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Figure1: Appearanceof actualrainstreaksandrenderedrainstreaks.Thetoprow showsactualimagesof streakstakenundermany different
lighting directions(ql ight ; f l ight ) andviewing directionsqview. Thecomplex intensitypatternwithin eachrain streakis dueto theinteraction
of light with theshapedistortions(i.e. oscillations)of thedropasit falls. We have empiricallydeterminedtheoscillationparametervalues
thataredominantin raindropsandusedthemto developa rain streakappearancemodel.Thebottomrow shows rain streaksrenderedusing
ourappearancemodel.Eachrenderedstreakhasbeencroppedin orderto align thephaseof its intensitypatternwith thatof theactualimage.
Basedon our rain streakmodel,we have developedanimage-basedrenderingalgorithmthatcanaddphotorealisticrain to imagesaswell as
videoswith changinglighting andviewpoint.

Abstract
Photorealisticrenderingof rain streakswith lighting andviewpoint
effectsis achallengingproblem.Raindropsundergorapidshapedis-
tortionsasthey fall, a phenomenonreferredto asoscillations.Due
to theseoscillations,the re�ection of light by, andthe refractionof
light through, a falling raindropproducecomplex brightnesspat-
ternswithin a singlemotion-blurredrain streakcapturedby a cam-
eraor observedby a human.Thebrightnesspatternof a rain streak
typically includesspeckles,multiple smearedhighlightsandcurved
brightnesscontours.In this work, we proposea new modelfor rain
streakappearancethatcapturesthecomplex interactionsbetweenthe
lighting direction,theviewing directionandtheoscillatingshapeof
the drop. Our modelbuilds upona raindroposcillationmodel that
hasbeendevelopedin atmosphericsciences.Wehavemeasuredrain
streakappearancesundera wide rangeof lighting andviewing con-
ditions and empirically determinedthe oscillation parametersthat
are dominantin raindrops. Using theseparameters,we have ren-
deredthousandsof rain streaksto createa databasethatcapturesthe
variationsin streakappearancewith respectto lighting andviewing
directions. We have developedan ef�cient image-basedrendering
algorithmthatusesour streakdatabaseto addrain to a singleimage
or a capturedvideowith moving objectsandsources.Therendering
algorithmis verysimpleto useasit only requiresacoarsedepthmap
of the sceneand the locationsand propertiesof the light sources.
We have renderedrain in a wide rangeof scenariosandthe results
show that our physically-basedrain streakmodelgreatlyenhances
thevisualrealismof renderedrain.
CR Categories: I.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—Color, shading,shadowing, andtexture;
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1 Intro duction

Rain is often usedin movies and animationsto expressthe mood
of a scene. For example,in the movies “Seven” and“The Matrix
Revolutions” rain wasusedto highlight a senseof unrest. Filming
rain scenesis, however, a laboriousandexpensive taskthatrequires
settingup sprinklersand light sourcesover a large physical area.
The shootingof a single rain scenecan take several days. Due to
thehigh costsinvolved,it is oftenimpracticalto includerain scenes
in small-budgetmovies. For thesereasons,a simplealgorithmfor
photorealisticrenderingof rain is highly desirable.It would provide
a convenientand inexpensive meansto add rain effects in movies
andanimations.In addition,it would allow a �lm-maker to control
thevisualeffectsof rain duringpost-production.Photorealisticrain
renderingcanalsobe usedto addvisual realismin othergraphics
applicationssuchasgames.



Severalmethodsfor renderingrainhavebeendevelopedin computer
graphics,someof which areavailablein commercialsoftwaressuch
asMaya, 3D StudioMax andInferno. Thesemethodsusea parti-
cle system[Reeves 1983; Sims 1990] to simulatewith a high de-
greeof realismthe motionsandspatio-temporaldistribution of the
raindrops. Sinceeachrenderedimageis assumedto have a �nite
integration time, the falling raindropsproducemotion-blurredrain
streaksin the image. However, the above rain renderingsoftwares
arelimited asthey useverysimplephotometricmodelsto renderthe
appearancesof individualrainstreaks.Mostoften,thestreaksareas-
sumedto have simpleshapes,suchasrectanglesor ellipses,andthe
brightnessof eachstreakis assumedto beconstant.Rainrendering
methodsthatdonotuseparticlesystemshavebeendeveloped[Starik
andWerman2003],[Langeretal. 2004],[WangandWade2004]with
theaim of reducingthecomputationalcostassociatedwith simulat-
ing themotionsandspatio-temporaldistribution of raindrops.How-
ever, like themethodsbasedon particlesystems,thesetoo usevery
simplephotometricmodelsfor rainstreaks.Suchsimplephotometric
modelscanonly beusedwhentherenderedrain is atagreatdistance
from the camera,in which case,all the streaksare thin enoughto
make thedetailsof their brightnesspatternsirrelevant.

