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Abstract

A new techniquefor renderingconvectivecloudsis sugested.The tecdhnique usestwo lattice-Boltzmann(LB)
modelspnefor generting the spatialand tempoal distribution of water densityand the otherfor photontrans-
port, that is, lighting the water densitywith correct anisotiopic scattering The commonLB structuee is easily
mappedo parallel executionernvironmentsud asa GPU or multiple CPUsconnectedria the Messae Passing
Interface(MPI), therebyproviding sub-minutexecutiontimeson commodityhardware.

CategoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.5[ComputerGraphics]:ComputationalGeometry

andObjectModeling

1. Intr oduction

Renderingclouds from three-dimensionaimodelshas be-
comean integral task for visual productionsrangingfrom
feature Ims to the evening weatherreport. When those
modelsarephysically-basedthey offer the potentialfor in-
tegrationinto larger, weatherpredictionsystemssuchasthe
commonly usedWeatherResearchand Forecastingmodel
(WRF)[MDG 05].

A completemodelnaturallycompriseswo componentsa
waterdensitymodel,usedto generatehe spatialandtempo-
ral distribution of both vaporandcondensateanda photon
transporimodel,usedto capturethe anisotropio(principally
forward) scatteringof photonstreamshroughthe medium.
Most of thesemodelsare expressedas coupledsystemsof
partial differentialequationg PDEs)which are solved with
variationson conventional( nite-element, nite-dif ference)
techniquesAn exceptionis the lighting modelproposedy
[GRWS04, which is basedon the lattice-Boltzmann(LB)
technique.

Lattice-Boltzmannmethodsare computationalalterna-
tivesto nite-elementmethodsandthey have providedsig-
ni cant successein modeling uid o ws and associated
transportphenomeng AR93, CD98 SD95. The methods
simulatetransportby tracingthe evolution of a single par
ticle distribution throughsynchronousipdateson a discrete
grid. They provide stability, accurag, andcomputationaéf-
ciency comparabléo nite-elementmethodsbutthey real-

¢ TheEurographic#ssociation2007.

ize signi cant advantagesn easeof implementationparal-
lelization,andanability to handleinter-facialdynamicsand
complex boundaries.

The principal dravback to the methodsis the counter
intuitive directionof thederivationthey require.Differential
equationsdescribingthe macroscopicsystembehaior are
derivedfrom a postulateccomputationalipdate ratherthan
thereverse.Thusa relatively simple computationamethod
mustbejusti ed by arelatiely intricatederiation.

The purposeof this paperis to demonstrat¢hatthe same
LB techniqueusedfor lighting clouds[GRWS04 can be
usedto generateheir vapordensityandtemperaturelistri-
butions.To thisend,we drav uponthemulti-componentl.B
modeldueto ShanandDoolen[SD95, Shans simulationof
Rayleigh-Bénardtonvection [Sha97, andthe fundamental
structureusedin thelighting model[ GRWS04.

In this three-dimensionatwo-componentodel,thetwo
componentsrewatervapordensity sometimegalledabso-
lute humidity, andtemperatureThe key quantityof interest
is the percomponentirectionaldensity fs;;(¥;t), whichis
the densityof componenst arriving at lattice site¥ 2 < 3at
timet in direction€;. The directionss;, i = 0,1,...,18,are
all the non-cornerlattice points of a cube of unit radius,
f 1,0 193. If | is thelattice spacingandt is thetime step
of oursimulation thentheentirelattice Boltzmanncomputa-
tionis justaniterated synchronousipdateof thedirectional
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densitiesaccordingo:
fsir+ leiit+t) = fs;i(Fit) + s (fs)]; @

whereWs : <191 <19 alinear(af ne) collisionoperator
Thesimplicity of therequiredcomputatior(1) somevhatbe-
lies the underlyingcompleity of the limiting case We can
shawv that the limiting caseis, in fact, a multi-component,
Navier-Stokes equationthat includesboth corventionalex-
ternalforces(e.g.gravity) andthosearisingfrom component
interactions.

