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Abstract
A new techniquefor renderingconvectivecloudsis suggested.The techniqueusestwo lattice-Boltzmann(LB)
models,onefor generating thespatialandtemporal distribution of waterdensityandtheotherfor photontrans-
port, that is, lighting the water densitywith correct anisotropic scattering. ThecommonLB structure is easily
mappedto parallel executionenvironmentssuch asa GPU or multipleCPUsconnectedvia theMessage Passing
Interface(MPI), therebyprovidingsub-minuteexecutiontimesoncommodityhardware.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.5 [ComputerGraphics]:ComputationalGeometry
andObjectModeling

1. Intr oduction

Renderingclouds from three-dimensionalmodelshas be-
comean integral task for visual productionsrangingfrom
feature �lms to the evening weatherreport. When those
modelsarephysically-based,they offer thepotentialfor in-
tegrationinto larger, weatherpredictionsystemssuchasthe
commonlyusedWeatherResearchand Forecastingmodel
(WRF) [MDG� 05].

A completemodelnaturallycomprisestwo components:a
waterdensitymodel,usedto generatethespatialandtempo-
ral distribution of bothvaporandcondensate,anda photon
transportmodel,usedto capturetheanisotropic(principally
forward)scatteringof photonstreamsthroughthemedium.
Most of thesemodelsareexpressedascoupledsystemsof
partial differentialequations(PDEs)which aresolved with
variationson conventional(�nite-element,�nite-dif ference)
techniques.An exceptionis thelighting modelproposedby
[GRWS04], which is basedon the lattice-Boltzmann(LB)
technique.

Lattice-Boltzmannmethodsare computationalalterna-
tivesto �nite-elementmethods,andthey have providedsig-
ni�cant successesin modeling �uid �o ws and associated
transportphenomena[AR93, CD98, SD95]. The methods
simulatetransportby tracingthe evolution of a singlepar-
ticle distribution throughsynchronousupdateson a discrete
grid. They providestability, accuracy, andcomputationalef-
�ciency comparableto �nite-elementmethods,but they real-

ize signi�cant advantagesin easeof implementation,paral-
lelization,andanability to handleinter-facialdynamicsand
complex boundaries.

The principal drawback to the methodsis the counter-
intuitivedirectionof thederivationthey require.Differential
equationsdescribingthe macroscopicsystembehavior are
derivedfrom a postulatedcomputationalupdate,ratherthan
the reverse.Thusa relatively simplecomputationalmethod
mustbejusti�ed by a relatively intricatederivation.

Thepurposeof this paperis to demonstratethatthesame
LB techniqueusedfor lighting clouds [GRWS04] can be
usedto generatetheir vapordensityandtemperaturedistri-
butions.To thisend,wedraw uponthemulti-component,LB
modeldueto ShanandDoolen[SD95], Shan'ssimulationof
Rayleigh-Bénardconvection [Sha97], and the fundamental
structureusedin thelighting model[GRWS04].

In this three-dimensional,two-componentmodel,thetwo
componentsarewatervapordensity, sometimescalledabso-
lute humidity, andtemperature.Thekey quantityof interest
is theper-componentdirectionaldensity, fs;i (~r;t), which is
thedensityof components arriving at latticesite~r 2 < 3 at
time t in direction~ci . The directions~ci , i = 0,1,...,18,are
all the non-cornerlattice points of a cube of unit radius,
f� 1;0;1g3. If l is the latticespacingandt is thetime step
of oursimulation,thentheentirelatticeBoltzmanncomputa-
tion is justaniterated,synchronousupdateof thedirectional
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densitiesaccordingto:

fs;i(~r + l ~ci ; t + t ) = fs;i (~r;t) + [Ws ( fs )] i (1)

whereWs : < 19 ! < 19 is a linear(af�ne) collisionoperator.
Thesimplicity of therequiredcomputation(1) somewhatbe-
lies theunderlyingcomplexity of the limiting case.We can
show that the limiting caseis, in fact, a multi-component,
Navier-Stokesequationthat includesboth conventionalex-
ternalforces(e.g.gravity) andthosearisingfrom component
interactions.

Although our approachdoesnot provide the real-time
renderingof thebesttechniquescurrentlyavailable[HL01,
HISL03], it doesprovide a strongerphysical basis,images
of high quality, andreasonableexecutiontimesfor gridsof
relatively high resolution(1283 nodesor larger).

