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INTRODUCTION

Oneof themoststartlingdiscoveriesof the Voyagerflybys of themoonsof Jupiterwastheexistenceof spectacular
umbrella-like plumesover nine pointson Io’s surface[1]. Figure1a shows a Galileo imageof Io’s surfaceandtwo
suchvolcanicplumes.Many observationshave beenmadeof volcanicplumeson Io. Geissleret al. [2] examinedthe
Galileo imagingof atmosphericemissionfrom Io and testedthe associationof blue equatorialglows with specific
volcanicplumes.Feldmanet al. [3] showedthepreferentialabsorptionof Lyman-α emissionby SO2 at Io’s equator
in HubbleSpaceTelescope(HST) imagesandsuggestedthatsuchadistributioncouldonly arisefrom volcanicplume
atmospheres.StrobelandWolven[4] followeduponthis ideaanddeterminedthatonly severalvolcanicplumesources
neartheequatorarerequiredto explain theHSTobservations.Mostof theobservationsof planetaryatmospheres,and
all of thosefor Io, arevia remotesensingof theradiationproducedby, or transmittedthrough,thegas.Thusthereis
reasonto developadvancedtechniquesto model,in an integratedway, the gas-dynamicsof hypersonicvolcanicjet
flow alongwith its observableradiationsignature.Someradiationfeaturesareassociatedwith the fine particulates
in the plumes.Photometricstudiesof oneplume(Loki) by Collins [5] indicatethat particlesof varioussizes(from
0.01 µm up to 1000µm) arepresent.StromandSchneider[1] suggestedthat the bright envelopeappearingin the
ultraviolet smoothedbrightnessimagesof Pelemaybetheresultof a concentrationof particlesat a shockfront. The
wavelengthdependenceof theopticaldepthin 1996HST observationsof Pelecanbematchedby eithera plumeof
SO2 gasor a plumeof very small scatteringparticleswith maximumsizesof 0.08µm. Thus,thereis alsoreasonto
studythe behavior of gas/particleflow in thesevolcanicplumes.Suchtechniquesalsohave many otherscienceand
engineeringapplications[6, 7, 8,9]. Thispaperdescribestheapplicationof rarefiedgasdynamicsmodelingtechniques
to understandradiationfrom andtransportof particlesin Ionianvolcanicplumes.

Cooketal. [10] proposedballisticandaerodynamicmodelsto studythevolcanicplumesonIo. StromandSchneider
[1] followedup on thesemodelsandobtainedfits of theshapeandbrightnessdistributionof Prometheus.Ingersollet
al. [11] publishedahydrodynamicmodelof thesublimation-drivenflow of SO2 gas.Ingersolllater[12] calculatedthe
atmosphericresponseto volcanicsourcesby treatingoutflow from volcanicventsasadistributedsourceof mass(aline
or point source).He investigatedtheeffectsof thepatchynatureof theSO2 frost andfoundthat theonly appreciable
atmosphereon thedarksideis in thevicinity of active volcanoes.Morenoet al. [13] usedcontinuumcomputational
fluid dynamicsmodelingof thevolcanicplumesto characterizethenatureof boththenear-ventbehavior aswell asthe
spreadof thedown-falling gasover theplanet.Lellouch[14] reportedthatKieffer experiencednumericaldifficulties
whenmodelingtheunderexpandedplumeson Io.

Rarefiedgasdynamicsmodelingtechniquesdevelopedfor aerospaceengineeringapplicationsarenow quitesophis-
ticatedandhave madeit possibleto studythecomplex dynamicsof volcanicplumeflow on Io in greatdetail.Some
regionsof the volcanicatmosphereresemblenozzleflow andhypersonicjets – typical aerospaceengineeringappli-
cations.Thedirect simulationMonteCarlo (DSMC) approach[15] pioneeredby G. Bird is a suitableway to model
the transitionalto rarefiedflows of theseatmospheresandincorporatea wide rangeof detailedphysics.Austin and
Goldstein[16] presentedpreliminaryresultsfor DSMC modelsof Ionianplumesasearlyas1995.They examinedthe
natureof theshockswhich developin theplumesandhow theplumesexpandin thepresenceof a backgroundnon-
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FIGURE 1. Io’s volcanicplumes(a) andcomputationaldomain(b) usedto modeltheseplumes.In (a) Pillan Paterais seenon
thelimb while Prometheusis seenfrom above neartheterminator(boundarybetweendayandnight).