Although our approachdoesnot provide the real-time
renderingof the besttechniquesurrentlyavailable[HLO1,
HISLO03], it doesprovide a strongerphysical basis,images
of high quality, andreasonablexecutiontimesfor grids of
relatively high resolution(128® nodesor larger).

2. RelatedWork

Both the generationof cloud densitiesand the lighting of
participatingmediahave beenstudiedextensvely in thelit-
erature [Kv84] addressedbothin their foundationalwork.
In generatingcloud densitieshey useda coupledsystemof
PDEsthat representecir velocity, temperatureand water
mixing ratios,i.e., themassof vapor/liquidperunit massof
air. The governing equationwas the Euler equationof hy-
drodynamicswhichis justthe Navier-Stokesequationwith-
outthedissipatve effectsof viscosity Thevelocity eld was
assumedo bedivergence-freeandpressuravasnot explic-
ity modeled.In the relatedproblemof modeling o ws of
hot gases[FM97] male a corvincing casefor useof the
full Navier-Stokes equations.They employ a nite differ-
enceschemefor solution. Restrictingtheir simulationsto
smole, [FSJ0] suggesthatthe Eulerequationswill sufce
for visual accurag and are computationallylessintensve.
A principal contrikution of this work is the vorticity con-
nement correction,which addsback ne-scale o w detail
thatis dampedout by coarse-gricsolvers.[WLMKO04] usea
lattice-Boltzmanmmodelto simulatethe dynamicsof steam.
They modelair ow and then attachtextures, constructed
from photograph®f steam o particlesin the o w. Attach-
ing texturesin this way canbe regardedas a simple alter
native to the vorticity con nementcorrection.[MYDNO1]
usea coupledmap lattice simulationof the Navier-Stokes
equationfor air ow to generatesomehigh quality cloud
imagesThecoupledmaplattice bearssomesimilarity to the
lattice-Boltzmanrapproachin thatboth mayberegardedas
cellularautomataA drawbackis their approximatiorof the
substantialderivative, Du=dt = Tu=Tt + 4 r 4, by the or-
dinary partial, 5=, andan unusualapproximatiorfor the
pressurgerm. The effectsof eachapproximationon physi-
cal accurayg arenot addressedNR9Z generateloudden-
sities using a percolationmodel. Their resultsoffer excel-
lent agreementvith real cloudsin 2D (view from below)
fractal analysis,but the model doesnot generatemacro-
scopiccloud structure. The approactof [HISLOJ] provides

bothhigh qualityimagesandexcellentexecutiontime. Their

modelis similar to thatof [Kv84], but they drav on models
of [Hou93 in includingbothpositive andnegative buoyang

effects.They solve usingfragmentprogramson GPUSs.

Radiative transferin scatteringvolumesis also well-
studiedtopic. Early approachesissumedhat propagting
raysencounteredtmostonescatteringevent[ EP9QSak9qQ.
Latertechniquesapturemultiple scatteringAnalytic mod-
els of multiple scatteringhave invariably lead to diffusion
processeqKv84] usedsphericalharmonicgo expandboth
the light intensity eld and the scatteringphasefunction.
They obtaineda coupledsetof partial differentialequations
in thesphericaharmoniccoefcients whosesolutionwould
yield intensity at eachspatialcoordinate [Sta93 obsered
that an approximatesolution was a diffusion processand
provided substantialdetail regarding this process,nclud-
ing a suggestednulti-grid solution technique.[JMLHO01]
shaved that a simple, two-term approximationof radiance
naturallyleadsto a diffusionapproximatiorthatis appropri-
atefor a highly scatteringnedium.As notedearlier we will
usethelighting modelof [GRNVS04, whereit is shovn that
the limiting procesql ;t ! 0) for the updategiven by (1)
canbedescribedy the standardliffusionequation

Ir _ 2
W Dr “r 2
with diffusioncoefcient
o= 12 (2= 1
Tt 4(1+ s,)

which is completelydetermineddy the absorptiorandscat-
teringcoefcients, sa andst.