2. RelatedWork

Both the generationof cloud densitiesand the lighting of
participatingmediahave beenstudiedextensively in thelit-
erature.[Kv84] addressedboth in their foundationalwork.
In generatingclouddensitiesthey useda coupledsystemof
PDEsthat representedair velocity, temperature,andwater
mixing ratios,i.e., themassof vapor/liquidperunit massof
air. The governingequationwas the Euler equationof hy-
drodynamics,which is just theNavier-Stokesequationwith-
out thedissipativeeffectsof viscosity. Thevelocity �eld was
assumedto bedivergence-free,andpressurewasnotexplic-
itly modeled.In the relatedproblemof modeling�o ws of
hot gases,[FM97] make a convincing casefor useof the
full Navier-Stokes equations.They employ a �nite differ-
enceschemefor solution. Restrictingtheir simulationsto
smoke, [FSJ01] suggestthattheEulerequationswill suf�ce
for visual accuracy andarecomputationallylessintensive.
A principal contribution of this work is the vorticity con-
�nement correction,which addsback�ne-scale �o w detail
thatis dampedoutby coarse-gridsolvers.[WLMK04] usea
lattice-Boltzmannmodelto simulatethedynamicsof steam.
They model air �o w and then attachtextures,constructed
from photographsof steam,to particlesin the �o w. Attach-
ing texturesin this way canbe regardedasa simplealter-
native to the vorticity con�nementcorrection.[MYDN01]
usea coupledmap lattice simulationof the Navier-Stokes
equationfor air �o w to generatesomehigh quality cloud
images.Thecoupledmaplatticebearssomesimilarity to the
lattice-Boltzmannapproachin thatbothmayberegardedas
cellularautomata.A drawbackis their approximationof the
substantialderivative, D~u=dt = ¶~u=¶t + ~u � r ~u, by the or-
dinarypartial,¶~u=¶t, andanunusualapproximationfor the
pressureterm.Theeffectsof eachapproximationon physi-
cal accuracy arenot addressed.[NR92] generatecloudden-
sities using a percolationmodel.Their resultsoffer excel-
lent agreementwith real cloudsin 2D (view from below)
fractal analysis,but the model doesnot generatemacro-
scopiccloudstructure.Theapproachof [HISL03] provides

bothhighquality imagesandexcellentexecutiontime.Their
modelis similar to thatof [Kv84], but they draw on models
of [Hou93] in includingbothpositiveandnegativebuoyancy
effects.They solveusingfragmentprogramsonGPUs.

Radiative transfer in scatteringvolumes is also well-
studiedtopic. Early approachesassumedthat propagating
raysencounteredatmostonescatteringevent[EP90,Sak90].
Later techniquescapturemultiple scattering.Analytic mod-
els of multiple scatteringhave invariably lead to diffusion
processes.[Kv84] usedsphericalharmonicsto expandboth
the light intensity �eld and the scatteringphasefunction.
They obtaineda coupledsetof partialdifferentialequations
in thesphericalharmoniccoef�cients whosesolutionwould
yield intensityat eachspatialcoordinate.[Sta95] observed
that an approximatesolution was a diffusion processand
provided substantialdetail regarding this process,includ-
ing a suggestedmulti-grid solution technique.[JMLH01]
showed that a simple,two-termapproximationof radiance
naturallyleadsto adiffusionapproximationthatis appropri-
atefor ahighly scatteringmedium.As notedearlier, wewill
usethelighting modelof [GRWS04], whereit is shown that
the limiting process(l ; t ! 0) for the updategiven by (1)
canbedescribedby thestandarddiffusionequation

¶r
¶t

= Dr 2r (2)

with diffusioncoef�cient

D =

 
l 2

t

! �
(2=s t ) � 1
4(1+ sa)

�

which is completelydeterminedby theabsorptionandscat-
teringcoef�cients, sa ands t .

3. A Multi-Component, Water DensityModel

We now describeour water densitymodel and sketch the
derivation of the associatedNavier-Stokesequationfor the
limiting (l ; t ! 0) case.Althoughwewill ultimatelyrestrict
to two components,vapordensityandtemperature,muchof
the derivation will apply to an arbitrarynumberof compo-
nents.Thefull detailsof thederivationmaybefoundin the
onlinetechnicalreport[Gei06].