In close-upshotsof rain, however, eachraindropprojectsto a large
imagestreak,revealingtheintensitypatternwithin it (seetop row of
Figure1). This patternis highly complex becauseof shapedistor-
tionsthat theraindropundergoesasit falls. Theseshapedistortions
aredue to oscillationsinducedby aerodynamicforcesandsurface
tension. The interactionof the shapedistortionswith light result
in speckles,multiple smearedhighlightsandcurvedbrightnesscon-
tourswithin therainstreak.Hence,for close-upshots,thepreviously
usedconstant-brightnessstreakmodelproducesunrealisticrain ap-
pearance. To addressthis problem, researchershave usedhand-
drawn texturesof streaksfor renderingrain closeto the camera.A
recentexampleof theuseof hand-drawn texturesis themovie “The
Matrix Revolutions” [Lomas2005]. This approachis clearly cum-
bersome,asthe rangeof appearancesof rain streaksis ratherwide.
In addition,streakappearancealsovariessigni�cantly with lighting
andviewpoint directions,making it harderto usehand-drawn tex-
turesfor scenesthat include lighting and viewpoint changes.We
have learnedfrom expertsin thespecialeffectsandanimationindus-
try [Lomas2005;Reed2005]thatautomaticrenderingof photoreal-
istic rain remainsanopenandimportantproblem.

In this work, we provide a comprehensive framework for rendering
photorealisticrain streaksin imagesaswell asvideoswith lighting
andviewpoint changes.Thefollowing areourkey contributions:

Rain Streak AppearanceModel: We have conductedwhatwe be-
lieve to be the �rst detailedstudyof the visual appearanceof rain
streaks.We have developeda modelfor rain streakappearancethat
capturesthecomplex interactionsbetweenthelighting direction,the
viewing directionandthe raindroposcillations. Theseinteractions
producea wide rangeof striking visual effects that simply cannot
betabulatedby hand.A few examplesof rain streakscapturedby a
camera,correspondingto different lighting andviewing directions,
areshown in the top row of Figure1. Our work builds uponanos-
cillation modelthat wasdevelopedin atmosphericsciences[Tokay
and Beard1996; Andsageret al. 1999; Kubeshand Beard1993].
This model doesnot specify the valuesof the oscillation parame-
terscorrespondingto real rain, which is essentialfor renderingrain
streaks.To this end,we have collecteda total of 810real imagesof
rain streaksunderdifferentlighting andviewing conditions.By vi-
suallycomparingthis setof measuredstreakswith streaksrendered
with a wide rangeof oscillationparameters,we have determinedthe
parametervaluesthataredominantin realrain. Theseparameterval-
uesenableusto renderhighly realisticappearancesof rainstreaks,a
few examplesof whichareshown in thebottomrow of Figure1.

Databaseof PrecomputedRain Streak Textures: Sincethe ap-
pearanceof a streakis complex, it needsto be renderedusing a
methodsuchasray-tracing.Therefore,therenderingof severalthou-
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Figure 2: Oscillation model for rain. Raindropsundergo rapid
shapedistortions(i.e oscillations)asthey fall. Theseoscillationsare
mainly dueto combinationof the two sphericalharmonicmodes–
theoblate-prolatemodeandthetransversemode.

sandsof streaksfor eachframeof a rain scenewould be computa-
tionally prohibitive. Our approachis to renderoff-line andstorea
databaseof rain streaks.This databaseis thenusedby an ef�cient
image-basedalgorithmto renderrainscenes.Theappearanceof rain
streaksdependson many factors- the lighting and viewing direc-
tions; the distancesfrom the sourceandthe camera;the oscillation
parameters;thesizeof thedropandthecamera's exposuretime. A
databasethatcapturestheeffectsof all of theseparameterswouldbe
too largeto storeanduse.Fortunately, thedistancesfrom thesource
andthecamera,thesizeof thedropandthecamera's exposuretime
producesimple transformationsto the streakappearance,that can
beef�ciently renderedon-line. Hence,we only needto capturethe
effectsof the lighting direction,theviewing directionandtheoscil-
lation parametersin thedatabase.Our databaseincludesabout6300
renderedstreaksand is publicly available1. This databaseis simi-
lar in spirit to the hand-drawn texturesusedin the previous work.
However, it capturesasigni�cantly widerrangeof streakappearance
variability andis derivedfrom aphysics-basedoscillationmodel.
Image-BasedRain Rendering Algorithm: We have developedan
image-basedrenderingalgorithmthatappliessimpletransformations
to the streaksin our database,to renderstreaksfor novel lighting
andcameraparameters.Our algorithmcanbeusedto addrain to a
singleimageof a sceneor to a capturedvideowith moving objects
andsources.Theuserspeci�esa roughdepthmapof thesceneand
thepropertiesof the light sources.Oncethis is done,thealgorithm
canrenderrainwith user-speci�edrainparameters,suchasraindrop
distribution, raindropsizesandrain direction. We show resultsof
addingrenderedrain to several still imagesaswell asvideoswith
changingillumination andviewing directions.Our resultsshow that
ouralgorithmgreatlyenhancestherealismof renderedrain.

