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Abstract

Modelingand animatingcomplex volumetricnatural phenomenasud asclouds,is a dif cult task.Mostsystems
are dif cult to use require adjustmenbf numepus,comple parametes, and are non-inteactive Theefore, we
havedevelopedan intuitive, interactivesystento artistically model,animate andrendervisually corvincingvol-
umetriccloudsusingmodernconsumegraphicshardware. Our natural, high-level interfacemodelsvolumetric
cloudsthroughthe useof qualitativecloud attributes. Theanimationof the implicit skeletal structuesandinde-
pendentransformationof octavesof noiseemulatevarious ervironmentalconditions.The resultinginteractive
design,rendering and animationsystenproducesperceptuallycorvincing volumetriccloud modelsthat can be
usedin interactivesystem®r exportedfor higherquality of ine rendering

Keywords: cloud modeling, cloud animation, volume
rendering procedurahnimation

1. Intr oduction

Clouds,like otheramorphougphenomenagludetraditional
modeling techniqueswith their peculiar patternsof intri-

cate, ever-changingvolume- lling microstructuresTo ad-
dressthis challengewe have createdan interactve system
thatallows artiststo easilydesignandinteractizely animate
visually corvincing clouds.Acceleratingtheir renderingto

real-time extendstheir applicationsfrom static data visu-

alization and movies to interactve exploration and video
games.In addition, providing a responsie, interactive sys-
tem aids comprehensionf syntheticervironmentsandin-

creasesheproductvity of artists.

We have createda multi-level, interactve, volumetric,
cloudmodelingandanimationsystemusingintuitive, quali-
tative controls.Our approactscaledrom entirecloudscapes
to detailed wisps appropriatefor ythroughs. The cloud
modelsand key-framed animationparametersnay be ex-
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portedto commercialanimationpackageg$or higherquality
of ine rendering.

Oursystenis composeaf four maincomponentsahigh-
level modelingand animationsystem,the low-level detail
modelingand animationsystem the rendererandthe user
interface.We have designedan intuitive, multi-level inter-
facefor the systemthatmakesit easyto usefor bothnovice
and expert users.To createcloud animations the userin-
teractively outlinesthe generalshapeof the cloudsusing
implicit ellipsoidsandanimateghemusingtraditionalkey-
framing and particle systemdynamics.The implicits are
evaluatedand shadaved over a grid in software, which is
sentastriangle verticesto the graphicscard. The userde-
scribegheclouddetailsandtype (low-level modeling)from
a collection of presetnoise lters and animatesthem by
specifyingthe windy environment. This detailedmodeling
andanimationis actuallyperformedusingthe graphicspro-
cessorthroughthe use of volumetric textures and texture
transformations.

We begin with a brief surey of currentcloud model-
ing techniqueslongwith theirimplementationgn commer
cial applicationsthenintroduceour procedurabpproacHor
cloud formationand animation.Next, we describeour sys-
temimplementatioranduserinterface.Finally, we conclude
by describingour plannedfuturework.
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2. Previous Work

Approachesto cloud modeling may be classied as
simulation-basedr procedural. Simulationmethodspro-
duce realistic imagesby approximatingthe physical pro-
cessewithin a cloud. Computationaluid simulationspro-
duce someof the mostrealisticimagesand movementof
gaseousphenomenaHowever, despitethe recent break-
throughsin real-time uid simulation?, large scalehigh-
quality simulationstill exhaustscommodity computational
resources.Therefore,using simulation approachesnakes
cloudmodelinga slow ofine processwhereartistsmanip-
ulate low-compleity avatarsas placeholderdor the high-
guality simulation results. With this method, ne tuning
the resultsbecomesa very slow, iterative processwhere
tweakingphysical parametersnay have no obsenablecon-
sequencer give rise to undesirableside-efects, including
lossof precisionandnumericinstability 3. Unpredictablae-
sults may be introducedfrom approximationsn low reso-
lution calculationgduringtrial rendersThesephysics-based
interfacescanalsobevery cumbersomandnon-intuitive for
artiststo expresstheir intentionandcanlimit the animation
by thelaws of physics 4.

