonly be within a small angleaway from the backgroundmagneticfield. For

planarwaves, we can simply use(5.1) to calculatethe velocity of the wave front.

However, for non-planarwaves,thegroupvelocity shouldbeappliedinsteadfor each

slow modewave point source.Theenvelopeof thewave frontsfrom a groupof point

sourcesshouldbethesameaswhatwe cangetfrom (5.1) whenthepoint sourcesare

planar. However, for non-planarwavesources,like theslow modewavesourcesin the

magnetosheath,thepointsourcesolutionfor everypointshouldbeusedto accountfor

thecomplex sourcegeometry. We will usethis fact laterto introducea new technique

to detecttheslow modefront in themagnetosheath.
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Figure5.3: Resultsof theslow modewave testsimulation with a smallpressuredis-
turbancein thecenterof thebox. Thesamesimulation algorithmandsimilargrid size
areusedin this simulation asthosein the global simulation. Typical magnetosheath
valuesareusedto settheuniformbackgroundwith magneticfield in they direction.

Oneway to seehow the slow modewave, with a point source,propagatesin a

plasmaenvironmentis throughasimplenumericalsimulation.Sucha test,if properly

set,canalsoserve to validatethesimulationcodethatwe will lateruseto addressthe

roleof theslow modewavesin themagnetosheath.Suchasimulation is donein abox

with uniform backgroundplasmaandmagneticfield. For thepurposeof this test,we

setthedimensionof thebox to [-10, 10]prq in bothx andy directions.For simplicity,

we setthe parametersconstantalongthe z direction. The samenumericalalgorithm

from theUCLA globalmodelis usedin thissimulation. Thegrid sizein this testis 0.1psq , whichis similar to thegrid sizethatweuselaterin theglobalmodelsimulationsin

themagnetosheath.For thebackground,we usetypical magnetosheathvalues: t =50

cmùvu , T w =Tx =100eV, andB=50 nT alongthey axis,andthe initial velocity is setto

zerofor simplicity. To provide a point source,we perturbtheplasmapressureat the

centerof thesimulationboxwith thefollowing form:yz{ z|~} º } G�� � Ü������ ÓÖÕ × Ë�� � Î Â ¼ Ü���� Â ¼ Ü(��� Ë �H� ¼ Ü(����� Î �} º } G Ë �H� ¼ Ü������ Î � (5.7)

here � º � � · Â�� · is thedistancefrom thecenterof thebox. Theinitial disturbance
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Figure 5.4: Two possible patternsbetweenthe slow modewave group speed( Ä Á ),
assumingnodependenceonmagneticfield orientation,andtheflow speed( Ä�¶ ) in the
magnetosheath.The magnetopauseis on the right handside and the solar wind is
comingfrom theleft handsidein eachof thetwo panels.Theslow modewave group
speedis shown with dashedlinesandtheflow speedis shown with solid lines.Wesee
thattheslow modefront canonly exist in pattern2.

of the plasmapressureis shown in Figure5.2 alongx axis for y=0. The resultsof

this simulation areshown in Figure5.3. In the figure, the fastmodewavesandthe

slow modewavesdevelop their expectedpropagation patterns.Theslow modewaves

are shown as the red dots in the pressurepanel,and they only propagatealong the

backgroundmagneticfield line with atmostasmalldeviationfrom thatdirection.The

slow modewave disturbancesfrom a point sourcefollow theslow modewave group

velocity, insteadof the phasevelocity, in their propagationandbasicallyreproduce

thetheoreticalslow modewaveFriedrichsdiagram[e.g.,KivelsonandRussell,1995].

Anotherimportantconclusionfrom thistestsimulationis thattheUCLA globalmodel

is sufficient to describetheslow modeformalismin themagnetosheath.Thuswe can

useit to addresstheslow modewavesin this region.

In orderto form a slow modefront in themagnetosheath,at eachslow modefront

location the flow speedmust be exactly opposite to the slow modegroup velocity.

Figure 5.4 shows the possible patternsbetweenthe flow speedand the slow mode

wave groupspeed.Themagnetopauseis on theright handsideandthesolarwind is
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Figure5.5: Four morerealisticpossible patternsbetweentheslow modewave group
velocityandtheflow velocity. Thebackgroundmagneticfield is in theupwarddirec-
tion in all thesepanels.Only partialslow modewave groupvelocity is shown in each
panelfor simplicity. In pattern1, slow modewave groupvelocity canovercomeflow
velocity, thusit canpropagateupstreamalongthe flow line. In patterns3 and4, the
slow modewavegroupvelocitycannotovercometheflow velocity, thustheslow mode
waveswill be takendownstreamby theflow. Pattern2 is betweenpattern1 andpat-
terns3 and4, wheretheflow velocity andtheslow modewavegroupvelocitybalance
eachotherin theflow direction.Theslow modefront occurswherepattern2 exists.

comingfrom theleft handsidein eachof thetwo panels.Theslow modewave group

speedis shown with dashedlinesandtheflow speedis shown with solid linesin both

panels.Althoughtheslow modewavescanalsobegeneratedfrom thesolarwind side

of themagnetosheath,to form a standing slow modefront, only theslow modewaves

comingfrom the magnetospheresideneedto be considered.In pattern1 of Figure

5.4,theslow modewavegroupspeedis smallerthantheflow speedto theright of the

crossingpointof thesetwo speeds.Thusassoonasa slow modewave is generatedin

this region, it will be convecteddownstreamby the flow. In this caseno slow mode

front canform. Pattern2 in Figure5.4 is opposite to pattern1. Theslow modewave

groupspeedis larger thanthe flow speedto the right of the crossingpoint of these

speeds.Thustheslow modewavesexcitedin this regioncanpropagateupstreamuntil

they reachthestagnation point wheretheslow modewave groupspeedandtheflow

speedexactly canceleachother[Southwood andKivelson,1992]. At this point, the

slow modefront mayexist. Whethertheslow modefront cansteepenenoughto form

aslow modeshockwill bediscussedlatterin thischapter.

154



The real situation is morecomplex becauseof the dependenceof the slow mode

wavegroupvelocityon thebackgroundmagneticfield orientation.More realisticpat-

ternsbetweentheslow modewave groupvelocity andtheflow velocity areshown in

Figure5.5. Note that only partial slow modegroupvelocity is shown in eachpanel.

For thecompleteslow modewave groupvelocity pleasereferFigure5.1. In pattern1

of Figure5.5, theflow velocity is smaller thantheslow modewave groupvelocity in

theflow direction,thusa slow modewave canpropagateupstreamof theflow along

theflow line. In pattern3 of Figure5.5,theflow velocity is largerthantheslow mode

wavegroupvelocity in theflow direction.In this case,slow modewavecannotprop-

agateupstreamof the flow but is convecteddownstream.In pattern4 of Figure5.5,

althoughtheslow modewavegroupvelocitycanbelargerin magnitudethantheflow

velocity, it cannot propagatein theflow direction. As a result,theslow modewave

will alsobe convecteddownstreamby the flow. Pattern2 of Figure5.5 is between

pattern1 andpatterns3 and4, wherethe flow velocity andslow modewave group

velocitybalanceeachother. Theslow modefront occurswherepattern2 exists.

5.3 Model Issues

RunNo. V (km/s) B (nT) N (cmùvu ) T w =Tx (eV)
Run1 (-450,0, 0) (0, 0, 7) 6 10
Run2 (-450,0, 0) (0, 0, 14) 6 10
Run3 (-450,0, 0) (7, 0, 7) 6 10

Table5.1: Inputsolarwind plasmaandIMF parametersin theGSEcoordinatefor the
globalmodelrunsin thischapter.

TheUCLA globalmodelcanbedriven by bothobservedandidealizedsolarwind

plasmaandIMF conditions. In thecasestudyin Chapter3 for modelvalidation, we

usedspacecraftsolarwind observationsto drive themodelandthencomparedmodel

resultswith spacecraftPDL observations. In this study, however, we useidealized
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constantsolarwind conditions to exposethe basicphysicalprocessesof the plasma

depletionlayer. Theparametersfor thebaserun, run 1, areshown in Table5.1. These

parametersaretypicalsolarwind valuesexceptfor thenorthwardIMF, andthey arethe

samesetof parametersasthatusedin Chapter4. In orderto show thedependenceof

theslow modefront onsolarwind conditions,wealsomake two otherruns,run2 and

run 3, whosesolarwind input parametersarealsolistedin Table5.1. Thesystematic

studyof thePDL dependenceonsolarwind conditionswill beleft for thenext chapter.

All themodelresultsshown herearethreehoursafter thestartof eachglobalmodel

runwhenstablestructureshavealreadybeendeveloped.

5.4 Results

5.4.1 The Slow Mode Front in the Magnetosheath

Figure5.6shows theslow modefront in they=0 planewith theplasmadensityasthe

backgroundfor run 1. The open-closedmagneticfield boundaryis shown asa red

zigzagcurve. Theblackarrows show theflow velocityandtheblackstraightlinesare

alongthelocalmagneticfield directionwith localslow modewavegroupvelocitieson

bothendsof them.Weusethetechniqueintroducedin section5.2to calculatetheslow

modefront. Theclosedwhite zigzagcurvesfit pattern2 of Figure5.5 in which case

theflow velocity andtheslow modewavegroupvelocitybalanceeachother. Insidethe

regionscircled by white curves,slow modewave canpropagatefasterthanthe flow

speedin the flow direction,while the opposite occursoutsideof theseregions. The

segmentsof the blue curveswhereplasmaflows into the regionscircled by the blue

curvesaretheslow modefronts. In Figure5.6,a clearconfigurationbetweentheflow

velocityandtheslow modewavegroupvelocitycanbeseen.A slow modefront exists

in the magnetosheathwith a distanceof � 4 p�q away from the GSEz=0 planeand� 1 psq from the open-closedmagneticfield boundaryinto the magnetosheath.This
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field valuesalongtheseradiallinesareshown in Figure5.8.

resultconfirmsthepredictionof SouthwoodandKivelson[1992] for theexistenceof

theslow modefront in themagnetosheathat leastfor thesolarwind conditionsused

for run1.