condensiblegas.Austin andGoldstein[17] alsopresentedthefirst DSMC simulationsof a sublimation/condensation
drivencircumplanetaryflow aswell ashighspatialresolutionmodelingof avolcanicplume.A simpleform of non-LTE
infraredradiationfrom theSO2 rotationalstateswasincorporated.AustinandGoldstein[18] presenteddetailedcalcu-
lationsof sublimation/condensationdrivenflows includingparametricstudiesof surfacetemperatures,theamountof
non-condensiblebackgroundgas,andenergy input from thebombardmentof theupperatmosphereby 57km/ssulfur
andoxygenions in Jupiter’s co-rotatingplasmatorus[19]. Theemphasisof [18] is on theatmosphericstructureand
theeffectof differentparametersontheobservablefrostdeposition.Werecentlyextendedthepreviouswork by Austin
andGoldsteinto examinethedynamicsandradiationin volcanicplumeflows in greaterdetail [20, 21]. Thereis also
increasingrecentinterestin studyingthe transportof particlesin a backgroundfluid within DSMC method.Gallis
et al. [8] appliedsucha techniqueto semiconductormanufacturing.Bensonet al. [9] developeda model including
particle(droplets)heating,desolvation,coalescenceandtransport.

Here,we briefly discussa few exampleplumegasdynamicsresultsalongwith the new resultsfrom gas/particle
modelingin DSMC method.

MODEL

The volcanicflow is assumedto be axisymmetricandemerging at thermalequilibrium (vent temperature= 650 K,
ventdiameterbasedKnudsennumber� 10

� 4) andat a uniform velocity (1 km/s)from a circularventcenteredat the
origin of thesymmetryaxis.Theheightof thecomputationaldomaincorrespondsto thealtitudeabovethesurfaceof
Io andtheradiuscorrespondsto thedistancealongthesurfacefrom thecenterof thevent.Thegasis subjectto Io’s
gravitationalfield afterit eruptsfrom thevent[16]. Themoleculesescapeinto spaceif they crosstheupperboundaryof
thecomputationaldomain(rare)andarereflectedby theouterspecularwall whenthey collidewith thecircumferential
boundary. Theassumptionof a specularwall at theouterboundaryis not accurate.Yet we have shown that theouter
wall is placedatasufficientdistancefrom theventthatit hasnoeffectontheflow in theregionof interest.Thesurface
of Io isassumedto beverycoldandroughandhaveastickingcoefficientof 1 sothemoleculescondenseasthey contact
thesurface.On theotherhand,thesurfacesublimatesvaporandthesublimationrateis specifiedby theequilibrium
vaporpressureat the surfacetemperature[16]. Note that our sublimation/condensationmodel is greatlysimplified
by assumingsticking coefficient of 1 regardlessof surfacetemperature.However, this assumptionis probablyquite
realisticat surfacetemperatureof lessthan120K [22]. Moreover, our sublimation/condensationboundarycondition
producesthecorrectequilibriumvaporpressureanda suitablegasoutflux from the ice into a near-vacuumwhenthe
outfluxshouldbeindependentof theinflux.

The modelingof the IR radiationspectrumrequiresknowledgeof the spatialdistribution of the vibrationaland
rotationalpopulationsof SO2. Translational-internalenergy transferaswell asspontaneousemissionprocessesmust
bemodeled.During thegasdynamiccomputations,it is assumedthatthedensitiesaresufficiently low thattheeffects
of absorptionon thevibrationalandrotationalpopulationmaybeignored.This issuewill beexaminedmoreclosely
in a futurepaper. On theotherhand,absorptionis accountedfor whencomputingradiationspectrawith GENSPECT
[23].
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Themodelingof vibration-translation(VT) energy transferduringcollisionsbetweenSO2 moleculesin DSMC is
performedusinga discreteversionof theLarsen-Borgnakkemethod[24, 25]. A successionof redistributions,eachof
whichinvolvesonly asingleinternalmodeandthetranslationalmode,canbeusedin themethod.SinceSO2 molecules
havethreevibrationalmodes,advantagehasbeentakenof thisserialconsiderationof eachmodein ourDSMCmodel.
Thereasonfor treatingthevibrationalenergy in aquantumfashionis thatthevibrationallevelsarewidely spacedand,
at therelatively low temperaturesof presentinterest,thevibrationalmodescannotberegardedasbeingfully excited.