As notedearlier, the key quantityof interestwill be the
per-componentdirectional density, fs;i (~r;t), which is the
density of components arriving at lattice site~r 2 < 3 at
time t in direction~ci , and the directions~ci , i = 0,1,...,18,
are the non-cornerlattice points of a cubeof unit radius,
f� 1;0;1g3. We take ~c0 = (0;0;0), and~c1 through~c6 to be
theaxisdirections.Notethatthesedirectionsarereally pro-
jectionsfrom 4D spaceof 24 latticepointsthatareequidis-
tantfrom the4D origin,

(� 1;0;0; � 1) (0; � 1; � 1;0)

(0; � 1;0; � 1) (� 1;0; � 1;0)

(0;0; � 1; � 1) (� 1; � 1;0;0)
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wheretheprojectionis truncationof the fourth component.
Theequidistantpointsallow for isotropic�o w, but thepro-
jectionto 3D meansthattheaxial directionswill carrydou-
bleweightin thediscussionsbelow.

Componentdensityper site is r s (~r;t) = å 18
i= 0 fs;i (~r;t),

andtotal densitypersite is r (~r;t) = å s r s (~r;t). If we take
unit velocityv = l =t , and~vi = v~ci , thencomponentvelocity
persiteis ~us (~r;t) = (å 18

i= 0 fs;i (~r;t)~vi)=r s (~r;t).

The fundamental,synchronousupdate(1) obviously de-
pendsuponthestructureof theaf�ne operator, W. For light-
ing, [GRWS04] useda simple,19� 19 matrix whoseen-
triesweredeterminedby theabsorptionandscatteringcoef-
�cients, thescatteringphasefunction,andtheclouddensity
at thesite.Any operatormustsatisfy:

18

å
i= 0

[Ws ( fs )] i = 0 conservationof mass (3)

å
s

18

å
i= 0

[Ws ( fs )] i ~vi = 0 conservationof momentum (4)

If externalforce ~Fs (~r;t) is appliedto components, thenin-
steadof (4) wemusthave:

å
s

18

å
i= 0

[Ws ( fs )] i ~vi = t å
s

~Fs (~r;t) (5)

Notethatif thereis nonetmomentum�ux attheboundaries,
thenmomentumof theentiresystemis still conserved.

Many collision operatorssatisfytheseconstraints.When
directcontroloverindividualcollisioneventsisunimportant,
aconvenientoperatoris theLBGK operator[BEK54]:

[Ws ( fs )] i = �
1
xs

h
fs;i (~r;t) � f (eq)

s;i (~r;t)
i

(6)

where xs is the relaxation time of the s th component(a

parameter),and f (eq)
s;i (~r;t) is the local equilibrium density.

It is de�ned,perdirectionpercomponent,by f (eq)
s;i (~r;t) =

r s (d � [~us
(eq) ]2=(2v2)) i = 0

r s ( 1� d
12 + ~vi � ~us

(eq)

6v2 + ~vi~vi :~us
(eq) ~us

(eq)

4v4 � [~us
(eq) ]2

12v2 ) i = 1...6

r s ( 1� d
24 + ~vi � ~us

(eq)

12v2 + ~vi~vi :~us
(eq) ~us

(eq)

8v4 � [~us
(eq) ]2

24v2 ) i = 7...18

whered 2 [0;1] is a parameterdenotingthedesiredfraction
of densitywith zero speedat equilibrium, `:' denotesthe
scalarproductof tensors,and ~us

(eq) is de�ned so that (4)
or (5) holds.Speci�cally, if we useelementaryidentitieson
the weighteddirectionsums,e.g.,å 6

i= 1 2via + å 18
i= 7 via = 0

a 2 f x;y;zg, thenit is easyto verify that

å
i

f (eq)
s;i = r s (7)

and

å
i

~vi f (eq)
s;i = r s ~us

(eq) (8)

regardlessof the de�nition of ~us
(eq) . To enforceconstraint

(4) wewould thenneed

0 = å
s

å
i

�
~vi

xs

h
fs;i � f (eq)

s;i

i

= � å
s

r s ~us

xs
+ å

s

r s ~us
(eq)

xs

In the absenceof external forces,we chooseto make all
~us

(eq)s equal,i.e., independentof s. Thuswe areled to the
de�nition:

~us
(eq) = ~u(eq) =

 

å
s

r s ~us

xs

!