5.4.2 The Dependenceof the PDL on the Slow Mode Front

Figure 5.7 shows the plasmadensityand the magneticfield magnitude in the y=0

plane. The open-closedmagneticfield boundaryis shown asa red zigzagcurve and

the magneticfield lines areshown asthe white smoothcurvesin eachof the panels.

Very clearPDL structureon the magnetopauseis seenwith loweredplasmadensity

andenhancedmagneticfield. We draw several radially outward straightlines from

the centerof the Earth in eachpanelof Figure5.7. Parametersalongradial straight

lines0 and1 areshown in Figure5.8,whereclearPDL structuresareseen.On lines

2-4 of Figure5.7, the cuspeffectsare involved. Thuswe do not show lines 2-4 in

Figure5.8. In orderto seethestructuresnearthemagnetopauseclearly, we blow up

the critical region between9.0 and11.5 pãq in Figure5.8, which is shown in Figure

5.9. In Figure5.9,thereis a veryclearsingle-layeredPDL alonglines0 and1 toward
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the magnetopausewith decreasedplasmadensityandenhancedmagneticfield. No

two-layeredslow modestructuresexist. For moredetaileddiscussion aboutsimilar

figuresin someotheraspectspleaseseeChapter4. Now let us concentrateon the

relationbetweentheslow modefront andthePDL, keepingin mindthatresultsshown

in bothFigure5.6andFigure5.7arefrom thesamerunin they=0plane.In Figure5.8,

thereis anobviousPDL structurealongline 0, which is theSun-Earthline. However,

no slow modestructurewith enhancedplasmadensityanddecreasedmagneticfield

magnitude is seenalongthis line. This meansthat theslow modefront, asproposed

by SouthwoodandKivelson[1992], is not a necessarycondition for theformationof

thePDL, at leastfor thestablesolarwind conditionsusedin run 1. Instead,thePDL

is the net resultof the combinedMHD forcesin the magnetosheathasdiscussed in

Chapter4. By comparingFigure5.6andFigure5.7,weseethatline 1 crossestheslow

modefront in themagnetosheath. However, the lack of sharpjump alongtheselines

nearthemagnetopausein Figure5.8andFigure5.9 impliesthatno slow modeshock

is developed.Also, only one-layeredconventional PDL structure,insteadof thetwo-

layeredslow modestructure,is seenalongthis line. The above resultshold true for

many othertestswith differentsolarwind conditionsanddifferentmodelresolutions

whichwedonotshow here.

5.4.3 The Dependenceof the Slow Mode Front on Solar Wind Conditions

After confirmingtheexistenceof theslow modefront in themagnetosheath,aninter-

estingquestionis: whatis thedependenceof suchastructureonsolarwind conditions.

Herewe studytwo morecasesto investigatethis dependence.Figure5.10shows the

comparisonbetweenthe slow modefronts in the GSEy=0 planefor run 1 andrun

2. Solarwind input parametersfor thesetwo runsarelistedin Table5.1andtheonly

differencebetweenthemis IMF B < : 7 nT for run1 and14nT for run2. For run1, slow

modefrontsexist sunwardof theopen-closedmagneticfield boundaryin themagne-
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tosheath.However, for run 2, slow modefronts do not exist in the magnetosheath,

but only in themagnetosphere.SomeparametersalongtheSun-Earthline for run2 is

shown in Figure5.11,which alsoshows clearPDL structureson themagnetopause in

the magnetosheath.This further confirmsthat the slow modefront doesnot play an

importantrole for theformationof thePDL.

Figure5.12shows theslow modefront in themagnetosheathin they=0 planefor

run 3, a casewith finite IMF B � . Theplasmadensityis shown asthebackgroundand

theopen-closedmagneticfield boundaryis shown asa redzigzagcurve, themagnetic

field linesareshown aswhite smoothcurves,andtheslow modefrontsareshown as

closedblack zigzagcurves(only the segmentsof the curveswhereflow movesinto

theclosedregionsshould be identifiedastheslow modefronts). Thefield linespile

up on themagnetopausein a differentway thanrun 1 becausethefield symmetryin

themagnetosheathis broken. As a result,thestructuresof theslow modefront in the

magnetosheatharedrasticallydifferent from thoseof run 1 andrun 2. Specifically,

thereis a large slow modefront below the GSEz=0 planewhich is ascloseas � 2psq away from it. Meanwhiletheslow modefront above theGSEz=0 planeshrinks

to averysmallone,which is � 6 p�q away from theGSEz=0plane.Someparameters

alongthe greenflow line in Figures5.12areshown in Figure5.13. The solarwind

is on the left handsideandthemagnetosheathis on theright handsideof thefigure.

The horizontalaxis is the distancealongthe flow line from its startingpoint at (15,

0, -2.5) p�q , and the big jump at � 2 pãq is the bow shock. The black dotson the

lines correspondto the black dot in Figure5.12which marksthe locationwherethe

greenflow line crossestheslow modefront. At thepoint wheretheflow line crosses

theslow modefront, the parametersaresmoothwith no indicationof steepening.A

blowup figurearoundtheblackdot is shown in Figure5.14,still with no signatureof

sharpslow modetransition. This result further confirmsour former conclusionthat

no slow modeshockis developedat theslow modefront, andtheflow patternin the
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flow line in Figure5.12.

magnetosheathis notaffectedin anoticeablewayby theslow modefront.

5.5 Discussion

We proposeda new methodto find thelocationof theslow modefront in themagne-

tosheathby analyzingtherelative configurationsbetweentheslow modewave group

velocityandtheflow velocity. In thisslow modefront detectiontechnique,weassume

a uniform backgroundfor the slow modegroupvelocity calculation,which doesnot

fit exactly in themagnetosheathbecauseof theplasmaandfield gradients.However,

theresultsof someextensivesimulations,similar to whatwehavedonefor Figure5.3

but with typical magnetosheathgradients,have shown no significantdifferences.We

find theexistenceof theslow modefront in themagnetosheathin normalsolarwind

conditionswith northwardIMF, whichis in line with thepredictionby Southwoodand
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Figure5.15: Taken from Southwood andKivelson[1995]. It shows a sketchwith a
rationalizedscenariofor the flow structureupstreamof the subsolarmagnetopause.
Thereis a field compression region with roughly the propertiesof Zwan andWolf ’s
flux tubeimmediatelyadjacentto themagnetopause.However thefield is not aligned
with the outerboundaryof the region. Field lines threadingthe compressionregion
bendtowardtheSunandentera field rarefactionregion which is immediatelybehind
aslow MHD waveshock/front[SouthwoodandKivelson,1992].Outsidethefront the
field threadstheincomingmagnetosheathflow.

Kivelson[1992].

Figure5.15is takenfrom SouthwoodandKivelson[1995]. It showsa sketchwith

a rationalizedscenariofor theflow structureupstreamof thesubsolarmagnetopause.

Thereis a field compression region with roughly the propertiesof Zwan andWolf ’s

flux tubeimmediatelyadjacentto themagnetopause.However thefield is not aligned

with the outerboundaryof the region. Field lines threadingthe compressionregion

bendtowardtheSunandentera field rarefactionregion which is immediatelybehind

aslow MHD waveshock/front[SouthwoodandKivelson,1992].Outsidethefront the

field threadstheincomingmagnetosheathflow. By comparingFigure5.15with Figure

5.12,we seethat themodelslow modefront structuresfrom theglobalmodelresults

aremuchmorecomplex thantheschematicslow modefront structurein thetheoretical

model. Further, thefrontsoccurat differentlocations.In Figure5.15,theslow mode

167



front wasdrawn wheremagneticfield linestilt towardtheSun.However, in ourmodel

results,the slow modefront appearswheremagneticfield lines tilt away from the

Sun. In thelatterconfiguration,theslow modevelocity is morealignedwith theflow

velocity, andthusit is easierfor the slow modewave to propagateupstreamward to

form aslow modefront.

In our modelresultstheslow modefront doesnot exist for all solarwind condi-

tions. In someregionswherethe PDL exists thereis no slow modefront that could

causeit. Insteadof steepeninganddeveloping into slow modeshock,theslow mode

front hasno discernible influenceon themagnetosheathplasmaandfield patternsfor

thesolarwind conditionsusedin our severalmodelruns.Specifically, alongtheflow

lines acrossthe slow modefront thereis no jump of the plasmaandmagneticfield

parameters.Theseresultsimply thattheslow modefront atmostplaysaninsignificant

role for the PDL formationunlike assertedby Southwood andKivelson [1995]. We

believe thecombinedpressuregradientforceandmagneticforceplay thecritical role

to shapethemagnetosheathenvironmentasshown in Chapter4.

Thebig differencesbetweenourresultsandtheresultsby SouthwoodandKivelson

[1995]reflectthedifferentassumptionsin thesetwo models.AlthoughSouthwoodand

KivelsonmodelusedMHD theoryandthepropertiesof theslow modewaveto explain

the formationof the PDL, they hadto make assumptions aboutthe flow profile and

themagneticfield topology. As we have demonstratedhere,the full-scale,nonlinear

solution of theMHD equationsis requiredto geta realisticpictureof thefield, flow,

andgoverning forcesin themagnetosheath.

Our resultsalsoshow that two-layeredslow modestructuresdo not exist in the

magnetosheathalongtheradiallinesfrom theEarthfor thesolarwind conditionsused

in thisstudy. However, it is tooearlyto saythatthetwo-layeredslow modestructures

do not exist in someothercases. In the complex anddynamicallyvarying magne-

tosheathgeometryand force environment,it is still possible for the formationof a
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two-layeredslow modestructure.Onescenariois thatplasmaflow comingfrom one

magnetosheathregioncausesexpansion in theothermagnetosheathregion,thuspush-

ing away the magneticfield lines. After this a region with decreasedmagneticfield

andincreasedplasmadensityshould befound.Anotherfactorthatcancausecomplex

magnetosheathstructuresis the dynamicallychangingsolarwind conditions. Mag-

netosheathstructuresdependstronglyon solar wind conditions (Chapter3). Many

observedstructuresin themagnetosheathreflectsolarwind variations. Thuscomplex

structures,like two-layeredslow modestructures,couldalsobeseenasa result.This

is the reasonwhy concurrentsolarwind observationsarenecessaryto tell whethera

structurein themagnetosheathis of solarwind origin.

