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Abstract
Modelingandanimatingcomplex volumetricnatural phenomena,such asclouds,is a dif�cult task.Mostsystems
are dif�cult to use, require adjustmentof numerous,complex parameters, andare non-interactive. Therefore, we
havedevelopedan intuitive, interactivesystemto artistically model,animate, andrendervisuallyconvincingvol-
umetriccloudsusingmodernconsumergraphicshardware. Our natural, high-level interfacemodelsvolumetric
cloudsthroughtheuseof qualitativecloudattributes.Theanimationof the implicit skeletalstructuresandinde-
pendenttransformationof octavesof noiseemulatevariousenvironmentalconditions.Theresultinginteractive
design,rendering, andanimationsystemproducesperceptuallyconvincingvolumetriccloudmodelsthat canbe
usedin interactivesystemsor exportedfor higherqualityof�ine rendering.

Keywords: cloud modeling, cloud animation, volume
rendering,proceduralanimation

1. Intr oduction

Clouds,like otheramorphousphenomena,eludetraditional
modeling techniqueswith their peculiar patternsof intri-
cate,ever-changingvolume-�lling microstructures.To ad-
dressthis challenge,we have createdan interactive system
thatallows artiststo easilydesignandinteractively animate
visually convincing clouds.Acceleratingtheir renderingto
real-time extendstheir applicationsfrom static data visu-
alization and movies to interactive exploration and video
games.In addition,providing a responsive, interactive sys-
tem aidscomprehensionof syntheticenvironmentsandin-
creasestheproductivity of artists.

We have createda multi-level, interactive, volumetric,
cloudmodelingandanimationsystemusingintuitive,quali-
tativecontrols.Ourapproachscalesfrom entirecloudscapes
to detailed wisps appropriatefor �ythroughs. The cloud
modelsand key-framedanimationparametersmay be ex-
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portedto commercialanimationpackagesfor higherquality
of�ine rendering.

Oursystemiscomposedof fourmaincomponents:ahigh-
level modelingand animationsystem,the low-level detail
modelingandanimationsystem,the renderer, andthe user
interface.We have designedan intuitive, multi-level inter-
facefor thesystemthatmakesit easyto usefor bothnovice
and expert users.To createcloud animations,the user in-
teractively outlines the generalshapeof the cloudsusing
implicit ellipsoidsandanimatesthemusingtraditionalkey-
framing and particle systemdynamics.The implicits are
evaluatedand shadowed over a grid in software,which is
sentas triangleverticesto the graphicscard.The userde-
scribestheclouddetailsandtype(low-level modeling)from
a collection of presetnoise �lters and animatesthem by
specifyingthe windy environment.This detailedmodeling
andanimationis actuallyperformedusingthegraphicspro-
cessorthrough the useof volumetric texturesand texture
transformations.

We begin with a brief survey of current cloud model-
ing techniquesalongwith their implementationsin commer-
cial applications,thenintroduceourproceduralapproachfor
cloud formationandanimation.Next, we describeour sys-
temimplementationanduserinterface.Finally, weconclude
by describingourplannedfuturework.
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2. PreviousWork

Approaches to cloud modeling may be classi�ed as
simulation-basedor procedural1. Simulationmethodspro-
duce realistic imagesby approximatingthe physical pro-
cesseswithin a cloud.Computational�uid simulationspro-
ducesomeof the most realistic imagesand movementof
gaseousphenomena.However, despite the recent break-
throughsin real-time �uid simulation 2, large scalehigh-
quality simulationstill exhaustscommoditycomputational
resources.Therefore,using simulation approachesmakes
cloudmodelinga slow of�ine process, whereartistsmanip-
ulate low-complexity avatarsas placeholdersfor the high-
quality simulation results.With this method, �ne tuning
the resultsbecomesa very slow, iterative process,where
tweakingphysicalparametersmayhave no observablecon-
sequenceor give rise to undesirableside-effects,including
lossof precisionandnumericinstability 3. Unpredictablere-
sultsmay be introducedfrom approximationsin low reso-
lution calculationsduringtrial renders.Thesephysics-based
interfacescanalsobeverycumbersomeandnon-intuitivefor
artiststo expresstheir intentionandcanlimit theanimation
by thelawsof physics 4.

