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Abstract
Realisticrenderingof cloudsinvolvessolvingthecomplex interactionof light within thecloudandwith its envi-
ronment.Interactivemethodsachieveef�cient cloudrenderingbyignoringseveral lighting effects.However, these
effectsarevisuallyimportant,andremoving themstronglyreducesrealism.
We presenta novel approach for capturing the importanteffectsof multiple anisotropic Mie scatteringwithin
cloud layers (i.e., stratiform clouds),and the inter-re�ectionsbetweenthegroundand thecloudbaseundersun
andsky illumination. Our modelmapswell to graphicshardware, enablingthe real-timerenderingof animated
cloudskiesover landscapes.

1. Intr oduction

The visual aspectof a cloud dependson complex light in-
teractions:individual cloud dropletsscatterlight according
to avery irregulardiagram,theMie function[BH98], which
is responsiblefor gloriesandfogbows aroundthe antisolar
direction.Insidethecloud, light is anisotropicallyscattered
multiple timesbeforeleaving. Despitethis accumulateddif-
fusion, anisotropy remainsstrongat many placessuchas
along the silhouette(thus the “silver lining”) or in the di-
rection of the “pseudo-specular”re�ection. The ground-
cloudsinteractionintroducesfurther lighting effects.Since
a cloud's albedo is high, the cloud's bottom re�ects the
ground.Inuitscan�nd achannelin iceshelfor �nd theland
from theseaby observing“watersky” and“ice blink” onthe
cloudbottom[Art].

The completesimulationof a cloud appearanceinclud-
ing all theseeffects hasnever beendone.Several interac-
tivecloudsimulationshavebeenproposed,but they increase
performanceby ignoringmostlight interactionmodes.Our
modelrevisits thecloud illumination problemandaccounts
for new importantlighting effects(seeFig. 2, right). It en-
ablesthereal-timerenderingof animatedcloudylayersover
alandscape.In thispaper, wefocusonstratiformcloudssuch
as stratocumulus,i.e., not vertically developedlike cumu-
lus or cumulonimbus(seeFig. 1). Also, we do not consider
cloudsmadeof ice. Our goal is to rendersuchclouds in
real time from a viewpoint locatedeitherunderthe clouds
(e.g., from the ground)or above them(e.g., from a plane).
Wearenotconsidering�ying troughor insidetheclouds.

Ourcontributionsare:
² An improved representationof the scatteringmodel,

basedon the exact Mie function (whereasprevious ap-
proachesusecoarseapproximations)anddropletsizedis-
tributions.

² Re�ectanceand transmittanceshadersto be appliedto
the cloud surface.Theseshadersaccountfor local scat-
teringandestimatetheeffectsof multiple light scattering
throughthecloud.

² A GPU-friendlyalgorithmto ef�ciently computeinter-
re�ections betweenthe cloudsbaseandthe ground(ac-
countingfor shadows,sky, andlandscapetexture).

Our approachconsistsin obtainingfunctionsgiving the in-
tensityanddirectiondistribution of light on eachsideof a
homogeneousplane-parallelslab. To do so, we separately
treat the differentordersof scatteringwithin this slab(see
Fig. 2, left). We useanalyticalsolutionsfor orders0 and1,
andapproximatesolutionsfor orders2 and¸ 3. Wepropose
a modi�ed Mie modelallowing us to treatonly meaningful
scatteringevents,i.e., eventsthatcauseasigni�cant changea
thephoton'spathdirection.Weapplytheresultingfunctions
asa shaderappliedon thecloudsurface,locally considered
asaslab.

Weaccountfor theinter-re�ection betweenthecloudbase
andtheground(consideredasparallelplanes)by introduc-
ing an ef�cient GPU-compliantalgorithm performing ra-
diosity iterations:densityand color variationson the two
planesarestoredin textures,aswell astheir dynamiclight-
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Figure1: Main typesof clouds.Grayarea:stratiformclouds.Since
thesecloudshavea layer shapewith slightly varyingthickness,we
locally approximatethembya slab.

ing. Formfactorintegrationis approximatedusingweighted
ringsin theMIP-mappyramid(seesection5).

We validateour modelby comparingit to Monte-Carlo
simulations.Our GPU-enhancedimplementationrunsat 18
to 40FPSonanimated512£ 512cloudheight�elds.

2. PreviousWork

An accurateway of simulatingthemultiple anisotropicMie
scatteringof light in a cloud is to rely photontracing,i.e.,
MonteCarlointegration.However, thiswouldrequireanun-
acceptabletime to converge. Varioussimpli�cations have
beenproposedin theliterature:

² Low albedo/ low densityhypothesis:onesinglescatter-
ing is considered[Kv84,Bli82].

² Simpler scatteringfunctions: Rayleigh [HL01, Kv84],
Gaussian [PAT¤04], Henyey-Greenstein [Max94,
NND96], which are easierand faster to computeand
whosesmoothvariationspresentdirectionalartifacts.

² Simpli�cation into simple diffusion solvers: isotropic
scattering[DKY¤00], diffusion approximation[Sta95,
JMLH01].

² Forward-dominant hypothesis: single-pass algo-
rithms [HL01], very convenient for GPU-enhanced
interactive rendering.