2 Raindrop Oscillation Mo del
We begin by brie�y describingthe oscillationpropertiesof falling
raindrops. The shapeof a drop at time t is denotedby r[t;q; f ],
wherer is thedistanceof a point on thedrop's surfacefrom its cen-
ter, andq andf aretheelevationandazimuthalanglesof thepoint
with respectto they-axisandx-axis,respectively. They-axis is op-
positeto thedirectionof thedrop's fall andthex-axisis anarbitrary
directionthat is perpendicularto the y-axis. As a raindropfalls, it
undergoesrapid shapedistortionsover time, asshown in Figure2.
Thesedistortionsarecausedby theaerodynamicforcesandthesur-
facetensionactingon thedrop[TokayandBeard1996;Kubeshand
Beard1993].Theshapeof oscillatingraindropscanbeexpressedas
acombination[FrohnandRoth2000]of sphericalharmonicmodes2:

r[t;q; f ] = r0(1+ å
n;m

An;msin(wnt)Pn;m(q)cos(mf )) ; (1)

where,r0 is theundistortedradius(referredto asthedropsize),An;m
is theamplitudeof thesphericalharmonicmode(n;m) andPn;m(q)

1To requestacopy, pleasesendane-mailto rainstreaks@cs.columbia.edu
2This is basedon theassumptionthat theequilibriumshape(without os-

cillation) of raindropsis spherical.



is theLegendrefunctionthatdescribesthedependenceof theshape
on theangleq for themode(n;m). Thefrequenciesof thesemodes
dependon theordern anddropsizer0, andaregivenby

wn = 2p ([n(n� 1)(n+ 2)s ]=(4p2r r3
0))1=2 : (2)

Here,s is thesurfacetensionandr is thedensityof water, bothof
whichareknown3.

Studiesin atmosphericsciences[Kubeshand Beard 1993; And-
sageret al. 1999] have empirically determinedthat the oscilla-
tions in a raindropare predominantlycon�ned to two modes: A
rotationally-symmetric,oblate-prolatemode(n = 2;m = 0) and a
non rotationally-symmetric,transversemode(n = 3;m = 1). Fig-
ure 2 shows the shapedistortionsinducedby eachof thesemodes.
Thus,theshapeof a falling raindropcanbemodeledasa combina-
tion of thesetwo modes,asshown in Figure2. This simpli�es the
raindropshapemodelof equation(1) to

r[t;q; f ] = r0(1+ A2;0sin(w2t)P2;0(q)+ A3;1sin(w3t)cos(f )P3;1(q)) :

Note that the shapeis not rotationallysymmetricdueto the cos(f )
factor in the secondterm of the above equation. It dependson the
drop size r0, the amplitudesA2;0 and A3;1 and the frequenciesw2
andw3 of the two modes. The frequenciesw2 andw3 dependon
the drop size (seeequation(2)) and are higher for smallerdrops.
Equation(2) alsoshows thatthefrequency of thetransversemodeis
approximatelytwice thatof theoblate-prolatemode,i.e.,w3 � 2w2.
Sincethe oscillation frequenciesare determinedby the drop size,
the shapeof an oscillatingdrop dependsonly on threeparameters,
namely, r0; A2;0; andA3;1. Previousstudies4 have not quanti�ed the
amplitudesA2;0 andA3;1 of theindividualmodes.In ourcontext, we
needto know the valuesof theseamplitudesin orderto renderthe
appearancesof rainstreaks.In thenext section,wedescribehow we
haveempiricallydeterminedthesevalues.

3 Rain Streak Appearance Mo del
In this section,we analyzehow theoscillationsaffect thevisualap-
pearanceof rain streaks.As mentionedbefore,to modeltheappear-
anceof the rain streakswe needto know the amplitudesA2;0 and
A3;1 of the raindroposcillation modes. We empirically determine
theseamplitudes,by capturingactualimagesof falling dropsunder
many differentlighting andviewing directionsandcomparingthese
imageswith a largenumberof renderedstreakappearances.

Rendering Motion-Blurr ed Rain Streaks: Sincewe compareac-
tual streakimageswith renderedones,we �rst describeour method
for renderingthe motion-blurredstreak. The appearanceof a rain
streakcanberenderedby ray-tracingimagesof a transparentfalling
drop5 at different time instantswithin the camera's exposuretime
andaddingtheseimages.In general,to avoid artifacts,thenumber
of renderedimagesmustequalthe lengthM (in pixels) of the �nal
renderedstreak.Sincetheshapeof adropchangessmoothly, weare
ableto rendera smallernumberN of imagesat a sparsersetof time
samplesthatareuniformly spacedovertheexposuretimeof thecam-
era.Theappearanceof adropatany timet canthenbecomputedby
takinga time-weightedaverageof theneighboringrenderedimages.
Adding theimagesfor all theM discretelocationsof thedropgives
the appearanceof the streak. In our implementation,we have used

3Thefollowing valuesareused:s = 0:0728N=m2 andr = 1000kg=m3.
4Previousstudieshave focusedon measuringtheaverageaxis-ratio(ratio

of maximumto minimumradius)of raindropsthatarecausedby droposcil-
lations. Theseaverageaxis-ratiosareusedto correctfor biasesin rain-rate
measurementsobtainedfrom adual-bandpolarizationradar.