In contrast,proceduralmethodsrely on mathematical
primitives, such as volumetric implicit functions 5, frac-
tals 6; 5, Fourier synthesis7, andnoise8 to createthe basic
structureof the clouds.This approachcan easily approxi-
matephenomenologicalmodelingtechniquesby generaliz-
ing high-level formationandevolutioncharacteristics.These
proceduralmodelingsystemsoften producemore control-
lable resultsthan true simulationin much lesstime. First,
thesemodelsformulatethehigh-level cloudstructure,such
asfractalmotion 9 or cellularautomata10. Then,themodel
is reducedto renderableterms,suchas fractals 5, implic-
its 11; 5, or particles12; 9. Many approachesusevolumetric
ellipsoidsto roughly shapethe clouds,thenadddetail pro-
cedurally5; 13; 14. Webuild atopthisapproach,leveragingad-
ditional controlover theperturbationwith noiseto produce
realisticturbulentanimation.

Correctatmosphericillumination andshadingis another
dif�cult problemthatmustbeaddressedto produceconvinc-
ing cloud imagesandanimations.Early work discussedac-
curatelymodelinglight diffusion throughclouds,account-
ing for re�ection, absorption,andscattering15. Furtherre-
searchhas explored accuratevolumetric light scattering
and interre�ection for clouds 16; 17; 12; 5; 18. While full self-
shadowing, translucentvolumerenderingis approachingin-
teractive rates14, we electto implementa visually convinc-
ing approximatevolumetriclighting modelutilizing graph-
icsaccelerationto achieve trueinteractiveperformance.

Commercialsoftware packagespresentcloud modeling
systemsas diverse as their underlying implementations.
Many terraingenerationprograms,suchasCorelBryce,per-
mit tweakingof single or multiple noisy fractal layers.In
thesecloudscapes,usersinteractively edit basicnoiseand

raster�ltering parameters,e.g., contrast,persistence,bias,
andcutoff.

In commercialmodelerssuchasAlias|Wavefront Maya,
basiccloudsmaybesimulatedwith particles.Theseparticles
serve as placeholdersfor of�ine renderingof high-quality
cloud media.This cloud mediamay sometimesbe substi-
tutedwith high-resolutionimposters,whichtypically usere-
gionsof transparentvolumetricnoise.Developingtheinter-
relationbetweenparticleandrenderableregionswithin the
modelerinvolvesbuilding a dependency graphof attributes
and�lters (known asa shadergraph) andassigningnumer-
ousvariablesandbindingsto thetree's nodes.Shadingsys-
temsof this complexity area rami�cation of generalityand
customization.In fact,a non-realtimemodelof our render-
ing schememaybeimplementedusingsuchasystem.

Our systemaddressesthree shortcomingsto theseap-
proaches.First, developing complex shadernetworks is
a dif�cult, iterative task. Besidesdeveloping the required
shaderschematic,many hours are usually spent tweak-
ing non-intuitive, technicalparameterswith indirect conse-
quences.Second,the consequencesof manualadjustment
is often only apparentafter of�ine, high-quality rendering.
Finally, millions of particlesmay be neededfor large-scale
cloudscapesor �y-throughs. In contrast,with our interactive
interface,a variable's effect becomesapparentwith exper-
imentaladjustment,andthis immediateresponsepromotes
understandingandexplorationof theshader's numerouspa-
rameters.

3. A PhenomenologicalApproachto Modeling and
Animation

Theevolving structureof acloudrepresentsnumerousatmo-
sphericconditions19; 20, whichwemodelusingthetwo-level
approachproposedby Ebert5. At thehigh-level, weusevol-
umetricimplicits for generalshapingcontrol.For low-level
cloud detail, we usevolumetricproceduresbasedon noise
andturbulencesimulations 8; 21.

3.1. High-Level Modeling & Animation

Visible cloudsform basedon the condensateinterfacebe-
tweenwarm and cool fronts. Somemodelsusean isosur-
facebetweentemperaturegradientsor usesurface-basedel-
lipsoids 7; 13. However, this approachdoesnot capturethe
volumetricdetailof thecloud.Volumedatais important,not
only for close-upsand�y-throughs,but for properillumina-
tion aswell. We,therefore,usevolumetricimplicits to model
the clouds.Theseimplicit functionshave the bene�cial at-
tributesof smoothblending,simplecomputation,andmal-
leability.

For renderingthesemodels,weuseWyvill' s cubicblend-
ing functionto calculatethepotentialat agivenpoint 22 and
evaluateimplicits ontheverticesof tessellatedplanesslicing
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the volume to perform volumetric rendering.The implicit
�eld valuede�nes thedensity, transparency andshadowing
of the cloud, asdescribedin Section4. We elect to calcu-
latethesevaluesin softwareandvertex programsto balance
utilizationwith thefragment-level texturelook-ups.