Specialeffort hasbeenplacedon modelingtheuniquevibrationalrelaxationprocessof SO2 molecules(discussed
extensively in [26, 27, 28]). WeassumeZ1 � 3=1000for theV-T relaxationof theν1 andν3 modes:thisZ1 � 3 is expected
to provide an acceptableaccuracy for the temperaturesof the orderof several hundredKelvins. In the temperature
rangeof interest(100- 650K) theexperimentaldatafor Z2 clusteraroundZ2=300andwe usethis constantvaluein
thesimulations.This simpleassumptionis justifiedbecausetheuncertaintyin theexperimentalrelaxationdatafor Z2
doesnot warranta complicatedcurvefit, andthevariationof Z2 over this temperaturerangeis small.

To modelthe radiationfrom vibrationalbands,we needto know the probability for radiative transitionsspecified
by theEinsteincoefficient,Anm, for the transitionn � m. This de-excitationprobability for a moleculeto undergo a
spontaneousemissionduringthetime stepδ t is foundto be,P � �	�

δn1 
 1 � 0 � n1

� � 1  0 � e
� A10δ t . For spontaneousIR

coolingfrom thecontinuumof rotationalstatesof SO2, we retaintheapproachof AustinandGoldstein[17].
Numericalchallengesarisewhentrying to includeseveral mechanismswith very differenttime scales,the three

vibrational bandemissionsin our case.Also, the plume flow experiencesa wide rangeof flow regimesfrom the
near-continuumregime to the freemolecularregime.In thenear-continuumregime,we needa very fine spatialand
temporalresolution,while in thetransitionalandfreemolecularregimeswe donot.

A multi-domainsequentialcalculationis usedin our simulation.This approachis applicablebecausethe flow is
supersonicnearthe vent so it is not affectedby downstreamconditions.The whole domainis split into multiple
subdomainsandsequentialcalculationsareperformedfrom theinnerto outerdomains.Figure1b shows a schematic
diagramof this flowfield decomposition.The calculationparameters(domainsize,grids,andtimestep)andthe key
observablesthat drive their choicein eachregion arealsoshown in Fig. 1b. The flow field is first obtainedfor tiny
region 1 with very fine spatialandtemporalresolutionto capturethe signatureof fastν3 bandradiation.Molecules
thatcrosstheupperandright boundariesaftersteadystatehasbeenreachedarestoredasa sourceof input molecules
for thecalculationof region2. Duringthecalculationof theregion2,moleculesarereadin properlyto givethecorrect
numberflux. Theprocessof storingandre-readingmoleculesbetweenconcentricregionsis carriedonuntil thewhole
flow field hasbeenobtained.In our case,four stepsarenecessary:threenearthe vent for radiationfrom the three
vibrationalbands,andone for the restof the domain.An additionaladvantageof this sequentialcalculationis the
goodquality of thesolutionobtainedneartheventwheretheventdiameterbasedKnudsennumber( � 10

� 4) is very
low, while obviating theexpenseof carryingtheveryfine resolutionthroughthewholedomain.