5.6 Summary and Conclusions

Theprimarypurposeof thischapteris to determinewhethertheslow modefront could

exist in themagnetosheath,andif so,whatpossible role they play for theformationof

thePDL. Usingglobalsimulationswe reachthefollowing conclusions:

1. We introducea new methodto calculatethe slow modefront in the magne-

tosheaththatcomparestherelative patternbetweentheslow modewave group

velocityandtheflow velocity. Themodelresultsshow thattheslow modefront

existsin themagnetosheathfor certain,but notall solarwind conditions.

2. Theslow modefront in our simulationshasmorecomplex structuresthanthat

from Southwood andKivelson [1995] theoreticalmodel. In particular, a very

differentslow modefront geometryis foundin our modelresults,comparedto

theSouthwoodandKivelson [1995] modelpicture. Theslow modefront does

notdevelopinto ashockandit dependsstronglyon IMF conditions.

3. The PDL structuredoesnot necessarycorrespondto the slow modefront as
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proposedby SouthwoodandKivelson[1992],andtheslow modefront playsno

discerniblerole for shapingthe plasmaandfield in the magnetosheathtoward

plasmadensityenhancementandmagneticfield magnitudedecrease.As shown

in the previous chapterthe combinedMHD forcesdeterminethe formationof

thePDL.
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CHAPTER 6

PlasmaDepletion Layer Dependenceon Solar Wind

Conditions and the Earth DipoleTilt

6.1 Intr oduction

As a layerbetweenthemagnetosphereandthesolarwind, theplasmadepletionlayer

is continuously affectedby theeverchangingsolarwind conditions,aswell asthere-

sulting oscillationsof themagnetopauseto thesevariations.Someformerstudieshave

shown strongdependenceof thePDL on solarwind conditions.For examples,Farru-

gia et al. [1997a,b]foundthedependenceof thePDL on thesolarwind Alfv énMach

number. Siscoeetal. [2002]foundthedependenceof thePDL ontheIMF clockangle.

However, until now still no systematic studyhasbeendonefor thedependenceof the

PDL onvarioussolarwind parameters.Experimentally this is verydifficult becauseof

thescarcityof observations.This is mostly becausesatellitesthathavetheirapogeeor

perigeenearthemagnetopausedistance,for exampleGeotail,donot traversethePDL,

but ratherskim alongthemagnetopause.Fromsuchmeasurementsit is generallynot

evenpossible to determineif onehasobservedthePDL. On theotherhand,satellites

thattraversethemagnetosheathrapidlyprovidedatathatallow oneto identify thePDL.

However, suchorbits(for exampleWind) provide magnetosheathtraversesat a much

lower rate. FurtherWind’s orbit is controlledso that it penetratesthemagnetosheath

far from thesubsolarpoint andis not usefulfor studying thePDL whereit shouldbe

mostsensitive to solarwind conditions. Togetherwith therequirementof concurrent
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observations of stablenorthward IMF, that leadsto very few PDL observations. In

fact, few of suchobservationshave beendiscussed in the literaturein detail because

they aresorare.

An alternateapproachis to usemodelsto investigate and documentthe depen-

denceof the PDL on solarwind conditions. Suchan approachwould be similar to

the one taken several decadesagoby Spreiteret al. [1966] for the basicproperties

of the magnetosheath.Spreiter’s modelhasproven extremelyuseful for many sub-

sequentstudies. However, this model is gasdynamic and thusdoesnot include the

PDL. It is an approximation becauseof its lack of the magneticforce andthe useof

a rigid magnetopause. Contemporarydemandsrequirea morethoroughverification

andunderstandingof the validity of the resultsfrom the Spreiter’s model. We have

previously shown in Chapter3 that the UCLA/NOAA global magnetospheremodel

is very well capableof reproducingthe structureof the magnetosheathfor two case

studies.Thisresultnow givesustheconfidenceto attemptastudysimilar to Spreiter’s

descriptionof themagnetosheath.With theintroduction of MHD andaself-consistent

modelsignificantlymorefreeparametersentertheproblemcomparedto astudybased

on a gasdynamic model. At a minimum, the IMF strengthandorientationneedto be

consideredbesidesthegasdynamicparameters(mostly thesolarwind Machnumber).

In the following, I will first introducethe parametersfor the modelrunsthat we

have donefor thePDL dependencestudy. ThenI will discusssomemoredetailedis-

suesaboutthedefinitionof thePDL boundary, whichwill beanimportantcomplement

to thePDL boundarydefinitionthat I introducedin Chapter1. After that,I will show

the dependenceof the PDL andthe slow modefront on the solarwind M Ó , density,

the IMF clock andtilt angles,andtheEarthdipole tilt. Finally, I will summarizethe

resultsfrom thisstudy.
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6.2 Model Runs

In orderto studythedependenceof thePDL on solarwind conditionsandtheEarth

dipoletilt, we make a seriesof modelrunsusingtheglobalmodel.We choosea solar

wind densityof N=6 cmùvu , an interplanetarymagneticfield B=(0, 0, 7) nT, a solar

wind velocity V=(-450,0, 0) km/s, anda solarwind temperatureof T w =Tx =10 eV as

thebaselinesolarwind conditions. Theparametersfor themodelrunsin thisstudyare

shown in Table6.1. For thosevaluesin Table6.1 whoserangesarea single number,

wedonotvary themin theparametertests.

Parameters(in GSE) Values
V � (km/s) -450,-600,-750
V Ô (km/s) 0
V < (km/s) 0
B � (nT) 0, 7, 14
B Ô (nT) 0
B < (nT) 2, 7, 14,21
N (cmùvu ) 3, 6, 12
T w =Tx (eV) 10
IMF tilt angle( " ) 0, 45,63
IMF clockangle( " ) 0, 15,30,45
Earthdipoletilt angle( " ) 0, 15,30

Table 6.1: Solar wind input parameterrangesfor different model runs in the PDL
dependencestudy.

In eachparametertest,theglobalmodelwasrun for threehoursin physicaltime,

which is sufficient for theglobalmodelto overcomethestart-upeffects. The results

shown in this chapterare the resultsat the final time of eachrun, which reflect the

stablesubsolarmagnetopauseandmagnetosheathconfigurations.
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6.3 The Definition of the PDL Boundary

The PDL is not a very well definedstructurein the magnetosheath. Although it is

sharplyboundedby themagnetopauseonthedownstreamside,it usuallyhasnosharp

boundaryon the upstreamsidebut a rathergradualshapein B andN. Defining the

upstreamboundaryis thereforedifficult andany methodmustbe to someextent ar-

bitrary. If the PDL wereindeedcharacterizedby a slow modefront asproposedby

SouthwoodandKivelson[1992],thatwouldbeawell definedboundary. However, we

haveshown in Chapter5 thata slow modestructuremayaccompany thePDL but it is

not alwayspresentandnot a necessarypartof thePDL. Thus,we mustrely on more

heuristicdefinitions.

Currently, thereare two mostcommonly usedmethodsto definethe PDL outer

boundary:

Depletion factor method: Depletionfactor, Õ , is theratiobetweentheplasmadensity

just after the bow shockandthat on the magnetopause. This methodwasfirst

introducedby Zwan andWolf [1976] andit hasbeenusedin someotherPDL

studies[e.g.,Siscoeetal.,2002;SongandRussell,2002].ZwanandWolf [1976]

found Õ to be 3-4 at the stagnation point. They definedthe thicknessof the

depletionlayerto bethedistancefrom thestagnation point to thehalf post-bow

shockdensitypoint ( Õ º ½
). ThePDLswith Õ largerthan2 havebeenobserved

[e.g.,Crookeretal.,1979;Paschmannetal.,1993;Phanetal.,1994;Wangetal.,

2003]. However, mostnumericalmodelstudiesobtainedsmaller Õ values[e.g.,

Wu, 1992;Lyon,1994]. Siscoeet al. [2002] obtaineda Õ of � 10, which is not

only muchhigherthanmostothernumericalmodelresults,but alsomuchlarger

thanthe observed Õ values. Later in this chapter, I will show from our model

studythat Õ is controlledby solarwind conditions,andit canexceeda factorof

2.
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Plasmabetamethod: This methodhasbeenusedby someauthors[e.g., Farrugia

et al., 1997b].TheplasmaÖ is definedastheratiobetweentheplasmapressure

andthemagneticpressure,which revealstherelativecontribution of theplasma

andmagneticfield in controllingplasmamotion. When ÖØ× ¼
, magneticfield is

playingamoreimportantrole. When Ö � ¼
, plasmais moreimportant. Usually

fromthebow shockto themagnetopause,Ö valuedecreasesandmagneticfield is

playinga moreandmoreimportantrole in controlling plasmamotion. It is also

convenientto find a particular Ö valueto definethe PDL outeredge.Farrugia

et al. [1997b]believed that this definitioncapturesthephysicalmeaningof the

plasmadepletionlayer in which themagneticforcesdominate over theplasma

pressureforce. Usually Ö º ¼
was usedto definethe PDL outer boundary.

However, sometimesthey use Ö º �æÜ�� for amorerestrictivedefinition.

ThedepletionfactormethoddefinesthePDL outerboundaryin amoredescriptive

way, andtheplasmaÖ methoddefinesthePDL outerboundaryin amorephysicalway.