5We have usedthePBRT package[PharrandHumphreys 2004] for ren-
deringtheimagesof a falling raindrop.We usea mattedisk (illuminatedby
a point light) asa �nite arealight source.Thedirect lighting surfaceshader
(with maximumrecursiondepthof 5) is thenusedto simulaterefractionand
re�ections of the source(disk) throughthe drop. The drop shapeis repre-
sentedusinga trianglemeshwith 16200vertices.To computethebrightness
atapixel 64samples(usinglow discrepancysamplingmethod)aretaken.
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Figure3: Coordinatesystemusedfor boththemeasurementandthe
renderingof rain streaks. The coordinateframe is locatedat the
drop's centerwith its y-axis oppositeto the directionof the drop's
fall. The x-axis is de�ned asthe projectionof the camera's optical
axis onto a planeperpendicularto the y-axis. q andf arethe ele-
vationandazimuthalangles,respectively. Thesubscriptsl andv are
usedto denotelighting andviewing, respectively.

M = 1042andfoundthatartifact-freestreakscanbeobtainedusing
N = 46.

Measurement of Real Streak Appearances: Considera falling
drop viewed by a cameraandilluminatedby a source,asshown in
Figure3. Theappearanceof thestreakproducedby thedropdepends
on many factors- thesourcedirection(ql ; f l ), theviewing direction
(qv) of the camera,the drop's shapeparameters(r0;A2;0;A3;1), the
drop's distancesfrom the sourceandthe camera,andthe camera's
integrationtime. In addition,thestreakappearancedependson f rot ,
theanglethat thedrop's x-axismakeswith thex-axisof thecoordi-
natesystem,asshown in Figure3. Sinceraindropsareasymmetric
andhavenopreferredhorizontalorientation,thedrop'sx-axisvaries
from onedropto thenext. Unlikeall theotherparameters,theoscil-
lation parameters (Osc= A2;0;A3;1; f rot ) areinherentlyrandom,re-
sultingin many possibleappearancesof rain streaksevenfor a �x ed
source,camera,anddropsize.

To determinethe amplitudesA2;0 and A3;1, we captureimagesof
real falling dropsandcomparetheir appearanceswith streaksren-
deredundera wide rangeof valuesfor A2;0 andA3;1. This is done
for severalsource-cameracon�gurations.Fromthevisualcompari-
sonbetweentheactualandrenderedstreaks,we determinethemost
likely valuesfor A2;0 andA3;1. To capturethe real streakappear-
ances,wehaveusedanexperimentalsetupsimilar to theoneusedby
[Andsageret al. 1999] for studyingtheoscillationsof drops.Water
dropsarereleasedfrom a largeheight(15m)to ensurethattheoscil-
lationscreatedin falling dropsaresimilar to thosein real rain6. A
large heightalsoensuresthat the dropsattaina constant(terminal)
velocitybeforethey areimaged.

The dropswereilluminatedby a point light sourceplacedat a dis-
tanceof 1m from theorigin of thecoordinateframe(seeFigure3).
Wecapturedhighdynamicrangeimagesof falling dropsfrom adis-
tanceof 3m with a CanonEOS-20Dcamera. The averagesizeof
theobserveddropswasdeterminedto ber0 = 2:0mmfrom thefocal
lengthmeasurementsof thecameralens. Imageswerecapturedfor
many differentsourcedirections(ql ; f l ), someof which areshown
in Figure1. Thesourceelevationangleql wassetat (50� ;90� ;130� )
andtheazimuthalanglef l wasvariedfrom 10� to 170� in stepsof
20� . To measurethedependenceon theviewing direction,we cap-
turedimagesfor theviewing angleqv at (70� ;90� ;110� ). 10 images
weretaken for eachlighting-viewing con�guration in orderto cap-
turethevariationin streakappearancedueto theoscillationparame-
ters.In total,wecaptured810streakimages.

6It hasbeenshown [KubeshandBeard1993]thattheinitial oscillationsof
adrop(from adropgenerator)decaywithin a few metersof fall. As thedrop
continuesto fall, new oscillationsthat aresimilar to thosein real raindrops
arisedueto aerodynamicforcesandsurfacetension.



Determining the Oscillation Parameters: We use the captured
streakimagesto determinetheoscillationamplitudesA2;0 andA3;1.
For thiswerenderstreakswith many differentoscillationamplitudes
at f rot = (0� ;90� ;180� ;270� ) for eachlighting andviewing direc-
tion. Therenderedstreaksarethenvisuallycomparedwith theactual
streakimagesto �nd theamplitudesthatgivethebestmatch.Ourre-
sults show that A2;0 variesfrom 0.4 to 0.1 while A3;1 variesfrom
0.2 to 0.05. In particular, thefollowing setof oscillationamplitudes
(A2;0 ;A3;1)=(0:2;0:1), and(A2;0 ;A3;1)=(0:1;0:1) producerendered
streaksthatmatchtheappearanceof actualstreaksverywell over the
different illumination andview directions. Figure1 shows a com-
parisonbetweenthe actualstreaksand the streaksrenderedusing
theaboveamplitudevaluesfor differentlighting andviewing angles.
Notethattherenderedstreakslook verysimilar to theactualimages.
Since,in practice,the amplitudevaluesmay vary slightly from the
abovetwo setsof values,anexactmatchbetweenrenderedandactual
streakscannotbeexpected.
Ouranalysisof theeffectsof oscillationsontheappearanceof streaks
hasled to a few importantobservations: (a) Raindropsdo indeed
undergo strongoscillations. Therefore,a sphericaldrop model is
simply not adequatewhen renderingclose-byrain streaks;(b) As
mentionedin Section2, the oscillation frequenciesare relatedas
w3 � 2w2. Thus,in any givendrop, thesameshapedistortionsre-
peatafter a time periodof 2p =w2, i.e., underdistantlighting and
viewing conditions,thestreakappearanceis periodic.Hence,streak
appearanceis essentiallycapturedwithin asingletimeperiod.

