
¹M$epartmentMofMScienceMandMTechnologyWMLinköpingMUniversity
HM9ommunityM9oordinatedMModelingM9enterWMGoddardMSpaceM7lightM9enterWMN8S8

8lexanderM5ock¹WMM:MLeilaMMaysHWMLutzMRastaetterHWM8ndersMYnnermanOWMandMTimoMRopinski¹

VCMass: A Framework for Verification
of Coronal Mass Ejection Ensemble Simulations

$ata
WeMutilizeMthreeMgroupsMofMdataMsetsMinMourMframeworkV
O:M ImageryM collectedM fromM coronagraphM andM heliographicM imagersM
aboardMMtheMSOHOMandMST6R6OM8MandM5Mspacecraft:
H:M6nsembleMsimulationsMofMtheM9M6MthatMproduceM4$MvolumetricMdataM
containingM manyM dataM fieldsM ze:g:WM particleM densityM orM temperatureR:M
6achMsimulation.sM initialMconditionM isMbasedMonM4MparametersMderivedM
fromMapproximatingMtheM9M6MonMtheM imageryMusingMaMconeVM locationM
zlongitudeMandMlatitudeRWMvelocityWMandMopeningMangle:
E:M GroundM truthM measuredM dataM ofM 9M6sM thatM impactM 6arthM orM aM
spacecraftM inM theM solarM systemM equippedM withM appropriateM
measurementMdevices:

6nsembleMSelectionMView
UsingMtheM6nsembleMSelectionMViewWMtheManalystMhasMaMdirectMoverviewM
overMallMensembleMmembers:MTheMmainMviewMshowsMtheMlongitudeMandM
latitudeM onM theM horizontalM andM verticalM axisM andM theM openingM angleM
usingMtheMsizeMofMtheMglyph:MTheMcolorMcodingMdependsMonMtheMchosenM
errorMmetric:MTheMerrorMmetricMcanMeitherMbeMgroundMtruthMdataMzarrivalM
timeWMorMmagneticMfieldMdirectionsRMorMderivedMfromMaMtimewdependentM
errorWMforMexampleManMimagewbasedMcomparisonMbetweenMtheMsatelliteM
imageryM andM theM simulation:M TheM otherM viewsM showM theM projectionM
intoMlongitudeIvelocityMandMlatitudeIveloctityMrespectively:

TimelineMView
8fterM selectingM anM ensembleM memberM inM theM SelectionM ViewWM theM
TimelineMViewMshowsMtheMevolutionMofM theMtimewdependentMerrorM forM
theMparticularMmember:MTheMalgorithmMusedMforMcomputingMtheMerrorMisM
deliberatelyM heldM flexible:M 9urrentlyWM weM areM experimentingM withM anM
approachMthatMusesMopticalMflowManalysisMandMaMperceptualMdifferenceM
metricM toM compareM aM renderingM ofM theM simulationM dataM withM theM
satelliteMimageryMforMeachMtimestepMofMtheMsimulation:
TheMTimelineMViewMallowsMtheManalystMtoMgainMaMdeeperMunderstandingM
ofM theM error.sM compositionM byM inspectingM eachM instrumentM andM
satelliteMseparately:MTheMcolorMschemeMisMchosenMtoMmaintainMaMmentalM
registration-M aM primaryM colorM isM selectedM forM eachM spacecraftWM andM it.sM
instrumentsMuseMaMperceptuallyMcloseMvariationMofMthatMcolor:M

RenderingMView
SelectingMaMspecificMtimeMinMtheMTimelineMViewMloadsMtheMappropriateM
timestepMofMtheMsimulationM inMtheMRenderingMView:MThisMviewMshowsM
theMrenderingMofMtheM9M6MembeddedMwithMplanetaryMbodiesMasMwellMasM
theM fieldsM ofM viewM ofM theM involvedM instruments:M ThisM interactiveM
visualizationM allowsM theM analystM toM inspectM theM E$M structureM ofM theM
9M6WMaMtaskMwhichMtheyMcannotMperformMwithMtheirMcurrentMtools:M5yM
usingMaMprototypeMofMourM frameworkWMcollaborationMpartnersMalreadyM
detectedMstructuresMinMtheM9M6MthatMwereMpreviouslyMunknownMtoMtheM
solarMphysicsMcommunity:
TheM simulationM isM storedM inM aM sphericalM coordinateM system:M ToM
circumventMresamplingMartefactsWMweMperformMtheMvolumeMrenderingM
inM sphericalM coordinatesM asM well:M 6achM sampleM onM theM rayM isM
transformedM intoM sphericalM coordinatesWM whichM areM usedM forM theM
lookup:M ThisM techniqueM allowsM bothM forM anM adaptiveM samplingM
schemeWMasMthereMisMmoreMdataMavailableMcloserMtoMtheMoriginWMasMwellM
asMaMmoreMaccurateMinterpolationMbasedMonMSL6RPMinterpolation:
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TheM6nsembleMSelectionMViewMcoloringMglyphsMbyMgroundwtruthMarrivalMtimes

