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Ef cient Rendering of Atmospheric Phenomena

Kirk RileyY, David S.Ebert, Martin Kraug', JerryTessendoff, andCharlesHanser

Abstract

Renderingof atmospheridodiesinvolvesmodelingthe comple interaction of light throughoutthe highly scat-

tering mediumof water and air particles. Scatteringby theseparticles createsmanywell-knownatmospheric
optical phenomenincluding rainbows halos,the corona, and the glory. Unfortunately mostradiativetransport

approximationsin computergraphicsare ill-suited to rendercomplex angularly dependengffectsin the presence
of multiple scatteringat reasonabldramerates.

Theeefore, this paperintroducesa multiple-modelighting systenthat efciently captuestheseessentialatmo-

sphericeffects.\\e havesolvedthe renderingof ne angularly dependenéffectsin the presencef multiple scat-

tering by designinga lighting approximationbaseduponmultiple scatteringphasefunctions Thismodelcaptues

gradualblurring of chromaticatmospheri@ptical phenomenay handlingthe gradualangular spreadingof the

sunlightasit experienceanultiple scatteringeventswith anisotiopic scatteringparticles. It hasbeendesigned
to take advantae of moderngraphicshardware; thus,it is capableof renderingtheseeffectsat nearinteractive

framerates.

Cateories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealismColor, shading shadeving, andtexture

1. Intr oduction

Particlesin the atmospherareresponsibldor a wide range
of optical phenomenaWavelength-dependerffects, such
asthearcsof rainbows, cirrus halos,andthe glory, arejust
afew [Min93]. Theseeffectsaddbeautyandrealismto out-
doorscenesthus,the capabilityto rendertheseeffectsaccu-
ratelyis animportantcomponenbf anoutdoorrenderer

Unfortunately physically accurateradiative transferis a
notoriouslydif cult problembecausehe numberof possi-
ble pathsphotonsmay take througha cloud volume grows
exponentiallywith theexpectechumberof scatteringavents.
Multiple scatteringn a highly scatteringnedium,suchasa
cloud, haslong beenrecognized KVH84] as an essential
lighting componentMultiple scatteringblurs sourcelight
both angularlyand spatially Thus,the processof multiple
scatteringgraduallyblurs out ne angularlydependenef-
fects from the phasefunction, asthe light distribution be-
comesmoreisotropictraversingthecloud.Modelingthean-
gulardistribution of light asit interactswith anisotropicscat-
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teringparticlesis a dif cult problemand,thereforeijt is of-
tenover-simpli ed, or evenignored,in mostgraphicsappli-
cations.

An accuratdighting modelin cloudsmustproduceboth
single-scatteringeffects, as well as diffusive illumination.
Unfortunately lighting modelseithercannothandleboth, or
requireanarbitrarily longtime to do so.We have solvedthis
problemthroughthe useof multiple scatteringphasefunc-
tionsto modelthe gradualloss of angularcoherencen the
light beam.Our algorithmtakesfull advantageof the power
and exibility offered by modernprogrammablegraphics
hardware. Therefore,this systemef ciently renderssingle
andmultiple scatteringatmospherieffectswith aerialper
spectve, while maintainingreasonableenderingiimes.

In Section2, we provide the backgroundor renderingat-
mospheridataandskylight. In Section3, wedescribeheat-
mospherigarticledatawe arerenderingNext, in Sectior4,
we discusgherenderingandlighting modelusedin our sys-
tem. Someimplementationdetails are given in Section5.
Then,in Section6, we presentour results.Finally, conclu-
sionsandfuture work aregivenin Section7 and Section8
respectiely.
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Figure 1: Cirrus sunrisetime sequence

2. Previous Work

Renderingof outdoorand highly diffusive mediahasbeen
anactive areain computergraphicsfor morethantenyears.
The single-scatteringow-albedo model [BIli82] provides
the framework for renderingparticle elds. Early work in

modelingmultiple scatteringinvolved sphericalharmonics
[KVH84] andvolumetricradiosity solutions[RT87]. More

recentdiffusion systemsmodellight with a rst orderangu-
lar distribution usinga multi-grid schemd Sta93, with mul-

tiple orderscatteringeferencepatterng NDN96], andwith

multiple anisotropicscatteringlMSM 04]. The subsuréce
light transportsystem[JMLHO1] calculatesa diffusion ap-
proximationby applyingthe dipole methodto meetbound-
ary conditionsat the surface.This methodis well suitedfor

reasonablyat boundariesbetweentwo homogeneouse-

gions but is lesssuitedfor a volumetrically varying inho-

mogeneous/olume, such as multiple-particleclouds. Ad-

ditionally, diffusion approximationgendto blur ne angu-
larly dependentffects quickly, and are lesssuitedto ren-

dering ne angularlydependenéffectsin volumes thanthe

techniquepresentedere.This is particularlyevidentin the

caseof larger particles where for unity albedo,it maytake

morethan25 scatteringeventsbeforethe distribution is es-
sentiallyisotropic.Discreteordinate§ Max94], photonmap-
ping [JC99, andpathintegral methodg PAS03 Tes87 can
generatdighaccurag solutionsbut arecomputationallyex-

pensve when ne angularlydependeneffects are desired.
Volumerenderind DCH88| hasbeerwidely appliedin com-
putergraphicsandhasbeenextendedo gaseousolumeren-

dering[SF95 EP9Q REHLO3.