Althoughthesetwo methodsareveryeasyto usein practice,they havemajordifficul-

ties.For thedepletionfactormethod,it missesthefirst half dropof theplasmadensity

in themagnetosheath,which includesimportantphysics which distinguishesthePDL

from the otherpart of themagnetosheath.For theplasmaÖ method,it assumesthat

theplasmaÖ is thecontrollingfactorof thePDL. However, this assertionlackssound

observational andtheoreticalsupport. Especially, if the solarwind Mach numberis

low, ÖÙ× ¼
canoccurin all of themagnetosheath,whichcanmakesuchadefinitionof

thePDL outerboundaryimpossible.In Chapter4 I showedthatthePDL formationis a

threedimensionalMHD effectwith complex interactionsbetweentheplasmapressure

gradientforceandthemagneticforce in themagnetosheath.In boththePDL andthe

othermagnetosheathregion, both forcesplay importantrolesin shapingthe magne-

tosheathstructure.This cannot bereflectedby a single Ö value. Specifically, plasma

motionalonga flux tube,which is crucial for flux tubedepletion,is only controlled
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by theplasmapressuregradientforce,which hasnothingto do with the Ö value.An-

otherimportantdifficulty for bothof thesemethodsis thatthey arefairly arbitraryand,

in practice,differentvalueshave beenusedto definetheouterboundaryfor different

purposes.

The slow modefront [Southwood andKivelson, 1992,1995] could have beena

verygooddefinitionof theouterboundaryof theplasmadepletionlayer. However, as

shown in Chapter5, thereis no direct relationbetweenthe PDL andthe slow mode

front. Thuswe cannot usethis methodto find theouterboundaryof thePDL either.

Anothermethodsolidly basedon the ideaof “plasmadepletion”is to definethePDL

asthe region in the magnetosheathwith ÚÜÛÞÝ � � . However, this methodtendsto

producemuch larger PDL in many cases.Especiallywe have shown earlier in the

dissertationin Chapter4 that plasmadepletioncanoccur in almostall the subsolar

magnetosheath.

Becauseof theanti-correlationbetweenthemagneticfieldmagnitudeandtheplasma

density, it couldbeagoodideato usetheN/B ratioasamarkerof flux tubedepletionin

themagnetosheathandtheplasmadepletionlayerouterboundary. However, in prac-

tice, this is alsodifficult. Figure6.1 shows theglobalmodelresultswith thebaseline

solarwind conditionsasinput: ß =(-450,0, 0) km/s, ß =(0, 0, 7) nT, N=6 cm ùvu , and

T w =Tx =10 eV. The left panelsshow theresultsin thez=0 plane,andtheright panels

show the resultsin the y=0 plane. The N/B ratio is shown asthe backgroundin the

top panels,andtheplasmadensityis shown asthebackgroundin thebottompanels.

We seea layer on the magnetopausewith decreasedN/B ratio, which meansplasma

depletion.A layerwith decreasedplasmadensityis alsoshown in eachof thebottom

panelsof Figure6.1. ParametersalonetheSun-Earthline in Figure6.1 areshown in

Figure6.2.Thefour panelsfrom topto bottomshow theflow speed,themagneticfield

magnitude, theplasmadensity, andtheN/B ratio. Themagnetopauseis definedasthe

locationwherethe magnetosheathflow speedis closeto zero. In Figure6.2, there
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Figure6.1: The possibility of usingthe N/B ratio to mark the outerboundaryof the
plasmadepletionlayer. Shown herearetheglobalmodelresultswith thebaselinesolar
wind conditionsasinput (in the GSEcoordinate):ß =(-450,0, 0) km/s, ß =(0, 0, 7)
nT, N=6 cmùvu , andT w =Tx =10eV. Suchsolarwind conditionscorrespondto M Æ =7.2.
Theleft panelsshow theresultsin thez=0plane,andtheright panelsshow theresults
in they=0 plane.TheN/B valuesareshown asthebackgroundon thetoppanels,and
the plasmadensityvaluesareshown as the backgroundon the bottompanels. The
open-closedmagneticfield boundaryis shown asa red zigzagcurve in eachof the
panels.The flow lines areshown aswhite smooth curvesin the left panels,andthe
magneticfield linesareshown aswhitesmoothcurvesin theright panels.Theplasma
andfield parametersalongtheSun-Earthline areshown in Figure6.2.
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Figure6.2:ParametersalongtheSun-Earthline in Figure6.1.Thefourpanelsfromtop
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flow speedis closeto zero.
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is a weakdecreaseof the N/B ratio from the bow shocktoward the magnetopause.

A steeperN/B ratio decreaseis seencloserto the magnetopause(the shadedregion

in Figure6.2) which differentiatesa layer from the otherpart of the magnetosheath.

Thus,we canusetheN/B ratio to definetheouterboundaryof thePDL by analyzing

differenttrendsof it from thebow shockto themagnetopause.In thedepletionlayer,

thereis a steeperN/B ratio decreasetowardthemagnetopause,while in theotherpart

of the magnetosheaththe N/B ratio decreaseis weaker. We candefinethe boundary

betweendifferentN/B ratio trendsasthe outerboundaryof the PDL. This taskcan

usuallybeeasilydoneby visualanalysis,however, therearemany difficulties to find

an algorithmto automatically determinethe outerboundaryof the PDL. For exam-

ple, in certainlatitudesandlongitudes,thePDL becomesvery weak,andthetrendis

verydifficult to tell evenfor visualevaluation.Thus,in therestof thedissertation,we

will not touchthis areaandwill leave it asa challengefor thefuturestudy. However,

sometimestheN/B trendis very weakin themagnetosheath.Thenanotherpractical

way to definethe PDL outerboundaryis throughthe analysisof the plasmadensity

trend,given that it cangive a clearertrendin the magnetosheath.In Figure6.2, the

plasmadensitydoesshow a clearerdensitydepletionin the shadedregion nearthe

magnetopausethantheN/B ratio. In this casethemuchsmootherN/B ratio curve on

theSun-Earthline is causedby thecontinueincreaseof themagneticfield towardthe

magnetopause.

6.4 Effectsof the Solar Wind MagnetosonicMach Number (M %'& )

Magnetosonic Machnumberis definedas: M (*) =
+, +.-/1032 -4 , hereV is theplasmaflow

speed,536 is the Alfv én wave speed,and 798 is the soundspeed. Figure6.3 shows

thedependenceof thePDL andtheslow modefront on solarwind M (*) usingdiffer-

entsolarwind velocitiesV : =-450km/s(M (*) =5.3),-600km/s(M (*) =7.1),-750km/s
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Figure6.3:Thedependenceof thePDLandtheslow modefrontonsolarwindM (*) us-
ing differentsolarwind velocities:V : =-450km/s(M (*) =5.3), -600km/s(M (*) =7.1),
-750km/s(M (*) =8.8).Theothersolarwind inputparametersare: S =(0,0,7) nT, N=6
cmTVU , andT W =TX =10 eV. The left panelsshow theresultsin theGSEz=0 plane,and
the right panelsshow the resultsin the GSEy=0 plane. The N/B ratio is shown as
thebackgroundandtheopen-closedmagneticfield boundaryis shown asa redzigzag
curve in eachof thepanels.Flow linesareshown aswhite smooth curvesin the left
panels,andmagneticfield linesareshown aswhitesmoothcurvesin theright panels.
Theboundarybetweentheregionswheretheslow modegroupvelocitycanandcannot
overcometheflow velocity areshown asblackzigzagcurvesin theright panels.The
slow modefrontsarethesegmentsof thesecurveswhereplasmaflows into theclosed
regions.

181



(M (*) =8.8) in the modelruns. The othersolarwind input parametersare: S =(0, 0,

7) nT, N=6 cmTVU , andT W =TX =10 eV. The left panelsof the figure show the results

in the GSEz=0 plane,and the right panelsshow the resultsin the GSEy=0 plane.

TheN/B ratio is shown asthebackgroundandtheopen-closedmagneticfield bound-

ary is shown asa red zigzagcurve in eachof the panels. Flow lines are shown as

white smoothcurvesin the left panels,andmagneticfield lines areshown aswhite

smoothcurvesin theright panels.Theboundarybetweentheregionswheretheslow

modegroupvelocity canandcannotovercome the flow velocity areshown asblack

zigzagcurvesin theright panels.Theslow modefrontsarethesegmentsof thecurves

whereplasmaflows into theclosedregions. In Figure6.3, themagnetopause andthe

magnetosheatharemorestrongly compressedfor highersolarwind velocity thanfor

lower solarwind velocity. This is becausehighersolarwind velocity correspondsto

larger dynamicpressure.Thereis very littl e differencefor the densitystructuresin

themagnetosheath,exceptthat thesestructuresaremorecompressedfor highersolar

wind velocity. However, thereareobviousdifferencesfor theslow modefront, which

is shown in theright panelsof Figure6.3. More specifically, with theincreasingsolar

wind M (*) , theslow modefrontsarepushedclosertoward theopen-closedmagnetic

field boundaryandthey alsomovecloserto theGSEz=0plane.

Figure6.4showssomeimportantparametersalongtheSun-Earthline for thethree

runswith differentsolarwind M (*) . The magnetosphereis on the left sideof each

paneland the solarwind is on the right sideof eachpanel. The black dot on each

line standsfor the stagnationpoint on that line wherethe magnetosheathflow speed

reachescloseto zero.For thisdefinitionof thestagnationpointwefollow Siscoeetal.

[2002]. Theblanktriangleoneachline standsfor theouterboundaryof thePDL which

is definedby thetrendchangeof theN/B ratioalongthatline. With theincreaseof the

solarwind velocity, thestagnation pointmovestowardtheEarth,andthethicknessof

theplasmadepletionlayerdecreases.
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Figure6.4: Theflow speed,theplasmadensity, themagneticfield magnitude,theN/B
ratio, andthe field line connectivity alongthe Sun-Earthline for the threerunswith
differentsolarwind velocitiesin Figure6.3 Themagnetosphereis on the left sideof
eachpanelandthesolarwind is on theright sideof eachpanel.Theblackdotoneach
line standsfor the stagnationpoint on that line wherethe magnetosheathflow speed
reachescloseto zero.Theblanktriangleoneachline standsfor theouterboundaryof
thePDL which is definedby thetrendchangeof theN/B ratioalongthatline.
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Songet al. [1999] pointedout thedistinction betweenthestagnation point, aswe

usehere,and the pseudomagnetopausedefinedas the last closedfield line surface,

which is oftenusedin modelstudiesandhasbeenusedin many partsof this disserta-

tion. Siscoeet al. [2002] foundthesimilar resultsin their globalmodelstudyfor the

northward IMF case.In panel(e) of Figure6.4, we show the magneticconnectivity,

whichis definedasthenumberof connectionsof afield linewith theEarth.Weseethat

thepseudomagnetopauseasdefinedby thelastclosedmagneticfield line doesextend

further out into the magnetosheaththanthe stagnation point. This is consistentwith

bothSonget al. [1999] andSiscoeet al. [2002], andit is a resultof thereconnection

processtailwardof thecuspbetweenIMF andlobefield lines.