Onlyafew papersactuallymakeuseof Mie scatteringto ren-
der atmosphericeffects [REK¤04, JW97]. Only [REK¤04]
useit for clouds,andonly for local effectssuchastheglory
(thelight transportis assumedto beforward-dominant).

Theproblemis thatvisual featuresof clouds(seeFig. 5)
aredueto differentlighting modesdirectlyor indirectlycon-
nectedto theparticularshapeof theMie scatteringdiagram
(seeSection3.3): Gloriesand fogbows areessentiallydue
to single scatteringand strongly dependon the backward
peaksof the phasefunction. “Pseudo-specular”re�ection
andbright silhouettesarecausedby the forwardanisotropy
andarethe effect of a few scatteringevents(2 to 10). The
overallbrightnessof cloudscomesfrom diffuseillumination
(high ordersof scatteringcancelsdirectionalitiesin the di-
agram).Thus,consideringonly diffusion, or only forward
scattering,or smoothscatteringfunctions,forbids realism.
And simply addinga Mie singlescatteringon top of a for-
ward[REK¤04] or isotropicdiffusionis notsuf�cient either.
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Figure 2: Left: All light pathcategorieswesimulate:¸ 3 orders
of scattering(I r

3+ , I t
3+ ), doublescattering(I r

2, I t
2), single scatter-

ing (I r
1, I t

1), transparency(I t
0) ground-cloudsradiosity(Rad). Right:

All effectswereproduce:a: diffusere�ectance. b: glory. c: fogbow.
d: pseudo-specularre�ectance. e: diffusetransmittance. f: ground-
cloudsinter-re�ection.g: forward scattering.

The studyof mostprobablepaths[PAT¤04] is an inter-
estingway to focuson importantfeatures.Thisaccountsfor
the low-orderscatterings,but it missesthediffusioneffect.
Moreover, [PAT¤04] reliesonGaussianphasefunction.

Cloudopticshasbeenwidely studiedin other�elds (me-
teorology, appliedoptics,atmosphericsciencesetc.).In par-
ticular, the studyof cloud dropletphasefunctions[Dei64]
coupledwith clouddropletsizedistribution[Cla74,MVC00]
areof interestto us.

3. Cloud optics

3.1. Multiple scattering in clouds

Multiple scatteringhasbeenextensively describedin thelit-
erature(seefor instance[JC98]). Let usrecallthemainprin-
ciplesof interestto us (the following notationwill be used
throughoutthepaper).

The materialof a homogeneouscloud canbe described
by the effective radius of its droplets re and the density
of dropletsper cubemeterN0. Thesede�ne the extinction
cross-sections = pr2

e, the extinction coef�cient k = N0s,
and the extinction function (i.e., the cloud transparency)
t (x) = e¡ kx which is the probability to traversethe cloud
alonga pathof lengthx without hitting a droplet.Thus,the
probabilityof hit within x metersis 1¡ t (x), andits deriva-
tives(x) = ke¡ kx is theprobabilitydensityof ahit exactlyat
theendof a freepathof lengthx. This alsoyieldsthemean
freepathl0 = 1=k.

When hitting a particle, light can either be absorbedor
scattered.Thealbedoof clouddropletsis verycloseto 1 for
visible light, i.e., light is notabsorbedin clouds:all thelight
that hits is distributedelsewhere.The probability that light
hitting adropletfrom directionw is scatteredin directionw0

is determinedby the phasefunctionP(w;w0). Sincewater
dropletsarespherical,this functionis axisymmetricandcan
beexpressedin sphericalcoordinatesP(q) with q = [w;w0.

StratiformcloudsusuallyholdbetweenN0 = 108 and109

dropletsper m3 having a radiusre = 2¹ m to 15¹ m. This
yields a meanfree path 1=k of several meters(20m for
N0 = 3:108 m¡ 3 andre = 7¹ m). Sincea cloud spanshun-
dredsto thousandsof metersin eachdirection,mostraysare
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scatteredseveraltimesbeforeexiting thevolume(for theex-
ampleabove, the no-hit probability is 10¡ 2 for 100m and
10¡ 10 for 500m).

3.2. Droplet sizedistrib utions in clouds

The sizeof waterdropletshasa hugevisual impact: for a
given amountof water, the smaller the dropletsthe more
opaquethe cloud (half the size doublesthe extinction co-
ef�cient). The Mie function alsovarieswith respectto the
droplets size. Low- and mid-level clouds are a mixture
of water dropletsof different sizes.Literature in applied
optics and atmosphericsciencesrely on droplet size dis-
tribution (DSD) models. The modi�ed Gammadistribu-
tion [Lev58,Dei69,Cla74] is well suitedfor clouddroplets.
It is de�ned by:

N(r) =
N0

G(g)rn

³ r
rn

´ g¡ 1
e¡ r

rn

5 10 150
r [mm]

N
(r

)
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Figure3: ExampleDSD.

This function describesthe densityN(r) of dropletsof
radius r, with rn the characteristicradius of the distribu-
tion, g representingits broadness,andN0 the total density
of droplets.Gis theGammafunction.A clouddistribution is
thusonly describedby thethreeparametersN0, rn andg. In
termsof opticalproperties,theeffective radiuscorrespond-
ing to thisdistribution is re = (g+ 2)rn.