Hardware-acceleratedechniquesin atmosphericmod-
eling and rendering include imposter systems[HLO1],
cloudformationmodelingsystemgHBSLO03, andintuitive
modelingsystemg SSEH03. The small angleapproxima-
tion [KPH 03, KPHEOQZ, which hasbeenappliedto atmo-
sphericrendering[REHLO03, is efcient but discardsthe
phaseeffectsafterthe rst scatteringevent. Thesehardware-
acceleratedystemshave increasedhe ef ciency of atmo-
sphericrenderingsystemsut have notachiezedthecapabil-
ity torender ne angularlydependengffects.

Advancedphasefunction effectsarean essentiacompo-
nentof an atmospheriadenderer Renderingrainbavs with
Descartestay tracingmethod[Mus89 for rain drop phase
function calculation has been presented Complex phase
functions and renderingadvancedatmosphericoptical ef-

fects have beenachiered for a single-scatterindighting
model [JW97. Halos and parheliahave also beendis-
cussedor ray-tracing[JW9§. While advancedphasefunc-
tions have beenconsideredn computergraphicsthey have
notbeenusedin aninteractve systemthatmodelsthe grad-
ual angularspreadingf the sourcdight.

Theseatmosphericenderingoptions,while useful,make
signi cant simpli cations to the light's angular distri-
bution, the phase function, or both. A common ap-
proximation is to estimate scattering phase based on
a function of the rst moment of the phase function
and the dot product of the incident and exit direc-
tions[Bli82, SF95 MSM 04, Sta95 NSTN93, suchasthe
Heryey-Greensteiriunction. This resultsin anoversimpli -
cationof theangulardistribution of thelight thateliminates
ne angulardependenteffects. Here, we presenta system
thatis capableof modelingboth a comple lighting distri-
bution and a complex phasefunction that can capturethe
effectsof both the angularspreadinganddiffusion of light,
andthe optical effectsof advancedphaseunctions.

Renderinghe sky is anotheressentiaklementof render
ing outdoorscenesThe two densitylayer schemd Kla87]
provided the groundwork for renderingthe sky. The basis
functionmethod NSTN93 is veryef cient butis lesssuited
for theadditionof interactingmedia.An ef cient physically-
basedsky light approximationfPSS99 hasbeenpresented
for groundobsenrers.A physically accuratesystenfor mod-
elingtheskylight atnighthasalsobeendescribedJDS 01].
Numerical integration techniques[EMP 03] also provide
accuratesolutionsto generatingaerial perspectie and sky-
light. While theseschemesare very useful, we proposea
hardware-acceleratedthethodof renderingthe sky that al-
lows us to usean analytical expressionand, thus, achieve
a sky thatinteractswith the atmospheriaclataat reasonable
renderingspeeds.

3. Atmospheric Data

Theatmospherés aninhomogeneoumiixture of awide va-

riety of particles.In orderto developa systemfor the accu-
raterenderingof theseparticles,t is essentiato rst specify
theparticles'propertiesasdescribedn Section3.1 Wethen
translateahesepropertiesnto thespatiallyvaryingscattering
probabilitiesandphasefunctionsrequiredto volumetrically
renderthe particle elds in Section3.2

¢ TheEurographicsAssociation2004.
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Figure 2: Rain Mie phasefunctionfor red, green,andblue
wavelengths

3.1. Particle Properties

We assumeatmosphericbodies primarily consistof two
typesof high-albedoparticlesand that dirt and other par
ticle typeshave aminimal contritution. We alsoassumehat
the rendererwill only considerwavelengthsin the visible
spectrum(between400 and 700 nm), wheretheseparticle
propertiesareaccurate.

The rst particle type we consider consists of air
moleculescharacterizedby highly wavelength-dependent
scattering probabilities, yet comparatrely isotropic
Rayleigh scatteringand a wavelength-independernphase
function. The secondtype consistsof larger ice and water
particles with nearly wavelength-independenscattering
probabilities and strongly forward pealed wavelength-
dependenphasefunctions.Speci cally, the water particles
we considerareclassi ed ascloud (small sphericalwater),
rain (large sphericalwater), ice (hexagonalice cylinders)
and snav (randomice crystals),but the systemdoesnot
currently renderhaze,fog, or more comple ice particles
such as graupel. Becausescattering behaior is vastly
differentbetweerthetwo typesof particles we usedifferent
lighting modelsfor each.The scatteringfrom atmospheric
particles are characterized by wavelength-dependent
parametersincluding extinction cross-section(s'ex), the
single-scatteringalbedo (aI ), and the single-scattering
phase‘unction(PI (W), summarizedn Tablel.

As describedefore theextinction cross-sectiors highly
wavelength-dependerfior air particlesand not wavelength-
dependentfor the larger particles.Therefore,sg = se for
water particles.For large sphericalparticles,the extinction
cross-sections approximatelytwice the geometriccross-
sectionSex = 2pr2 [LLO 91]. Thescatteringcross-section
IS Ssca= as ex, Wherea is thesingle-scatteringlbedo.The
extinction cross-sectionef the particlesusedin our system
aregivenin Table2. Although the systemis not limited to

¢ TheEurographic#ssociation2004.

Variable De nition
al single-scatteringlbedo(bsc=bky)
Ams, multiple scatteringangulardistribution
A =%w) angulardistribution function
bl extinction coefcient (m 1)
bsca scatteringcoefcient (m l)
D slice spacing(m)
I (so) total intensityfor all directionsats®
I light wavelength(nm)
L' (W) light intensity
iy normalizedvectorin Wdirection
n(s) expectednumberof scatteringevents
w direction
w wo scalaranglebetweerdirections(radians)
W sunlightdirection
BPw oppositeWnormalizedvector
P (W particlesingle-scatteringhasefunction
P'(w wW%s9 combined(spatial)phasefunction
s 3-D pointin space
Spg(s W) backgroungointfor thisray
S 'ex extinction cross-sectim(lmz)
T! (s;so) transparencbetweers anas®
X Useradjustabléback-scatteringontrikution

Table 1: Variable and parameterdescriptions

Attribute Sex(M?)
Air at650nm 2:28 10 3
Air at515nm 533 10 3t
Air at440nm 1:30 10 30
Cloud(0.01mmsphere) 6:28 10 1°
Rain(1 mmsphere) 628 10 ©
Ice 1:82 10 8
Snaw 141 10 °

Table 2: Atmospherigarticle extinctioncross-sections

unity albedo,atmospherigarticleshave nearunity albedos
in visible wavelengthd KYBN02, CS93; therefore we as-
sumeall the particlealbedosareone.

The scatteringphasefunction for theseparticles,PI W),
is theprobabilitydensityfunctiondescribingheangularde-
ection of light (W) afteraninteractionwith the particle.In
general,Wis a vector but for randomlyorientedparticles,
P (W) is a function of the scalaranglebetweernthe incom-
ing andoutgoing(after scatteringdirections.This assump-
tion, valid for a turbulent atmospheregliminatessomeice
crystal optical phenomenasuchas parhelia,but simpli es
themodelsubstantiallyThe Rayleighphaseunctionfor air
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Figure 3: Phaseof all particle elds for greenlight

Figure 4: Glory in cumuluscloud

moleculeds givenin Equationl.

Pa(W = o5 1+ cod (W) @)
Mie scatteringdominatesfor homogeneouspheresmuch
larger than the wavelength of light, and describesrain
and cloud particle phasefunctions.We use Philip Laven's
MiePlot [Lav], an implementationof Bohren and Huff-
man’s [BH83] Mie code,to calculatethe Mie phasefunc-
tion atanangularesolutionof 0.1degrees Additionally, be-
causerain andcloudsareactuallya collectionof randomly
distributedparticles we calculatethe phas€unctionusinga
lognormaldistribution for the particlesize,with parameters
describedby PruppacheandKlett [PKO(. The rain phase
function is given in Figure 2. For comparisonfigure 3 is
a plot of the phasefunctionsfor greenlight for all parti-
cle elds. Cloudwaterhasa similar behaior, with a milder
forward peakand morerelaxed peaksat rainbav anglesas
shavn in Figure 3. Wavelengthdependencédor the peaks
near180 degreesin the cloud water phasefunctionscreate
theglory: tight ringsof colorre ectedbackwardtowardsthe
sun,asshavn in Figure4. Notice the doublepeaksaround
120 and 140 degreesfor rain. The wavelengthdependence
of thesepeakscausesainbaows, like the onein Figure5; the
lull betweerthemis Alexanders darkband.

Forice,weassumeandomorientationsuchthatthephase
function is dependensolely on the anglebetweenthe eye
andlight rays.Thephasedatais takenfrom HessandWieg-
ner's CirrusOpticalPropertiesystenf]HW94]. A plot of the
ice phasefunctionfor greenlight is alsoshavn in Figure 3.
The peaksof this ice phasefunction at 22 and 46 degrees
createhalosof color whenthe sunpenetratesptically thin
cirrus clouds,suchasin Figure 6. The other wavelengths
have skewedvaluesat the peaksat 22 and46 degrees mak-
ing thesehaloschromaticphenomena.

3.2. Rendering Properties

Onequantityof interestfor calculatinglight transports the
extinction coefcient, bex. Thisis the probability permeter
thatlight intersects particle.As describedy Blinn [BIi82],
this can be calculatedby multiplying the particle density
with the extinction cross-sectionAt a pointin spaces, this
is calculatedhsthefollowing:

bex(8) = h(9)sex: )]

Here h is the particle concentratiorin particlesper cubic
meter For multiple particle elds, theextinction coefcients
linearly combine.

bex(9)= &

all elds i

b3 (s) 3)

Theopticaldepth t, alongasegmentbetweers ands®is the
integral of the extinction coefcient alongtheray.
Z 0
tss)=  bex(s%ds™ @)
S

Thetranspareng T, of themediumis then:

Tigs)=e tss?, (5)
Thetotal phasefunctionat a pointin spaceis calculatedby
weightingeachof theindividual particlephasefunctionsby

their contribution to the total scatteringcoefcient.

4 a"plerOw
P(Ws) = all elds i _
a albQ

all elds i

(6)

Now thatwe have asystenfor calculatingthespatiallyvary-
ing propertieof theparticle elds, we shift ourattentionto a
systentor renderingheseparticlesthatcancapturerealistic
illumination effects.

4. Rendering Atmospheric Data

Our ef cient renderingof atmosphericatais accomplished
by combiningseveralrenderingnodels.The rst isasingle-
scatteringsky-renderingapproximationSingle-scatterings
usedbecausefor altitude anglesgreaterthanabout16 de-
greesandwith a at earth,the expectednumberof air scat-
tering eventsalonga view ray is lessthanone. This angle

¢ TheEurographicsAssociation2004.
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Figure 5: Rainbowin rain eld of a storm

Figure 6: Halo in a cirrus cloud

is evensmallerfor aroundearth,asthe heightwill increase
fasterwith distance Calculationof the sky attenuatiorand
sky lighting termsaregivenin Section4.1

For renderingthe larger water andice particles,we uti-
lize amodelbaseduponmultiple scatteringphaseunctions
describedn Sectior4.2 At its core,thisis avolumerender
ing applicationthatrendersnulti- eld atmosphericataona
uniformvoxel grid, containingparticledensity(h(s)) values.
It appliesthehalf angleslicing schemdor alight buffer and
an eye buffer, aspresentedn Kniss et al. [KPH 03]. This
methodslicesvolumedataat an anglesuitablefor boththe
eye andlight perspecties,i.e. attheanglehalfway between
them. Renderingis doneboth to an eye (or image) buffer
to accumulatdight directedinto the eye rays,andto alight
buffer, which storegheattenuatiorof light asit traverseghe
volume.

A diagramshowving the o w of thefull systemis givenin
Figure?. For frontto backrenderingaslicehalfwaythrough
the volumethat coversthe entireimageis renderedrst, to
estimateatmospheridnscatteringbetweenthe eye andthe
volume. Then, half-angleslicing is performedon the vol-
ume,alternatingbetweercompositingin the eye buffer, and
attenuatingn thelight buffer.

¢ TheEurographic#Association2004.

Figure 7: Renderingsystemow diagram (front-to-bad)

Figure 8: Renderingsysternoverviev

Finally, theatmospher&dehindthe cloudis approximated
by calculatingall atmospheridnscatteringfrom the plane
halfway throughthe volumeonward, andthis resultis com-
positedinto theimage.To getanoverview of which system
componentsenderwhich modelcomponentsan overview
imageis givenin Figure8.

A generalight transporequationrelatingthelight inten-
sity ats in the directionWto the light intensity everywhere
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else,is givenin Equation7 [Cha6(.
L' sw =L (sbg<zsvw;vw' (Sog(sW);9) +

T' (5% bseds9
Spg(S

\ Prew WosOL swOhawls®  (7)
P

Notethatsyg(s; W) is thebackgroundpointfoundby travers-
ing from-sin thedirectionoppositeéWuntil it intersectswith

the backgroundwhich may be the sun,the earth,or space.
Also notethatw  W° representshe scalaranglebetween
the direction vectorsW and WY, Equation7 saysthat the
light ats in the direction W equalsthe backgroundinten-
sity de ned by s andW timesthe transpareng throughthe
volume, plusthe contritution from inscatteringat all points
alongtheray. Thedif cult issueis thatthelight distribution

at all pointsalongthe ray mustbe known to calculatethe

light intensity in a single direction reachinga point along
thatray. We now presentinanalyticaerialperspectie model
thatsimpli es this equationwith a single-scatteringpprox-
imation.

4.1. Aerial Perspective

Both aerial perspectie and skylight are essentiain an at-
mosphericrenderer Aerial perspectie (the blueing of dis-
tantdark objectsduringthe day, andthereddeningof bright
objectsat dusk and dawn) is an essentialoutdoor depth
cue,while properskylight is requiredfor ary realisticout-
door scenerenderer It is often desirableto renderatmo-
sphericbodiesfrom ary perspectie and, therefore,we do
not limit the obserer to be on the ground. Direct sun-
light is accountedor separatelyin Section4.2.4 Therefore,
the single-scatteringnalyticmodelpresentedherehaszero
backgroundntensity We also assumesunlightto be colli-

mated;thus,we needonly considerthedirectionof the sun,
W, in thedirectionalintegral over W.

Air consistsof a consistentmixture of molecules,and,
thereforethephasédunctionof theparticlesdoesnotchange
with spatiallocation. Hence,for atmospheridnscattering,
Equation7 quickly reducego somethingnoremanageable
in Equation8.

Z S
L' (s = T' (s:59)bbedsY
Sog(S
Pair(W W)L (% W) ds® ®)

It is clearthat P,j; doesnot dependon the point in space,
andis factored.Therefore we needonly concernoursehes
with the threeotherterms.We rst calculatethe scattering
coefcient. We thenconsiderhow to nd the transparenc
from thesampleto theeye.Next, we calculatethelight value
at the sample,assumingthe sunis at in nity . Finally, we
put it all togetherinto an analytic expressionfor the light
directedtowardtheeye.

Wavelength(nm) bg
680 58 10 ®m !
550 1:35 10 °m 1!
440 331 10 ®m !

Table 3: Sea-leel scatteringcoefcients

4.1.1. Scattering Coef cient

Like Nishitaetal. [NSTN93 andPreethanet al. [PSS99,
we make the hydrostaticapproximatiorthatthe atmosphere
hasan exponentiallydecreasingarticle densityfrom sea-
level asshavn in Equation9.

h(h) = 255 10°% I'm 3 ©)

Thescatteringcoefcient is thenthescatteringcross-section
timesthis particledensity We usea single-scatteringnodel
to calculateheaerialperspectie becausef its analyticsim-
plicity andbecausave expectfew scatteringeventsassun-
light traversesthe atmosphereSincethe scatteringcoef-
cientis linearin particleconcentrationh, the scatteringco-
ef cient is anexponentiallydecreasindunctionof height.

bsca(h) = bye & (10)

h is the heightabove sea-l@el. In this model,the lapserate
isg= m. Thebg valueswe usefor thethreecolorchan-
nels (red, green,andblue) are given in Table 3. Now that
we have anexpressiorfor the scatteringcoefcient, we can
calculatethetransparengcof theatmosphere.

4.1.2. Atmospheric Transparency

Air moleculeshave high albedoand,thus,the probability of
extinction (any mechanisnfor removing light from a ray)
is equalto the probability of scatteringpex = bsca We as-
sumethatthe earthis at, sothatthe heightvarieslinearly
alongtheray betweenwo points.Let py bethevectorin the
oppositedirectionof W. Substitutingequation10into Equa-
tion 5 andperformingtheintegral, we geta solutionin terms

of they-componenbf pw, pwy, the scatteringcoefcient at
sea-l@el, b's,, the heightof s, s, the distancebetweers and
SO, denoteK, andthelapserate,g
|
| !

| e by . & gpwgK
T (88) = e ——e 1 e 11
(539 = exp ] (11)

Thus,we have an expressiorfor the transpareng of the at-
mosphereébetweentwo points.We usethis to calculatethe
atmospheriattenuatiorof light to a point, andto nd the
attenuatiorfrom thatpointto theeye.

4.1.3. SampleLighting

The lastcomponennheededo solve the overall light trans-
portequatioris thelight valueatapointin spacel(s;W;). If

¢ TheEurographicsAssociation2004.
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Figure 9: Sky andaerial perspective

Figure 10: Uniform badgroundsky, no aerial perspective

we setthe sunintensityoutsidetheatmospheréo bel'S ,then
we simply useEquationl11 to attenuatehis intensity Let |

be the normalizedvector pointing towardsthe sun. There-
fore, we areonly interestedn theinitial heightof the sam-
ple, sg,), andthey-componenbf |, ly. If we assumehatly is
positive for adaylightscengthelight mustalwaysbeabove
the horizon)andlet the distancego to in nity , the integral
convergesto Equation12.

Dsig o (12)
dy

We now have an expressionfor all quantitiesin Equation8
and can calculatethe amountof inscatteringalongthe eye
ray betweertwo points.

L' s%Wh) = Is exp

4.1.4. Analytic Sky Model

Finally, we derive an expressionfor the amountof atmo-

spheridnscatteringf light into aray alongagivendistance.

To simplify, let beye bethe scatteringcoefcient attheeye.
beye = bye ® (13)

If we substituteEquationsl0, 11, and12into Equation8 we
getanequationof theform:

¢ TheEurographic#Association2004.

L' (W) = Pa(W W)
| !
° dep Pme g o ok
Sg(sW) ngW
1 3
[
ble o). exp %e % 54¢ (14)
y

Now, recognizinghats? = pwK+ sy, wesolvethisintegral,
andgeta nal expressionin Equation15 for the skylight
reachingtheeye from all pointsalongaray betweers anda
samplethatis K away, s°

L' W) = 1LPa(W W)

|
0 Pwy ly
1 1 1
@ex “hye - — e %PwK
P gPee ly  Pwy
1
1, 1 1
exp  hge - — A 15
P g Iy pwy (19)

This approximatiorproducegealisticsky results,asshavn
in Figure9. For comparisonthe samecloudwithoutthe sky
andaerial perspectie is shavn in Figure 10. Note thatthe
huein darlkerregionsof thisverylargecloudmodelaremore
blue in the renderingwith aerial perspectie thanthe ren-
deringwithout. Additionally, this skylight andatmospheric
attenuatiorcreateghe characteristiceddeningof objectsat
sunriseandsunsetThis effect canbe seenin the davn im-
agesof cumulusclouds,in Figuresl and11, andacirrusin
Figure12. Now thatwe have a modelfor the sky attenua-
tion andsourcewe presenbur approximationfor multiple
scatteringn thelight volume.