In contrast, proceduralmethodsrely on mathematical
primitives, such as volumetric implicit functions 3, frac-
tals 65, Fourier synthesis’, andnoise8 to createthe basic
structureof the clouds. This approachcan easily approxi-
matephenomenologicamnodelingtechniquedy generaliz-
ing high-level formationandevolution characteristicsThese
proceduralmodeling systemsoften producemore control-
lable resultsthan true simulationin much lesstime. First,
thesemodelsformulatethe high-level cloud structure such
asfractalmotion® or cellularautomatat®. Then,the model
is reducedto renderableterms, suchas fractals®, implic-
its 1&5, or particles129. Marny approachesisevolumetric
ellipsoidsto roughly shapethe clouds,thenadd detail pro-
cedurally® 13 14 We build atopthis approachleveragingad-
ditional control over the perturbationwith noiseto produce
realisticturbulentanimation.

Correctatmospheridllumination and shadingis another
dif cult problemthatmustbeaddressetb producecorvinc-
ing cloudimagesandanimations Early work discusseac-
curatelymodelinglight diffusion throughclouds,account-
ing for re ection, absorptionandscattering'®. Furtherre-
searchhas explored accuratevolumetric light scattering
and interre ection for clouds 61712518 \While full self-
shadaving, translucenvolumerenderings approachingn-
teractve rates!4, we electto implementa visually corvinc-
ing approximatevolumetriclighting modelutilizing graph-
ics acceleratiorio achieve trueinteractve performance.

Commercialsoftware packagespresentcloud modeling

systemsas diverse as their underlying implementations.

Marny terraingeneratiorprogramssuchasCorelBryce,per
mit tweakingof single or multiple noisy fractal layers.In
thesecloudscapesiisersinteractively edit basic noiseand

raster Itering parameterse.g., contrast,persistencebias,
andcutoff.

In commercialmodelerssuchas Alias|Wavefront Maya,
basiccloudsmaybesimulatedwith particles Theseparticles
sene as placeholderdor of ine renderingof high-quality
cloud media. This cloud mediamay sometimesbe substi-
tutedwith high-resolutiorimposterswhichtypically usere-
gionsof transparenvolumetricnoise.Developingtheinter
relation betweenparticleandrenderableaegionswithin the
modelerinvolvesbuilding a dependengc graphof attributes
and lters (known asa shadergraph) andassigningnumer
ousvariablesandbindingsto thetree's nodes.Shadingsys-
temsof this compleity arearami cation of generalityand
customizationln fact, a non-realtimemodelof our render
ing schememay beimplementedisingsucha system.

Our systemaddresseshree shortcomingsto theseap-
proaches.First, developing complex shadernetworks is
a dif cult, iterative task. Besidesdeveloping the required
shaderschematic,mary hours are usually spent tweak-
ing non-intuitive, technicalparametersvith indirectconse-
guencesSecond,the consequencesf manualadjustment
is often only apparentfter of ine, high-quality rendering.
Finally, millions of particlesmay be neededor large-scale
cloudscapesr y-throughs. In contrastwith ourinteractve
interface,a variables effect becomesapparentwith exper
imental adjustmentand this immediateresponsgromotes
understandingndexplorationof the shaders numerousgpa-
rameters.

3. A PhenomenologicaApproachto Modeling and
Animation

Theevolving structureof acloudrepresentaumerousatmo-
sphericconditions!? 20, which we modelusingthetwo-level
approacltproposedy Ebert5. At thehigh-level, we usevol-
umetricimplicits for generalshapingcontrol. For low-level
cloud detail, we usevolumetric proceduresasedon noise
andturbulencesimulations & 21,

3.1. High-Level Modeling & Animation

Visible cloudsform basedon the condensaténterface be-
tweenwarm and cool fronts. Somemodelsuse an isosur
facebetweertemperaturgradientsor usesurface-baseél-
lipsoids 713, However, this approachdoesnot capturethe
volumetricdetail of thecloud.Volumedatais important,not
only for close-upsand y-throughs, but for properillumina-
tion aswell. We, thereforeusevolumetricimplicits to model
the clouds.Theseimplicit functionshave the bene cial at-
tributesof smoothblending,simple computationand mal-
leability.

For renderingthesemodels we useWyvill' s cubicblend-
ing functionto calculatethe potentialat a givenpoint 22 and
evaluatemplicits ontheverticesof tessellateghlanesslicing
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the volume to perform volumetric rendering.The implicit
eld valuede nesthe density transparenc andshadaving
of the cloud, asdescribedn Section4. We electto calcu-
latethesevaluesin softwareandvertex programgo balance
utilization with the fragment-leel texture look-ups.

Artists begin shapingtheir cloud by positioningandsiz-
ing implicit ellipsoid primitivesto de ne the cloudvolume.
Thoughoptionalindicatorsmay assistthe artist, the cloud
formswithin theseprimitivesin real-time,sousersmmedi-
atelyseetheactualresult.

Implicit ellipsoidsmay be animatedwith a variety of ef-
fects.Theimplicits form the basicelement.or particle,that
can be usedwith particle systemdynamics.Simple parti-
cle systemtechniquesanbe usedto controlthe macroscale
cloud shapeanddynamicswith proceduralnimationcon-
trolling the ner detail and cloud evolution. For example,
gradualranslatioralonguserde ned pathsemulateprevail-
ing wind effects.Combiningvariousparticle motionswhile
increasingheimplicit's radii simulateghe evolution of nat-
urally occurringcloud structureswhich canbeinteractvely
key-framed. Key-framing enablesmore speci ¢ animation
to bede ned, suchasclumpingandrising primitivesresem-
bling stormyervironmentsandslowly expandingor shrink-
ing implicits simulatinggrowth or dissipation.

3.2. Low-Level Detail Modeling & Animation

Noise has historically provided a meansto mimic natural
phenomenaPerlin noise 8 28 bearsubiquity in procedural
modelingfor its continuity and uniform randomnesskFil-

tering this noiseexposesnew features Our implementation
usesa variety of noise Iters to producevarioustypes of

clouds.Furthermoreyserscanadjusttheselters with intu-

itive transformatiorwidgetsandhigh-level attribute param-
eters.

As apreprocesghesystemcomputesndloadsavolume
texture of periodic noiseto the graphicshardware. During
run-time, the graphicshardware vertex programcalculates
eachoctave asa texture coordinate andthe hardwarefrag-
mentprogram(commonlyreferredasa pixel shade#4) com-
positesthelook-upstogetheysimilarto Green?>.

This nal value of noise modulatesthe opacity interpo-
latedbetweernverticesduringrasterizationln essencejoise
volumetrically“subtracts”away thevolume,creatingthede-
sireddetailedfeatures.

Animatingthecloudmediasimulatessariousatmospheric
conditions.While high-level animationcontrolsthe general
directionof cloudstructure noiseanimationdepictswhythe
actionoccurs.f the ner octave's motionproportionallyde-
creasesthe cloudappearso be moving againstsomeforce;
wispsstrip away from the cloud edgesanddisappearCon-
versely acceleratingcoarseroctaves corveys propulsionof
the cloudwith anauxiliary jet, blowing off tuftsin its head-
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Hardware Operation

CPU Generatsslicing geometry
Sampleimplicit functions
Optionalcoarsenoiseevalua-
tion
Shadav accumulation

GPU: Vertex Program Interpolatecolors

Calculatetexture coordinates

GPU:FragmenProgram Transparengcut-off
Compositenoiseoctares

Table 1: Distribution of Opemations

ing. Combiningthis animationwith thedecayof theimplicit
power depictsthe cloudblowing apart.

Wealsoallow theuserto createatmospheritierswith dif-
ferentnoisecharacteristicandanimation.Thedifferenttiers
simulatedifferentatmospheri¢ayersandallow thecloudsto
move andevolve differently astheir elevationvaries.

4. Rendering

To visualizeour primitives, we usea modi ed slice-based
volumerenderingscheme?8. To renderour scenequickly,
we balanceprocessindgetweerthe CPU, thevertex, andthe
fragmentprocessingunits on advancedhardware accelera-
torsby samplinglower frequeng functionson vertices.Ta-
ble 1 outlinesthe processinglistribution, andFigurel sum-
marizesherenderingorocedure.

4.1. CPU Operations

We begin by creatingplanesslicing through our volume.
The planesare orientedparallel or orthogonalto the light

vectorin theorientationminimizing the differencebetween
the planenormalandthe eye. By insistingon theseorienta-
tions,verticesremaincolinearalongparallelraysof thelight

source.

Theslicing planesareuniformly subdiidedandthe CPU
calculategheimplicit functionsat eachvertex. This magni-
tudeis mappedo vertex opacity:

opacty; = planeopacty é_ implicits (1)

Iteratingacrossverticescolinearto alight ray, a fraction of
this magnitudeaccumulatesto theshadaev buffer, whichis
mappedemporarilyasthevertex color:

colorj = color; 1+ (shacowmagnitude opacty;) (2)

Sinceour shadavs maybroadlychangewith larger, low fre-
gueng noiseoctasresnotconsidereget,we maysamplehe



Sdpoketal / A Real-Tme CloudModeling Renderingand AnimationSystem

r N

CPU Vertex Processor

interpolated color, opaci

2\ o g shadow: 34%, opg ~~ texture coordinate 1

texture coordinate 2

e A
Compositing

The slices are drawn back to
front onto the frame buffer.

N
W ( Fragment Processor
Y P

.. Il o ol 83,
or >
TS ‘-9
1 1 1
< 188
] | |
"N
R 4 p

Shadowing integrates the volume by iterating
\across vertices colinear along light rays. ) \_

.- texture coordinate 3 = i t L+

texture coordinate 4 —

R+

Alinear transfer function interpolates between
user-specified lit and shadowed colors. Texture
coordinates are world coordinates transformed
by "wind." Wind is defined as the exponentially
increasing translation and rotation.

The pixel's interpolated opacity is
multiplied by the sum of noise
octaves. The noise resides on
hardware as a volume texture. )

Figure 1: Shematicdiagramof opemations

rst octave in systemmemoryalongwith the implicit func-

tions. Our renderingsystemwas designedo producevisu-

ally corvincingresultsatinteractverates A resultinglimita-

tion with our vertex-shadaving schemencorrectlydarkens
the cloud whenhigheroctaves of noiselater subtractgpor

tions of the volume. Furthermore shadeving resolutionis

limited to tessellatiordensity a trade-of betweenaccurayg

andperformanceHowever, usingthedeterministiovariables
establishinghecloudscenewe mayeasilyexportit to other
of ine rendererdor moreaccurateesults.

TheCPUalsogeneratesransformatiormatriceghatlater
determinethe texture coordinatesThesematricesrepresent
the transformationsnecessanyjto produceeachoctare of
noisein eachatmospheritier. As describedbove,animated
noisetransformshigheroctarzesexponentiallyfaster:

rotate(f) transkte(f)
f= Odavéacunality 3)

transformogave = scale(f)

Eachvertex hasa world spacecoordinate,color (shadov
depth), and opacity In implementationwe initially build
the tessellateglanesand storethem as staticgeometryon
the graphicscard. During run-time, only a single 32-bit
color/opacity value per vertex needsrefreshing.Employ-
ing graphicshardware’s programmabletreammodel??, we
minimize datatransmissiorio thesedynamicvalues.

4.2. Vertex Operations

For every iteration,the CPU sendsthe necessaryertex in-
formation above to the vertex processqralong with “lit”
and“shadaved” colors,tier altitudes,andnoisetransforma-
tion matrices.A linear transferfunction evaluatesthe ver-
tex's color. The vertex processotinearly interpolatesrom
thelit to shadaved color varying alongshadav depth.The
vertex processosselectsthe appropriateset of noisetrans-
formationsby comparinghevertec's world positionagainst
the speci ed altitudes.Texture coordinate@resubsequently
producedby multiplying theworld positionby thesechosen
matrices.

Thevertex programproducesew verticeswith their nal
color anda setof texture coordinatesThe hardwareraster
izerinterpolateghesevalues.

4.3. Fragment Operations

Fromtherasterizerthefragmentprocessorecevesthefrag-

ment's screenspacecoordinate color, opacity and texture
coordinatesThe fragmentprogramuseseachof the texture
coordinatego index a pre-computechoisevolume. These
samplesareweightedby a default fractal persistencef one
half,andsummedThisharmonicseriess boundfrom 1to 0.

The fragmentprocessomultiplies the opacity by this value
andconditionallyblendsthe fragmentinto the framebuffer,

if it is above the alphacutoff. To blend,we usea painters

algorithm,drawing planesbackto front.

Currently ourimplementatiorusesfour octaszesof noise,
asit producesnoughvisualdetailfor y-throughs. Thelat-
estgeneratiorof graphicshardwareis capableof moreoc-
taves, at the costof computinganothertransformatiorma-
trix, texturecoordinateandvolumetrictexturelook-up.Dis-
torted noiseshearingmay develop betweentiers from dis-
continuousnoise transformationsThis aberrationmay be
resolhed by separatingslicing geometrybetweentiers and
blendingoverthegap.Additionally, we uniformly transform
the lowestoctare acrossall tiers becausats low frequeng
mostdramaticallysculptsthe volumeandsubsequentiypro-
duceshemostapparentliscontinuity

5. UserlInterface

We organize variables hierarchically through a tree of
GLUI 28 roll-up groups.At the top-mostgroups,we expose
the mostcommonand generalcontrols,and more detailed,
speci ¢ controlsundersuccessie groups.Novice userscan
designcompletecloudsusingthe mostbasiccontrols,while
adwanceduserscancustomizepropertiegdeepeiin thetree.