Measuredparametersfor all kinds of clouds can be
found in the literature. For stratiform clouds, we refer
to [MVC00]. In the examplesof this paper, we usedval-
uesof N0 = 300cm¡ 3, g= 2 andre = 7¹ m. The resulting
DSD is shown on �gure 3. We considerthis distribution to
beconstantin spaceandtime.
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Figure4: RGB:ef�cient Mie phasefunction(log). Gray:pureMie
(r = 20¹ m). Notetheundesiredhighfrequencyripples.Inset:Polar
plot of thefunction(log).

3.3. Scatteringbehavior

The phasefunction Pr;l (q) characterizingthe scattering
causedby a waterdropletof sizer at wavelengthl is ob-
tainedby the Mie theory [BH98]. It is quite expensive to
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Figure 5: Somefeaturesof stratiform clouds(real photographs).
Left: glory and fogbow. Middle: pseudo-speculareffect. Right:
Strongforward scattering.

compute,highly dependenton r andl , andits intensityos-
cillatesstronglywhenq varies.This is whatmakestheMie
function so impractical,andprobablywhy it is avoided in
CGcloudsimulations.

TheeffectivephasefunctionP(q) correspondingto aDSD
canbeobtainedby weightingandsummingthephasefunc-
tions of the variousdroplet sizes[Dei64]. We usedPhilip
Laven'sMiePlotsoftware[Lav] to pre-computetheeffective
phasefunctionfor ourdropletdistributions(seeSection3.2).

Besidesthe more accuratephysics—whichshows espe-
cially on the glory [MSPS04]— consideringthe DSD has
a very fortunateconsequence:thehigh frequency ripplesin
Pr;l (q) vanishin P(q) (and,indeed,they arenotobservedin
real clouds).So, the effective phasefunction is a lot more
practicalthanthepureone.

Each feature of this function directly correspondsto an
important visual phenomenon[Min54, LL95, Cow] in the
cloud:
² Narrow forward: thereis a strongpeakin the forwarddi-
rection.It correspondsto 5± concentrating51%of thefunc-
tion. It is responsiblefor the silver lining on the silhouette
when the sun is behind the cloud, since a few scattering
eventsoccurfor theselight paths(see�g. 5, right).
² Wide forward: This largeloberepresents48%of thescat-
tering.Thispartproducesafairly isotropicdistributionwhen
severalscatteringeventsareaccumulated.It alsocausesthe
“pseudo-specular” re�ection in the antisolarazimuthaldi-
rection on the top of the cloud layer, sincelessscattering
eventsarerequiredfor light pathsin thisdirectionto getout
of thelayer(see�g. 5, middle).
² 39± backward peak: This peakis responsiblefor the fog-
bow (or cloudbow), a bow wherethe contrastof the cloud
layer is enhanced.It is visually similar to the rainbow with
poor or no colors.This effect is causedby single scatter-
ing eventoccurringcloseto thecloudsurfaceandrepresents
very little energy. It is morevisible on mist andthin layers
(see�g. 5, left).
² Backward peak: This 2±-wide peakis responsiblefor the
glory, a coloredcircle aroundthe antisolarpoint which is
oftenseenfrom plane,andtheantisolarspot, which is gen-
erallymaskedby theshadow of theobserver. Thesefeatures
arecausedby singlescatteringeventsoccurringcloseto the
cloudsurface(see�g. 5, left).

c° TheEurographicsAssociation2006.
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4. Our model

As statedin theoverview, weconsiderdifferentcategoriesof
light paths.First, we separatethe strongforward scattering
eventsF from otherscatteringseventsS.We thenapproxi-
matelight pathså i (F

¤S) iF¤ asF¤ + å i(S
0) i , whereS0 cor-

respondsto a modi�ed Mie model:theforwardpeakis em-
beddedinto theextinction function(seeSection4.1).

Furthermorewe study the contributions of S01;S02;S0¸ 3

pathsfor a given outgoingdirectionof re�ection or trans-
mission.Thestudyof thesemodesis doneon plane-parallel
layersof thicknessH with a homogeneousdropletdistribu-
tion.Cloudsareassumedto behavelocally likeslabsof such
thickness.We arelooking for the intensityI outgoingin di-
rection¡!V whenaslabis lit from thesundirection¡!L .

The0-scattercorrespondsto the transparency andstrong
forward scattering(Section4.2). The singlescatteringcon-
tributioncanbeobtainedanalytically(Section4.3). Thedou-
blescatteringis integratedthanksto anapproximation(Sec-
tion 4.4). Note that integratingtheenergy of these3 modes
with ourmodi�ed Mie modelis equivalentonaverageto in-
tegratingpathswith up to 5 scatterswith the standardMie
model.This is dueto the fact that the strongforward scat-
tering event are embeddedin the extinction function. We
treat the remainder(the 3+ mode)as diffuse,and we ob-
tain its importancevia a simple 1D model (Section4.5).
The total re�ectanceand transmittanceare usedto obtain
theamountof re�ected/transmittedenvironmentlight (com-
ing from thesky andfrom theground).Thecomputationof
inter-re�ections betweenthe cloud baseand the groundis
treatedin Section5.