3. A Multi-Component, Water Density Model

We now describeour water density model and sketch the
derivation of the associatedNavier-Stokes equationfor the
limiting (I ;t! 0)caseAlthoughwewill ultimatelyrestrict
to two componentsyapordensityandtemperaturemuchof
the derivation will apply to an arbitrarynumberof compo-
nents.Thefull detailsof thederivationmaybefoundin the
onlinetechnicalreport[GeiOf§.

As notedearlier the key quantity of interestwill be the
percomponentdirectional density fs:j(¥;t), which is the
density of components arriving at lattice site+ 2 <3 at
timet in direction€;, andthe directionss;, i = 0,1,...,18,
are the non-cornerlattice points of a cube of unit radius,
f 1,0 1g3. We take ep = (0;0;0), ande; througheg to be
the axisdirections.Note thatthesedirectionsarereally pro-
jectionsfrom 4D spaceof 24 lattice pointsthatare equidis-
tantfrom the4D origin,

( 100, 1) (6 1, L0
(0, 10, 1) ( 1,0, L0
G0, L, 1) ( 1 LGO)
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wherethe projectionis truncationof the fourth component.

The equidistanipointsallow for isotropic o w, but the pro-
jectionto 3D meanghatthe axial directionswill carrydou-
ble weightin the discussiondelow.

Componentdensity per site is r s (;t) = a5, fs:i(*;t),
andtotal densitypersiteis r (+;t) = &g rs(¥;t). If we take
unitvelocityv= 1 =t, andv; = ve;, thencomponentelocity
persiteis b (¥;t) = (éilzo fs:i (F; %)= s (¥;1).

The fundamental synchronousipdate(1) obviously de-
pendsuponthe structureof theaf ne operatorW. For light-
ing, [GRWSO04 useda simple,19 19 matrix whoseen-
triesweredeterminedy the absorptiorandscatteringcoef-
cients, the scatteringphaseunction,andthe cloud density
atthesite. Any operatomustsatisfy:

18
é_ Ws(fs)l;= 0 conserationof mass 3)
i=0

18
aa [Ws(fs)l;¥ = O conserationof momentum (4)
S i=0

If externalforce Fs(¥;t) is appliedto componens, thenin-
steadof (4) we musthave:

18

o

&8 Me(fo)liv = ta Fotrit) ®)

Notethatif thereis nonetmomentumux attheboundaries,

thenmomenturnof the entiresystemis still consered.

Marny collision operatorssatisfytheseconstraintsWhen

directcontroloverindividual collisioneventsis unimportant,

acorvenientoperatoris the LBGK operatof BEK54]:

s (fs)]; = foatit) £ t) ©)

wherexs is the relaxationtime of the st component(a
parameter)and f(ea) (¥;t) is the local equilibrium density

It is de ned, perdirectionpercomponenthy fs('fi“) *t) =

rs(d [us®P=(2?) i=0
. (egq2
ro(id+ ¥ g\S/Z( S Al el S O T
(e9 e (€0), (eQ (eGJ .
rs(i + g + Mg br34%] ) 1=7..18

whered 2 [0; 1] is a parametedenotingthe desiredfraction
of densitywith zero speedat equilibrium, ;' denotesthe
scalarproductof tensors,and ts 9 is de ned so that 4
or (5) holds.Speci cally, if we useelementarydentitieson
the weighteddirectionsums,e.g.,&% ; 2via + 88, via = 0
a 2 fx;y; zg, thenit is easyto verify that

& 1= @)

and

é_.V|f(0)—r b (69 (8)
[
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regardlessof the de nition of ts 9. To enforceconstraint
(4) wewouldthenneed

h
¥
0=3a Xfl fs;i 5(e|a)
s i S
(e9
o sts o Isbs
= +
% 8%

In the absenceof external forces, we chooseto make all
us(e@s equal,i.e.,independenof s. Thuswe areled to the

de nition:
! !