Artists begin shapingtheir cloud by positioningandsiz-
ing implicit ellipsoidprimitivesto de�ne thecloudvolume.
Thoughoptional indicatorsmay assistthe artist, the cloud
formswithin theseprimitivesin real-time,sousersimmedi-
atelyseetheactualresult.

Implicit ellipsoidsmaybeanimatedwith a varietyof ef-
fects.The implicits form thebasicelement,or particle,that
can be usedwith particle systemdynamics.Simple parti-
cle systemtechniquescanbeusedto controlthemacroscale
cloudshapeanddynamics,with proceduralanimationcon-
trolling the �ner detail and cloud evolution. For example,
gradualtranslationalonguserde�ned pathsemulateprevail-
ing wind effects.Combiningvariousparticlemotionswhile
increasingtheimplicit' s radii simulatestheevolutionof nat-
urally occurringcloudstructures,whichcanbeinteractively
key-framed.Key-framing enablesmore speci�c animation
to bede�ned,suchasclumpingandrisingprimitivesresem-
bling stormyenvironments,andslowly expandingor shrink-
ing implicits simulatinggrowth or dissipation.

3.2. Low-Level Detail Modeling & Animation

Noise hashistorically provided a meansto mimic natural
phenomena.Perlin noise 8; 23 bearsubiquity in procedural
modeling for its continuity and uniform randomness.Fil-
tering this noiseexposesnew features.Our implementation
usesa variety of noise �lters to producevarious typesof
clouds.Furthermore,userscanadjustthese�lters with intu-
itive transformationwidgetsandhigh-level attributeparam-
eters.

As apreprocess,thesystemcomputesandloadsavolume
texture of periodicnoiseto the graphicshardware.During
run-time, the graphicshardware vertex programcalculates
eachoctave asa texturecoordinate,andthehardwarefrag-
mentprogram(commonlyreferredasapixel shader24) com-
positesthelook-upstogether, similar to Green25.

This �nal valueof noisemodulatesthe opacity interpo-
latedbetweenverticesduringrasterization.In essence,noise
volumetrically“subtracts”awaythevolume,creatingthede-
sireddetailedfeatures.

Animatingthecloudmediasimulatesvariousatmospheric
conditions.While high-level animationcontrolsthegeneral
directionof cloudstructure,noiseanimationdepictswhythe
actionoccurs.If the�ner octave'smotionproportionallyde-
creases,thecloudappearsto bemoving againstsomeforce;
wispsstrip away from thecloudedgesanddisappear. Con-
versely, acceleratingcoarseroctavesconveys propulsionof
thecloudwith anauxiliary jet, blowing off tufts in its head-

Hardware Operation

CPU Generateslicinggeometry
Sampleimplicit functions
Optionalcoarsenoiseevalua-
tion
Shadow accumulation

GPU:Vertex Program Interpolatecolors
Calculatetexturecoordinates

GPU:FragmentProgram Transparency cut-off
Compositenoiseoctaves

Table1: Distributionof Operations

ing.Combiningthisanimationwith thedecayof theimplicit
powerdepictsthecloudblowing apart.

Wealsoallow theuserto createatmospherictierswith dif-
ferentnoisecharacteristicsandanimation.Thedifferenttiers
simulatedifferentatmosphericlayersandallow thecloudsto
moveandevolvedifferentlyastheirelevationvaries.

4. Rendering

To visualizeour primitives,we usea modi�ed slice-based
volumerenderingscheme26. To renderour scenequickly,
webalanceprocessingbetweentheCPU,thevertex, andthe
fragmentprocessingunits on advancedhardwareaccelera-
torsby samplinglower frequency functionson vertices.Ta-
ble1 outlinestheprocessingdistribution,andFigure1 sum-
marizestherenderingprocedure.

4.1. CPU Operations

We begin by creatingplanesslicing throughour volume.
The planesare orientedparallel or orthogonalto the light
vectorin theorientation,minimizing thedifferencebetween
theplanenormalandtheeye.By insistingon theseorienta-
tions,verticesremaincolinearalongparallelraysof thelight
source.