4 Database of Rendered Streak Textures
Using the determinedoscillation parametervalues, we render a
databaseof rain streaktexturesthat capturesthe wide variationof
streakappearancewith respectto lighting and viewing directions.
It would have beenideal to captureactualimagesof rain streaksto
build the database.However, this is very dif�cult to do for the fol-
lowing reasons.First,althoughwe have determinedtherangeof os-
cillation amplitudes,theparameterf rot in Oscis a randomvariable
andcannotbe controlled. Moreover, capturinghigh quality streak
imagesundera wide rangeof sourceandcameraorientationsis a
challengingproblemdueto the limited depthof �eld anddynamic
rangeof thecamera.Hence,we useour streakappearancemodelto
renderthe imagesin our database– it providesus full control over
thesamplingof ourparameterspace.
To capturetheeffectsof lighting7, we variedql from 0� to 180� and
f l from8 10� to 170� with stepsof 20� . To capturetheeffectsof the
viewing direction,wevariedqv alsofrom 10� to 170� with steps9 of
20� . To includetheeffectsof oscillations,we usedbothsetsof esti-
matedamplitudes,(A2;0 ;A3;1)=(0:2;0:1) and(A2;0 ;A3;1)=(0:1;0:1).
Theorientationof thedropwith respectto thecamerawassampledas
f rot = (0� ;90� ;180� ;270� ) to accountfor thenon-rotationallysym-
metricshapeof thedrop. For all of theabove lighting andviewing
directions,we also renderedstreaksfor the following two cases-
sphericaldrops(no oscillations)andonly oblate-prolateoscillation
with amplitudeA2;0 = 0:2 (no transverseoscillations).
Thestreaksarerenderedusingdropsizer0 = 1:6mmandexposure
time Tdb = 1=60s,which correspondsto the time period2p=w2 of
the drop oscillation. In short, the databasesamplesthe parameter
space(ql ; f l ;qv;Osc). It also includesstreaksrenderedunderam-
bient lighting for the (qv;Osc) valuesusedabove. The streaksare
renderedas 16-bit monochromeimageswith a resolutionof 32 �

7Thelight sourcesubtendsa solid angleof approximately14 steradianat
thecenterof thedropandis atadistanceof 10mfrom thedrop.

8Dueto symmetry, thestreaktexturefor f l , 180� < f l < 360� , is obtained
by horizontally�ipping thetexturefor (f l � 180� ).

9Thedatasuggeststhata coarsesamplingof 20� is suf�cient for render-
ing rain streaks.This maybebecausedropsareonly a few pixelswide and
severely motion-blurred. In applicationswherea �ner samplingis needed,
our streakappearancemodelcanbe usedto populatethe databasewith any
desiredsampling.

1042pixels10. In total, thedatabaseincludes6300streakimagesat
thisresolution.To avoid artifactsdueto severedown-samplingwhen
renderingstreaksfar from thecamera,theabove streakimageswere
alsostoredat 3 additional(lower) resolutionswith streakwidthsof
16;8 and4. The completedatabaseis about400MB in size. The
databasecanbe usedby any image-basedrenderingsystemand is
publicly available.