The SO2 vibrational spectrawerecomputedfrom the flowfields calculatedby DSMC as follows. First, number
densityandvibrationalandtranslationaltemperatureswereextractedalongtheaxisof theplume.Thedatawerealso
extractedalong the 45� line that startsat the centerof the vent. Then,theseone-dimensionaldatawereprocessed
usingtheGENSPECTcode[23]. GENSPECTis a line-by-lineradiative transfercodeto calculategasabsorptionand
emissivity, emissionandtransmissionfor a wide rangeof atmosphericgasesfrom the nearUV to the far IR. Given
informationincludinggastype,gasamount,temperature,pressure,pathlengthandfrequency rangefor anatmosphere
or laboratorycell, theGENSPECTcodecomputesthespectralcharacteristicsof thegas.GENSPECTemploysa new
computationalgorithmthat maintainsa specifiedaccuracy for the calculationasa whole by pre-computingwhere
a line function may be interpolatedwithout a reductionin accuracy. The approachemploys a binary division of the
spectralrange,andcalculationsareperformedon a cascadedseriesof wavelengthgrids, eachwith approximately
twice thespectralresolutionof thepreviousone.

A line-by-linecalculationimpliesthateachline hastwo associatedline-widthparametersthatdescribetheline shape
at two extremeswherethe line-broadeningbehavior is well understood.Oneparameterdescribesbehavior assuming
only Lorentzbroadeningandonedescribesbehavior assumingonly Dopplerbroadening.Lorentzbroadeningtendsto
bethedominanteffectat higherpressureswhile Dopplerbroadeningis moresignificantat lowerpressures(thatoccur
in theconditionsof interest).For temperaturesandpressuresof interesttheactualline shapeis a combinationof the
two effects,anda convolutionof thetwo shapes,calledtheVoigt profile, is usedin this work. Therelative weighting
of theconvolution is controlledby additionalparameters,alongwith pressure,partialpressure,andtemperature[23].

StromandSchneider[1] suggestedthat the bright envelopethat appearedin the ultraviolet smoothedbrightness
imagesof Io’s largestvolcano,Pele,maybe theresultof a concentrationof particlesat a shockfront. To seeif this
is a possiblescenario,we studiedthe behavior of fine particulatesin the volcanic plume.We tried two “overlay”
methodsto modelthegas/particleflow. First,we treatedtheparticlessimply asanothermolecularspeciesin DSMC.
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FIGURE 2. Comparisonof Machnumbercontourswith streamlinesoverlappedbetweendayside(left) with Tsur f ace = 115K
andnightside(right) Peletypeplumewith Tsur f ace = 90 K.

These“molecules”arehugein sizecomparedto gasmoleculesandcollideelasticallywith thegasmoleculesin apre-
calculatedor frozengasflowfield. Theotheris to calculatethedragon theparticlesin a pre-calculatedgasflowfield
andmove the particlesaccordingly. In both methods,it is assumedthat the fine particulatesaresphericalin shape,
that theparticleflow is sodilute that it hasno effect on thegasflow, andtheparticlesdo not collide with eachother.
The massdensityof the fine particulatesis assumedto be 1.5 � 103 kg/m3. Agreementbetweentheresultsof both
methodshasbeenobtained,providing ameasureof cross-validation.Wefocusonthesecondmethodatpresentmainly
becauseof its efficiency andits capabilityof coveringwide rangeof particlesizes.In this method,we alsointerpolate
thepre-calculatedgasflowfield to obtainasmoothparticleflowfield, anduseapredictor-correctormethodto calculate
theparticletrajectories.

Photometricstudiesof Loki by Collins [5] indicatethat theouterultraviolet componentconsistsof extremelyfine
particles(0.01–0.1µm radius),while the innercomponentconsistsof largerparticles(1–1000µm). So the particle
sizeswechosearein therangeof 0.01–10µm in diameter. TheKnudsennumberbasedon thediameterof theparticle
is of the orderof 106 for 1 µm particleseven at the volcanovent, so it is reasonableto assumecollisionlessflow
to calculatethedragon theparticle.Assumingcold particles,we useequation(7.71)obtainedby Bird [15] for drag
coefficienton a spherein collisionlessflow.