Notation:Let ¡!V ,¡!L and¡!N betheview direction,thelight
direction,and the normal to the slab (i.e., the up or down
direction)at the consideredilluminated location.qv;ql ;qvl
are the anglesbetween¡!V and¡!N , ¡!L and¡!N , and ¡!V and
¡!L . µv = cosqv, µl = cosql . Hl = H=µl and Hv = H=µv
are the thicknessof the slab along the light and view di-
rection,respectively. The subscripts0, 1, 2, 3+ andmsre-
fer to light pathsundergoingnoscattering,singlescattering,
doublescattering,threescatteringeventsor more,or mul-
tiple scattering(i.e., 0+ 1+ 2+ 3+ ), respectively. The su-
perscriptsr andt indicatethat we arecomputingthe light
re�ected by the slabor transmittedthroughthe slab. Typi-
cally, we will considerI r whentheviewer andthe light are
onthesamesideof thelayer, andI t otherwise(seeFigure2).

In the following sections,we estimatethe contributions
I t
0; I t

1; I r
1; I t

2; I r
2; I t

3+ ; I r
3+ leadingto I t = I t

0 + I t
1 + I t

2 + I t
3+ and

I r = I r
1 + I r

2 + I r
3+ . If ¡!V ¢¡!L ¸ 0 thenI = Ir otherwiseI = It .

4.1. Modi�ed-Mie: forward scatteringembedding

In orderto treatF eventsseparatelyfrom S events,we de-
�ne a modi�ed Mie modelembeddingthe forward scatter-
ing. Let Pf = 1

4p
Rq f

0 2psin(q)P(q)dq be the weight of the
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Figure 6: Re�ectanceBRDF of a slab with our modi�ed-Mie
model(Top) and with the original one (Bottom), both integrated
throughMonteCarlo simulation.H = 100m;ql = 70± . Colors rep-
resentthecontribution of each order of scattering. Resultswith our
modelcloselymatch the original. Notehow 1+2 scatteringin the
modi�ed-Mie modelaccountsfor up to the �fth order in the orig-
inal Mie (dashedlines). A: glory. B: fogbow. C: pseudo-specular
re�ection.

forwardpeakfor q < q f . For typicalcloudvalues,Pf = 51%
for q f = 5±. In pathscontainingat leastoneSeventwe ne-
glectthedirectionchangefor F events,i.e., scatteringevents
with q < q f . This is equivalentto decreasingtheextinction
crosssectionaccordingto Pf andcancelingthepeakof the
phasefunction.The phasefunction andextinction parame-
terspresentedin 3.1arethusmodi�ed asfollows:
PS(q) = P(q)

(1¡ Pf )
if q < q f otherwise0

sS=(1¡ Pf )pr2
e; kS=sSN0; t S(x)=e¡ kSx; sS(x)=kSe¡ kSx

For Pf = 51%,half of theeventsareimplicitly accountedfor
in themodi�ed extinction,soweonly haveto treatexplicitly
the otherhalf. This doublesthe meanfree pathandhalves
thenumberof scatteringeventsperlight ray.

The consequenceof this approximationis a 5± error at
eachextinction event.But sincemultiple scatteringtendsto
smoothout directionalities,this error is negligible for high
ordersof scattering.Figure6 showsacomparisonbetweena
MonteCarlosimulationdonewith theoriginalandthemod-
i�ed Mie scheme.Note that we do not apply this approxi-
mationfor pathscontainingno S event,sincethe deviation
would not be negligible. F¤ paths(called “0-scatter”) are
insteadincorporatedinto thetransparency, seeSection4.2.

In the following section we use our modi�ed-Mie
model in place of the original one. That is, nota-
tion P(q), s, k, t (x);s(x) representsPS;sS;kS; t S;sS.
PF stands for the strong forward peak function, with
PF (q) = P(q)

Pf
if q < q f otherwise0.

4.2. Transparencyand 0-scattering

Transparency is obtainedusingtheextinction function.Us-
ing the original t (x) function provides the direct transmit-
tance

I t
0d = t (Hv)d(¡!V ¡ ¡!L )

with d(x) the Kronecker function.Using t S(x) addsthe ef-
fect of strongforward scattering.We preferto provide this
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Figure 7: Left: Singlescattering. Right: Doublescattering. Inte-
gral over all red pathsis approximatedby the valueof the green
pathanda convolution.

term separately, taking into accountthe 5± deviation of the
forwardpeak:

I t
0F = t S(Hv)PF (qvl)

kHv

Note that PF (qvl)
kHv is the strongforward peakconvolved

by the meannumberof scattering,which equalskHv. We
have I t

0 = I t
0d + I t

0F .

4.3. Singlescattering

The amountof light gettingout of the slab in direction ¡!V
afteronescattercanbeintegratedanalyticallyalongtheray
asin [Bli82] (seeFig. 7, left):

I r
1 =

Z H

0
s(

l
µl

)P(qvl)t (
l

µv
)
dl
µv

= kP(qvl )µl
µv+ µl

(1¡ t (Hl + Hv))

I t
1 =

Z H

0
s(

l
µl

)P(qvl)t (
H ¡ l

µv
)
dl
µv

= kP(qvl )µl
µv¡ µl

(t (Hv) ¡ t (Hl ))

4.4. Doublescattering

In doublescattering,photonsare�rst scatteredwith anangle
y , thenfollow a pathL1;2 beforebeingre-scatteredwith an
angleqvl ¡ y toward the viewer along a path L2;exit : (see
�g. 7, right)

I r
2 =

Z H

l= 0
s(

l
µl

)
Z

y

Z

k
P(y )s(L1;2)P(qvl ¡ y )t (L2;exit )dk dy

dl
µv

In orderto approximatethetwo lastintegrals,weuseacom-
mon approximation[REK¤04]: the weight of all the paths
scatteredby y is consideredto beconstantovery . Thedou-
ble integral becomest (L1;exit )

R
y P(y )P(qvl ¡ y )dy , which

yieldssimply theconvolution P¤P denotedP2(qvl). There-
fore,wecanrewrite I2 as

I r
2 =

k2P2(qvl)µl

µv + µl
(1¡ t (Hl + Hv))

I t
2 =

k2P2(qvl)µl

µv ¡ µl
(t (Hv) ¡ t (Hl ))

4.5. 3+ scattering

Sincethecumulativephasefunctiontendsto becomediffuse
for high ordersof scattering,we assumea diffusefunction
for I3+ . Thus,we only have to determinetheamountof to-
tal re�ected andtransmittedenergy. For this we considera
simple1D model throughthe slabwhich givesus the esti-
matedtransmittanceandre�ectanceTi andRi for eachorder
i = 0;1;2 andin total (i = ms). Thedetailsof our 1D model
aredescribedin appendixA andvalidatedon �gure 8. This
modelgivesus the expressionsfor Tms, T0, T1, T2, Rms, R1
andR2 usingthe sameinput as for I1 andI2. We canthus
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Figure 8: Dots: valuesobtainedwith a MonteCarlo simulation
for variousH valuesand ql = 30± . Areas:Ti and Ri functionsfor
modesi = 0;1;2;3+ (seeappendixA) �tted againstthesimulations.
The�tting is almostperfect.

computeT3+ = Tms¡ T0 ¡ T1 ¡ T2 andR3+ = Rms¡ R1 ¡ R2.
Then,sinceI3+ is considereddiffuse, the solution for it is
simply

I r
3+ = R3+

µl

4pµv
; I t

3+ = T3+
µl

4pµv

4.6. Sky and ground contribution

Sky andgroundaresecondarysourceswhich contributesto
the illumination of the cloud.We take theninto accountin
severalways:
² Due to transparency, an observer can seethe sky or the
groundthroughthecloud.Renderingis donewith standard
blending.Thealphavalueof thecloudis givenby 1¡ t (Hv).
² The illumination of thesewide secondarysourcesis mul-
tiply scatteredinsidethecloud layer. Due to thesizeof the
sourcesweconsiderthis transportasdiffuse,usingtransmit-
tanceTms andre�ectanceRms.
² Inter-re�ections occurbetweenthe groundandthe cloud
bottom,asdetailedin thenext section.We solve theseinter-
actionsin section5 andusethe result to obtainthe ground
illumination.For thesky illuminationwe usea standardsky
model[O'N05].

5. Radiosity simulation

To accountfor the effectsof ground-cloudsinteraction,we
proposea ef�cient GPU-compliantradiosityalgorithmbe-
tweenthe groundandthe cloudsplane.The following sec-
tionsdescribeourapproach.

5.1. Light and re�ectancedata

We considerthat thecloudsbottomandthegroundaretwo
parallelplanesatdistanceh. Theinputparametersare:

² Sunandsky colors(i.e., R,G,B intensities),andsunlo-
cation.Sky colormightbede�ned by asky shader(view
andsundependent).

² The groundtexture, and a coef�cient IG estimatingits
original illumination in orderto interpretthetextureasa
color re�ectance�eld r G(u;v).

² Thetextureof cloudbottomdiffusere�ectancer C(u;v).
It is obtainedfrom thecloudheight�eld usingthediffuse
re�ectanceshaderRms describedin theprevioussection.
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² The texture of cloudsbottom directional transmittance
(i.e., transparency) TC(u;v). It is obtainedfrom thecloud
height �eld using the function T0+ 1+ 2 de�ned in ap-
pendixA (1+2 ordersareconsideredmainly directional
dueto their strongforwardscattering).

² ThediffusesourceSC(u;v) at thecloudsbottom.It is ob-
tainedfrom thecloudheight�eld usingthediffusetrans-
mittanceshaderT3+ (describedin appendixA) multiplied
by thesuncolor, plustheoverall transmittanceTms mul-
tiplied by thesky color.

² The diffusesourceSG(u;v) on the ground,which is the
groundillumination due to the sunand the sky (before
modulatingby thegroundre�ectance).
- The sun contribution Sd

G(u;v) correspondsto direct
shadows obtainedby multiplying the sun color by
TC(u;v) (offset by the h:sin(ql ) parallax)andmulti-
pliedby theLambertre�ectancecos(ql ).

- The sky contribution Ssky
G (u;v) requiresintegrating

the incominglight on the hemisphereat every point
on theground.This is explainedin Section5.3.

As aninitialization,ouralgorithmstartsby computing:
- Thedirectlighting on theground(theSd

G(u;v) above).
- The indirect lighting on the groundSi

G(u;v), which re-
quires the integration of the sky (the Ssky

G (u;v) above)
and the integrationof the cloudsbottomdiffusesource
SC(u;v).

Oncethe initialization is completed,our inter-re�ection al-
gorithm iteratesmultiple timesto simulatelight exchanges
betweenthegroundandtheclouds.Wenow detailthisalgo-
rithm.

5.2. Inter -re�ections iterati vealgorithm

To computethe inter-re�ections, we associatetwo 2D tex-
ture buffers to both the groundand the cloudsplane:RC
and RG, which accumulatereceived light ; and dRC, dRG
which contains the light bouncing from every point af-
ter an iteration (light to be emitted at the next iteration).
Thesebuffersarelow resolutionasinter-re�ections arelow
frequency. At initialization, Si

G(u;v) is directly storedinto
RG, and dRG is set to the initial illuminated groundcolor
r G(u;v)(Sd

G(u;v) + Si
G(u;v)) . We do not accumulatethedi-

rect illumination (i.e., the shadow map) Sd
G(u;v) into RG,

sincecloudshadowsfrom directsunilluminationareathigh
resolution:at renderingtime, the ground texture r G(u;v)
will bemultipliedby (Sd

G(u;v) + RG).

At each pass (alternately from ground to clouds and
cloudsto ground)and at eachpoint (u;v) of the receiver,
we have to integrateover thehemispherethe light dR emit-
ted by the otherplane.The resultingamountE is addedto
R(u;v), andEr (u;v) is storedinto dR(u;v). It will be used
asthe emittedlight at the next iteration.The integrationis
explainedin Section5.3.

Thesecomputationsaredoneon the GPU usinga pixel

shader. R and dR are updatedsimultaneouslyusing multi-
ple rendertargets.MIP-mappedpyramidsareautomatically
generatedby theGPUaswell.

Notethatall thesetexturesarelow-resolution,andonly a
few iterationsarenecessary:at the ith iterationthe amount
of energy exchangedis roughly r i , wherer is the average
re�ectanceof the ground(assumingthe cloud albedois 1).
Typical countrygroundshave re�ectancerangingfrom 0:1
to 0:2, so 2 iterationsareoften enough.Even with a snow
landscaperequiringmany inter-re�ection passes,theradios-
ity computationremainsfastenoughfor interactivecloudan-
imation(weused8 for Figure11.E).

5.3. Integration of light over the hemisphere

For eachpoint p = (u0;v0) of the receiver (i.e., eachpixel
of the buffer), we have to sumthe emittedradiosityof all
thepixels(u;v) of theotherbuffer dE weightedby thepixel
form factorF(u0;v0;u;v). Of course,this 4-fold loop is too
costly. Fortunately, integrating texturesis a commonprob-
lem for which numeroussolutionsare available, such as
MIP-mapping.

In the spirit of [SP89], we consider areas of sim-
ilar contribution on which we assume the weight is
constant. We improve their method by choosing 3
square rings S1;S2;S3 of exterior size h;2h;8h cen-
tered on p. The form factors for these areas are
F(p;S1) = 0:5;F(p;S2) = 0:3;F(p;S3) = 0:18. In fact
we will useweights f1 = 0:5; f2 = 0:3; f3 = 0:2 to avoid
loosing energy. Let A1;A2;A3 be squaresof size h;2h;8h.
We have S1 = A1;S2 = A2 ¡ A1;S3 = A3 ¡ A2. The av-
erage dE(A1);dE(A2);dE(A3) of the texture dE over
the squaresis obtained in one texture fetch dEi(u0;v0)
using the appropriatelevel i in the MIP-map pyramid.
Note that using buffers with pixels of size h is suf�cient.
Then,the levels 0;1 and3 will be used.The total integral
is thus E = f1dE(A1) + f2( 4

3dE(A2) ¡ 1
3dE(A1)) +

f3( 64
60dE(A3) ¡ 4

60dE(A2)) ,
i.e., E = n1dE0(u0;v0) + n2dE1(u0;v0) + n3dE3(u0;v0)
with n1 = 0:4;n2 = 0:387;n3 = :213

6. Implementation and Results

Figure9 validatesour analyticalre�ectancemodelon two
differentscenes.Notehow thecombinationof our 3 modes
closely approximatesthe Monte-Carlosimulation.The er-
ror mostly comesfrom assumingthat the 3+ scatteringis
isotropicandfrom thedoublescatteringapproximation.Fig-
ure8 validatesour 1D re�ectance/transmittancemodel(the
�tting of our parametersis nearperfect).We validatedour
radiosityalgorithmagainstananalyticalcase(squarecloud).

For the cloud �eld, we rely on 512£ 512 animated
textures precomputedon the CPU using advected tex-
tures[Ney03]. Wedisplaythecloudsurfaceasaheight�eld

c° TheEurographicsAssociation2006.



BouthorsA.,NeyretF., LefebvreS./ Real-timerealisticilluminationandshadingof stratiformclouds

30•60•90•120•

150•

180• 0•

30•

60•90•120•

150•

180• 0•

1

 3

2

PSfragreplacements
qvl
ql
qv

H
2H

l
¡!L
¡!V

k
d(k)

y
qvl ¡ y

X
x = TX

XT
XR

+ xR2

xT
a f

ab
Xt c(d)
T1(H)
R1(H)
T2a(H)
T2b(H)
R2(H)

I t
0

I t
1

I t
2

I r
1

I r
2

I t
3+

I r
3+

Rad

Figure 9: Comparison of our backward multiple scattering
approximatedmodel against Monte-Carlo photon tracing. Left:
H = 100m, ql = 70± . Right: H = 5m;ql = 80± . Areas:Contribu-
tion of each orderof scattering. Blue line: Monte-Carloresult.