WhatMisMSpaceMWeatherP
SpaceMweatherMisMtheMdescriptionMofMtheMenvironmentalMconditionsMinM
ourMsolarMsystemMandMitsMeffectsMonMplanetaryMbodiesMandMspacecraft:M
TheMdominantMfactorM inMdeterminingMspaceMweatherM isM theMSunWMasM itM
producesM bothM theM solarM windWM aM constantM streamM ofM chargedM
particlesWMasMwellMasMhighMenergyMeventsMsuchMasMsolarMflaresMorMcoronalM
massM ejections:M TheseM eventsM haveM dramaticM effectsM onM 6arthM andM
manwmadeM satellitesWM whichM providesM immenseM importanceM toM theirM
prediction:

9oronalMMassM6jections
9oronalMmassMejectionsMz9M6RMareMeventsMthatMoccurMwhenMmagneticMfieldM

linesM onM theM SunM reconnect:M ThisM acceleratesM giantM plasmaM cloudsM intoM

interplanetaryMspace:MTheMbiggestM9M6MonMrecordMisMtheM9arringtonM6ventM

fromM O3(qM thatM generatedM aurorasM asM farM southM asM theM SaharaM andM

damagedMtelegraphMlinesMworldwide:MItMisMestimatedMthatMaMsimilarMeventM

todayM wouldM causeM upM toM AH:)M trillionM inM damagesM inM NorthM 8mericaM

aloneMandMtheMresultingMpowerMoutageMcouldMlastMforMupMtoMHMyears:

OurMframework
SpaceMweatherManalystsMcanMuseMourMframeworkMtoMcompareMensembleMrunsMthatMareM
producedMtoMpredictMtheMevolutionMandMpropagationMofM9M6s:M6nsemblesMareMnecessaryM
asMtheMinitialMconditionsMareMmanuallyMselectedWMthusMintroducingMmeasurementMerrors:M
ThroughM comparisonM ofM theseM ensembleM parametersWM theM analystM canM gainM aM deeperM
understandingMofMtheM9M6sWMaMfieldMthatMisMnotMyetMwellMunderstoodMinMgeneral:

StereoM8MIIM9ORMH StereoM8MIIMHIMO StereoM8MIIMHIMH

TheMcoronagraphMimagersMandMheliosphericMimagersMthatMareMusedMretrievingMtheMsimulationMparametersMandMproducingMimagewbasedMcomparisons 8MrenderingMofMtheM6NLILMsimulation

TheM6nsembleMSelectionMViewMcoloringMglyphsMbyMaMderivedMtimewdependentMerrorMvalue

TheMsatelliteMimageryWMasMwellMasMtheMlocationMofMplanetaryMbodiesMandMspacecraftsWMisMembeddedM
intoMtheME$MvolumeMrenderingMofMaMselectedMtimestep:MShownMhereMisMtheMtimestepMrightMbeforeM

theM9M6MhitsMtheM6arthMinMtheMtop:M8llM'MinstrumentsMareMshownMusingMprojectiveMtexturing:

TheMTimelineMViewMshowsMtheMevolutionMofMtheMtimewdependentMerrorMalongMsimulationMtime:MTheMerrorMcanMbeMshownMinMthreeMways:M7irstWMtheMtotalMerrorMisMshownMasMaM
singleMline:MSecondWMtheMerrorMisMgroupedMbyMsatelliteMandMshownMasMaMstackedMgraph:MThirdWMtheMerrorMforMeachMinstrumentMandMeachMsatelliteMisMshownMasMaMstackedMgraphM

OneMwayMofMgeneratingMtheMtimewdependentMerrorMisMusingMimagewbasedWMopticalMflowM
analysis:M5yMcomparingMtheMopticalMflowMbetweenMsubsequentMsatelliteMimagesMzshownMhereRM

andMtheMrenderingWMaMperceptualMmeasureMofMagreementMisMderived:


