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Abstract

Realisticrenderingof cloudsinvolvessolvingthe comple interaction of light within the cloud and with its ervi-

ronmentlnteractivemethodsachieve ef cient cloudrenderingbyignoring several lighting effects. However, these
effectsare visuallyimportant,andrema/ing themstronglyreducegealism.

We presenta novel appmoach for capturing the important effectsof multiple anisotiopic Mie scatteringwithin

cloudlayers (i.e., stratiform clouds),and the inter-re ections betweerthe groundand the cloud baseundersun
and sky illumination. Our modelmapswell to graphicshardware, enablingthe real-timerenderingof animated

cloudskiesover landscapes.

1. Intr oduction

The visual aspectof a cloud dependson complex light in-
teractionsindividual cloud dropletsscatterlight according
to averyirregulardiagram the Mie function[BH98], which
is responsiblefor gloriesand fogbaws aroundthe antisolar
direction.Insidethe cloud, light is anisotropicallyscattered
multiple timesbeforeleaving. Despitethis accumulatedif-
fusion, anisotroy remainsstrongat mary placessuchas
along the silhouette(thusthe “silver lining”) or in the di-
rection of the “pseudo-specularte ection. The ground-
cloudsinteractionintroducesfurther lighting effects. Since
a cloud's albedois high, the cloud's bottom re ects the
ground.Inuits can nd achannein ice shelfor nd theland
from theseaby observing'watersky” and“ice blink” onthe
cloudbottom[Art].

The completesimulationof a cloud appearancénclud-
ing all theseeffects hasnever beendone.Several interac-
tive cloudsimulationshave beenproposedbut they increase
performancedy ignoring mostlight interactionmodes.Our
modelrevisits the cloud illumination problemandaccounts
for new importantlighting effects (seeFig. 2, right). It en-
ablesthereal-timerenderingof animateccloudy layersover
alandscapéen this paperwefocusonstratiformcloudssuch
as stratocumulusij.e., not vertically developedlike cumu-
lus or cumulonimlus (seeFig. 1). Also, we do not consider
cloudsmadeof ice. Our goal is to rendersuch cloudsin
real time from a viewpoint locatedeither underthe clouds
(e.g., from the ground)or above them (e.g., from a plane).
We arenot consideringying troughor insidetheclouds.
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Our contritutionsare:

2 An improved representatiorof the scatteringmodel,
basedon the exact Mie function (whereasprevious ap-
proachesisecoarseapproximationsanddropletsizedis-
tributions.

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

2 A GPU-friendly algorithmto efciently computeinter-
re ections betweerthe cloudsbaseandthe ground(ac-
countingfor shadavs, sky, andlandscapéaexture).

Our approachconsistsin obtainingfunctionsgiving the in-
tensity anddirectiondistribution of light on eachside of a
homogeneougplane-paralleklab To do so, we separately
treatthe differentordersof scatteringwithin this slab (see
Fig. 2, left). We useanalyticalsolutionsfor ordersO and1,
andapproximatesolutionsfor orders2 and, 3. Wepropose
amodi ed Mie modelallowing usto treatonly meaningful
scatteringvents,i.e., eventsthatcauseasigni cant changea
thephotons pathdirection.We applytheresultingfunctions
asa shademppliedon the cloud surface,locally considered
asaslab

We accounfor theinter-re ection betweerthecloudbase
andthe ground(consideredas parallel planes)by introduc-
ing an efcient GPU-compliantalgorithm performing ra-
diosity iterations:density and color variationson the two
planesarestoredin textures,aswell astheir dynamiclight-
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Figure1: Main typesof clouds Grayareastratiform clouds.Since
thesecloudshavea layer shapewith slightly varying thicknesswe
locally approximatethemby a slah

ing. Formfactorintegrationis approximatedisingweighted
ringsin the MIP-mappyramid (seesection5).

We validate our model by comparingit to Monte-Carlo
simulations Our GPU-enhancednplementatiorrunsat 18
to 40 FPSon animatedb12£ 512cloudheight elds.

2. Previous Work

An accuratevay of simulatingthe multiple anisotropicMie
scatteringof light in a cloudis to rely photontracing,i.e.,
Monte Carlointegration.However, thiswould requireanun-
acceptablgime to corverge. Varioussimpli cations have
beenproposedn theliterature:

2 Low albedo/ low densityhypothesisonesinglescatter
ing is consideredKv84, BIi82].

2 Simpler scatteringfunctions: Rayleigh [HLO1, Kv84],
Gaussian [PAT°04], Heryey-Greenstein [Max94,
NND96], which are easierand fasterto computeand
whosesmoothvariationspresentirectionalartifacts.

2 Simpli cation into simple diffusion solvers: isotropic
scattering[DKY "00], diffusion approximation[Sta95
JMLHO1].

2 Forward-dominant hypothesis: single-pass algo-
rithms [HLO1], very corvenient for GPU-enhanced
interactive rendering.

Only afew papersactuallymalke useof Mie scatteringo ren-
der atmosphericeffects [REK" 04, JIW97. Only [REK"04]
useit for clouds,andonly for local effectssuchastheglory
(thelight transports assumedo be forward-dominant).

The problemis thatvisual featuresof clouds(seeFig. 5)
aredueto differentlighting modeddirectly or indirectly con-
nectedto the particularshapeof the Mie scatteringdiagram
(seeSection3.3): Gloriesandfogbows are essentiallydue
to single scatteringand strongly dependon the backward
peaksof the phasefunction. “Pseudo-specularte ection
andbright silhouettesare causedy the forward anisotroy
andarethe effect of a few scatteringevents(2 to 10). The
overall brightnesof cloudscomesfrom diffuseillumination
(high ordersof scatteringcancelsdirectionalitiesin the di-
agram).Thus, consideringonly diffusion, or only forward
scattering,or smoothscatteringfunctions,forbids realism.
And simply addinga Mie single scatteringon top of a for-
ward[REK"04] or isotropicdiffusionis notsufcient either

Figure 2: Left: All light path categorieswe simulate:, 3 orders
of scattering (1§, , 15, ), doublescattering(1, 1%), single scatter
ing (11, I‘l), transpaency(lg) ground-cloudsadiosity(Rad). Right:
All effectswe reproduce:a: diffusere ectance b: glory. c: foghow
d: pseudo-speculare ectance e: diffusetransmittancef: ground-
cloudsinter-re ection. g: forward scattering

The study of most probablepaths[PAT"04] is an inter-
estingway to focusonimportantfeaturesThis accountgor
the low-orderscatterings,but it misseghe diffusion effect.
Moreover, [PAT"04] relieson Gaussiarphaseunction.

Cloud opticshasbeenwidely studiedin other elds (me-
teorology appliedoptics,atmospheriscience®tc.).In par
ticular, the study of cloud droplet phasefunctions[Dei64]
coupledwith clouddropletsizedistribution[Cla74MVCO00]
areof interestto us.

3. Cloud optics

3.1. Multiple scatteringin clouds

Multiple scatteringhasbeenextensively describedn thelit-

eraturg(seefor instancd JC99). Let usrecallthemainprin-
ciplesof interestto us (the following notationwill be used
throughouthe paper).

The materialof a homogeneousloud can be described
by the effective radius of its dropletsre and the density
of dropletsper cubemeterNg. Thesede ne the extinction
cross-sectiors = prg, the extinction coefcient k = Ngs,
and the extinction function (i.e., the cloud transpareng
t(X) = & *“ which is the probability to traversethe cloud
alonga pathof lengthx without hitting a droplet. Thus,the
probability of hit within x metersis 1j t(x), andits deriva-
tives(x) = kel ¥ is the probabilitydensityof ahit exactly at
theendof afreepathof lengthx. This alsoyieldsthe mean
freepathlg = 1=k.

When hitting a patrticle, light can either be absorbedbr
scatteredThe albedoof clouddropletsis very closeto 1 for
visiblelight, i.e., light is notabsorbedn clouds:all thelight
that hits is distributed elsavhere.The probability that light
hitting adropletfrom directionw is scatteredn directionw?®
is determinedby the phasefunction P(w; W('). Sincewater
dropletsaresphericalthis functionis axisymmetricandcan
beexpressedn sphericakcoordinate$(q) with g = tv;wP.

Stratiformcloudsusuallyhold betweerNg = 10° and10°
dropletsper m? having a radiusre = 21 m to 15! m. This
yields a meanfree path 1=k of several meters(20m for
No = 3:1®mi 2 andre = 71 m). Sincea cloud spanshun-
dredsto thousand®f metersn eachdirection,mostraysare

°c TheEurographic#ssociation2006.
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scatteredeveraltimesbeforeexiting thevolume(for theex-
ampleabove, the no-hit probability is 10' 2 for 100m and
10 19 for 500m).

3.2. Droplet sizedistrib utions in clouds

The size of waterdropletshasa hugevisual impact: for a
given amountof water the smallerthe dropletsthe more
opaquethe cloud (half the size doublesthe extinction co-
efcient). The Mie function alsovarieswith respecto the
droplets size. Low- and mid-level clouds are a mixture
of water dropletsof different sizes. Literaturein 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:
s -
No r i 1ei s

GQrn rn 510 15

r [
Figure 3: ExampleDSD.

This function describesthe density N(r) of dropletsof
radiusr, with rp the characteristicradius of the distribu-
tion, g representingts broadnessand Ny the total density
of droplets.Gis the Gammafunction.A clouddistributionis
thusonly describedy thethreeparameterdy, rn andg In
termsof optical propertiesthe effective radiuscorrespond-
ing to this distributionis re = (g+ 2)rn.

N(r)

N(r) =

Measuredparametersfor all kinds of clouds can be
found in the literature. For stratiform clouds, we refer
to [MVCOQ]. In the examplesof this paper we usedval-
uesof N = 300cm 3, g= 2 andre = 7t m. Theresulting
DSD is shavn on gure 3. We considerthis distribution to
be constanin spaceandtime.
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Figure 4: RGB: efcient Mie phasefunction(log). Gray: pure Mie
(r = 20* m). Notetheundesiedhighfrequencyipples.Inset:Polar
plot of thefunction(log).

3.3. Scattering behavior

The phasefunction P, (q) characterizingthe scattering
causedby a waterdropletof sizer at wavelengthl is ob-
tained by the Mie theory [BH98]. It is quite expensve to
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Figure 5: Somefeatues of stratiform clouds(real photaraphs).
Left: glory and fogbow Middle: pseudo-speculaefect. Right:
Strongforward scattering

compute highly dependenbnr andl , andits intensityos-
cillatesstronglywhenq varies.This is what makesthe Mie
function so impractical,and probablywhy it is avoidedin
CG cloudsimulations.

TheeffectivephaseunctionP(q) correspondingo aDSD
canbe obtainedby weightingandsummingthe phaseunc-
tions of the variousdropletsizes[Dei64]. We usedPhilip
Laven's MiePlotsoftware[Lav] to pre-computeheeffective
phasédunctionfor ourdropletdistributions(seeSection3.2).

Besidesthe more accuratephysics—whichshavs espe-
cially on the glory [MSPS04— consideringthe DSD has
a very fortunateconsequencehe high frequeng ripplesin
Pr1 (9) vanishin P(q) (and,indeed they arenotobseredin
real clouds).So, the effective phasefunctionis a lot more
practicalthanthe pureone.

Each feature of this function directly correspondgo an
importantvisual phenomenorfMin54, LL95, Cow] in the
cloud:

2 Narrow forward: thereis a strongpeakin the forward di-
rection.It correspondso 5* concentrating1% of thefunc-
tion. It is responsibldor the silver lining on the silhouette
when the sunis behindthe cloud, since a few scattering
eventsoccurfor thesdight paths(see g. 5, right).

2 Wde forward: This largeloberepresentd8% of the scat-
tering.Thispartproducesfairly isotropicdistributionwhen
several scatteringeventsareaccumulatedlt alsocauseghe
“pseudo-speculdrre ection in the antisolarazimuthaldi-
rection on the top of the cloud layer, sincelessscattering
eventsarerequiredfor light pathsin this directionto getout
of thelayer(seeg. 5, middle).

2 39* badward peak This peakis responsibldor the fog-
bow (or cloudbow, a bow wherethe contrastof the cloud
layeris enhancedlt is visually similar to the rainbav with
poor or no colors. This effect is causedby single scatter
ing eventoccurringcloseto thecloudsurfaceandrepresents
very little enegy. It is morevisible on mist andthin layers
(seegq. 5, left).

2 Badkward peak This 2*-wide peakis responsibldor the
glory, a coloredcircle aroundthe antisolarpoint which is
oftenseenfrom plane,andthe antisolar spot which is gen-
erally masledby theshadaev of the obsenrer. Thesefeatures
arecausedy singlescatteringeventsoccurringcloseto the
cloudsurface(see g. 5, left).
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4. Our model

As statedn theoverview, we considedifferentcateyoriesof

light paths.First, we separateahe strongforward scattering
eventsF from other scatteringseventsS.We then approxi-
matelight pathsa; (F*S)'F” asF” + &;(S)', whereS’ cor-

respondgo amodi ed Mie model:the forward peakis em-

beddednto the extinction function (seeSection4.1).

Furthermorewe study the contritutions of S; ;&% 3
pathsfor a given outgoingdirection of re ection or trans-
mission.The studyof thesemodesis doneon plane-parallel
layersof thicknessH with a homogeneoudropletdistribu-
tion. Cloudsareassumedo behae locally lik e slabsof such
thicknessWe arelooking for theintensityl outgol'ngin di-
rection‘\/ whenaslabis lit from the sundirection’L .

The 0-scattercorrespondso the transparencandstrong
forward scattering(Section4.2). The single scatteringcon-
tribution canbeobtainedanalytically(Sectior4.3). Thedou-
ble scatterings integratedthanksto anapproximationSec-
tion 4.4). Note thatintegratingthe enegy of these3 modes
with our modi ed Mie modelis equivalenton averageto in-
tegrating pathswith up to 5 scatterswith the standardviie
model. This is dueto the fact that the strongforward scat-
tering event are embeddedn the extinction function. We
treatthe 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/transmittearnvironmentlight (com-
ing from the sky andfrom the ground).The computatiorof
inter-re ections betweenthe cloud baseand the groundis
treatedn Section5.

Notation:Let‘\/ ,IL and'N betheview direction,thelight
direction, and the normal to the slab (i.e., the up or down
direction) at the considf/redllumin tedlocation.qv; q;; gy
F\rethe anglesbetweenV andN, 'L and™N, and‘\/ and
L. w = cosqy, iy = cosg- H = H=w and Hy = H=py
are the thicknessof the slab along the light and view di-
rection, respectiely. The subscript9, 1, 2, 3" andmsre-
ferto light pathsundegoingno scatteringsinglescattering,
doublescattering three scatteringeventsor more, or mul-
tiple scattering(i.e., 0+ 1+ 2+ 3"), respectiely. The su-
perscriptsr andt indicatethat we are computingthe light
re ected by the slab or transmittedthroughthe slab Typi-
cally, we will considerl” whenthe viewer andthe light are
onthesamesideof thelayer, andl® otherwisg(seeFigure?).

In the following sectionswe estimatethe contrikutions
16: 15515515 15: 15+ 515, leadingto 1° = 15+ 11+ 15+ 13 and
I"= 11+ 15+ 15 . If V ¢'L , Othenl = I otherwisel = I;.

B

4.1. Modi ed-Mie: forward scatteringembedding

In orderto treatF eventsseparatelyfrom S events,we de-
ne a modi ed Mie modelembeddinghe forward scatter

R
ing. Let P = % gf 2psin(q)P(g)dgq betheweightof the

N

|

T
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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; q; = 70*. Colorsrep-
resenthe contribution of eac order of scattering Resultswith our
modelcloselymatd the original. Note how 1+2 scatteringin the
modi ed-Mie modelaccountsfor up to the fth order in the orig-
inal Mie (dashedlines). A: glory. B: foghow C: pseudo-specular
re ection.

forwardpeakfor q< q;. FortypicalcloudvaluesP; = 51%
for qs = 5*. In pathscontainingat leastone S eventwe ne-
glectthedirectionchangdor F events,i.e., scatteringevents
with q < g¢. Thisis equivalentto decreasinghe extinction
crosssectionaccordingto Ps andcancelingthe peakof the
phasefunction. The phasefunction and extinction parame-
terspresentedh 3.1arethusmodi ed asfollows:

Ps(a) = (;((Qf) if g< g¢ otherwise0

ss=(1i Ppré; ksessNo; ts()=€ K sg(x)=ksel K"
For P; = 51%,half of theeventsareimplicitly accountedor
in themodi ed extinction, sowe only have to treatexplicitly
the other half. This doublesthe meanfree path and halves
the numberof scatteringeventsperlight ray.

The consequencef this approximationis a 5* error at
eachextinction event. But sincemultiple scatteringendsto
smoothout directionalities this error is negligible for high
ordersof scatteringFigure6 shavs acomparisorbetweera
Monte Carlosimulationdonewith the originalandthemod-
i ed Mie schemeNote thatwe do not apply this approxi-
mationfor pathscontainingno S event, sincethe deviation
would not be negligible. F* paths(called “0-scattef) are
insteadincorporatednto thetranspareng seeSection4.2

In the following section we use our modi ed-Mie
model in place of the original one. That is, nota-
tion P(qQ), s, k, t(X);s(x) representsPs;Sg;Ks;ts;Ss.
P standsfor the strong forward peak function, with
Pe(a) = B2 if g< gf otherwiseD.

4.2. Transparencyand 0-scattering

Transparengis obtainedusingthe extinction function. Us-
ing the original t(x) function providesthe direct transmit-
tance ¢

IOd = t(Hv)d(iv i ||_)
with d, the Kronecler function. Using t5(X) addsthe ef-
fect of strongforward scattering We preferto provide this

°c TheEurographic#ssociation2006.
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Figure 7: Left: Singlescattering Right: Double scattering Inte-
gral over all red pathsis approximatedby the value of the green
pathanda corvolution.

term separatelytaking into accountthe 5* deviation of the

forward peak: . KH
lor = ts(Hv)Pe (o)™

Note that P= (qv|)kHV is the strongforward peakconvolved
by the meannumberof scatteringwhich equalskHy. We
haely = 15g+ 15

4.3. Singlescattering

The amountof light getting out of the slabin direction \/
afteronescattercanbeintegratedanalyticallyalongtheray
asin [?I|82] (seeFig. 7, Ieft)

1= 20 S(I )P(au)t( .)uvd=|
o S(E)P(qvl)t( ™ )E_

kP(q\n)M (1i t(H + H)

KPGOM (t(H) i t(H)

4.4. Double scattering

In doublescatteringphotonsare rst scatteredvith anangle
y, thenfollow apathLi.» beforebeingre-scattereavith an
angleqy i y toward the viewer along a path Ly.et: (see
g. 7,right)

L Py)S(Li2) PG ¥)t (Laei)dkdy &
k Hv

In orderto approximatehetwo lastintegrals,we useacom-
mon approximation[REK”04]: the weight of all the paths
scatteredyy is consideredo&econstanbvery . Thedou-
ble integral becomes (L 1:eyit) y P(y)P(qy i y)dy, which

yieldssimply the convolution Pa P denoteon(qw). There-
fore, we canrewrite I2 as

o _ K*PP(au)i
5= W(l t(H + Hy)

_ K*P*(aqu)uy .

15= = MIR (g (H t(H
2 T (t(Hv) i t(H))
4.5. 3" scattering

Sincethecumulative phasdunctiontendsto becomaliffuse
for high ordersof scatteringwe assumea diffuse function
for I3+ . Thus,we only have to determinethe amountof to-
tal re ected andtransmittedenepy. For this we considera
simple 1D modelthroughthe slabwhich givesus the esti-
matedtransmittancendre ectanceT; andR; for eachorder
i = 0;1;2 andin total (i = m9. Thedetailsof our 1D model
aredescribedn appendixA andvalidatedon gure 8. This
modelgivesusthe expressiondor Tms, To, T1, T2, Rms, Rt
andR, usingthe sameinput asfor I; andl,. We canthus
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Figure 8: Dots: valuesobtainedwith a Monte Carlo simulation
for variousH valuesandq; = 30*. Areas:T; and R, functionsfor
modes = 0;1;2;3" (seeappendixd) tted againstthe simulations.
The tting is almostperfect.

computelz: = Tmsj Toj T1i T2 andRs» = Rmsj R1i Ro.
Then,sincels+ is considerediffuse,the solutionfor it is
simply

|t+ = T3+ &

|r+ = R+&
¥ S app B 4ppy

4.6. Sky and ground contribution

Sky andgroundare secondarysourceswvhich contritutesto
theillumination of the cloud. We take theninto accountin
severalways:

2 Dueto transpareng an obserer canseethe sky or the
groundthroughthe cloud. Renderings donewith standard
blending.Thealphavalueof thecloudis givenby 1 t(Hy).
2 Theillumination of thesewide secondarysourceds mul-
tiply scatterednsidethe cloudlayer Dueto the sizeof the
sourcesve considetthistransporasdiffuse,usingtransmit-
tanceTms andre ectanceRms

2 Inter-re ections occurbetweenthe groundandthe cloud
bottom,asdetailedin the next section We solve theseinter-
actionsin section5 andusethe resultto obtainthe ground
illumination. For the sky illumination we usea standardsky
model[O'N05].

5. Radiosity simulation

To accountfor the effects of ground-cloudsnteraction,we
proposea ef cient GPU-compliantradiosity algorithm be-
tweenthe groundandthe cloudsplane.The following sec-
tionsdescribeour approach.

5.1. Light and re ectancedata

We considerthatthe cloudsbottomandthe groundaretwo
parallelplanesat distanceh. Theinput parameterare:

2 Sunandsky colors(i.e., R,G,Bintensities),and sunlo-
cation.Sky color mightbede ned by asky shader(view
andsundependent).

2 The groundtexture, and a coefcient |g estimatingits
original illuminationin orderto interpretthetextureasa
colorre ectanceeld r g(u;v).

2 Thetexture of cloudbottomdiffusere ectancer ¢(u; V).
It is obtainedrom thecloudheight eld usingthediffuse
re ectanceshadeiRms describedn the previoussection.
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2 The texture of clouds bottom directionaltransmittance
(i.e., transpareng) Tc(u;V). It is obtainedrom the cloud
height eld using the function Tgp+ 1+2 de ned in ap-
pendixA (1+2 ordersare considerednainly directional
dueto their strongforward scattering).

2 Thediffusesourcex:(u;Vv) atthecloudsbottom.lt is ob-
tainedfrom thecloudheight eld usingthediffusetrans-
mittanceshadeiTs+ (describedn appendixA) multiplied
by the suncolor, plusthe overall transmittanc@ms mul-
tiplied by thesky color.

2 Thediffuse sourceSs(u; V) on the ground,which is the
groundillumination dueto the sunandthe sky (before
modulatingby thegroundre ectance).

- The sun contribution S%(u;v) correspondgo direct
shadevs obtainedby multiplying the sun color by
Te(u;v) (offsetby the h:sin(q)) parallax)and multi-
plied by theLambertre ectancecoqq).

- The sky contrikution %ky(u;v) requiresintegrating
the incominglight on the hemisphereat every point
ontheground.Thisis explainedin Section5.3.

As aninitialization, our algorithmstartsby computing:
- Thedirectlighting ontheground(the%(u;v) above).
- Theindirect lighting on the ground S;(u; v), which re-
quiresthe integration of the sky (the %ky(u;v) above)
andthe integration of the cloudsbottom diffuse source

S(u;v).

Oncetheinitialization is completedpur inter-re ection al-
gorithm iteratesmultiple timesto simulatelight exchanges
betweerthegroundandthe clouds.We now detailthis algo-
rithm.

5.2. Inter-re ections iterati ve algorithm

To computethe inter-re ections, we associatéwo 2D tex-
ture buffers to both the ground and the clouds plane: R
and Rg, which accumulatereceived light ; and dRc, dRg
which containsthe light bouncing from every point af-
ter an iteration (light to be emitted at the next iteration).
Thesebuffersarelow resolutionasinter-re ections arelow
frequeng. At initialization, S;(u; V) is directly storedinto
Rg, anddRg is setto the initial illuminated groundcolor
re(y; v)(%(u; V) + S5(u;v)) . We do not accumulatehe di-
rect illumination (i.e., the shadov map)Sg(u;v) into Rg,
sincecloudshadavs from directsunilluminationareathigh
resolution: at renderingtime, the ground texture r g(u; V)
will bemultiplied by(%(u;v) + Rg).

At each pass (alternately from ground to clouds and
cloudsto ground)and at eachpoint (u;Vv) of the recever,
we have to integrateover the hemispherehe 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.

Thesecomputationsare doneon the GPU using a pixel

shaderR and dR are updatedsimultaneouslyusing multi-
ple rendertamgets.MIP-mappedpyramidsareautomatically
generatedhy the GPUaswell.

Notethatall thesetexturesarelow-resolution,andonly a
few iterationsare necessaryat the it iterationthe amount
of enegy exchangeds roughlyr', wherer is the average
re ectanceof the ground(assuminghe cloud albedois 1).
Typical countrygroundshave re ectancerangingfrom 0:1
to 0:2, so 2 iterationsare often enough.Even with a snav
landscapeequiringmary inter-re ection passestheradios-
ity computatiomemaingastenougtfor interactive cloudan-
imation (we used8 for Figure11.E).

5.3. Integration of light over the hemisphere

For eachpoint p = (up;Vvg) of therecever (i.e., eachpixel
of the buffer), we have to sumthe emittedradiosity of all
thepixels(u; v) of theotherbuffer dE weightedby the pixel
form factorF (up; vo; u; v). Of course this 4-fold loop is too
costly Fortunately integrating texturesis a commonprob-
lem for which numeroussolutions are available, such as
MIP-mapping.

In the spirit of [SP89, we consider areas of sim-
ilar contritution on which we assumethe weight is
constant. We improve their method by choosing 3
square rings $;$9;S3 of exterior size h;2h;8h cen-
tered on p. The form factors for these areas are
F(p;S) = 05F(p;S) = 0:3;F(p;S3) = 0:18. In fact
we will useweights f; = 0:5; f, = 0:3; f3 = 0:2 to avoid
loosing enegy. Let Aq;Ay; As be squaresof size h; 2h; 8h.
We have S=AS=Ai AiS = Az A The av-
erage dE(A;);dE(A2);dE(A3) of the texture dE over
the squaresis obtainedin one texture fetch dE;(u0;v0)
using the appropriatelevel i in the MIP-map pyramid.
Note that using buffers with pixels of size h is sufcient.
Then, the levels 0;1 and 3 will be used.The total integral
is thus E = fidE(A) + fa(3dE(Ay) i 3dE(AY)) +
fa(&dE(As) i godE(AR),

i.e., E= nidEgp(u0;Vv0) + nadE;(uO;v0) + nzdEz(u0; v0)
with ny = 0:4;n, = 0:387.n3 = :213

6. Implementation and Results

Figure 9 validatesour analyticalre ectancemodel on two
differentscenesNote how the combinationof our 3 modes
closely approximateghe Monte-Carlosimulation. The er
ror mostly comesfrom assumingthat the 3* scatteringis
isotropicandfrom thedoublescatteringapproximationFig-
ure 8 validatesour 1D re ectance/transmittancenodel(the
tting of our parameterss nearperfect).We validatedour
radiosityalgorithmagainstananalyticalcasg(squarecloud).

For the cloud eld, we rely on 512£ 512 animated
textures precomputedon the CPU using adwected tex-
tures[Ney03]. We displaythecloudsurfaceasaheight eld

°c TheEurographic#ssociation2006.
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120 90- 60

180

W | 120+ 90~ 60 30

180+ 0

Figure 9: Comparisonof our badkward multiple scattering
approximated model against Monte-Carlo photon tracing Left:
H = 100m, g, = 70*. Right: H = 5m;q = 8C*. Areas:Contribu-
tion of eadh order of scattering Blue line: Monte-Carloresult.

(i.e., ageometricpatch)thatis build onthe y onthe CPU
from thetexture.Thecloudsheightvary from 0 to 500mand
they spanseveral km. Whenthe obserer is on the ground
andseethe cloudsfrom below, we displaythe cloud bottom
usingatexturedquad.Whenviewed from below, theshader
usedat eachpixel of this meshrenders

I'Csun+ TmCsky + RmLCqround
Whenviewedfrom above, theshaderenders

I"Csun+ Rm<Csky + TmeCqround
I' sumsl§ (section4.2), I} (section4.3), IS (section4.4) and
I§+ (sectiond.5). Thelatterdepend®n T+ , which usesTms,
To, Ty andT, (appendixA). The samedependencieapply
for the calculationof 1. The radiosityalgorithmmakesuse
of Rms, To, T1, T2, T3+ andTms (@appendixA). Theparameters
se\r;ttci the sha*dersin orderto computethesevaluesare:
2 ¥, 'L, andN. Sincesingleanddoublescatteringarelo-
cal events,we usethelocal normalof the surfaceasN for
I a?dlz. Fecausenultiple scatterings aglobalprocesswe
useN = Z for I+
2 Thetextureh(u;v) usedto estimateH, plusscalingfactors
in the 3 directions.
2 Sun,Sky colorsCsun, Csiy andgroundilluminationtexture
Cground-
2 PhasdunctionsPs(q), P=(q) ansz(q) astextures.
2 The whole setof g-dependenparametersieededor T;
ansR;, passedasa 2D texture (we usedthe oneslisted in
appendixB).

At eachframewe constructand sendthe cloud sceneto
the GPU,we run on GPUtheradiositysimulationdescribed
in section5, we renderthebackgroundsky or ground) then
thecloudlayerusingour color+transparencshaders.

The implementationis doneon a PC with an NVIDIA
QuadroFX 1400. At resolution1024£ 768, an imagein
which 50% of the pixels are coveredby clouds(intermedi-
atesbetweenthe two imagesof Fig. 11.C) runsat 18 FPS.
Onemajorbottleneckduring cloudsanimationis the update
of the 512x512height eld geometryWhencloudsarenot
animatedtheframerateincreases$o 40 FPS.

Ourresultsareillustratedin Figure11 andin thecompan-
ion video. They shaw the variousexpectedfeaturesinclud-
ing “pseudo-specularfe 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
ice blink(Fig. 11.Aright, 11.E). See gure 5 for comparison
with realphotographs.

°c TheEurographic#ssociation2006.

Figure 10: Close-upviewsonrepoducedcloudfeatures.Left: fog-
bow Right: glory (6-fold zoomof theleft image).

7. Conclusionand futur e work

We presenteda methodto rendercloud layersin real-time
providing all expectedoptical features,as well as inter

re ectionswith the ground,which wasnot feasiblewith ex-

isting methods.However, our modelis restrictedto strat-
iform clouds. We would like to carry on this approach
to all kinds of animatedcloudy skies(e.g., cumulonimius
stormsor congestuselds), andfrom ary pointof view. This

methodshouldbe easily transposabléo ice-contentstrati-
form clouds,whereonly the phaseunctiondiffers.

We assumedhatthe raysalwayspassthroughthe cloud
bottom.This neglectinterestingoehaiors atthecloudsides.
We planto explorebetterestimatiorfor thesecon gurations.

Relyingon geometryfor cloudsis very ef cient ascom-
paredto the massve overdrav causedby methodswith
slicedvolumes Still, it lackstheblurry effect on the silhou-
ette. We aim at adaptingGardners technique[Gar83 for
that.

Theaccurag of ourmodelcouldbefurtherimproved:the
pseudo-speculgrartis slightly underestimatedsee g. 9)
andyields overdarlenedpartson top of the cloud. This is
becausehe diffusemodels+ doesnot fully matchthereal
behaior well in thin areaswhereit keepssomeanisotrop.