@ =y@= 3L = 3 (g
< Xs < Xs
In the presencef externalforces,we insteadde ne
b %9 = (%9 + ):S—th (10)
S

whichguaranteethat(5) holds.Theprincipalmotivationfor
the choice(6) is thatit is computationallyfastandwill lead
to the Navier-Stokesequationat the macroscopidevel.

We have yetto de ne anoverall, component-independent
velocity, . Thisis a matterof choice(within reason)since
thereis no apriori-correctweighting for the components.
We obsere that total momentumat a site before a col-
lision is &4 rsts and total momentumafter the collision
is &grsts + tagFs. If we wantrd to matchthe cross-
collisionalaveragewe musthave

4= Qrsts+ -aFf =r (12)

Althoughwe have yetto specifytheparametevalues ex-
ternalforces,andinitial conditionsusedin ourcomputation,
it is worth notingthatthe procedurds otherwisecomplete:
we synchronouslyupdateall nodesin the lattice using (1)
whereWis givenby (6).

3.1. MacroscopicSystemBehavior

The standard ow equations(continuity Euler, Navier-
Stoles)cannow be deriveddirectly from thespeci edcom-
putationalupdate(1), althoughthefull derivationis longand
arduousHerewe provide only a sketch.For thefull details,
thereadeiis referredto [Gei0§.

We usethe so-calledChapman-Englg expansion stan-
dardin lattice-Boltzmanrmmodeling.(See[CD9g.) We as-
sumethat fs;; canbe written asa small perturbationabout
£00).

somelocal equilibrium, fg':
foj= £+ efly (12)

wheree is the Knudsemumber which representshe mean
free pathbetweersuccessie collisions.
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The choiceof f© is not necessarilyunique. The con-
straintsare that it carriesthe density and the momentum,
speci cally:

819 =rs (13)
i

Sil

av fs(?i) =rgH (14)
i

From(7) and(8), it is easyto nd asuitablechoicefor fé?i):

usefs(ﬁc’) andreplaceevery instanceof trs ®9 with 4.

We alsoconsidersystembehaior at multiple time scales
asbothlatticespacingandtime stepapproacid. We partition
thetime scale

_ o &1
t=K2+(1 K3 (15)

wheretg = o(e), t; = o(ez), andK 2 [0;1]. Similarly, we
write distance

_fo
*= o (16)
whererg = o(€). Note thatthe relationshipamongthe par

tialsis givenby:

T _ 1 2 1

T eﬂT0+e1]T1 a7)
T _ 1 .

ra eﬂTOa for a2fxyzg

All of thestandardo w equationsiow resultfrom insert-
ing (12) and(17) into atwo-variableTaylor expansiorof (1)
andequatingcoefcients of like powversof e.

In particular we obtainthe standardtontinuity equation
Tir

4+

It

TheNavier-Stokesequationincludesa pressurgerm,and
so we needan appropriatede nition. We assumethat, for
thoseexternal forces, Fs, that contritute to pressure(typ-
ically, all componentnteractionsbut not gravity), we can
nd a potential i.e., a functionV with the property that
r V= &gFs.Wethende ne pressuras

(rd)= 0 (18)

p=V —12d r+V (19)
sothat
rp= Vv 14d., ar (20)
2 S
With this de nition, we canthenderive the Navier-Stokes
equation:
T

—+tHru=

(1=r)r p+ A(rs=r)gs A Wt 2(rst)
It s s

(21)

wherecomponentiscosity s = %(1 2Xs). Thus,unlike
othertreatmentsye arenot limited to the Eulerequationas
amacroscopidescriptionof systembehaior.

Neverthelessthe mostinterestingoehaior arisesfrom an
attemptto establisha percomponentersionof the continu-
ity equation It turnsout thatindividual componentslo not
satisfy the standardcontinuity equationwith respectto the
compositevelocity. Insteadwe canderive

.
ﬂﬂ—ts = r  (rst) Xstr Fs

+ (txs t=2)r (rs=r)r p+v2 % rrs

+tr = }élfs+éxslfs

r 2% s
#
+ TPayrs V2 1d A Xsf I's (22)
r S 2 S

andfrom this otherimportantmodelpropertieswill follow,
asdescribedelow.

3.2. Interaction Forces
We assumeéheinteractionpotential,V, is of theform:

V= (1724 8 Gsus Ysurs)Ysa(rsy)  (23)
S1 S»
whereGs,:s, = Gs,:s; iSasymmetricstrengthof interaction
andY s, is aneffectivedensity We canthentake

Fs, = YS1(r51)é GSlJSZYgz(rSZ)r s, (24)

S2

sothatr V= &4 Fs, asrequired.

To include external forcesthat are not interactions e.g.,
gravity, we write instead

Fs; = YSi(rSi)é GSi;S]ng(rSj)r s+ I'si0s; (25)

Sj

wheregs; carriesthe non-interactie externalforce on com-
ponents;. Now r V= &4 Fs+ 85rsgs, andsowe need
to correct(20) andsubsequengxpressionsnvolvingr p, in
particular(22), by replacingr pwithr p &grsgs wher
everit occurs.

3.3. Other Model Properties

In additionto satisfyinga multi-componentNavier-Stokes
equation the modelhasotherimportantpropertieshat dis-
tinguishit from previoustreatments.

3.3.1. Diffusion of Thermal Energy

In his simulationof Rayleigh-Bénardconvection, [Sha9T
amuesthat when viscousand compressie heatingeffects
canbe neglected temperatureanbe modeledasa separate
componentvhosemolecularmassis (relatively) 0. Assume
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we have only two componentsvherethe rst is vaporden-
sity andthe seconds temperatureTo simplify notation,as-
sumexi = Xz = X. Thenfrom (22) and(20) we have

%+r (rot) =1 D rr—lr ro rr—zr rp
ra N
+ tx r—Fl r—lfz (26)

- _ d
whereD = t(x 1=2)v* 1,9 .

If we now use(24) andassumehatG;.j = Ofori & j, we
cancollectcoefcients of densitygradientso obtain
Ir2

L

Tt (rot) = r rTl D+ txY sz;ng rro

rri D+txY 1Gu1Yd r 1y (27)

If the relative densitiesapproachlimits, r1=r ! 1 and
ro=r ! 0,andwealsohave Gy.» = 0, we get
%+r (rat) = Dr %ry (28)

Thustemperaturés bothadwectedanddiffused.

3.3.2. PhaseTransition
For the sametwo componentsassumeGs,:s, = 0, except
for G1.1, S0V = Gp.1Y 4(r 1). From(19) we have

p=v2 % girrreuvien @9

If G1.1 is negative and 1 is increasingandboundedthere
canbearange(of r 1) overwhichdp=dr ; is negative, which
signalsa phasdransition.

[ShadT suggesty 1(r1) = r3,(1 e "7 ). With this
choiceof Y 1, we cansolve dp=dr 1 = O for interval bounds:

2 r

v2(1 d)

1 1+ Gual 1y
ri= rgn—-— o —— (30)

2
To normalizethis, we take
Gui= V = ) (1+r3 r2) (31)
0

wherer, . Thevaluer 4, representsnaximumeffec-
tive watervapordensity(boundon Y 1), andr », represents
maximumtemperatureat which a phasetransitioncantake
place Wethenhavedp=dr , > 0, andtheinterval overwhich
dp=dr 1 is negative increasesstemperaturdr ,) decreases.

3.3.3. Latent Heat

Positive valuesof G1. = G.1 canbeshawn to effectanin-
crease/decrease temperaturaluring the phasetransitions
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of condensationi@porationthat typically accompan en-
trainment(mixing). Considera local region whereinthe ve-
locity eld is divemgence-fredr d = 0), thereis negligible
spatialthermalgradient(r r, = 0), andyetthereis a sharp
spatialtransitionin waterdensityfrom vaporto condensed
water Againassumingsz:2 = 0, we couldreduce(26) to

Tra _

T Y 2(r 2)GrY (ro)r 11 (32)

Thus, if Gi:2 is positive, we shouldseean accompaying
localincreasen temperature.