4.2. Multiple Scattering PhaseFunction Lighting
Approximation

We have developeda modelfor the angulardispersionof
light asit experiencests rst few scatteringeventstravers-
ing the volume. This modelhasbeendesignedor ef cient
renderingin a single passthroughthe volume, taking ad-
vantageof programmablgraphicshardware.Thistechnique
extendsthe half-angleslicing techniquedescribedy Kniss
etal. [KPHEOZ to handlethe gradualangularspreadingf
light asit undegoesmultiple scattering,ratherthan only
consideringunscatteredand diffuse light. This is essential
for capturing ne angularlydependentffectsin the pres-
enceof large atmosphericcatteringparticles,which highly
favor forwardscattering.

As mentionedpreviously, the dif culty with Equation7
is the presenceof L' on both sidesof the equation.To ap-
proximatethis equation,we rst separateL' (sW) into its
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Figure 11: Cumuluscloudat dawn

Figure 12: Cirrus cloudwith halo at dawn

intensity I (9), andits angulardistribution,AI (sW).

L'sw=1'9A (sW) (16)
A asan angulardistribution, is subjectto the constraint:
z
Al (s Wdw= 1;8s (17)
4p

The distribution of light, Ais closelytied to the number
of scatteringeventsit experiencesbetweenthe sourceand
thegivenpointin thevolume.We make theassumptiorof a
purely collimatedinitial light sourcethatis thenredirected
throughscattering.

L' (sog(s W); W) = Igd(W W) (18)

Therefore,all backgroundntensitiesare equaland have a
singledirection.In Section4.2.1, we describea methodfor
estimatingheangularistribution of thelight in thevolume.
Then,in Section4.2.2 we develop a systemfor calculating
theintensityof light in the volumeusingthis angulardistri-
bution.

4.2.1. Estimating Angular Distrib ution

Sincewe have separatedhelight contritution into intensity
and distribution, we utilize Equation18 and rewrite Equa-
tion 7 into theform in Equationl19.

LA S W = lsdW WT' (soglss W) +

L' (sw)
z

' sYT' (s:39bleys9)
z Sbg(s;

. Plew wWlsHAl (g% whawlds®  (19)
p

Clearly, thelastintegral is a sphericalcorvolutionin W. Af-

ter a singlescatteringevent, we expectthe scatteredight to
have the angulardistribution of the particle phasefunction.
If thelight experiencedwo scatteringevents,we expectthe
twice-scatteredight to have an angulardistribution of the
phasefunction convolved with itself. Therefore we de ne
amuItipIe-scatteringingulardistritutionfunction,Am§n, to
approximatehedistribution of light aftern scatteringevents
with Equation20.

Amsi (W= dW W) P PL(W  (20)

n times

If we assumehat, for a small numberof scatteringevents,
the angulardistribution of L' remainspealedin the initial

light directionwith gradualangularspreadingthenwe can
approximatehe angulardistribution with this multiple scat-
teringangularistribution function. Theexpectechumberof

scatteringeventsfor aray is givenin Equation21.

z

a%g, (s9d<° (21)
Sng(S W)

n(s) =

In termsof transparencfrom thelight source:

ne) = aln T(ssy(s W) : (22)
We estimatethe numberof scatteringeventsto be this av-
eragenumber Notethatthis is, nominally afunctionof the
directionandthe dataalongall possiblepaths,but, for ef -
cieng/, we estimatethe numberof scatteringeventsasthis
mean.The resultis that, by trackingonly the transparenc
of thematerialtraversedrom thelight sourcewe cangetan
approximatexpressiorfor theanguladistribution of theto-
tal intensityat thatpoint. Our systenrecordsa singleinten-
sity valuein alight buffer (seeSection5) andsumsthe con-
tribution from the previous slice thatis directedto the cur-
rentsample.A presetnumberof angulardistribution func-
tions,Améﬂ(V\/), is pre-computechnd saved in a oating-
pointprecisiontexture. Thesefunctionsarecalculatedor up
ton= 26,whentheangulardistributionfunctionfor rain (the
worstcasewith the highestforward peak)becomessotropic
(to within .0001%).

¢ TheEurographicsAssociation2004.
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4.2.2. Intensity Calculation

With this approximationfor the angulardistribution of the
light, it is easierto calculateits intensity distribution. This
intensitydistributionis thequantitystoredin thelight buffer,
andrepresentshetotal light intensityreachingthe samples.
This value,alongwith its angulardistribution is thenused
to calculatethe nal gatherto the eye, asdescribedn Sec-
tion 4.2.3 Theintensityrecevedatagivensamplenormally
hastwo componentsthe unscatteredight intensityalready
directedtowardsthe sampleandthe scatteredight thathas
beenre-directednto the sample.Becausewe calculatethe
scatteredangulardistribution of light, thesearenot handled
separately

To modeltheattenuatiorof light, from onesamplingslice
to the next, we discardall backward directedlight (relative
to the directionof the sun)for eachscatteringavent. Thisis
donefor two primaryreasonsThe rst is thatthephasdunc-
tions have only a weakback-scatteredomponentThe sec-
ondis thatthis systenperformsasingleslicing pasghrough
the volumeand,therefore hasno knowledgeof the dataon
future slices.Note that this is for intensity transportin the
light buffer only, andthatlight maystill be backscatteretb-
wardstheeyein the nal gather describedn Section4.2.3
Thereforewe let F' be the forward-scattereatontribution
afteri scattersi.e., theintegral over theforward hemisphere

of Amg (W).

F = Ams (Wdw (23)

forward
hemisphere

Letmy, bethevectorin thedirectionof W. To gettheinten-
sity for thecurrentslice (I (s+ my, D)), from theintensityon
the previousslice (1(9)), for a discretenumberof scattering
events thelight is attenuatedccordingto Equation 24.

I(s+ my,D) = I(9T(ss+ my,D) +

n(s)+ dbl, De

191 TEs+myD) O

i=n(9+1

a@F  (24)

This productis not practicalfor implementatioron graphics
hardware.Linearinterpolationis not yet availablefor oat-
ing point textures, therefore,we implementintensity loss
for theworst caseattenuatior(highestnumberof scattering
events)in Equation25 for ef ciency.

I(s+ my,D) = I(9T(s8+ my,D) +

I
ex

(1 T(ss+ WD) a9 Fhygs 1+ bl o0 (25)

This intensityvalueis calculatedandstoredin its own light
buffer, as describedin Section5. This approximationin-
troduceserrorsthat increasewith the numberof scattering
events,asthe backward directedlight contritution becomes
large. Thus,ourapproximatiorperformsbestattheoptically
thin regions of the cloud, and for the rst few scattering
events,wherewe wish to capture ne angularlydependent

¢ TheEurographic#Association2004.

Figure 13: Lowalbedorendering

opticaleffects,andis leastaccuratén denseénnerregionsof
thecloud.

4.2.3. Renderingwith Angular Distrib ution

To apply this result,we do a singleslicing passthroughthe
volume,collectingtheinscatteredntensityfrom thevolume
samplesnto theeyeray. For light scatteredo theeye,we ap-
ply theangulardistribution functionfor onemorescattering
eventthanthe expectednumberof scatteringeventsreach-
ing this samplen(s; + imyD) + 1, asthis scatteringaventis

the onethat directslight into the eye ray. Renderingwith-

out ary backscatteretight darkensthe region of the cloud

wherelight rst strikesit; thereforea useradjustabléermis

addedo thephasedunction,x. Thistermmodelstheamount
of light thesystemwill receize backfrom multiple scattering
furtheralongthepath.If we assuméront-to-backcomposit-
ing, andthe beginning of theray to bes¢, thenEquation26

describesheaccumulatiorfor the pixel.

back
LsW = & T(ssi+ imuwD)I(ss + imyD)

i=front
Amgon(sf+imND)+ 1c(W W)+ X bscdD  (26)

This is a sumover samplingslabs,i, that scatterlight con-
tributionstowardsthe eye. This modelallows usto capture
essentiasingle-scatteringffects,asseenn Figures4, 5, and
6, while notsuffering from the prematuredarkeningthatlim-
its low-albedomodels.Obsenre the darker cloud for a low-
albeddighting modelin Figure13, versugshemoreaccurate
resultsin Figure9. Note thatthe transparengc mustinclude
bothattenuatiorby the volumeandby theatmosphere.

4.2.4. Directsunlight

Thedirectcontritution of thesunis addedn thedistantlight
passfor skylight. We storethetotal transpareng of thevol-
umein thealphachannelof the eye buffer. This valueatten-
uatesthe sunlight,asdoesthe atmosphereThe dot product
of theview andlight vectorsis thenusedto determindf the
view vectoris within the 0:5 degreedisk of the sun.If so,
this attenuatedunlighttermis added.
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5. Implementation