(i.e., a geometricpatch)that is build on the �y on theCPU
from thetexture.Thecloudsheightvaryfrom 0 to 500mand
they spanseveral km. Whenthe observer is on the ground
andseethecloudsfrom below, we displaythecloudbottom
usinga texturedquad.Whenviewedfrom below, theshader
usedateachpixel of thismeshrenders

I tCsun+ TmsCsky + RmsCground
Whenviewedfrom above, theshaderrenders

I rCsun+ RmsCsky + TmsCground
I t sumsI t

0 (section4.2), I t
1 (section4.3), I t

2 (section4.4) and
I t
3+ (section4.5). ThelatterdependsonT3+ , whichusesTms,

T0, T1 andT2 (appendixA). The samedependenciesapply
for thecalculationof I r . Theradiosityalgorithmmakesuse
of Rms, T0, T1, T2, T3+ andTms(appendixA). Theparameters
sentto theshadersin orderto computethesevaluesare:
² ¡!V , ¡!L , and¡!N . Sincesingleanddoublescatteringarelo-
cal events,we usethe local normalof thesurfaceas¡!N for
I1 andI2. Becausemultiplescatteringis aglobalprocess,we
use¡!N = ¡!Z for I3+ .
² Thetextureh(u;v) usedto estimateH, plusscalingfactors
in the3 directions.
² Sun,Sky colorsCsun, Csky andgroundillumination texture
Cground.
² PhasefunctionsPS(q), PF (q) andP2(q) astextures.
² The whole setof ql -dependentparametersneededfor Ti
ansRi , passedasa 2D texture (we usedthe oneslisted in
appendixB).

At eachframewe constructandsendthe cloud sceneto
theGPU,we runonGPUtheradiositysimulationdescribed
in section5, werenderthebackground(sky or ground),then
thecloudlayerusingourcolor+transparency shaders.

The implementationis doneon a PC with an NVIDIA
QuadroFX 1400. At resolution1024£ 768, an image in
which 50% of the pixels arecoveredby clouds(intermedi-
atesbetweenthe two imagesof Fig. 11.C) runsat 18 FPS.
Onemajorbottleneckduringcloudsanimationis theupdate
of the512x512height�eld geometry. Whencloudsarenot
animated,theframerateincreasesto 40FPS.

Ourresultsareillustratedin Figure11andin thecompan-
ion video.They show thevariousexpectedfeaturesinclud-
ing “pseudo-specular”re�ection (Fig. 11.C), “silver lining”
(Fig. 11.A, 11.D), fogbow (�g. 10, left) andglory (�g. 10,
right) , and the radiosity effects including water sky and
iceblink(Fig. 11.A,right, 11.E).See�gure 5 for comparison
with realphotographs.
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Figure10: Close-upviewsonreproducedcloudfeatures.Left: fog-
bow. Right: glory (6-foldzoomof theleft image).

7. Conclusionand futur ework

We presenteda methodto rendercloud layersin real-time
providing all expectedoptical features,as well as inter-
re�ectionswith theground,which wasnot feasiblewith ex-
isting methods.However, our model is restrictedto strat-
iform clouds. We would like to carry on this approach
to all kinds of animatedcloudy skies(e.g., cumulonimbus
stormsor congestus�elds), andfrom any pointof view. This
methodshouldbe easily transposableto ice-contentstrati-
form clouds,whereonly thephasefunctiondiffers.

We assumedthat the raysalwayspassthroughthe cloud
bottom.Thisneglectinterestingbehaviorsat thecloudsides.
Weplanto explorebetterestimationfor thesecon�gurations.

Relyingon geometryfor cloudsis very ef�cient ascom-
pared to the massive overdraw causedby methodswith
slicedvolumes.Still, it lackstheblurry effect on thesilhou-
ette. We aim at adaptingGardner's technique[Gar85] for
that.

Theaccuracy of ourmodelcouldbefurtherimproved:the
pseudo-specularpart is slightly underestimated(see�g. 9)
andyields overdarkenedpartson top of the cloud. This is
becausethe diffusemodeI3+ doesnot fully matchthe real
behavior well in thin areas,whereit keepssomeanisotropy.

Radiative transfercan be improved as well. We did not
considerthe inter-re�ections betweendifferentpartsof the
cloud(whichusuallybrightenscreases),andbetweendiffer-
ent clouds.Aerial perspective shouldbe taken into account
for distantinteractions.Also, the interactionwith a non-�at
groundhasyet to betreated.