Radiatve transfercan be improved aswell. We did not
considerthe inter-re ections betweendifferentpartsof the
cloud(which usuallybrightenscreases)andbetweerdiffer-
entclouds.Aerial perspectie shouldbe taken into account
for distantinteractions Also, the interactionwith a non- at
groundhasyetto betreated.

Still, we wereableto achieve real-timerenderingon de-
tailed scenesvhile reproducinghe mainfeaturesof clouds
aspect.Such comple lighting effects where not possible
with previous methodsandwe believe our approactopens
promisingavenuesof future work towardrealisticreal-time
cloudrending.
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A. Top: Final renderingof cloudstop, I3 contribution, sky contribution, I, + 1, contribution,  B. View from under the clouds without
groundcontribution. Bottom: Final renderingof cloudsbottom,l3 , sky, lo+ |1+ I andground  (top) andwith radiosity(bottor).
contributions.(seeFigure 2)

C. Left: Cloudsin full day-light.Right: Cloudsat sun-setNoticethe strong contribution of the scatterterms(pseudo-specular).

D.Left: Sunthroughthe clouds,seenfromthe ground.Right: Cloudsin full daylight, seenfromtheground.

E.Left andright: Twoinstancesof thewatersky / ice blink effect. Cloudslocatedjust abovethewaterappeardarker thanaboveice or sand.

Figure 11: Resultobtainedat 18to 40 fpswith 512£ 512 cloudsanimatecheight eldsand3 to 10 pairs of radiositypasses.

°c TheEurographic#ssociation2006.
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Appendix A: 1D modexls

X XR !
I
I

$H} x= TXy [y xR | 2H
I

XT |

i XT

1H) F o T(HIT(H)

Figure 12: Left: 1D multiple scatteringmodel,wheee X is the
incomingintensity Right 1D single scatteringmodel, 1D double
scatteringmodel.

Multiple scattering Let us assumewe know the trans-
mittance Tmg(H) of a slab of height H through multiple
scattering.There ectanceis Rng(H) = 1j Tmg(H). A 2H
slab can be seenas two slabs of height H stacled to-
gether If x is the amountof light traversingthe interface
betweenthe two layersin the transmissie direction, we
havex = Tmg(H) + xRé,(H) whosesolutionis x = 2|T—n115(H)
(seeFig. 12, left). The amountof light transmittedby the
2H layer is what is left from x after traversing the sec-

ondlayer Thus Tmg(2H) = ZIT““TL":(L) By induction,we get

Tms(H) = pr 5 With b = Tm(1m). We nd b by tting
agpinsta Monte Carlosimulation(seeappendixB).

But isotropicapproximations valid for a large thickness
H only. Below a certaincritical thickness(several hundred
metersin our case),Tms(H) doesnot t the real behaior
which becomestronglydependentn q;. We found experi-
mentallythatthis errorcanbewell correctedby anexponen-
tial factor We use

Tas(H) = (b+ (i b)e' ™) e

whereb andc arecorrectionparameterdependingnq; 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 functiont¢(x) = & X and
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se(X) = keel KX (seeFig. 12, right). In the 1D caselight can
only be scatteredn 2 directions:re ective (coefcient r) or
transmissie (coefcient t). With this model,the 1D single
scatteringsolution'ts

H

nH = se(Da'te(Hi 1)dl = tHse(H)
Zz

H 1
Ri(H) = . se(l)a'te(l)dl = Sr(i te(2H))
Transmittancefrom double scattering can happen ei-

ther by double-backwrd or double-forvard scattering.

To(H) = Toa(H) + Ton(H) wigh

Ta(H) = st " s(Wtte(Hi Kdkdl
- %(kctH)thc(H)
H
TwH) = s®r  se(ki Drte(H 1l dk
102 0

= (1+ (2Hkci Dtc(2H))tc(3H)
Re ectancefrom doublescatteringcanhappenwvhenbeing
scatteredackward thfnforwar(z, c|>r vice-versa.
H

R(H) = 2 ~slhr s(i KitteKdkd

= %rt(li (2Hkc+ Dtc(2H))
Hereagain, the g,-dependenparameter&c, t andr are t
againstMonte Carlosimulation(seeappendixB andFig. 8).
As for b andc, theseparameteraccountfor the biasresult-
ing from modelinga3D phenomenomith a1D model.That
is why they varywith q;, andwhy r 6 1; t.

Transparengis directly givenby theextinction function:
To(H) = t(H))

Appendix B: Usedvalues

Hereis anexamplesetof parametersisedin appendixA for
the DSD usedin the examples,i.e., Ng = 300cnt 3 g=2
andre = 7t m. We obtainedthemby runningseveralphoton
tracingsimulationsatrelevantvaluesof H andq, and tting

the parameterdy optimization.The tting is very good,as
displayedon gure 8.

b = 0:9961(constant).

a 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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