Theslicingplanesareuniformly subdividedandtheCPU
calculatestheimplicit functionsat eachvertex. This magni-
tudeis mappedto vertex opacity:

opacityi = planeopacity� å implicits (1)

Iteratingacrossverticescolinearto a light ray, a fractionof
thismagnitudeaccumulatesinto theshadow buffer, which is
mappedtemporarilyasthevertex color:

colori = colori� 1 + (shadowmagnitude� opacityi ) (2)

Sinceourshadowsmaybroadlychangewith larger, low fre-
quency noiseoctavesnotconsideredyet,wemaysamplethe
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Figure1: Schematicdiagramof operations

�rst octave in systemmemoryalongwith the implicit func-
tions.Our renderingsystemwasdesignedto producevisu-
ally convincingresultsatinteractiverates.A resultinglimita-
tion with our vertex-shadowing schemeincorrectlydarkens
the cloud whenhigheroctavesof noiselater subtractspor-
tions of the volume.Furthermore,shadowing resolutionis
limited to tessellationdensity, a trade-off betweenaccuracy
andperformance.However, usingthedeterministicvariables
establishingthecloudscene,wemayeasilyexport it to other
of�ine renderersfor moreaccurateresults.

TheCPUalsogeneratestransformationmatricesthatlater
determinethetexturecoordinates.Thesematricesrepresent
the transformationsnecessaryto produceeach octave of
noisein eachatmospherictier. As describedabove,animated
noisetransformshigheroctavesexponentiallyfaster:

transf ormoctave= scale( f ) � rotate( f ) � translate( f )

f = octavelacunarity (3)

Eachvertex hasa world spacecoordinate,color (shadow
depth),and opacity. In implementation,we initially build
the tessellatedplanesandstorethemasstaticgeometryon
the graphicscard. During run-time, only a single 32-bit
color/opacityvalue per vertex needsrefreshing.Employ-
ing graphicshardware's programmablestreammodel27, we
minimizedatatransmissionto thesedynamicvalues.

4.2. Vertex Operations

For every iteration,the CPU sendsthe necessaryvertex in-
formation above to the vertex processor, along with “lit”
and“shadowed” colors,tier altitudes,andnoisetransforma-
tion matrices.A linear transferfunction evaluatesthe ver-
tex's color. The vertex processorlinearly interpolatesfrom
the lit to shadowed color varying alongshadow depth.The
vertex processorselectsthe appropriateset of noisetrans-
formationsby comparingthevertex'sworld positionagainst
thespeci�edaltitudes.Texturecoordinatesaresubsequently
producedby multiplying theworld positionby thesechosen
matrices.

Thevertex programproducesnew verticeswith their �nal
color anda setof texturecoordinates.Thehardwareraster-
izer interpolatesthesevalues.

4.3. Fragment Operations

Fromtherasterizer, thefragmentprocessorreceivesthefrag-
ment's screenspacecoordinate,color, opacity, and texture
coordinates.Thefragmentprogramuseseachof thetexture
coordinatesto index a pre-computednoisevolume.These
samplesareweightedby a default fractalpersistenceof one
half,andsummed.Thisharmonicseriesis boundfrom1 to0.
Thefragmentprocessormultiplies theopacityby this value
andconditionallyblendsthefragmentinto theframebuffer,
if it is above the alphacutoff. To blend,we usea painter's
algorithm,drawing planesbackto front.

Currently, our implementationusesfour octavesof noise,
asit producesenoughvisualdetailfor �y-throughs.Thelat-
estgenerationof graphicshardwareis capableof moreoc-
taves,at the costof computinganothertransformationma-
trix, texturecoordinate,andvolumetrictexturelook-up.Dis-
tortednoiseshearingmay develop betweentiers from dis-
continuousnoise transformations.This aberrationmay be
resolved by separatingslicing geometrybetweentiers and
blendingover thegap.Additionally, weuniformly transform
the lowestoctave acrossall tiers becauseits low frequency
mostdramaticallysculptsthevolumeandsubsequentlypro-
ducesthemostapparentdiscontinuity.

5. User Interface

We organize variables hierarchically through a tree of
GLUI 28 roll-up groups.At thetop-mostgroups,we expose
the mostcommonandgeneralcontrols,andmoredetailed,
speci�c controlsundersuccessive groups.Novice userscan
designcompletecloudsusingthemostbasiccontrols,while
advanceduserscancustomizepropertiesdeeperin thetree.

Somerenderingparametersin�uence the imagein mul-
tiple ways.For example,increasingthe numberof slicing

c
 TheEurographicsAssociation2003.