Weimplementedhis modelonnVidia GeForceFX graphics
hardware using pervertex and perpixel shadingprograms,
written in nVidia's Cg shadinglanguage We createdfour
fragmentprograms:onefor renderingthe sky from the eye
to halfway throughthe volume, onefor perslice rendering
the volumeto the eye buffer (with Equation26), a third for
perslicerenderingo thelight buffer (with Equation25), and
afourthfor renderinghe sky from halfway throughthevol-
umeto the outeratmospheravith sunlight.We considerall
atmosphericcatteringrom halfway throughthe volumeto
the eye asin front of the cloud, andall scatteringfurther
away asbehindthecloud. This produceghedesirableaerial
perspectie effectsat a nominal costin renderingtime. As
describedy Kniss et al. [KPHE0Z, we compositeaccord-
ing to therelationshipbetweertheeye andthesun.For acute
anglesbetweenthe eye and light directions,we composite
in front-to-backfashionwith respecto the eye, andfor ob-
tuseangleswe compositein back-to-frontfashionwith re-
spectto the eye. A ow diagramfor the systemfor acute
anglesis given in Figure 7. The obtuseanglesystem o w
simply reversesthe order of the sky and aerial perspectie
shadersThis systemuses oating-point buffersin orderto
achieve high-dynamic-rangeesults.We usea single,large,
oating-point buffer rendertarget with the OpenGLREN-
DER_TO_TEXTUREextension.Thisbuffer hasaneye half,
andalight half, which areselectedy performingaviewport
transformationas describedn Kniss et al. [KPH 03]. By
bindingthis pixel buffer asarendertargetin its own context,
we areableto readfrom andrenderto the samepixel buffer.
This avoids the undesirableslondown causedby copying
buffers, or context switching betweentwo setsof buffers.
According to the speci cation, renderingto and reading
from the samebuffer producesinde nedbehaior. We have
found thatif small overlappingpolygonsarerenderedand
blendedin this fashion ratherthanthe seriesof large sam-
pling polygonsusedn this systemthetexturecachemustbe
ushed, or erroneousesultsoccur The pixel buffer texture
is usedto gatherthe light sample(l (st + imyD) in Equa-
tion 26) andthe previous eye samplefor alpha-blendingn
theeyefragmentprogramThistexturealsoprovidesthepre-
viouslight samplefor attenuatioraccordingio Equation25.
The alphachannelof the light buffer storesthe numberof
scatteringaventsfor thatsamplen(s; + imyD). We alsouse
oating-point texturesto storethe high-dynamicrangemul-
tiple scatteringphasefunctions,Ams'1- (W) for all the par
ticles, with up to 26 corvolutions, at a resolutionof about
0.18 degrees.The F factorsfor up to 26 cornvolutions are
alsostoredin this texture, asthe light distribution is essen-
tially isotropicthereafter

6. Results

Our systemis capableof capturingessentiabptical effects
in theatmosphereTheseincluderainbavs (Figure5), halos

Figure 14:512 512,with 256 samplingplanes.at 3.0fps

(Figure6), andtheglory (Figure4). It alsocapturesheaerial
perspectie of the volume (Figure 9) and sunrise/sunsef-
fects(Figuresl, 11 and12). Our hardwareimplementation
renderstheseeffects with reasonablgerformanceall im-
ageswere renderedat a resolutionof 768 768 with be-
tween 64 and 512 volume samplingplanesin lessthan 4
secondaisinga 2.66 GHz Intel Xeon processqgrwith 2GB
memory anda 256 MB prototypenVidia GeForceFX 6800
runningat 350 MHz, with 1 GHz memory Interactve rates
areachieved,atamaiginal costin quality, by settingtheres-
olutionto 512 512with 256 samplingplanes.asshavn in
Figure14. We appliedour systemsuccessfullyto largescale
storm simulations(Figures5, 9 and 14), microscalecloud
simulations(Figures4, 11), and cloud modeling software
output(Figuresl and12).

7. Conclusion

We have developeda new systemfor the ef cient render
ing of mary atmosphericoptical phenomenaBy creating
a model basedon multiple scatteringphasefunctions for
the rst few scatterswe have developeda renderingsys-
temoptimizedfor renderingthe mary complex optical phe-
nomendoundin the phasdunctionsof cloudvolumes.This
modelis supplementato more conventionallight diffusion
approximationsandis a signi cant componentn anatmo-
sphericrenderingpackage Our systemis capableof cap-
turing ne angularlydependenthromaticeffects, that can
trouble other approacheso global illumination. The scat-
teringbehaior of waterandair particlesis vastly different,
and, thus,we handlethem separatelyAerial perspectie is
approximatedy consideringatmospheriénscatteringup to
halfway throughthe cloud asin front of the cloud, andthe
remainingatmospheridnscatteringas behindit. We have
successfullyshavn that complex atmospherimptical phe-
nomenamay be renderedat interactive framerateson pro-
grammablegraphicshardwarewith this multiple modelsys-
tem.

¢ TheEurographicsAssociation2004.
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8. Future Work

While this model can captureangularly dependentchro-
maticeffectsef ciently, theerrorsit introducesparticularly
in the denseregions of the cloud, needto be quanti ed.
Throughcomparisorwith Monte-Carloandotherrendering
techniqguesve will betterestablishwherethis modelis best
andworst behared, andlikely derive improvementsto the
system.n thefuture,we would lik e to explore the possibil-
ity of having themultiple scatteringangulardistributionren-
deringresultsseedanotherglobal multiple scatteringmodel

to getmaximumquality, thoughnon-interactre, renderings.

Skylight asa light sourceon the volumewould addrealism
to this model. Adding parheliaeffectsto this systemis an-
otherpossibleextension.
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