Still, we wereableto achieve real-timerenderingon de-
tailedsceneswhile reproducingthemain featuresof clouds
aspect.Such complex lighting effects where not possible
with previousmethods,andwe believe our approachopens
promisingavenuesof futurework towardrealisticreal-time
cloudrending.
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A. Top: Final renderingof cloudstop, I +
3 contribution, sky contribution, I1 + I2 contribution,

groundcontribution.Bottom:Final renderingof cloudsbottom,I +
3 , sky, I0 + I1 + I2 andground

contributions.(seeFigure 2)

B. View from under the cloudswithout
(top) andwith radiosity(bottom).
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C. Left: Cloudsin full day-light.Right: Cloudsat sun-set.Noticethestrongcontributionof thescatterterms(pseudo-specular).
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D.Left: Sunthroughtheclouds,seenfromtheground.Right: Cloudsin full daylight, seenfromtheground.
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E.Left and right: Two instancesof thewatersky / iceblink effect.Cloudslocatedjustabovethewaterappeardarker thanaboveiceor sand.

Figure11: Resultsobtainedat 18 to 40 fpswith 512£ 512cloudsanimatedheight�eldsand3 to 10pairsof radiositypasses.
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Appendix A: 1D models
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Figure 12: Left: 1D multiple scatteringmodel,where X is the
incomingintensity. Right: 1D singlescatteringmodel,1D double
scatteringmodel.

Multiple scattering Let us assumewe know the trans-
mittanceTms(H) of a slab of height H through multiple
scattering.The re�ectanceis Rms(H) = 1¡ Tms(H). A 2H
slab can be seenas two slabs of height H stacked to-
gether. If x is the amountof light traversingthe interface
betweenthe two layers in the transmissive direction, we
havex = Tms(H) + xR2

ms(H) whosesolutionis x = 1
2¡ Tms(H)

(seeFig. 12, left). The amountof light transmittedby the
2H layer is what is left from x after traversing the sec-
ond layer. ThusTms(2H) = Tms(H)

2¡ Tms(H) . By induction,we get

Tms(H) = b
H¡ (H¡ 1)b with b = Tms(1m). We�nd b by �tting

againstaMonteCarlosimulation(seeappendixB).

But isotropicapproximationis valid for a largethickness
H only. Below a certaincritical thickness(several hundred
metersin our case),Tms(H) doesnot �t the real behavior
which becomesstronglydependenton ql . We foundexperi-
mentallythatthiserrorcanbewell correctedby anexponen-
tial factor. Weuse

Tms(H) = (b+ (1¡ b)e¡ cH) b
H¡ (H¡ 1)b

whereb andc arecorrectionparametersdependingonql that
we�t againstaMonteCarlosimulation(seeappendixB and
Fig. 8).

Single and double scattering For the single and double
scatteringapproximation,we considera 1D column hold-
ing particleswith an extinction function t c(x) = e¡ kcx and
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sc(x) = kce¡ kcx (seeFig.12, right). In the1D case,light can
only bescatteredin 2 directions:re�ective (coef�cient r) or
transmissive (coef�cient t). With this model,the 1D single
scatteringsolutionis

T1(H) =
Z H

0
sc(l )a

t t c(H ¡ l )dl = tHsc(H)

R1(H) =
Z H

0
sc(l )a

r t c(l )dl =
1
2

r(1¡ t c(2H))

Transmittancefrom double scattering can happen ei-
ther by double-backward or double-forward scattering.
T2(H) = T2a(H) + T2b(H) with

T2a(H) =
Z H

0
sc(l )t

Z H¡ l

0
sc(k)tt c(H ¡ k)dk dl

=
1
2

(kctH)2t c(H)

T2b(H) =
Z H

0
sc(k)r

Z k

0
sc(k¡ l )rt c(H ¡ l )dl dk

=
1
4

r2(1+ (2Hkc ¡ 1)t c(2H)) t c(3H)

Re�ectancefrom doublescatteringcanhappenwhenbeing
scatteredbackwardthenforward,or vice-versa.

R2(H) = 2
Z H

0
sc(l )r

Z l

0
sc(l ¡ k)tt c(k)dk dl

=
1
2

rt (1¡ (2Hkc + 1)t c(2H))

Hereagain, the ql -dependentparameterskc, t andr are�t
againstMonteCarlosimulation(seeappendixB andFig. 8).
As for b andc, theseparametersaccountfor thebiasresult-
ing from modelinga3D phenomenonwith a1D model.That
is why they varywith ql , andwhy r 6= 1¡ t.

Transparency is directlygivenby theextinction function:
T0(H) = t (Hl )

Appendix B: Usedvalues

Hereis anexamplesetof parametersusedin appendixA for
the DSD usedin the examples,i.e., N0 = 300cm¡ 3, g = 2
andre = 7¹ m. Weobtainedthemby runningseveralphoton
tracingsimulationsat relevantvaluesof H andql and�tting
theparametersby optimization.The �tting is very good,as
displayedon �gure 8.

b = 0:9961(constant).

ql b c kc t r
0± 1.1796 0.0138 0.0265 0.8389 0.0547
10± 1.1293 0.0154 0.0262 0.8412 0.0547
20± 1.1382 0.0131 0.0272 0.8334 0.0552
30± 1.0953 0.0049 0.0294 0.8208 0.0564
40± 0.9808 0.0012 0.0326 0.8010 0.0603
50± 0.9077 0.0047 0.0379 0.7774 0.0705
60± 0.7987 0.0207 0.0471 0.7506 0.0984
70± 0.6629 0.0133 0.0616 0.7165 0.1700
80± 0.5043 0.0280 0.0700 0.7149 0.3554
90± 0.3021 0.0783 0.0700 0.1000 0.9500
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