Schpoketal / A Real-TimeCloudModeling, Rendering, andAnimationSystem

Figure 2: The interfacehierarchically organizesthe con-
trols to exposethemostcommon�r st,andmorespeci�c cus-
tomizationsin successivelevels.

Attribute Function

Opacity planeopacity = Opacity � slicing planes
Adjuststheoverall transparency of thecloud.

Quality slicing planes= Quality
Increasingthetotal slicing planesby resolvinga �ner
imagewith greatercontinuity, but at the expenseof
performance.

Detail lacunarity
Thefractalscalingof texturecoordinates.

Dirtiness shadowmagnitude= Dirtiness� planeopacity
Adjustshow fasttheclouddarkens.

Sharpness alphacutof f = Sharpness� planeopacity
Adjusts the alphacutoff (cloud fuzziness,or blurri-
ness),while compensatingfor opacity. Without com-
pensation,adjustingopacitycanshrinkor expandthe
cloud.

Cloud
Media

Noiserange[0,1]
cumulus= jnoisej
stratus = noise
wispy = 1� j2� noisej
cumulus= (1+ j10� noisej) � 1

Presentsnoise �lters in a user-friendly qualitative
manner.

Wind texturetranslation
A directionandmagnitudewidget to expressªwindº
direction.

Torque texture rotation
A direction and magnitudewidget to expressfractal
texturerotation.

Table2: CloudAttributes

planesintegratesthevolumein smallersteps,increasingthe
visual opacity of the cloud. We have developeda system
of equationsexposingqualitativelyindependentparameters,
summarizedin Table 2. Theseattributesadjust the image
alonga singlevisual dimensionwithout side-effects in an-
otherdimension.

We groupcontrolsinto four generalgroups:global ren-
deringparameters,cloudmediashapingcontrols,cloudme-
diaanimation,andhigh-level particleanimationtools.Basic
position,shaping,andmediasculptingcontrolsarelocated
on the bottomof the renderwindow, asshown in Figure2.
For simplescenes,cloudsmaybedesignedwithoutusingthe
moredetailedcontrolpanels.

5.1. RenderingControls

We expressthe numberof slicing planesin termsof qual-
ity, whereincreasingthis valueresolvesa �ner imagewith
greatercontinuity, but at theexpenseof performance.

The accumulatedopacity increaseswith the addition of
slicing planes.Therefore,we scalethe transparency of the
slicing planesby the user-de�ned opacity divided by the
numberof slicingplanes.

Advancedsettingspermit �ner adjustmentsto planetes-
sellation and selective octave renderingto balanceimage
quality andperformance.All variablescanbesavedandre-
storedsystem-wideto revisit work.

5.2. Media Controls

Cloudmediaaresculptedwith asetof controlsmodelingand
renderingnoise.Wehavedevelopedasetof �lters usefulfor
variouscloud textures.Sharpnessadjuststhe transparency
cutoff (qualitatively, theblurrinesstowardcloudedges)mul-
tiplied by theplaneopacity. By accountingfor planeopacity,
thecloudsdo not shrinkandgrow whenit is adjusted.Dirt-
inessadjustshow the cloud darkenswith depth.As slicing
planesincrease,theaccumulatedshadow grows,sothis term
is dividedby thenumberof slicing planes.Theactualcloud
andshadow colors,alongwith thebackground,maybespec-
i�ed to simulatespeciallighting conditionssuchassunset.

Cloudsizeis conveyedby thescaleof the�rst octave.The
fractalstepin noise,lacunarity, is modi�ed asthedetailcon-
trol. Thevisualeffectof adjustingdetailmodi�es thesizeof
thesmallestcharacteristics,andis usefulfor creatingsmooth
or roughclouddetail.

5.3. Media Animation Controls

As mentionedpreviously, wesmoothlyevolve thenoisevol-
umeby fractally transformingsequentialoctaves.For global
cloudmovement(translation),theusercontrolsadirectional
andmagnitudewidgetfor ambientwind. We provide a sim-
ilar interfaceto controltorque, thefractalrotationof texture
space.

c
 TheEurographicsAssociation2003.



Schpoketal / A Real-TimeCloudModeling, Rendering, andAnimationSystem

Thesetransformationcontrolsin�uence the selectedtier
of noise.In this way, userscan model unique�o w condi-
tions at differentaltitudes.A specialtier, Base, appliesthe
transformationover all tiers' �rst-octave noise,which con-
veys large-scalecloudevolutionandcohesionbetweentiers.