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

¢ TheEurographicsAssociation2003.
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Figure 2: The interface hierarchically organizesthe con-
trolsto exposethemostcommonr st,andmore speci ¢ cus-
tomizationsn successivéevels.

Attribute Function

Opacity planeopacty = Opacity slicing planes
Adjuststhe overalltransparengof thecloud.

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

Detail lacunaiity
Thefractalscalingof texture coordinates.

Dirtiness  shadwmagnitude = Dirtiness planeopacty

Adjustshow fastthe clouddarkens.
Shamness alphacuof f = Shampness planeopacty
Adjusts the alphacutoff (cloud fuzziness,or blurri-
ness)while compensatindor opacity Without com-
pensationadjustingopacity canshrink or expandthe
cloud.
Noiserange[0,1]
cumulus = jnoisg
stratus = noise
wispy=1 j2 noisg
cumulus= (1+ j10 noisg) 1!
Presentsnoise lters in a userfriendly qualitatve
manner
texturetranslation
A directionand magnitudewidgetto express®wind®
direction.
texture rotation
A direction and magnitudewidget to expressfractal
texturerotation.

Table 2: CloudAttributes

Cloud
Media

Wind

Torque
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planesintegratesthe volumein smallerstepsjncreasinghe

visual opacity of the cloud. We have developeda system

of equationgxposingqualitativelyindependenparameters,
summarizedn Table 2. Theseattributes adjustthe image

alonga singlevisual dimensionwithout side-efectsin an-

otherdimension.

We group controlsinto four generalgroups:global ren-
deringparameters;loud mediashapingcontrols,cloudme-
diaanimation,andhigh-level particleanimationtools. Basic
position, shaping,and mediasculptingcontrolsare located
on the bottomof the renderwindow, asshavn in Figure 2.
For simplescenesgloudsmaybedesignedvithoutusingthe
moredetailedcontrolpanels.

5.1. Rendering Controls

We expressthe numberof slicing planesin termsof qual-
ity, whereincreasingthis valueresolesa ner imagewith
greatercontinuity, but atthe expenseof performance.

The accumulatedpacity increaseswith the addition of
slicing planes.Therefore we scalethe transpareng of the
slicing planesby the userde ned opacity divided by the
numberof slicing planes.

Advancedsettingspermit ner adjustmentgo planetes-
sellationand selectve octave renderingto balanceimage
quality andperformanceAll variablescanbe saszedandre-
storedsystem-widdo revisit work.

5.2. Media Controls

Cloudmediaaresculptedwith asetof controlsmodelingand
renderingnoise.We have developedasetof Iters usefulfor
variouscloud textures. Sharpnessdjuststhe transparenc
cutof (qualitatively, theblurrinessowardcloudedgesnul-
tiplied by theplaneopacity By accountingor planeopacity
the cloudsdo not shrinkandgrow whenit is adjustedDirt-
inessadjustshow the cloud darkenswith depth.As slicing
planedncreasetheaccumulateghadov grows, sothisterm
is divided by the numberof slicing planes Theactualcloud
andshadaev colors,alongwith thebackgroundmaybespec-
i ed to simulatespeciallighting conditionssuchassunset.

Cloudsizeis corveyedby thescaleof the rst octave. The
fractalstepin noise Jacunarity is modi ed asthedetail con-
trol. Thevisualeffect of adjustingdetailmodi es thesizeof
thesmallestharacteristicsandis usefulfor creatingsmooth
or roughclouddetail.

5.3. Media Animation Controls

As mentionedreviously, we smoothlyevolve the noisevol-

umeby fractally transformingsequentiabctases.For global
cloudmovement(translation)theusercontrolsadirectional
andmagnitudewidgetfor ambientwind. We provide a sim-
ilar interfaceto controltorque thefractalrotationof texture
space.
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Thesetransformationcontrolsin uence the selectedier
of noise.In this way, userscan model unique o w condi-
tions at differentaltitudes.A specialtier, Base appliesthe
transformatiorover all tiers' rst-octave noise,which con-
veys large-scaleloudevolution andcohesiorbetweertiers.