RESULTS

1. Gasdynamics and Radiation

Figure2 shows a comparisonof Mach numbercontoursbetweena day-sideanda night-sidePeletype plume.It
is seenthat theflow fields look similar below andat thecanopy shock:thegaseruptsfrom thevent (centeredat R =
0 km andabouteight kilometersin radius) at aroundMach 3, it expands,coolsandacceleratesuntil gravity slows
it down anda canopy-shapedshockis formedat a heightof about300km. Theflows look quitedifferentasthegas
that crossesthe canopy shockfalls to the ground.A re-entryshockis formed in the day-sideplumeasa resultof
the interactionbetweenthe falling gasandthegroundfrost sublimationatmosphere.Sucha shockis not seenin the
night-sideplumesincethebackgroundatmosphereis negligible andall plumeparticlesreachthecondensingsurface.
The plottedstreamlinesshow that for the day-sidePeletype plumethe sublimationatmosphereis denseenoughto
split the falling gasinto two parts:onepart is reflectedup andturnedfurther away from the vent, the otherpart is
turnedinward.

A parametricstudyis carriedoutto furtherexaminethenatureof theimpingementof thefalling hypersonicgasonto
a sublimatingsurface.Severaldifferentsurfacetemperaturesaround108K wereexaminedandthreesuchflowfields
arecomparedin Fig. 3. It is found that the interactionbetweenthe impinginghypersonicgasandthe atmosphereis
quite sensitive to the surfacetemperature,andthe flow structurearoundthe interactingregion changesdramatically
evenfor asmallchangein thesurfacetemperature(105to 111K). At asurfacetemperatureof 105K, thesublimation
atmosphereis not denseenoughto decelerateandturn thefalling gassothatmostof thefalling moleculesaresimply
pouringontothegroundandcondenseunimpeded.
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FIGURE 3. Numberdensitycontoursof theflowfieldswith differentsurfacetemperatures.Noticetheformationof awell defined
bounceregion at highertemperature.
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FIGURE 4. (a)Profilesof photonemissionrate(photon/m3/s)of ν1 (1151cm� 1), ν2 (518cm� 1) andν3 (1362cm� 1) vibrational
bandsof SO2 alongthesymmetryaxis.Also shown arethelocationsof eachsubdomain.(b) Contoursof photonemissionratefor
theν2 (518cm� 1) bandfor thewholeflow field for nightsidePeletypeplume.

The amountof the falling gasthat is deceleratedandturnedbecomeslarger asthe surfacetemperaturerisesand
the sublimationatmospherebecomesmoredense.Most of the gasis eitherturnedinwardsor outwardsandthe re-
entryshockis clearly formedat a surfacetemperatureof 111K. This surfacetemperatureof 111K is interpretedas
the critical temperature,at which the sublimationatmospheresurfacevaporpressureis just high enoughto balance
the stagnationpressurebehinda nearly horizontal re-entryshock.This interpretationwas confirmedby a similar
parametricstudyperformedfor a plumeof ten times lower vent numberdensity, in which casethe critical surface
temperaturedefinedabove is first estimatedto be104K, andthepredictionworksquitewell. (It is alsofoundthatthe
ten timeslower ventnumberdensityplumeretainsmoretranslationalenergy to risehigherandexpandwider dueto
thelackof inter-molecularcollisionsandradiationlosses.)

The resultingsurfacedepositionpatternsalso changedramatically. At low surfacetemperatures,the falling gas
simply poursonto the surfaceandcondensationdominatesto build up a depositionring at R = � 500 km. As the
surfacetemperatureincreases,the SO2 frost begins to be depletedat the onsetof the turningof the impinging flow.
Webelievethatboththeoutwardandinwardturningflowsentraintheupperpartof thesublimationatmospherewhich
results,surprisingly, in a slightly lowersurfacepressurethantheequilibriumvaporpressure;thiscausesthedepletion
of SO2 frost from thesurfaceby sublimation.