=

 

å
s

r s

xs

!

(9)

In thepresenceof externalforces,we insteadde�ne

~us
(eq) = ~u(eq) +

xs t
r s

~Fs (10)

whichguaranteesthat(5) holds.Theprincipalmotivationfor
thechoice(6) is that it is computationallyfastandwill lead
to theNavier-Stokesequationat themacroscopiclevel.

We have yet to de�ne anoverall,component-independent
velocity, ~u. This is a matterof choice(within reason),since
there is no apriori-correctweighting for the components.
We observe that total momentumat a site before a col-
lision is å s r s ~us and total momentumafter the collision
is å s r s ~us + t å s ~Fs . If we want r~u to match the cross-
collisionalaverage,wemusthave

~u =

 

å
s

r s ~us +
t
2 å

s

~Fs

!

=r (11)

Althoughwehaveyet to specifytheparametervalues,ex-
ternalforces,andinitial conditionsusedin ourcomputation,
it is worth noting that theprocedureis otherwisecomplete:
we synchronouslyupdateall nodesin the lattice using (1)
whereWis givenby (6).

3.1. MacroscopicSystemBehavior

The standard�o w equations(continuity, Euler, Navier-
Stokes)cannow bederiveddirectly from thespeci�edcom-
putationalupdate(1), althoughthefull derivationis longand
arduous.Herewe provide only a sketch.For thefull details,
thereaderis referredto [Gei06].

We usethe so-calledChapman-Enskog expansion, stan-
dard in lattice-Boltzmannmodeling.(See[CD98].) We as-
sumethat fs;i canbe written asa small perturbationabout

somelocalequilibrium, f (0)
s;i :

fs;i = f (0)
s;i + ef (1)

s;i (12)

wheree is theKnudsennumber, which representsthemean
freepathbetweensuccessivecollisions.
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The choiceof f (0) is not necessarilyunique.The con-
straintsare that it carriesthe densityand the momentum,
speci�cally:

å
i

f (0)
s;i = r s (13)

å
i

~vi f (0)
s;i = r s~u (14)

From(7) and(8), it is easyto �nd asuitablechoicefor f (0)
s;i :

use f (eq)
s;i andreplaceevery instanceof ~us

(eq) with ~u.

We alsoconsidersystembehavior at multiple time scales
asbothlatticespacingandtimestepapproach0.Wepartition
thetimescale

t = K
t0
e

+ (1� K)
t1
e2 (15)

wheret0 = o(e), t1 = o(e2), and K 2 [0;1]. Similarly, we
write distance

~r =
~r0

e
(16)

where~r0 = o(e). Note that the relationshipamongthe par-
tials is givenby:

¶
¶t

= e
¶

¶t0
+ e2 ¶

¶t1
(17)

¶
¶ra

= e
¶

¶r0a
for a 2 f x;y;zg

All of thestandard�o w equationsnow resultfrom insert-
ing (12) and(17) into a two-variableTaylorexpansionof (1)
andequatingcoef�cients of likepowersof e.

In particular, weobtainthestandardcontinuityequation

¶r
¶t

+ r � (r~u) = 0 (18)

TheNavier-Stokesequationincludesapressureterm,and
so we needan appropriatede�nition. We assumethat, for
thoseexternal forces, ~Fs , that contribute to pressure(typ-
ically, all componentinteractionsbut not gravity), we can
�nd a potential, i.e., a function V with the property that
r V = � å s ~Fs . We thende�ne pressureas

p = v2
�

1� d
2

�
r + V (19)

sothat

r p = v2
�

1� d
2

�
r r � å

s

~Fs (20)

With this de�nition, we can thenderive the Navier-Stokes
equation:

¶~u
¶t

+ ~u� r ~u = � (1=r )r p+ å
s

(r s =r )~gs � å
s

µs r 2(r s~u)

(21)

wherecomponentviscosity, µs = t v2

6r (1� 2xs ). Thus,unlike
othertreatments,we arenot limited to theEulerequationas
amacroscopicdescriptionof systembehavior.

Nevertheless,themostinterestingbehavior arisesfrom an
attemptto establishaper-componentversionof thecontinu-
ity equation.It turnsout that individual componentsdo not
satisfy the standardcontinuity equationwith respectto the
compositevelocity. Instead,wecanderive

¶r s

¶t
= �r � (r s~u) � xs t r � ~Fs

+ (tx s � t =2)r �
�
� (r s =r )r p+ v2

�
1� d

2

�
r r s

�

+ t r �
r s

r

"
1
2 å

s

~Fs + å
s

xs ~Fs

+
r p
r å

s
xs r s � v2

�
1� d

2

�

å
s

xs r r s

#

(22)

andfrom this otherimportantmodelpropertieswill follow,
asdescribedbelow.

3.2. Interaction Forces

Weassumetheinteractionpotential,V, is of theform:

V = (1=2) å
s1

å
s2

Gs1;s2Y s1(r s1)Y s2(r s2) (23)

whereGs1;s2 = Gs2;s1 is asymmetricstrengthof interaction
andY s i is aneffectivedensity. Wecanthentake

~Fs1 = � Y s1(r s1) å
s2

Gs1;s2Y 0
s2(r s2)r r s2 (24)

sothatr V = � å s ~Fs , asrequired.

To includeexternal forcesthat arenot interactions,e.g.,
gravity, wewrite instead

~Fs i = � Y s i (r s i ) å
s j

Gs i ;s j Y
0
s j (r s j )r r s j + r s i ~gs i (25)

where ~gs i carriesthenon-interactive externalforceon com-
ponents i . Now r V = � å s ~Fs + å s r s ~gs , andsowe need
to correct(20) andsubsequentexpressionsinvolving r p, in
particular(22), by replacingr p with r p� å s r s ~gs wher-
ever it occurs.

3.3. Other Model Properties

In addition to satisfyinga multi-componentNavier-Stokes
equation,themodelhasotherimportantpropertiesthatdis-
tinguishit from previoustreatments.

3.3.1. Diffusion of Thermal Energy

In his simulationof Rayleigh-Bénardconvection, [Sha97]
arguesthat when viscousand compressive heatingeffects
canbeneglected,temperaturecanbemodeledasa separate
componentwhosemolecularmassis (relatively) 0. Assume
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we have only two componentswherethe �rst is vaporden-
sity andthesecondis temperature.To simplify notation,as-
sumex1 = x2 = x. Thenfrom (22) and(20) wehave

¶r 2

¶t
+ r � (r 2~u) = r �

�
D

�
r 1

r
r r 2 �

r 2

r
r r 1

�

+ tx
�

r 2

r
~F1 �

r 1

r
~F2

��
(26)

whereD = t (x � 1=2)v2
�

1� d
2

�
.

If wenow use(24) andassumethatGi; j = 0 for i 6= j, we
cancollectcoef�cients of densitygradientsto obtain

¶r 2

¶t
+ r � (r 2~u) = r �

�
r 1

r

�
D + txY 2G2;2Y 0

2
�

r r 2

�
r 2

r

�
D + txY 1G1;1Y 0

1
�

r r 1

�
(27)

If the relative densitiesapproachlimits, r 1=r ! 1 and
r 2=r ! 0, andwealsohaveG2;2 = 0, weget

¶r 2

¶t
+ r � (r 2~u) = Dr 2r 2 (28)

Thustemperatureis bothadvectedanddiffused.

3.3.2. PhaseTransition

For the sametwo components,assumeGs1;s2 = 0, except
for G1;1, soV = G1;1Y 2

1(r 1). From(19) wehave

p = v2
�

1� d
2

�
(r 1 + r 2) + G1;1Y 2

1(r 1) (29)

If G1;1 is negative andY 1 is increasingandbounded,there
canbearange(of r 1) overwhichdp=dr 1 is negative,which
signalsaphasetransition.

[Sha97] suggestsY 1(r 1) = r 10(1� e� r 1=r 10 ). With this
choiceof Y 1, wecansolvedp=dr 1 = 0 for interval bounds:

r 1 = � r 10 ln

2

6
6
4

1�
r

1+ v2(1� d)
G1;1r 10

2

3

7
7
5 (30)

To normalizethis,we take

G1;1 = � v2
�

1� d
r 10

�
(1+ r 20 � r 2) (31)

wherer 2 � r 20. The valuer 10 representsmaximumeffec-
tive watervapordensity(boundon Y 1), andr 20 represents
maximumtemperatureat which a phasetransitioncantake
place.Wethenhavedp=dr 2 > 0,andtheinterval overwhich
dp=dr 1 is negative increasesastemperature(r 2) decreases.