4. Rendering

Renderings afour-stagepipeline:waterdensitygeneration,
percolationJighting, andray-casting We usea lattice with
128® nodeswhich offersarelatively high resolutionwithout
exorbitantmemoryrequirementskor this lattice, eachstage
of the pipeline canbe executedin lessthanone minuteon
commodityhardware.

4.1. Water Density Generation

We usethe transientsolution of the model of section3 to
generatemacroscopiacloud structure.For the parameters,
initial conditions,andboundaryconditionswe have chosen
(belaw), interestingcloud structuresbegin to emepe after
approximatelylOiterationsof (1).

Initial conditionsare designedto force the rapid emer
genceof a corvective cloud. The lattice cubeis lled with
vapordensityandalineartemperaturgradientis appliedin
theverticaldirection.Theinitial distribution of vapordensity
is centeredn silos, which arecylinderswith hemi-spherical
capsthatare placedinsidethe cubewith baseson the cube
oor. Theintentis to simulatea snapshobf a cornvective
bubble [RY89]. Eachsilo is lled with vapor densitythat
is uniformly distributedover[0:99r 1; 1:01r 4,]. Outsidethe
silo, but inside the cube,the densityfalls off linearly with
distancefrom the central axis or the centerof the hemi-
sphere.

Theeffective density Y 1(r 1), andcomponenty.; areas
speci edin section(3.3.2 with modelparameters, = 1.0,
rp, = 0:505,d= 0:1,1 = 1:0,t = 1.0, and(hencey = 1.0.
The x ed temperatureat the top of the cubeis 0:495. Re-
laxationtimesarex; = 1:01,x, = 2:00. Smallervaluesthan
theseleadto instability, andlarger valuesdelayemegence
of interestingstructure.

Wealsotake Y o(r 2) = r2, G1.2 = Gp;1 = 0:5,Gp2 = 0:0,
andgi(r») = 0:01(r» 0:5), whichrepresenttheneteffect
of gravity andbuoyang. This expressionfollows from the
so-calledBoussines@pproximationof density commonin
studyingnaturalconvection[Sha97. It is givenby r=rg =
1+ b(T Tp), wherer o andTy aredensityandtemperature
atareferencepoint,andb is the constanthermalexpansion
coefcient.
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Boundaryconditionsare toroidal, exceptin the vertical
direction,wherewe x temperatureat the top and bottom
of the cubeto theinitial values.We also x the component
velocitiesatthetop andbottom,t = tp = 0, by equalizing
directionaldensitiesThis addssigni cantly to the stability
of thesystem.

4.2. Percolation

Although we usea relatively high resolutionand simulate
afull Navier-Stokes equation,our modelis notimmuneto

the dampingeffects of nite grid simulationas described
by [FSJ01, for which the vorticity con nementcorrection
wasdevised.We preferan alternatve approacho restoring
ne detailto the o w. Weregardtheoutputof thewaterden-
sity modelasmacroscopicloudstructureanduseit asacol-

lectionof masksfor humidity seedingheinputto theperco-
lation modelof [NR9Z. Becausehe Nagel-Rasc& model
is bit-oriented,we rst expandthe original 128 grid by a
factorof K in eachdimensionThebinaryoutputis thenav-

eragedvereachcubeof edgedimensiorK to provide areal

densitywith resolution1=K> at eachof the original 1283

sites.In all theexamplesshavn, we usedK = 5.

The water densitymodel carriesa condensat¢hreshold
of r 1,, andsositeswith densitiedessthanr 1, e; arenot
seededi.e.,all corresponding(3 sitesaremarked“off”. For
siteswith densitiesgreaterthanr 1, + ey, all corresponding
K3 sitesaremarked “on”. A linear scalingis usedfor sites
with densitiesin between With the parameterof section
4.1, we usee; = 0:00025ande, = 0:0002.