5.4. Particle Animation Controls

As low-frequeng noiseeffectively concealghe primitives'
shapeopur particletoolsvisualizethisgeometryfor earlyde-
sign. We have implementedh setof traditionalparticle ani-
mationmechanismso evolve the cloudin avariety of ways.
Userscanprojectparticlesalongauniformwind eld, useful
for slowly scrollingcloudscapedrinercontrolis achiezable
throughindividually key-framingparticles andinterpolating
their positionandshapepropertieovertime.

6. Results

As seerin Figures3 through?, our systencancreateandan-
imatevariouscloudtypesandcloudscapes-or aPentiumlV
processowith a NVIDIA GeForce4Ti4600, performance
varieswith the quantity of geometryand projectedsize on
screenput typically runsbetweerb and30 framesper sec-
ond. We provide a balancebetweenperformanceand ren-
deredcomplity with a“Quality” attributethatadjuststotal
slicing planes.In design,we begin cloudscapeaenderingat
lower slicing resolutionsto temporarilyincreasethe frame
rate,andlaterincreaset for ne-tuning andproo ng.

Compositingeight-bit valuescan resultin quantization
artifacts, particularly with mary slicing planeswith high
transparenc Morerecenthardwaresupports32-bit oating-
pointtextures,capableof resolvingthis limitation.

In Figureb, severalbasicmotionsgovernthe evolution of
cumulonimlus clouds?®. Simpleascendingmplicits model
corvection,while a combinationof rising androtatingnoise
transformationsnodelthe mixing entrainmentlf therising
thermalreacheslayerthatits thermalbuoyang/ cannotpen-
etrate it spreadsinderthesurfaceforming thefamiliararvil
head A at, growing ellipsoid emulateghis expansionover
thetroposphereTo indicatethespreadingnotionin ourme-
dia, we slow therolling turbulencemotionandbegin scaling
outnoiseto coincidewith thewideningplume.

In Figure 6, several scatteredimplicits emulatesunset
light scatteringBy settingthe shadav color to bright pink,
andthe topsto a darker grey, we corvey a settingsun“un-
der” thecloudlayer.

Figure 7 shavs specially Itered “cirrus” noiseto model
theicy media,andscaleit alongthe desiredwind direction.
Becausehey sit at or above the tropopausegirrus clouds
don't exhibit the interestingcorvectionmotion of cumulus
clouds. This simpli es animationto translationacrossthe

sky.

7. Conclusion

We have demonstratecan interactve systemfor artisti-
cally modeling,animatingand renderingvisually corvinc-
ing cloudsusing low-cost PC graphicshardware. Using a
procedural-basetivo-level approactfor modelingandani-
mationcreates moreintuitive systenfor artistsandanima-
torsandallows thedesignergo interactwith theirfull cloud
modelsat interactve rates.Theinteractve cloudscapesre-
atedwith this systemcan be includedin interactve appli-
cationsor can be exportedfor of ine photorealistichigh-
resolutionrendering.

8. Future Work

Our rendererdesignsoughtperformancebefore accurag.
Thelighting modelis a simpleshadeving modelperformed
at the vertex level without the contrikutions of the detailed
noise effects. Since clouds are amorphous this is suf-
cient to createapproximatecloudsfor interactive applica-
tions and to corvey to the artist the approximatelook of
off-line higherquality rendering We planto utilize the ex-
tensie texture mappingpossiblein asinglepassonthenev
graphicshardwareto enableusto performhigh-qualityvolu-
metric noiseandinteractie physics-baseétmospheridllu-
mination,shadeving, andtransluceng perfragment4. We
alsoplan to optimize the placementf our slicing geome-
try basedbon the locationof theimplicits andtheir projected
screerarea.

We are alsoexploring the useof our systemto visualize
atmospheriwolumedata.Variousvaluesof thevolumemay
beinterpretedas cloud attributesin the currentsystem.For
examplethewind eld mightbemappedo texturetransfor
mation,andmoistureto its opacity

The particlesystemmight sene asa basisfor future sim-
ulation.Commerciaimodelingtoolsusea variety of particle
techniquego emulate uids which, combinedwith our sys-
tem, may producean effective methodto integrate clouds
into ascene.
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Figure 3: A cumulostatuslayer

Figure 4: Detail of cumulostatuslayer Figure 6: A stratuscloudat sunset

Figure5: A developingcumulus Figure 7: Acirrus plane
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