Sources DepletionFactor, �
ZwanandWolf [1976] 3-4

Wu [1992] 1.3
Lyon[1994] 1.2

Siscoeet al. [2002] 10
ThisStudy 1.95

Table6.2: Comparisonbetweenthedepletionfactorsfrom differentauthors.

Historically, thedepletionfactorhasbeenusedasanimportantparameterfor char-

acterizingthe PDL and comparingbetweendifferent model results. The depletion

factorsfrom someotherstudiesandthis studyfor normalsolarwind conditions are

shown in Table6.2 for comparison.The resultsof Wu [1992] andLyon [1994] lead

to verysmalldepletionfactors.While thedepletionfactorfrom Siscoeet al. [2002] is

muchhigherthanall theotherresults.Our depletionfactoris intermediatecompared

to theothermodelresults,andit is closerto ZwanandWolf [1976]’s result.

Table6.3 shows thedependenceof someimportantparameterson thesolarwind

velocity. HereM � standsfor the Alfv én Mach number, M (*) standsfor the magne-

tosonicMachnumber, H ����� standsfor thePDL thickness,L (�� standsfor themagne-

topauselocation,L �1) standsfor thebow shocklocation,H (*) standsfor thethickness
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V ��� (km/s) M � M ��� � � H ����� ( ��  ) L �¡� ( ��  ) L ¢£� ( �¤  ) H ��� ( �¤  )
-450 7.2 5.3 1.0 1.95 0.60 9.7 13.1 3.4
-600 9.6 7.1 1.0 2.33 0.57 8.8 11.4 2.6
-750 12.0 8.8 1.0 2.05 0.50 8.1 10.2 2.1

Table6.3: Dependenceof someimportantparametersalongtheSun-Earthline on the
solarwind velocity.

of the magnetosheath,and ¥ includesboth electronand ion pressure.With the en-

hancementof thesolarwind velocity (thussolarwind M (*) ), boththebow shockand

themagnetopause move towardtheEarth,andthemagnetosheaththicknessalongthe

Sun-Earthline is alsocompressed.As a result,the PDL is squeezeda littl e bit. The

depletionfactoralsovarieswith thesolarwind velocitybut not monotonically. When

thesolarwind velocity is high, thedepletionfactorbecomeslarger than2. Although

thereis no slow modefront alongtheSun-Earthline in all thethreecases(seeFigure

6.3), thePDL exists. This furtherconfirmsour conclusion in Chapter5 that theslow

modefront is not a necessarycondition for the PDL formation. Similar resultsare

obtainedfor many othercases,whichwill notbediscussedlater.

6.5 Effectsof IMF B ¦

Figure6.5 shows the dependenceof the PDL and the slow modefront on IMF B § :
2, 7, 14, and21. The othersolarwind input parametersare: ¨ =(-450, 0, 0) km/s,

N=6 cmTVU , and T W =TX =10 eV. In the figure, the larger IMF B § is, the strongerthe

magnetopauseis compressedtoward the Earth (becauseof the enhancementof the

solarwind magneticpressure),andthefartherthebow shockextendstowardthesolar

wind (becauseof theenhancementof the fastmodewave velocity, andthe reduction

of theM (*) ), andthethicker themagnetosheath.

With theenhancementof IMF B § , alargerdensitystructureoccursnearthesubsolar

point right inside the magnetopause.This densitystructureextendsin both the z=0
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Figure6.6: Theflow speed,theplasmadensity, themagneticfield magnitude,andthe
N/B ratio alongtheSun-Earthline in Figure6.5. Theotherformatsof this figureare
thesameasthosein Figure6.4.

planeand the y=0 planeand its peakdensityincreaseswith IMF B § . This density

structureis likely causedby the plasmaflow from the polar reconnection.If so, the

larger IMF B § is, thestrongerthepolar reconnectionwill be to producelargerplasma

structureinsidethesubsolarpoint.

Thereis a strongdependenceof theslow modefront on IMF B § , which is shown

in the right panelsfor the four runswith different IMF B § in Figure6.5. For IMF

B § =2 nT, theslow modefrontsoccurinsidetheopen-closedmagneticfield boundary

and it extendsalmostto the GSEz=0 plane. This is very different from the results

for IMF B § =7 nT in whichcasetheslow modefrontsarefartherfrom theopen-closed

magneticfield boundaryin themagnetosheathandfartherfromtheGSEz=0plane.For

IMF B § =14 and21 nT, the slow modefronts returninside the open-closedmagnetic

field boundaryandthey becomemorecompressedandcloserto the GSEz=0 plane

comparedto IMF B § =7 nT case.
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Figure6.6showstheflow speed,theplasmadensity, themagneticfield magnitude,

andtheN/B ratioalongtheSun-Earthline for thefour modelrunswith differentIMF

B § in Figure6.5. Thereis very strongdependenceof thePDL structureson IMF B § .
Specifically, thereis no clearPDL structurefor IMF B § =2 nT (theplasmapressureis

muchlargerthanthemagneticpressure).In this casetheplasmapressureis playinga

crucial role andtheplasmain themagnetosheathis actingmorelike thegasdynamic

casewhichproducesnoplasmadepletion.WhenIMF B § =7 nT, veryclearPDL struc-

tureoccurs.But whenIMF B § becomeslarger, thePDL structurebecomesmoreand

moresmearedout. This is likely causedby themuchstrongerplasmacontrolby the

magneticforce than the plasmapressuregradientforce in the magnetosheath.The

densitypeakinside thesubsolarmagnetopause is likely causedby theenhancedpolar

reconnectionfor largerIMF B § .

IMF B ô (nT) M � M ��� � � H ����� ( �   ) L �¡� ( �   ) L ¢£� ( �   ) H ��� ( �   )
2 25.3 7.5 12.1 1.31 0.15 9.9 12.0 2.1
7 7.2 5.3 1.0 1.91 0.57 9.7 13.1 3.4
14 3.6 3.3 0.2 1.48 1.00 9.4 14.5 5.1
21 2.4 2.3 0.1 1.05 1.05 9.1 16.5 7.4

Table6.4: Dependenceof someimportantparameterson IMF B § alongtheSun-Earth
line.

SomeimportantparametersalongtheSun-Earthline for differentIMF B § arelisted

in Table6.4. Thedepletionfactordoesnot changelinearly with IMF B § . On thecon-

trary, it first increaseswith IMF B § until reachesa peak, then decreaseswith IMF

B § . The later decreaseof depletionfactorwith IMF B § canbe explainedby the en-

hancedpolar reconnectionwhich causesthe increaseof thedensityon thestagnation

point. With theenhancementof IMF B § , themagnetopauseis almostlinearly pushed

toward theEarth,andthebow shockextendsalmostlinearly into thesolarwind. As

a result,thethicknessof themagnetosheathincreasesalmostlinearly from õ 2 öø÷ for

IMF B § =2 nT to õ 7 öù÷ for IMF B § =21 nT. Similarly, the PDL thicknessincreases

monotonically with the increasingIMF B § . Finally, whenthe solarwind ¥ valueis
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very small, thePDL is very weakandthemagnetosheathpatternis closerto thegas-

dynamiccase.

6.6 Effectsof the IMF Tilt Angle

Figure6.7 shows the dependenceof the PDL and the slow modefront on the IMF

tilt angle: 0ú , 45ú , and63ú . The othersolarwind input parametersare: IMF B § =7

nT, ¨ =(-450,0, 0) km/s,N=6 cmTVU , andT W =TX =10 eV. In the left panelsof Figure

6.7, therearedifferentmagnetosheathflow line structuresfor differentIMF B : . This

meansthat theplasmaflow in themagnetosheathis to someextentcontrolledby the

IMF magnitude and/ortilt angle. Although the IMF magnitudeandorientationare

different from caseto case,thereis only very littl e changefor the locationsof the

magnetopauseandthebow shock.Differentfrom all theformercases,anasymmetry

develops for theN/B ratio structurein theGSEy=0 plane.Specifically, theN/B ratio

peakin themagnetosheathmovesto thenorthof theGSEz=0planefor themagnetic

field usedin the tests.This canbe explained, referringto themagneticfield lines in

theright panelsof Figure6.7,by thefact that theplasmasouthof theGSEz=0plane

moves morealongthe magneticfield, thusit canmove easier. While the plasmain

thenorthof theGSEz=0planemovesmoreperpendicularto themagneticfield, andit

feelsmoremagneticpressureforcegeneratedby thepiling upof themagneticfield on

themagnetopause. As a result,densitybuild upmorein this region.

Similar to theN/B ratioasymmetry, theslow modefrontsalsoshow astrongasym-

metryfor thecaseswith differentIMF tilt angle.For IMF B : =7 nT case,a largeslow

modefront is seensouthof the GSEz=0 planeanda very small slow modefront is

seennorthof theplane.Meanwhilethesouthslow modefront is closerto theGSEz=0

planethanthe north one. This slow modefront asymmetryincreaseswith IMF B : .
WhenIMF B : =14 nT, thenorthernandsouthernslow modefrontsattacheachother
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Figure6.8: Theflow speed,theplasmadensity, themagneticfield magnitude,andthe
N/B ratio alongtheSun-Earthline in Figure6.7. Theotherformatsof this figureare
thesameasthosein Figure6.4.

to form a large slow modefront, which extendsvery far into the magnetosheathand

comesverycloseto thebow shock.

Figure6.8showstheflow speed,theplasmadensity, themagneticfield magnitude,

andthe N/B ratio alongthe Sun-Earthline in Figure6.7. Thereis very little differ-

encefor thesecaseswith different IMF tilt angle. Specifically, the locationsof the

magnetopauseand the bow shockdo not changemuch for different IMF tilt angle.