4.3. Lighting

We usethe model of [GRWS04, but we obsere that the
4D densityarraysusedthere(3 spatialindices,i; j;k, and1
directional,m) canbefoldedinto a2D, RGBA oat texture

(km) I ((k%(E=4)) E+i;j M+ m)k=(E=4)]

whereedgesizeE = 128andM = 19. The modelcanthen
be executedasa collectionof fragmentprogramson a GPU,
for which we withessmorethana 60-fold reductionin exe-
cutiontime comparedo the resultsreportedin [GRNVS04.
We canalsouseNVIDIA's ComputeUni ed Device Archi-
tecture(CUDA) library andencodehe modeldirectly.

4.4. Ray-casting

Here we use a corventional, volumetric compositingap-
proachto visualizationof lighted volume densities,which
amountdo integrationalongrayscastfrom theviewer's eye
throughimagepixelsinto the volumedensity

5. Results

The cloud imagesshawn in Figure 1 were generatedrom
stochasticallyidenticalinitial conditions,describedn sec-

tion 4.1, with four silosof varyingradii. Theonly difference
betweenthe two imageswas the single randomseedsup-
plied to the model. Obviously, the initial conditionsexert a
strongin uence onthe nal cloudstructureln Figure2 we
shav imagesobtainedirom a grid of dimension256 128

with eightsilos. Again, the only differencebetweerthetwo

imagesof Figure?2 is theinitial randomseedsuppliedto the
model.Notethatthe effectsareapproximatelyadditive. The
four silosusedin Figurel appeaiontheleft in Figure2.

Similarly, all of the cloudsin Figure 3 are synthetic,as
is the cloud of Figure 4. Cloud shadevs in Figure 3 were
generatedy usingbackward (groundto sun)orthographic
projectionsof the lighted cloudsto create2D texturesand
thencompositingtheseinto the scengphoto.

Execution times are reasonablefor each stage of the
pipeline. The datastructuresare ideal for parallelupdates.
Thewaterdensitygenerationpercolation)ighting, andray-
castingstagescanall be mappedto fragmentprogramsfor
executionon a GPU. We usedCUDA on an NVIDIA G80
Quadrdfor all stagesFor thecloudsof Figurel, thelighting
stageaveragedl8 secondsThe percolationstageaveraged
40 secondsUnlike lighting and percolation,which require
steady-statsolution,the waterdensitygeneratioris a tran-
sientsolution, for which the numberof iterationsis some-
whatarbitrary Theimagesof Figurel required0.26seconds
periteration.We nd interestingstructureemepgeswithin 10
- 20iterations.Ray-casting640 480)required3 seconds.

A short,animatedy-through of oneour cloudsmay be
seenat http:  /iwww.fx.clemson.edu/~jesteel/cloud_
circle.mov

6. Conclusions

We have provided a new techniquefor renderingcornvective

clouds.We usetwo models,onefor generatinghe distribu-

tion of waterdensityandthe otherfor photontransportThe
two modelssharea commonstructurein thatthey areboth
basedn a lattice-Boltzmanrformulation,andthis structure
allows corvenientparallelexecution. Theprincipalcontritu-

tion hereis thewaterdensitymodel,whichyieldshigh qual-
ity imagesn reasonablexecutiontime. Themodelalsopro-

videsa strongemhysical basisthanothertechniquesn that
its limiting casesatis es a full, multi-componentNavier-

Stoles equation,it offers both adwection and diffusion of

thermalenengy, andit naturallymodelsthe phaseransitions
of condensatiomndevaporation.

We have focused exclusively on corvective clouds.
Whether our water model will be of value in rendering
cloudsformed by other processese.g., stratusclouds, re-
mainsanopenquestion.
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Figure 1: Syntheticloudsgeneatedfroma 128° grid with 4 silosof varyingradii.

Figure 2: Syntheticloudsgeneatedfroma 256 128 grid with 8 silos of varyingradii.

Figure 3: View fromRich Mountain,Brevard, NC
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Figure 4: Echo Canyon north of Abiquiu,NM
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Figure 1: Syntheticloudsgeneatedfroma 128° grid with 4 silosof varyingradii.

Figure 2: Syntheticloudsgeneatedfroma 256 128 grid with 8 silos of varyingradii.
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