5.4. Particle Animation Controls

As low-frequency noiseeffectively concealstheprimitives'
shape,ourparticletoolsvisualizethisgeometryfor earlyde-
sign.We have implementeda setof traditionalparticleani-
mationmechanismsto evolve thecloudin avarietyof ways.
Userscanprojectparticlesalongauniformwind �eld, useful
for slowly scrollingcloudscapes.Finercontrolis achievable
throughindividuallykey-framingparticles,andinterpolating
theirpositionandshapepropertiesover time.

6. Results

As seenin Figures3 through7,oursystemcancreateandan-
imatevariouscloudtypesandcloudscapes.For aPentiumIV
processorwith a NVIDIA GeForce4Ti4600, performance
varieswith the quantityof geometryandprojectedsizeon
screen,but typically runsbetween5 and30 framespersec-
ond. We provide a balancebetweenperformanceand ren-
deredcomplexity with a“Quality” attributethatadjuststotal
slicing planes.In design,we begin cloudscaperenderingat
lower slicing resolutionsto temporarilyincreasethe frame
rate,andlaterincreaseit for �ne-tuning andproo�ng.

Compositingeight-bit valuescan result in quantization
artifacts, particularly with many slicing planeswith high
transparency. Morerecenthardwaresupports32-bit �oating-
point textures,capableof resolvingthis limitation.

In Figure5, severalbasicmotionsgoverntheevolutionof
cumulonimbusclouds29. Simpleascendingimplicits model
convection,while acombinationof risingandrotatingnoise
transformationsmodelthemixing entrainment.If therising
thermalreachesalayerthatits thermalbuoyancy cannotpen-
etrate,it spreadsunderthesurfaceformingthefamiliaranvil
head.A �at, growing ellipsoidemulatesthis expansionover
thetroposphere.To indicatethespreadingmotionin ourme-
dia,weslow therolling turbulencemotionandbegin scaling
outnoiseto coincidewith thewideningplume.

In Figure 6, several scatteredimplicits emulatesunset
light scattering.By settingtheshadow color to bright pink,
andthe topsto a darker grey, we convey a settingsun“un-
der” thecloudlayer.

Figure7 shows specially�ltered “cirrus” noiseto model
theicy media,andscaleit alongthedesiredwind direction.
Becausethey sit at or above the tropopause,cirrus clouds
don't exhibit the interestingconvectionmotion of cumulus
clouds.This simpli�es animationto translationacrossthe
sky.

7. Conclusion

We have demonstratedan interactive system for artisti-
cally modeling,animatingandrenderingvisually convinc-
ing cloudsusing low-cost PC graphicshardware.Using a
procedural-basedtwo-level approachfor modelingandani-
mationcreatesamoreintuitivesystemfor artistsandanima-
torsandallows thedesignersto interactwith their full cloud
modelsat interactive rates.Theinteractive cloudscapescre-
atedwith this systemcanbe includedin interactive appli-
cationsor can be exportedfor of�ine photorealistichigh-
resolutionrendering.

8. Futur eWork

Our rendererdesignsoughtperformancebeforeaccuracy.
Thelighting modelis a simpleshadowing modelperformed
at the vertex level without the contributionsof the detailed
noise effects. Since clouds are amorphous,this is suf�-
cient to createapproximatecloudsfor interactive applica-
tions and to convey to the artist the approximatelook of
off-line higherquality rendering.We plan to utilize the ex-
tensive texturemappingpossiblein asinglepasson thenew
graphicshardwareto enableusto performhigh-qualityvolu-
metricnoiseandinteractive physics-basedatmosphericillu-
mination,shadowing, andtranslucency per fragment14. We
alsoplan to optimize the placementof our slicing geome-
try basedon thelocationof theimplicits andtheir projected
screenarea.

We arealsoexploring the useof our systemto visualize
atmosphericvolumedata.Variousvaluesof thevolumemay
be interpretedascloudattributesin thecurrentsystem.For
example,thewind �eld mightbemappedto texturetransfor-
mation,andmoistureto its opacity.

Theparticlesystemmight serve asa basisfor futuresim-
ulation.Commercialmodelingtoolsuseavarietyof particle
techniquesto emulate�uids which,combinedwith our sys-
tem, may producean effective methodto integrateclouds
into ascene.
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Figure3: A cumulostratuslayer

Figure4: Detail of cumulostratuslayer

Figure5: A developingcumulus

Figure6: A stratuscloudat sunset

Figure7: A cirrus plane
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