Meanwhile,thePDL showsvery similar patternalongtheSun-Earthline for different

casesin this study. Theparametersalongotherneighboringradial linesshow similar

results,excepta littl e shift of thebow shocklocationanda littl e changein plasmade-

pletionpatternon themagnetopause.By comparison, theeffectsof theIMF tilt angle

(IMF B : ) aremuchsmaller thanthoseof IMF B § . Thisresultis consistentwith theob-

servationalresultsby Farrugiaetal. [1997b],andmodelresultsby Raederetal. [2001]

andour resultsin Chapter3. Further, themagnitudeof IMF is nota majorcontrolling
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factorfor thePDL at leastneartheSun-Earthline.

Leeet al. [1991] simulatedtheenhancedplasmapressureanddecreasedmagnetic

field intensityusinga two-dimensionalincompressible MHD simulation code. They

foundthat,whenthereis a normalcomponentof theIMF (B :"!# 0), thetotal magnetic

field intensity tendsto decreasein front of the depletionlayer dueto the bendingof

the magneticfield lines, andthe plasmapressureis enhancedin this region. On the

otherhand,whenB : =0, this slow-modestructureis not presentin thesimulationand

only the plasmadepletionlayer is observed. Our resultshave shown that, in cases

with bothB : =0 andB :$!# 0, thereis nostructurewith enhancedplasmadensityandde-

creasedmagneticfield. Othersimulationresultsdo not show this featureeither[e.g.,

Wu, 1992;Lyon, 1994;DentonandLyon, 1996,2000;Siscoeet al., 2002]. Thedif-

ferencebetweenLee’s resultsandour resultsis likely causedby thesimplified models

thatLeeetal. [1991]usedin their study. Notethat,sinceincompressibility is assumed

in their simulation, actuallyno plasmadepletion canbeobtainedbecausein themag-

netosheath,the plasmadensityis alwaysconstant.Meanwhile,the 2D simulation is

alsoabig limitation,whichdoesnotgivereasonabledescriptionof thePDL formation

aswehavediscussedin Chapter4.

6.7 Effectsof the IMF Clock Angle

Figure6.9showsthedependenceof thePDL andtheslow modefront ontheIMF clock

angle:0ú , 15ú , 30ú , and45ú , with thesameIMF magneticfield magnitude(7 nT). The

othersolarwind inputparametersare: ¨ =(-450,0, 0) km/s, N=6 cmTVU , andT W =TX =10

eV. In thefigure,little influenceof theIMF clock angleon themagnetosheathplasma

structures,including the PDL, is seenin the z=0 andy=0 planes.Specifically, there

is littl e changefor the locationsof the bow shock,the magnetopause,andthe mag-

netosheath.The slow modefront, however, is stronglyinfluencedby the IMF clock
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Figure6.10: The flow speed,the plasmadensity, the magneticfield magnitude, and
theN/B ratio alongtheSun-Earthline in Figure6.9. Theotherformatsof this figure
arethesameasthosein Figure6.4.

angle. The slow modefront for 0ú IMF clock anglehasbeendiscussedin former

sections. For 15ú IMF clock angle,the slow modefront is significantlyweakened.

Furtherfor 30ú and45ú clock angles,thereis no slow modefront in they=0 planein

themagnetosheath.

Figure6.10shows the flow speed,the plasmadensity, the magneticfield magni-

tude,andtheN/B ratioalongtheSun-Earthline in Figure6.9. Very littl e differenceis

seenfor thesecaseswith differentIMF clock angles,exceptthat therearesomelittle

deviationsbetweenthemat thebow shockandright beforethestagnation point. Big

differencesare seenfor the densityimmediately inside the subsolarmagnetopause.

Specifically, thesmallertheIMF clockangle,thehighertheplasmadensityinside the

magnetopause.Theplasmadensityinside thesubsolarmagnetopause is likely coming

from thepolarreconnection.If this is true,thendifferentdensitypeakmagnitudesre-

flect thereconnectionratefor differentIMF clockangles.Further, thesmallertheIMF
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clock angle,thestrongerthepolar reconnectionwill be,andmoresolarwind plasma

cango from thepoleto theinnersubsolarmagnetosphere.

ClockAngle( 0 ) M � M ��� � � H ����� ( ��  ) L �¡� ( ��  ) L ¢£� ( �¤  ) H ��� ( ��  )
0 7.2 5.3 1.0 1.95 0.57 9.7 13.1 3.4
15 7.2 5.3 1.0 2.01 0.57 9.7 13.0 3.3
30 7.2 5.3 1.0 2.08 0.80 9.7 13.0 3.3
45 7.2 5.3 1.0 2.27 0.80 9.7 12.8 3.1

Table6.5: Dependenceof someimportantparameterson the IMF clock anglealong
theSun-Earthline in Figure6.9.

Table6.5 shows thedependenceof someimportantparameterson the IMF clock

anglealongthe Sun-Earthline in Figure6.9. The depletionfactor increasesslightly

with theIMF clockangle,althoughthisdependenceis muchweaker thanthedepletion

factordependenceon thesolarwind velocity, density, andIMF B § . Most of thesmall

depletionfactorincreaseisdueto thedensitystructuresnearthestagnationpointinside

themagnetopause.Similarly, very little or no dependenceis seenfor the locationsof

the bow shockand the magnetopause.As a result thereis very little changein the

thicknessof themagnetosheath. Furtherthereis a nonmonotonic dependenceof the

PDL thicknesson the IMF clock angle. The changing � and H � ��� valuesfor the

constantsolar wind M � and ¥ imply that the PDL is also affectedby someother

factorsotherthanthesetwo solarwind parameters.

Figure6.11shows thenormalizedplasmadensityalongthestagnationstreamline

for differentIMF conditions[Siscoeet al., 2002]. Anglesspecifythe clock angleof

the IMF. The two vertical lines in eachpanelshow wherethe velocity goesto zero

(the stagnationpoint) andwherethe densitydropsto half its post-shockvalue. We

seelarge structuraldifferenceexists for thecaseswith 0ú and45ú IMF clock angles.

Figure6.12showsthedependenceof thicknessof depletionlayer(asdefinedby Zwan

andWolf [1976])obtainedfrom Fig. 6.11ontheIMF clockangle.A valueof 0.15 ö ÷ ,

representingthe resolutionof the process,hasbeensubtractedfrom the solid line to
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Figure6.11: Taken from Siscoeet al. [2002]. Normalizedplasmadensityalongthe
stagnationstreamlinefor differentIMF conditions. Anglesspecifytheclock angleof
theIMF. Thetwo verticallinesin eachpanelshow wherethevelocitygoesto zero(the
stagnationpoint) andwherethedensitydropsto half its post-shock value(to determine
thethicknessof thedepletionlayerby theZwanandWolf criterion).

Figure6.12: Takenfrom Siscoeet al. [2002]. Dependenceof the thicknessof deple-
tion layer (asdefinedby ZwanandWolf [1976] obtainedfrom Fig. 6.11on the IMF
clock angle.A valueof 0.15 ö ÷ , representingtheresolutionof theprocess,hasbeen
subtractedfrom thesolid line to obtainthedashedline.
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obtainthedashedline. In bothFigures6.11and6.12thereis strongdependenceof the

PDL thicknesson theIMF clock angle.Specifically, from 0ú to 45ú IMF clock angle,

the thicknessof the PDL variesfrom õ 0.43 ö ÷ to õ 0.3 öù÷ , which is very different

from our resultsin boththemagnitudeandthetrend.Thesolarwind parametersused

in Siscoeet al. [2002] are: V=-350 km/s, N=5 cmTVU , T=20 eV, andB=5 nT, which

aredifferent from what we have used. However, differentsolarwind inputsarenot

likely to causethebig differencesbetweenourresults.Thedifferentmethodsto define

the outerboundaryof the PDL, the depletionfactormethodby Siscoeet al. [2002]

and the N/B ratio methodby us, shouldalso contribute to this differencebetween

our results. Siscoeet al. [2002] usedthe ISM modelandwe usedthe UCLA global

model for the PDL study. Many settingsin the two modelsarevery different,e.g.,

numericalgrids andnumericalresistivity. Thosedifferentsettingsarealso likely to

beresponsible for thelargedifferencesbetweenour results.As a testof theaccuracy

of our model,we have conductedcasestudieswith our modelin Chapter3 andgood

consistency hasbeenobtainedbetweenourmodelresultsandspacecraftobservations.

DifferentdepletionfactorsandPDL thicknessfor thesamesolarwind M (*) , theIMF

magnitude,andtheIMF tilt angleconfirmthattheIMF clockangleis anotherseparate

controlling factorsfor thePDL.

6.8 Effectsof the Earth Dipole Tilt

ThemajordifferencebetweentheEarthdipoletilt in theGSEy=0 planeandtheIMF

tilt is the solarwind flow directionrelative to the Sun-Earthline. Figure6.13shows

the dependenceof the PDL and the slow modefront on the Earthdipole tilt in the

GSEy=0 plane.Thefollowing solarwind conditions areusedasmodelinput (in the

GSEcoordinate):̈ =(-450,0, 0) km/s, S =(0, 0, 7) nT, N=6 cmTVU , andT W =TX =10eV.

Suchsolarwind conditionscorrespondto M 6 =7.2.Similar to Figure6.9,thereis little
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Figure6.13:Thedependenceof thePDL andtheslow modefront on theEarthdipole
tilt in theGSEy=0 plane:0 ú , 15ú , and30ú . Thefollowing solarwind inputparameters
areused(in theGSEcoordinate):̈ =(-450,0,0) km/s, S =(0,0, 7) nT, N=6 cmTVU , and
T W =TX =10eV. Theotherformatsof thisfigurearethesameasthosein Figure6.3.
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differenceof themagnetosheathstructures,including the locationsof the bow shock

andthe magnetopause. Meanwhile,no cleardensityasymmetry is seenin different

cases.Thestrongestinfluenceby theEarthdipole tilt is theslow modefront. For 0 ú
Earthdipole tilt, a normalslow modefront is seenin the magnetosheath,which has

beendiscussed earlier in the dissertation.For 15ú Earthdipole tilt, the slow mode

fronts north and southof the GSE z=0 planeare connected.The slow modefront

structureis not asymmetric,which is obviously causedby thenonezeroEarthdipole

tilt. Therearesegments of theslow modefront extendinto themagnetosheathin both

north andsouthof the GSEz=0 plane. The major differencebetweenthemis that,

thenorthslow modefront is moredetachedfrom thecenterslow modefront. While

the southslow modefront is closelyconnectedwith the centerslow mode,although

thereis a longbulgeextendsalongthefield line into themagnetosheath.The30ú Earth

dipole tilt caseis similar to the formercase,but with a moreasymmetric slow mode

front. The slow modefront northof theGSEz=0 plane,which occursfor 15ú Earth

dipoletilt, is almostdisappearedin thiscase.But thereis litt le changefor its southern

counterpart.