3.3.3. Latent Heat

Positive valuesof G1;2 = G2;1 canbeshown to effect anin-
crease/decreasein temperatureduring the phasetransitions

of condensation/evaporationthat typically accompany en-
trainment(mixing). Considera local region whereintheve-
locity �eld is divergence-free(r �~u = 0), thereis negligible
spatialthermalgradient(r r 2 = 0), andyet thereis a sharp
spatialtransitionin waterdensityfrom vaporto condensed
water. AgainassumingG2;2 = 0, wecouldreduce(26) to

¶r 2

¶t
= tx r �

�
Y 2(r 2)G1;2Y 0

1(r 1)r r 1
�

(32)

Thus, if G1;2 is positive, we shouldseean accompanying
local increasein temperature.

4. Rendering

Renderingis a four-stagepipeline:waterdensitygeneration,
percolation,lighting, andray-casting.We usea latticewith
1283 nodes,whichoffersarelatively highresolutionwithout
exorbitantmemoryrequirements.For this lattice,eachstage
of the pipelinecanbe executedin lessthanoneminuteon
commodityhardware.

4.1. Water DensityGeneration

We usethe transientsolutionof the modelof section3 to
generatemacroscopiccloud structure.For the parameters,
initial conditions,andboundaryconditionswe have chosen
(below), interestingcloud structuresbegin to emerge after
approximately10 iterationsof (1).

Initial conditionsare designedto force the rapid emer-
genceof a convective cloud.The lattice cubeis �lled with
vapordensityanda lineartemperaturegradientis appliedin
theverticaldirection.Theinitial distributionof vapordensity
is centeredonsilos, whicharecylinderswith hemi-spherical
capsthatareplacedinsidethecubewith baseson thecube
�oor . The intent is to simulatea snapshotof a convective
bubble [RY89]. Eachsilo is �lled with vapor densitythat
is uniformly distributedover [0:99r 10;1:01r 10]. Outsidethe
silo, but inside the cube,the densityfalls off linearly with
distancefrom the central axis or the centerof the hemi-
sphere.

Theeffectivedensity, Y 1(r 1), andcomponentG1;1 areas
speci�edin section(3.3.2) with modelparametersr 10 = 1:0,
r 20 = 0:505,d = 0:1, l = 1:0, t = 1:0, and(hence)v = 1:0.
The �x ed temperatureat the top of the cubeis 0:495. Re-
laxationtimesarex1 = 1:01,x2 = 2:00.Smallervaluesthan
theseleadto instability, andlarger valuesdelayemergence
of interestingstructure.

WealsotakeY 2(r 2) = r 2, G1;2 = G2;1 = 0:5,G2;2 = 0:0,
andg1(r 2) = 0:01(r 2 � 0:5), whichrepresentstheneteffect
of gravity andbuoyancy. This expressionfollows from the
so-calledBoussinesqapproximationof density, commonin
studyingnaturalconvection[Sha97]. It is given by r =r 0 =
1+ b(T � T0), wherer 0 andT0 aredensityandtemperature
ata referencepoint,andb is theconstantthermalexpansion
coef�cient.
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Boundaryconditionsare toroidal, except in the vertical
direction,wherewe �x temperatureat the top andbottom
of thecubeto the initial values.We also�x thecomponent
velocitiesat thetop andbottom,~u1 = ~u2 = 0, by equalizing
directionaldensities.This addssigni�cantly to the stability
of thesystem.

4.2. Percolation

Although we usea relatively high resolutionand simulate
a full Navier-Stokesequation,our model is not immuneto
the dampingeffects of �nite grid simulationas described
by [FSJ01], for which the vorticity con�nementcorrection
wasdevised.We preferanalternative approachto restoring
�ne detailto the�o w. Weregardtheoutputof thewaterden-
sity modelasmacroscopiccloudstructureanduseit asacol-
lectionof masksfor humidityseedingtheinput to theperco-
lation modelof [NR92]. Becausethe Nagel-Rascke model
is bit-oriented,we �rst expandthe original 1283 grid by a
factorof K in eachdimension.Thebinaryoutputis thenav-
eragedovereachcubeof edgedimensionK to provideareal
densitywith resolution1=K3 at eachof the original 1283

sites.In all theexamplesshown, weusedK = 5.