5 Algorithm for Rain Rendering
We now presentan ef�cient image-basedalgorithm that usesour
streaktexture databasefor renderingphotorealisticrain in images
andvideos. The texturesin the databasewererenderedby varying
the oscillationparametersand the lighting andviewing directions.
Thevariationof streakappearancedueto otherfactorssuchasdrop
size,distancefrom light sourcesandthe camera,andpropertiesof
thesources,canbecomputedfrom thetexturesin thedatabaseusing
simpleimageprocessingoperations.In this section,we show how
our rain renderingalgorithmcomputesthesetextures. In addition,
we describehow thealgorithmrenderstheeffectsof cameraparam-
eters,suchasdefocusandexposuretime. Figure4(A) shows all the
stepsinvolved in the renderingprocess.We now describeeachof
thesesteps(from left to right in Figure4(A)).
User Inputs: Our renderingalgorithmrequiresan image/videoof
thescene,acoarsedepthmapof thescene,thelocationsandproper-
ties(size,isotropy/anisotropy, color, orientation)of thelight sources
andthecameraparameters.Theuseralsospeci�esthe rain proper-
ties,includingthedensityof rain,thedropsizedistribution11, anddi-
rectionof rainfall. For videoswith moving light sourcesandobjects,
theuserprovidescoarsedepthlayersandlocationsandorientations
of thesourcefor key framesin thevideo.Then,interpolationis used
to computethe locationsof the depthlayersand the locationsand
orientationsof thesourcesin theremainingframesof thevideo12.
Rain Dynamics: WeusetheparticlesystemsAPI [McAllister 2000]
to createthe spatio-temporaldistribution of raindropsin 3D space
andtheir trajectories.For ef�ciency, weonly generateraindropsthat
passthroughthe�eld of view of thecamera.Dropsarecreatedwith
uniform spatialdistribution in a 3D volumethat lies above thecam-
era's �eld of view. At eachtime frame,we addnew dropsto this
volumeandupdatethe3D positionsof existingdrops.Thisgivesthe
spatio-temporaldistribution of drops. Eachdrop is also randomly
assignedoscillationparametersOscfrom thesetof parametersused
to createourstreakdatabase.
RenderingNovel StreakTextures:A scenecanhavemultiple light
sources.To renderrain in sucha scene,we computethestreaktex-
turesdueto eachlight sourceseparately. Computingthesetextures
involvesaccountingfor theeffectsof dropsize,thepropertiesof the
light sourcesanddistancesfrom light sourcesandthe camera.To
rendera rain streakwe �rst �nd the appropriatetexture resolution
level – it is the resolutionlevel with texturesof widths just larger
thanthewidth of theprojectedrainstreak.
Lighting andViewing Dependence:As thedropfalls duringtheex-
posuretime,thesourceangle(ql ; f l ) andthecameraangleqv change
with respectto thedrop. For a dropthat is far from the light source
and the camera,theseanglesdo not vary muchover the lengthof
the streakandhencethe streaktexture for the angle(ql ; f l ;qv) can
be used. If thereis no streaktexture in the databasefor thesespe-
ci�c angles,thenthe texture is obtainedby bilinear interpolationof
the8 neighboring(two alongeachof the threeangulardimensions)

10The lengthsof the streaksfor qv 6= 90� are smallersincethe viewing
directionof thecamerais notorthogonalto thefall directionof theraindrops.

11Well known raindrop size distributions such as Marshal-Palmer or
Gammadistributioncanbeused.Thesizedistributioncanalsobecustomized
to includelargerdropsizesto createmoredramaticraineffects.This is anal-
ogousto thetechniqueusedin moviesto simulatea heavy downpour– using
sprinklersthatproducelargedrops.

12Alternatively, structurefrom motionalgorithms[Faugeras1993]maybe
usedto automatethisprocess.
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parameters.Thealgorithmusesa particlesystemfor creatingtherain distribution andthedroptrajectories.Then,it usestexturesfrom our
rain streakdatabaseto rendernovel rain streaks.Novel streaksarerenderedfor eachlight source.Thebox on theright shows detailsof the
stepsinvolvedfor eachsource.Thesestepsaccountfor theeffectsof dropsize,distancesfrom thesourceandthecamera,andthepropertiesof
thesource.Thestreaktexturesdueto individual sourcesandtheambientlight textureareaddedto obtainthe�nal streaktexture.These�nal
texturesarethenscaledandrotatedto accountfor perspective effectsandblurredandcroppedto accountfor cameradefocusandexposure
time. (B) Stepsto computethetexturefor (I) adropwhosesizeis differentfrom dropsin thedatabase(II) adropnearacameraor source.

databasetextures. For a drop that is closeto the light sourceor the
camera,(ql ; f l ;qv) will changeover thestreak.Hence,thedatabase
texturescannotbe directly used(even with interpolation)to obtain
thedesiredstreak.In suchcases,we computetwo streaktextures,I1
andI2, usingtheanglescorrespondingto the top andthebottomof
thestreak.Thesetwo texturesarelaterblended(afteraccountingfor
dropsize)to obtainthetexturefor suchadrop.

Different Drop Sizes:The appearanceof a streakalsodependson
the drop size. Equation(2) shows that the sizeof a drop only af-
fectstheoscillationfrequency, implying thatdropsof differentsizes
are subjectedto the sameoscillationsas in the rendereddatabase
streaks.Therefore,a drop with a differentsize(from the database
dropsize)will have its intensitypatternrepresentedin thedatabase,
but takesadifferenttimeperiodTnew = 2p=w2 to completeits oscil-
lation. Dueto this differencein thetime period,within theexposure
time Texp of the camera,only a Texp=Tnew portion of the database
streaktexture is visible. Hence, the textures for new drop sizes
canbe obtainedfrom databasetexturesusingsimpleoperationsas
describedbelow. Considera databasetexture as shown in Figure
4(B)I(a)(alsoshown in Figure4(B)I(d)). If Tnew > Texp, the drop's
streakis obtainedby croppinga Texp=Tnew fraction of the database
streakasshown in Figure4(B)I(b). If Tnew < Texp, thedrop's streak
is obtainedby concatenatingcopiesof thedatabasestreak13 andthen
croppingattheappropriatelengthasshown in Figure4(B)I(e). These
cropped/concatenatedstreaksarescaleddependingon thedropsize
andvelocity. The streaksendsare thenblurred to smoothout the
sharpedgesproducedby cropping. This givesus thestreaktexture
for thegivendropsize(seeFigure4(B)I(c),(f)).