Figure6.14shows theplasmaV § , theflow speed,theplasmadensity, themagnetic

field magnitude,andtheN/B ratio alongtheSun-Earthline in Figure6.13.Theblack

dot on eachline marksthelocationof themagnetopauseon thatline which is defined

by thecloseto zeroflow velocity or the reverseof V § . Therearevery distinct struc-

turesnearthemagnetopausefor theflow speed,which aredifferentfrom all theother

casesthatwe have shown earlier. Thesedifferencesareobviouslyconnectedwith the

Earthdipole tilt. If we follow the former definition of the magnetopause(V=0), the

magnetopausefor thedipoletilt=15 ú and30ú wouldbecloserto theEarth.Thereason

for addinganextra panelin Figure6.14,V § , is to show whetherweshouldusetheold

way to definethemagnetopause.Panel(a) of Figure6.14shows that theV § changes

directionfartherout from thepoint wheretheflow velocity reachescloseto zero.We
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Figure6.14: The plasmaV § , the flow speed,the plasmadensity, the magnetic field
magnitude, andtheN/B ratio alongtheSun-Earthline in Figure6.13. Theblackdot
on eachline marksthe locationof themagnetopauseon that line which is definedby
thecloseto zeroflow velocityor thereverseof V § . Theotherformatsof thisfigureare
thesameasthosein Figure6.4.
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believe the downward flow closerto the Earth is the flow producedby the polar re-

connection,whichshouldbeinside themagnetopause.While theupwardflow farther

from theEarthis themagnetosheathflow. Thus,we shoulddefinethemagnetopause

asthe boundarybetweentheupwardandthe downward flows. In panel(e), theN/B

trendin themagnetosheathis veryweak,whichmakesthedefinitionof thePDL outer

boundaryvery difficult. Here, we usethe densitytrend in the magnetosheathas a

complementto accomplishthis task.

DipoleTilt ( 0 ) M � M ��� � � H ����� ( �¤  ) L �¡� ( �¤  ) L ¢£� ( ��  ) H ��� ( ��  )
0 7.2 5.3 1.0 1.95 0.57 9.7 13.1 3.4
15 7.2 5.3 1.0 1.41 0.60 10.2 13.2 3.0
30 7.2 5.3 1.0 1.28 0.55 10.2 13.4 3.2

Table 6.6: Dependenceof someparametersalong the Sun-Earthline on the Earth
dipoletilt.

Table6.6shows thedetaileddependenceof someparametersalongtheSun-Earth

lineontheEarthdipoletilt. Thereisalargedropof thedepletionfactorwhenthedipole

tilt angleincreasesfrom 0ú to 15ú . A smallerdepletionfactordrop is seenwhenthe

dipoletilt anglechangesfrom 15ú and30ú . In all thethreecaseswith differentEarth

dipole tilt angles,only litt le differenceis seenfor the locationsof the magnetopause

andthebow shock,thusthethicknessof themagnetosheath.Also, thePDL thickness

only changesslightly. Different depletionfactorsand PDL thicknessfor the same

solarwind M (*) , the IMF magnitude,andthe IMF tilt andclock anglesconfirm that

theEarthdipoletilt is anotherseparatecontrollingfactorsfor thePDL.

6.9 Summary and Conclusions

In this chapter, we studiedthedependenceof theplasmadepletionlayerandtheslow

modefront onsolarwind conditionsandtheEarthdipoletilt. Themajorresultsof this

studyarelistedbelow:
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1. Therearedifficultiesfor thedepletionfactormethodandtheplasma¥ method

to definetheouterboundaryof theplasmadepletionlayer. Theslow modefront

methodcannot beusedeitherbecauseit is not necessarilyrelatedto thePDL.

TheN/B ratiogivesthebestdescriptionof flux tubedepletion,thusit is usedin

thedissertation for thedefinitionof thePDL outerboundary. In thecasewhen

theN/B trendis not clearin themagnetosheath,theplasmadensitycanbeused

asacomplement.

2. Themagnetosheathenvironmenthasastrongdependenceonsolarwind magne-

tosonic Machnumber. A differencebetweenthestagnationpoint andthepseu-

domagnetopauseis foundfrom our results,which is consistentwith Songet al.

[1999]andSiscoeet al. [2002].

3. Thereis a strongdependenceof thePDL andtheslow modefront on IMF B § .
For theIMF B § rangeusedin thetests,thelocationsof themagnetopauseandthe

bow shock,andthemagnetosheaththicknesschangealmostlinearly. However,

theplasmadepletionfactorfirst increasesthendecreaseswith theincreasingIMF

B § . A densitystuctureis seeninsidethe subsolar magnetopause,which might

becausedby thepolarreconnection.Thedepletionfactoris greatlyaffectedby

thisdensitystructure,thusweshouldbecautiousin understandingthis result.

4. The IMF tilt angleleadsto N/B asymmetryin themagnetosheath.However, it

doesnotchangethelocationsof themagnetopauseandthebow shockalongthe

Sun-Earthline in a significantway. ThePDL is alsoonly slightly influencedby

theIMF tilt angle.This resultis differentfrom theresultsby Leeet al. [1991].

Theslow modefront hasamuchstrongerdependenceontheIMF tilt anglethan

thePDL.

5. The IMF clock angleis found to have littl e influenceon the geometryof the

magnetosheathfor the normalsolarwind inputsin this study. The PDL along
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theSun-Earthline is only slightly influencedby theIMF clock angle,which is

inconsistent with the global modelresultsby Siscoeet al. [2002]. Again, the

slow modefront showsastrongdependenceon theIMF clockangle.

6. The Earthdipole tilt doesnot changethe global magnetosheathgeometryand

thePDL alongtheSun-Earthline in a significantway. However, it canchange

thedepletionfactorsignificantly. Theslow modefront alsoshows complex ge-

ometry, which caneasilyextendto the GSEz=0 planefor large Earthdipole

tilt.
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CHAPTER 7

Summary and FutureWork

7.1 Summary

This dissertationstudywascarriedout with the following importantquestionsabout

theplasmadepletionlayerin mind. Are MHD effectsandpressureisotropy sufficient

to describetheplasmadepletionlayer?Is thePDL astableor transientstructure?How

doesthePDL dynamicallyrespondto transientsolarwindconditions?Whatis thespa-

tial extensionandglobalgeometryof thePDL?Whatis responsiblefor theformation

of thePDL?How doesaflux tubegetdepletedin themagnetosheath?Doesslow mode

front exist in themagnetosheath?Whatis theexactroleof theslow modewavesfor the

PDL?How is thePDL dependenton solarwind conditionsandtheEarthdipole tilt?

Thepurposeof this studyis to solve theseproblemsin a systematicway. TheUCLA

globalmodelis usedin thestudyasanimportanttool, togetherwith PDL observations

andtheoreticalanalysis.First I confirmthevalidity of theglobalmodelin studyingthe

PDL with goodfit betweenmodelresultsandspacecraft observations. MHD effects

andpressureisotropy aresufficient to describethe formationof theplasmadepletion

layer. The PDL is found to be a stablestructureunderstablesolarwind conditions,

anddynamicallychangingsolarwind hasstronginfluenceonthemagnetosheathstruc-

tures.After modelvalidation, I analyzetheforcesresponsiblefor theformationof the

PDL andfind thatthecombinedpressuregradientforceandmagneticforceis respon-

sible for the formationof thePDL. ThePDL extendslongitudinally andlatitudinally

along the magnetopausewith varying properties. Flux tube depletionoccursin al-
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mostall the subsolarmagnetosheathinsteadof just nearthe subsolar magnetopause.

Thebow shockplaysan importantrole in deceleratinganddepletingflux tube. Near

the magnetopausecomplex pressuregradientforce exists which might be responsi-

ble for the complex PDL observations. A new methodis introducedto calculatethe

slow modefront in themagnetosheathandtheexistenceof theslow modefront in the

magnetosheathfor certain,but not all solarwind conditions, is confirmed.However,

the PDL doesnot necessarycorrespondto the slow modefront and the slow mode

front playsno discerniblerole for shapingtheplasmaandfield in themagnetosheath.

Finally, differentdegreesof dependenceof the PDL andthe slow modefront on the

solarwind magnetosonicMach number, IMF B § , the IMF tilt andclock angles,and

theEarthdipoletilt areobtained.

In the dissertation, we first reviewed the currentstatusof the plasmadepletion

layerstudy, includingtheobservational,theoretical,andnumericalstudiesof thePDL.

Thecomplexitiesof thePDL observationswereemphasizedandthepossibleinfluence

of suchcomplexities on the PDL studywasanalyzed.We discussedthe specialre-

quirementsfor the PDL studywhich provided a guidelinefor the dissertation. Both

observational andtheoreticalPDL studieshavegreatlyadvancedourunderstandingof

thePDL. Basedontheformerresults,includingnumericalmodelstudyresults,wede-

cidedto usetheglobalMHD modelasa powerful tool to investigatethefundamental

problemsaboutthePDL, which arevery difficult, if not impossible, for observational

andtheoreticalstudies.