Figure4a shows profilesof photonemissionratein the threevibrationalbandsof SO2 alongthe symmetryaxis.
Figure4b providescontoursof photonemissionratefor the ν2 (518cm

� 1) bandfor the wholeflow field. It is seen
thatν1 andν3 bandemissionsstartat � 1017 photon/m3/s anddrop to � 1016 photon/m3/s within 2 km. Theserapid
emissionsarecapturedby thecalculationin region 1 and2 with very fine spatialandtemporalresolution.A balance
betweenemissionandcollisional excitation is establishedbeyond Z = � 2 km for thesetwo bands,so the emission
ratestaysrelatively constantuntil thegasdensitydropssolow thatthebalanceis brokenin region3. Theemissionin
theν2 bandis relatively slow (A10 = 0.88s

� 1) andcollisionalexcitationkeepstheemissionraterelatively constantup
to region 3. At higheraltitude,thevibrationalenergy of thegasis not stronglyreplenishedfrom translationalenergy
throughinter-molecularcollisions,sincethe gasdensityandthusthe collision excitation rate is low. Taking the ν3
bandfor example,the radiative lifetime of theν3 vibrationalstateis � 23 msbut thecollision relaxationtime for ν3
vibrational-translationalenergy transferatanaltitudeof � 30km is � 20s.Thegasis thusin ahighly non-equilibrium
stateandthevibrationaltemperaturesfor thethreevibrationalmodesbecomevery low by analtitudeof � 50km, � 35
km, and � 30 km, for ν2, ν1 andν3 bands,respectively.

Whentheflow reachesthecanopy shock,it is againcompressedandheated.Theinter-molecularcollisionsbecome
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FIGURE 5. IR radiance(a) andabsorption(b) spectrafor theν1 bandfor a night-sidePele-typeplume.

sufficiently frequentthat theν2 modeis re-excitedandemissionfrom theν2 bandre-appearsat theshock.However,
emissionin the othertwo bandsdoesnot reappear. This is becausethe collision relaxationtime at the shockfor ν1
andν3 vibrational-translationalenergy transferis relatively long ( � 100s) andthe inter-molecularcollisionsarenot
sufficiently frequentto maintainany appreciableemission.

We next considerthe spectrafor differentinfraredbandsof SO2 thatoriginatefrom the de-excitationof different
vibrationalmodes.Figures5aand 5bshow IR spectrafor theν1 bandfor anight-sidePele-typeplume.Here,spectral
resolutionwas10

� 4 µm. The vibrational temperatureof the first vibrationalbandin the DSMC computationswas
essentially0 for altitudeshigherthan35 km (the DSMC computationsdid not includeabsorption).Thatmeansthat
the moleculesareprimarily in the groundvibrational statesat thosealtitudes,ν1 emissiondoesnot occur at high
altitudes,andabsorptionis theonly processthataffectsthespectra.However, thelow numberdensityathighaltitudes
causesthe plumeto be nearly transparent(seeFig. 5b that shows the fraction of radianceabsorbed),meaningthat
nearlyall emissiongeneratedby the lower, heatedlayersmakesits way to the top unabsorbed.The total emission
for the viewing angleof 0� (parallel to the vent axis) canbe estimatedto be 7.5� 106 W/sr. As the figureshows, the
radiationintensitydependsonly slightly on theviewing geometry, asspectraalonga45� line to thesymmetryaxisare
only slightly differentin magnitudefrom that for a 0� line. Similarly, thetotal emissionfor 45� viewing anglecanbe
estimatedto beapproximatelythesameasfor 0� .

2. Fine Particulates

Figure 6 shows the shapesof the gasand particle jets. The gasdensitycontoursand the particle locationsare
plotted,thelatterrepresentedby smalldots.Notethat theparticlesaresimply placedin theflow at theventorifice at
zerovelocity andthe gasflow dragsthemupward.Several interestingfeaturesappearasthe particlesizeincreases.
The first remarkablefeatureis that a concentrationof particlesat or nearthe canopy shockclearly appearsfor d =
0.01µm particles.Furthercalculationsshow thatsuchaccumulationoccursfor particlesup to 0.1 µm (thoughbelow
the shock).Theseresultsprovide strongsupportto StromandSchneider’s suggestionas to the causeof the bright
envelopeappearingin the ultraviolet smoothedbrightnessimagesof Peleandalsoagreewith the sizerangeof the
outer ultraviolet componentfound by Collins [5]. Also interestingis the relatively distinct undersideof the outer
portionof theparticulatecanopy (labeledA). This featurewill beexplainedin the discussionof Fig. 7. In the three
partsof Fig. 6 onecanseethelargedifferencesin particledepositionpatternsfor differentparticlesizes.For smaller
sizes( � 0.01 µm), the motion of the particlesis stronglycoupledwith that of the gasso the rangeof depositionof
falling particlesis relatively narrow andwithin thebandwherethegascondenses.As theparticlesizeincreases,the
particledepositionbandis broadenedandmovesinward.Largerparticles( � 1 µm) donotfollow thegaswell andtheir
motionsaremuchlessinfluencedby thegasoncethey leavethenear-ventregion.They donot reachthecanopy shock
(asthesmallerparticlesdo) andthey fall closeto thevent.No othernotablefeaturesappearfor particleswith a size
largerthan1 µm exceptthatthelargertheparticles,thelowerthey riseandthecloserto theventthey land.Thelargest
particlesthatcouldbeentrainedin our simulatedplumearefound to be � 30 µm. This wasdeterminedby equating
drag to weight, whereweight = mg and drag = Cd