As discussedbefore,whena dropis closeto thesourcetwo textures
I1 and I2 are computed. In suchcases,we accountfor drop size
to obtaincorrespondingtexturesId

1 andId
2 . Thesearethenblended

usingamaskM thatvarieslinearlyfrom 1 atthetopof thestreakto 0
at thebottomasshown in Figure4(B)II. TheresultingtextureI thus
incorporatestheeffect of changingcameraor sourceanglewithin a
streakandis givenby: I = Id

1 M + (1� M) Id
2 .

Light Source Properties: Rain producesimportant visual effects,
suchashalosaroundisotropiclight sourcesandlight conesaround
anisotropicsources.To rendertheselighting effects,we modify the
streaktexturecomputedaboveby multiplying it with amask.To cre-
ateahaloeffect,weuseamaskwhoseintensityatapixel i is equalto

13For long exposuretimes, the streaktexture repeatsitself with the time
periodof oscillation.

1=d2
i , wheredi is thedistancein 3D of thefalling drop(with its cen-

ter assumedto projectto pixel i) from the light source14. Similarly
for renderingthe effectsof anisotropicsources,suchasspotlights,
wemultiply theoriginal texturewith ananisotropicmaskthatrepre-
sentstheanisotropicbrightnessdistributionof thesource.

We repeattheabove stepsfor eachlight sourcein thescene.Then,
we obtaintheambientstreaktextureby indexing thedatabaseusing
(qv;Osc). If adatabasetexturefor qv doesnotexist, wecomputethe
textureby interpolatingtheneighboringdatabasetexturesin qv. The
ambientstreaktexture is thenmodi�ed to accountfor thedropsize,
asexplainedbefore.

Oncethemonochromatictexturesdueto individual light sourcesand
the ambientlight areobtained,we scaleeachof thesetexturesin-
dividually with thecorrespondingsourceintensityandcolor. These
scaledtexturesareaddedto obtainthe�nal coloredstreaktexture.

Rendering Streak Appearance: Oncethe �nal streakis obtained,
we applysimpletransformationsto it to accountfor theperspective
andcameraeffects.

PerspectiveEffects: Basedon the drop's distancefrom the camera
and the anglethat drop's velocity vector makes with the camera's
opticalaxis,we scalethe �nal streaktexture to its projectedsizein
theimage.Theprojectedstreakis thenrotatedin theimageplaneto
accountfor its directionof fall.

Camera Effects:Next, we rendertheeffectsof thecamera's limited
depthof �eld (defocus). If the scaledand rotatedrain streaklies
outsidethedepthof �eld of thecamera,it is Gaussian-blurredwith
a depth-dependentsigma. Finally, we accountfor theeffectsof the
camera's exposuretime Texp. Theeffect of theexposuretime on the
lengthof the streakwasalreadyaccountedfor whenwe computed
the texture for the drop size. Here,we only considerthe effect of
exposuretime on the transparency of the rain streak. It hasbeen
shown [Garg andNayar2005] that the intensityIr at a rain-affected
pixel is givenby Ir = (1� a ) Ib+ a Istreak, whereIb andIstreakarethe
intensitiesof thebackgroundandthestreakat a rain-effectedpixel.
The transparency factor a dependson drop size r0 and velocity v
andis givenby a = 2r0=vTexp. Also, therain streaksbecomemore

14In orderto minimize thedatabasesizewe usethis approximatemethod
to renderthe variation in streakappearancewith sourcedistance. While
this givesreasonableresults,in applicationswheremoreaccurateresultsare
neededonecouldincludetheappearancevariationwith sourcedistancein the
database.



opaquewith shorterexposuretime. In thelaststep,we usetheuser-
speci�eddepthmapof thesceneto �nd thepixelsfor which therain
streakis notoccludedby thescene.Thestreakis renderedonly over
thosepixels.

Theabove stepsarerepeatedfor eachraindropthat lies in thecam-
era's �eld of view. The run-timeof the algorithmis linear with re-
spectto thetotalnumberof pixelsaffectedby rain. Thatis, it depends
not only on the numberof streaks,but alsoon the sizeof the pro-
jectedstreaks.For a typical rainscene,asingleframetakesabout10
secondsto renderona2GHzPentium-4machinewith 1 GB RAM.

6 Results
We now show the resultsof our rain renderingin a wide rangeof
scenariosthatincludechanginglighting andviewing conditions.

Scene1 – Varying Illumination Dir ection: We begin by showing
rain renderedagainsta black backgroundto highlight the variation
in rain appearancewith illumination direction. Figure5 I(a) shows
theappearanceof rainwhenit is illuminatedby a distantsourcethat
makes an azimuthalangleof 60� with the camera. Figure 5 I(b)
shows therain appearancewhenilluminatedat 10� . 0� corresponds
to the camera's viewing direction. Note the strongdependenceof
streakappearanceon theilluminationdirection.For comparison,we
show rain renderedusingtheconstantbrightnessmodelin Figures5
I(c) and(d),with identicalscenesettingsandrainparameters.As can
beseen,theconstantbrightnessmodellooksunrealisticsinceit fails
to producethe complex streakpatternsandthe effectsof changing
illumination.