MHD theoryis thebasisfor theglobalmodelusedin this dissertation study. As a

simplified descriptionof thespaceplasmaenvironment,MHD theorycarriesmany im-

portantassumptions. In orderto applyMHD theory, wehaveto makesurethatthespe-

cific spaceplasmaenvironmentof interesthasto follow thoseassumptions.In Chapter

2, I performeda detailedderivation of theMHD equationsfrom kinetic theory. Each

importantassumption for thefinal MHD equationswasobtainedduringthederivation.
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Comparisonbetweentheassumptions andthemagnetosheathenvironmentwasmade

andwe found that MHD theoryin generalfits very well in the magnetosheathenvi-

ronment.In thesecondhalf of Chapter2, I gave a detailedintroduction to theglobal

MHD modelusedin thisstudy. Someimportantissuesaboutglobalsimulationsof the

PDL, including theshiftedgrids, theeffectsof thegrid resolution, andthe effectsof

theanomalousresistivity werediscussed.Wefoundthatthegrid resolutionusedin the

dissertationstudyis sufficientto describethePDL,with nobig importantimprovement

with higherresolutions. Also, we foundthattheanomalousresistivity haslittle effect

onthePDL,andis morecontrolledby thenumericalresistivity, which is not important

for theregion thatweareinterested.

Oneof the moreconvenientandefficient methodsto testedthe ability of a com-

plex global model in studyinga complex structurein the magnetosheathis by event

studies,i.e., by comparingmodelresultswith spacecraftobservations. A goodfit be-

tweenmodelresultsandobservationscangive very strongconfidencefor a modelin

describinga process.In Chapter3, two eventswereselectedfor which sufficient data

areavailablefor a meaningfulcomparisonwith thesimulationresults.We foundthat,

for the two events, the MHD description with isotropicpressureis sufficient to de-

scribethemagnetosheathformation.Thevisualconsistency betweentheobservations

andthe modelresultsis good. The averagemodeldepartureis usuallysmallerthan

the standarddeviation of observationsand it is also usuallymuch smaller than the

correspondingnormalobservationvalues.Any otherprocessthanisotropicMHD is

thusunlikely to play an importantrole. The PDL is foundstableduring stablesolar

wind conditionswith northward IMF. Singlespacecraftobservationsof thePDL can

be significantlydifferent from the real PDL spatialstructure. This is primarily due

to thechangingsolarwind conditionsandthemotionof thespacecraftrelative to the

magnetopause.As a consequencethe observationsmake the PDL appearto be a lot

morestructuredthanit really is.
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After the modelvalidation, we went onestepfurther in Chapter4 to investigate

the underlyingphysicsof the PDL. This was conductedby analyzingthe forcesin

the magnetosheathusing global simulation results. We showed that a gasdynamic

approachshould notbeusedfor thestudyof thePDL,whichisanMHD effect. Theuse

of gasdynamicmodelsis shown to bethecauseof theshortcomingsof contemporary

PDL models. DifferentMHD forcesplaydifferentrolesfor thePDL formation,which

is very differentfrom theSpreiter’s moderesults.Thepressuregradientforcealonga

field line is responsible for plasmadepletion.Both thepressuregradientforceandthe

magneticforceareresponsiblefor theflow patternin themagnetosheaththatdivert the

plasmaandmagneticfieldaroundthemagnetosphere.Only theflow linesthatoriginate

closeto the Sun-Earthline exhibit plasmadepletionandcontribute to the formation

of the PDL. On suchflow lines, distinct regionsexist with different force features.

ThePDL is theresultof theplasmamotioncontrolledby thosecomplex forces.The

analysisof theforcesin themodelsimulation resultsleadsusto a new descriptionof

flux tubedepletionin themagnetosheath.In thisnew descriptionthebow shockplays

an importantrole to drive the newly shocked plasmaalongthe flux tubeaway from

theGSEz=0 plane.Thepressuregradientforceexists in a flux tube’s entiresubsolar

magnetosheathpassage,which further depletesthe flux tube. This is in contrastto

thedescriptionby ZwanandWolf [1976] which consideredthedepletioneffect only

at thebow shockandcloseto themagnetopause. A complex pressuregradientforce

patternexists alongthe magneticfield line that lies very closeto the magnetopause.

Slow modefeaturesare seenon this field line, which could be responsiblefor the

two-layeredslow modestructureobservations for particularspacecrafttrajectories.

However, no suchtwo-layeredstructureexists as a true spatialstructurenormal to

themagnetopause.

Two-layeredslow modestructureshave beenfoundin observations,andtheslow

modewavesandtheslow modefront havebeenusedin somemostimportanttheoret-
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ical PDL modelsto explain theformationof theplasmadepletionlayer. Somemodel

studieshavealsoaddressedthepossibleexistenceof theslow modewavesin themag-

netosheath.In Chapter5, we investigatedwhetherthe slow modefront exists in the

magnetosheath,and if so, what possiblerole it plays for the formationof the PDL.

We proposeda new methodto calculatethe slow modefront in the magnetosheath,

which comparestherelative configurationbetweentheslow modewave groupveloc-

ity andthe flow velocity. The modelresultsshow that the slow modefront exists in

themagnetosheathfor certain,but notall solarwind conditions.Theslow modefront

in our simulationshasmorecomplex structuresthanthat from theoreticalmodels.In

particular, a very differentslow modefront geometryis found in our modelresults,

comparedto theSouthwoodandKivelson[1995]modelpicture.Theslow modefront

doesnot develop into a shockandit dependsstronglyon solarwind conditions. Fi-

nally, the PDL structuredoesnot necessarilycorrespondto a slow modefront, and

theslow modefront playsno discerniblerole for shapingtheplasmaandfield in the

magnetosheath.

In Chapter6, we further studiedthe dependenceof the plasmadepletionlayer

andthe slow modefront on solarwind conditionsandthe Earthdipole tilt. We first

summarizeddifferentmethods to definetheouterboundaryof thePDL andfoundthat

therearedifficultiesfor thedepletionfactormethodandtheplasma¥ method. TheN/B

ratiogivesthebestdescriptionof flux tubedepletion, thusit is usedin thedissertation

for thedefinitionof thePDLouterboundary. In thecasewhentheN/B trendisnotclear

in themagnetosheath,theplasmadensitywasfoundcouldbeusedasa complement.

Themagnetosheathenvironmentwasfoundto have a strongdependenceon thesolar

wind magnetosonic MachnumberandIMF B § . TheIMF tilt anglewasfoundto lead

to N/B asymmetryin the magnetosheath,but it doesnot changethe locationsof the

magnetopauseand the bow shockalongthe Sun-Earthline in a significantway. In

addition,the PDL is only slightly influencedby the IMF tilt angle. The IMF clock
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anglewasfoundto have little influenceon thegeometryof themagnetosheathfor the

normalsolarwind inputsin this study. ThePDL alongtheSun-Earthline is alsoonly

slightly influencedby theIMF clock angle.TheEarthdipole tilt doesnot changethe

globalmagnetosheathgeometryandthePDL alongtheSun-Earthline in a significant

wayeither. However, it canchangethedepletionfactorsignificantly.

7.2 Futur e Work

Thepressureisotropy hasbeenusedin themodelstudyof theplasmadepletionlayerin

thedissertation.Althoughwehaveshown thatthepressureisotropy is sufficient to re-

producemainfeaturesof severalPDL observationsby comparingour isotropic model

resultswith observations,it is still importantif we canincludepressureanisotropy in

thefutureglobalmodelandstudytheeffectsof it to thePDL. Sucha studyhasnever

beendonefor aglobalthreedimensionalmodelin studyingthePDL,andit wouldhelp

usto systematicallyunderstandtheeffectsof pressureanisotropy for theformationof

thePDL.Also, it will helpto includethemirror modeinstability into themodel,which

canprovideanothersourcefor theslow modewaves.

In thePDL dependencestudyin Chapter6, severalcasesshow non-trivial density

structuresnearthe subsolar point insidethe magnetopause.Thosedensitystructures

are likely causedby the reconnectionin the polar region. Event studiesin Chapter

3 alsoshow the possible connectionbetweenthe PDL andthe magnetospherepolar

region. So it would be interesting to further investigatethepossiblerelationbetween

thePDL andthepolarregion,andfind out how themassis transferredfrom themag-

netosheathinto thesubsolar magnetosphere.

In Chapter3, I haveshown thattransientsolarwind structurescanhavesignificant

influenceon the in situ magnetosheathobservations. A furthermodelstudywith ide-

alizedtransientsolarwind structures,like gradualchangingsolarwind conditions or
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suddensolarwind changes,will helpus to evaluatethe influenceof suchsolarwind

structuresto theplasmadepletionlayeraswell astheevolution of themagnetopause-

magnetosheath-bow shocksystem. Also, thesolarwind influenceto spacecraftobser-

vationscanbe investigatedwhich canalsohelpus to betterunderstandin situ obser-

vationsin this region.

The UCLA global model that I have usedin the dissertationstudy is currently

oneof theglobalmodelsthatcangive thehighestresolution in theregion that I have

studied. A grid resolutionas high as 0.1 ö ÷ is achieved in this model. However,

therearestructuresnearthemagnetopausethataremuchsmallerthanthis scale,like

the transition layer betweenthe PDL andthe magnetospherewhich is õ 100 km. A

stretchedCartesiangrid is usedin this model,which is muchbetterthanmany other

conventionalgrids.However, therearesomelimitationsfor thisgrid, for example,the

wasteof computations in the region not needed.This preventsthe modelto resolve

thosefiner scaleswith the limitation of currentcomputationability. Adaptive mesh

refinement(AMR) is a techniquethat can betterusethe computer power and give

high resolution to the regionsof interest. However the complexity in implementing

theAMR techniquein theglobalmodelis beyondthescopeof this dissertation study.

Futurework is neededto betterunderstandthe possibility of usingthis techniquein

theglobalmodelingandthePDL study.

A very important topic in space-weatherpredictionis the reactionof the mag-

netosphereto extremesolar wind conditions. As a structureon the magnetopause,

theplasmadepletionlayerwill alsobegreatlyinfluencedby suchconditions. Future

studywill behelpful in systematically understanding theresponseof thePDL to those

extremesituations,which will alsocontribute to betterunderstandingtheglobalmag-

netosphereasa whole.
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