The waterdensitymodel carriesa condensatethreshold
of r 10, andsositeswith densitieslessthanr 10 � e1 arenot
seeded,i.e.,all correspondingK3 sitesaremarked“off ”. For
siteswith densitiesgreaterthanr 10 + e2, all corresponding
K3 sitesaremarked “on”. A linear scalingis usedfor sites
with densitiesin between.With the parametersof section
4.1, weusee1 = 0:00025ande2 = 0:0002.

4.3. Lighting

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

(i; j ;k;m) ! ((k%(E=4)) � E + i; j � M + m)[k=(E=4)]

whereedgesizeE = 128andM = 19. Themodelcanthen
beexecutedasacollectionof fragmentprogramsonaGPU,
for which we witnessmorethana 60-fold reductionin exe-
cution time comparedto theresultsreportedin [GRWS04].
We canalsouseNVIDIA's ComputeUni�ed Device Archi-
tecture(CUDA) library andencodethemodeldirectly.

4.4. Ray-casting

Here we use a conventional, volumetric compositingap-
proachto visualizationof lighted volume densities,which
amountsto integrationalongrayscastfrom theviewer'seye
throughimagepixelsinto thevolumedensity.

5. Results

The cloud imagesshown in Figure 1 weregeneratedfrom
stochasticallyidentical initial conditions,describedin 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 on the�nal cloudstructure.In Figure2 we
show imagesobtainedfrom a grid of dimension256� 1282

with eightsilos.Again, theonly differencebetweenthetwo
imagesof Figure2 is theinitial randomseedsuppliedto the
model.Notethattheeffectsareapproximatelyadditive.The
four silosusedin Figure1 appearon theleft in Figure2.

Similarly, all of the cloudsin Figure 3 aresynthetic,as
is the cloud of Figure 4. Cloud shadows in Figure 3 were
generatedby usingbackward (groundto sun)orthographic
projectionsof the lighted cloudsto create2D texturesand
thencompositingtheseinto thescenephoto.

Execution times are reasonablefor each stageof the
pipeline.The datastructuresare ideal for parallelupdates.
Thewaterdensitygeneration,percolation,lighting, andray-
castingstagescanall be mappedto fragmentprogramsfor
executionon a GPU.We usedCUDA on an NVIDIA G80
Quadrofor all stages.For thecloudsof Figure1, thelighting
stageaveraged18 seconds.The percolationstageaveraged
40 seconds.Unlike lighting andpercolation,which require
steady-statesolution,thewaterdensitygenerationis a tran-
sientsolution,for which the numberof iterationsis some-
whatarbitrary. Theimagesof Figure1 required0.26seconds
periteration.We�nd interestingstructureemergeswithin 10
- 20 iterations.Ray-casting(640� 480)required3 seconds.

A short,animated�y-through of oneour cloudsmay be
seenat http: //www.fx.clemson.edu/~jesteel/cloud_
circle.mov .

6. Conclusions

We have provideda new techniquefor renderingconvective
clouds.We usetwo models,onefor generatingthedistribu-
tion of waterdensityandtheotherfor photontransport.The
two modelssharea commonstructurein that they areboth
basedona lattice-Boltzmannformulation,andthis structure
allowsconvenientparallelexecution.Theprincipalcontribu-
tion hereis thewaterdensitymodel,whichyieldshighqual-
ity imagesin reasonableexecutiontime.Themodelalsopro-
videsa strongerphysicalbasisthanothertechniquesin that
its limiting casesatis�es a full, multi-componentNavier-
Stokes equation,it offers both advection and diffusion of
thermalenergy, andit naturallymodelsthephasetransitions
of condensationandevaporation.

We have focused exclusively on convective clouds.
Whether our water model will be of value in rendering
cloudsformed by other processes,e.g., stratusclouds,re-
mainsanopenquestion.
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Figure1: Syntheticcloudsgeneratedfroma 1283 grid with 4 silosof varyingradii.

Figure2: Syntheticcloudsgeneratedfroma 256� 1282 grid with 8 silosof varyingradii.
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Figure4: EchoCanyon,northof Abiquiu,NM
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Figure1: Syntheticcloudsgeneratedfroma 1283 grid with 4 silosof varyingradii.

Figure2: Syntheticcloudsgeneratedfroma 256� 1282 grid with 8 silosof varyingradii.
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