Scene2 – Night Scenewith an Isotropic Source: Next, we show
rainaddedto a simplenight scenewith anisotropiclight sourcethat
is immersedin rain. Our algorithmcanrealisticallyreproduceillu-
minationeffectssuchasthehalosaroundsources,asseenin Figure
5 II(a). Figure5 II(b) shows a zoomed-inimageof the scenethat
revealsthe complex patternswithin the streaks.Our algorithmcan
alsosimulatecameraeffectssuchasdefocusing.Figures5 II(c) and
(d) show the scenerenderedwith a large aperturesize. In Figure5
II(c) thecamerais focusedon the lampandin II(d) it is focusedin
front of thelamp.

Scene 3 – Colored and Anisotropic Sources: Figure 5 III
shows rain addedto a scenewith multiple light sources,including
anisotropictraf�c lamps. Note the realisticshadingof the rain due
to the traf�c lights andhow the appearanceof the streakschanges
with illumination direction. Figure5 III(b) shows a zoomed-inshot
of thesamescene.Figure5 III(c) shows rain renderedfor thesame
sceneusing the constantbrightnessstreakmodel. Figures5 III(b)
andIII(c) clearlydemonstratetheadvantagesof usingourstreakap-
pearancemodel.

Scene4 – Changing Sky Illumination: Figure 5 IV shows rain
addedtoascenewheretheilluminationchangesfromanovercastsky
to bright sunlight. Thestreakshave smoothintensitypatternswhen
illuminated by ambientlighting, suchas the overcastsky, as seen
in Figure5 IV(a). However, as the illumination changesto highly
directionalsunlightin Figure5 IV(c), weseethathigh frequency in-
tensitypatternsappearwithin thestreaks.Figure5 IV(d) shows the
selectedimageregionsat theoriginal resolutionusedfor rendering.
The differencesin the streaksfor the threelighting conditionsare
clearlyvisible.

Scene5 – Moving Light Sources: Figure5 V shows rain rendered
for a scenewith a moving car with headlights. Note how the ap-
pearanceand brightnessof the rain streaksvary as the headlights
illuminate the rain from (a) the front of thecameraand(b) theside
of thecamera.Figure5 V(c) shows theselectedimageregionsat the
original resolutionusedfor rendering.

Theseresultsdemonstratethe ability of our physically-basedrain
renderingalgorithm to add realistic looking rain to imagesand
videos.

7 Conclusion and Future Work
We have proposeda modelfor rain streakappearancethat captures
thecomplex interactionsbetweenthelighting direction,theviewing
directionandthe oscillatingshapeof a falling drop. We have used
this model to createa usefuldatabaseof rain streaksthat includes
thewidevariability in streakappearance.Thisdatabasestandson its
own asacontributionasit canbeusedby any image-basedalgorithm
for rain rendering.Finally, wehavedevelopedarain renderingalgo-
rithm thatcanbeusedto addrealisticrain in imagesandvideos.The
algorithmrequiresminimal humaninput, providesa high degreeof
control,andis ef�cient. It providesan inexpensive way to addrain
in moviesandanimations.This methodis alsoapplicableto render-
ing streaksproducedby dropsfalling from reasonableheights(such
asrooftops,terraces,trees,etc.) asthey exhibit oscillationssimilar
to thosein raindrops.In future work, we would like to incorporate
a moresophisticateddynamicmodel that canrenderthe effectsof
turbulenceandwind andalsoextendthealgorithmto rendercurved
streaks.Finally, we would like to achieve frame-rateperformance
by usingcommoditygraphicshardware. We arealso interestedin
the modelingandrenderingof the splashingof raindropsagainsta
widevarietyof materials,avisualeffect thatis importantfor making
sceneswith renderedrainappearphotorealistic.
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Figure5: Rainrenderingresults.I Rainrenderedagainstablackbackgroundwith adistantlight sourceatahorizontalangleof 60� in I(a) and
10� in I(b). Notethechangein streakappearancewith thelighting. I(c)-(d) Frameswith thesamecameraandrainsettingsbut renderedwith
constantbrightnessstreaks.II(a) A simplenight scenewith asingleisotropiclight source.Noticethehalogeneratedby rainaroundthelight
source.II(b) Zoomed-inview of thescenethatrevealsthecomplex brightnesspatternswithin thestreaks.II(c)-(d). Thesamescenerendered
with cameradefocuseffects. III(a) Renderedrain addedto a scenewith several coloredandanisotropiclight sources.Note the realistic
shadingeffectsaroundthesources.III(b) Thecomplex patternswithin thestreaksaremorevisible in thezoomed-inimage. Compareour
renderingwith thatusingtheconstantbrightnessstreakmodelin III(c). IV Scenewith changingoutdoorillumination. IV(a) Rainrendered
for overcast,IV(b) partially overcastandIV(c) sunny conditions. Note the variation in rain appearanceasthe illumination changesfrom
ambientto directional. IV(d) Magni�ed images(original imageresolutionusedfor rendering)of theselectedimageregions(white boxes).
V A scenewith moving light sources.Notethedifferencesin theappearanceof rainstreakswhenilluminatedfrom thedirectionof thecamera
viewpoint in V(a) from thefront andfrom thesidein V(b). V(c) Magni�ed imagesof theselectedimageregions(redboxes).