1
2ρuv

2σ . Here,m is the massof particle,g is the gravitational
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FIGURE 6. Shapeof thegasandparticlejetsfor differentparticlesizes(d = 0.01,0.1and1 µm). Notethatparticlelocationsare
representedby smalldots.
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acceleration,Cd is the dragcoefficient obtainedby usingequation(7.71)by Bird [15], ρ anduv arethegasdensity
andthefreestreamvelocityat thevent,andσ is thecross-sectionalareaof particle.

To examinehow theabovefeaturesareformed,we rana parametricstudyon thetrajectoriesof particleswith sizes
between0.01and0.05µm. Figure7 showsthosetrajectoriesandthegasdensitycontours.Insetsshowing thevicinity
of thecanopy shockarealsoplotted.Themotionsof theparticlesshow few differencesbeforethey reachthecanopy
shock:they all reachandcrossthe shock,andareslowed down by the shock.This slowing down in the motionsof
particlesresultsin the concentrationof particlesnearthe shock.Particlesin the sizerange0.01–0.02µm crossthe
shock,reacha maximumaltitude,andthenbegin to fall undertheactionof gravity. Thefalling particlesaredragged
outwardby the gasshearflow createdbetweenthe rising andfalling gasandthe particletrajectoriestendto cluster
alongdensityiso-contours,andthis createsa distinctundersideto theparticlecanopy (labeledA in Fig. 6). As might
beexpectedthelargerparticletrajectoriesclusterat lower altitudescloserto thecanopy shock.Largerparticles(0.05
µm) have somewhatdifferenttrajectories.Becauseof their inertia, they arenot sloweddown asmuchby theshock,
and so reachhigher maximumelevations,beforefalling back towardsthe surface.The drag of the flow on these
falling particlesturnsthemoutwardsbut they re-crosstheshock,beforethetrajectoriesareclusteredby theupcoming
supersonicgas.Theenvelopeof theradialdeflectionagainformsarelatively distinctundersideof particlecanopy but
below theshock.

In reality, awiderangeof particlesizesis expectedin theplume,soadistinctparticlecanopy wouldnotbeobserved.
However, thecalculationsindicatethat therewill bea sortingof theparticlesby sizeaway from theventandon the
surface,with finerparticlesfalling furtheraway. Largeparticlesstaycloseto theplumeaxisandform adensecolumn.
Scatteringfrom theseparticlesmay be the reasonwhy oneseesa bright columnin sunlightin many Galileo plume
images.However, this doesnot meanthat the gasplumestaysonly in a columnanddoesnot expandmuch,so one
shouldbecarefulandspecificwheninterpretingtheshapeof theplumebasedon theseimages.

Finally, notethewave-like motion in thoseparticle(0.01and0.02µm) trajectoriesthatarecloseto thesymmetry
axis above the shock.We suggestthat thesewavesarecausedby the vertical oscillationof particlesinsidea non-
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uniform gasflow (eitherhaving a densityor velocity gradientor both)aroundanequilibriumheightundertheaction
of gravity andthedragby thegas.Thefrequency of this oscillationis:� � Cd

1
2σ

�
2ρuv

duv
dz � uv

2 dρ
dz 


m
(1)

which wasobservedin our simulations.
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