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Abstract

Realistic rendering of clouds involves solving the compiéaraction of light within the cloud and with its envi-
ronment. Interactive methods achieve efficient cloud rengdoy ignoring several lighting effects. However, these
effects are visually important, and removing them stromgtiuces realism.

We present a novel approach for capturing the importantcesfef multiple anisotropic Mie scattering within

cloud layers (i.e., stratiform clouds), and the inter-refle

ns between the ground and the cloud base under sun

and sky illumination. Our model maps well to graphics hartey@&nabling the real-time rendering of animated

cloud skies over landscapes.

1. Introduction

The visual aspect of a cloud depends on complex light in-
teractions: individual cloud droplets scatter light aciiog

to a very irregular diagram, the Mie functioBIH98], which

is responsible for glories and fogbows around the antisolar
direction. Inside the cloud, light is anisotropically deatd
multiple times before leaving. Despite this accumulatdd di
fusion, anisotropy remains strong at many places such as
along the silhouette (thus the “silver lining”) or in the di-
rection of the “pseudo-specular” reflection. The ground-
clouds interaction introduces further lighting effectincg

a cloud’s albedo is high, the cloud’'s bottom reflects the
ground. Inuits can find a channel in ice shelf or find the land
from the sea by observing “water sky” and “ice blink” on the
cloud bottom Art].

The complete simulation of a cloud appearance includ-
ing all these effects has never been done. Several interac-
tive cloud simulations have been proposed, but they inereas
performance by ignoring most light interaction modes. Our
model revisits the cloud illumination problem and accounts
for new important lighting effects (see Fig, right). It en-
ables the real-time rendering of animated cloudy layers ove
alandscape. In this paper, we focus on stratiform clouds suc
as stratocumulus, i.e., not vertically developed like cumu
lus or cumulonimbus (see Fig). Also, we do not consider
clouds made of ice. Our goal is to render such clouds in
real time from a viewpoint located either under the clouds
(e.g.,from the ground) or above there.().,from a plane).
We are not considering flying trough or inside the clouds.
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Our contributions are:

e An improved representation of the scattering model,
based on the exact Mie function (whereas previous ap-
proaches use coarse approximations) and droplet size dis-
tributions.

e Reflectance and transmittance shaders to be applied to
the cloud surface. These shaders account for local scat-
tering and estimate the effects of multiple light scattgrin
through the cloud.

e A GPU-friendly algorithm to efficiently compute inter-
reflections between the clouds base and the ground (ac-
counting for shadows, sky, and landscape texture).

Our approach consists in obtaining functions giving the in-
tensity and direction distribution of light on each side of a
homogeneous plane-parallel slab. To do so, we separately
treat the different orders of scattering within this slabe(s
Fig. 2, left). We use analytical solutions for orders 0 and 1,
and approximate solutions for orders 2 an@. We propose

a modified Mie model allowing us to treat only meaningful
scattering events.e.,events that cause a significant change a
the photon’s path direction. We apply the resulting funtsio

as a shader applied on the cloud surface, locally considered
as a slab.

We account for the inter-reflection between the cloud base
and the ground (considered as parallel planes) by introduc-
ing an efficient GPU-compliant algorithm performing ra-
diosity iterations: density and color variations on the two
planes are stored in textures, as well as their dynamic-light

delivered by
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Figure 1: Main types of cloudsGray areastratiform clouds. Since
these clouds have a layer shape with slightly varying tresknwe
locally approximate them by a slab.

ing. Form factor integration is approximated using weighte
rings in the MIP-map pyramid (see sectign

We validate our model by comparing it to Monte-Carlo
simulations. Our GPU-enhanced implementation runs at 18
to 40 FPS on animated 532512 cloud height fields.

2. Previous Work

An accurate way of simulating the multiple anisotropic Mie
scattering of light in a cloud is to rely photon tracing, ,i.e.
Monte Carlo integration. However, this would require an un-
acceptable time to converge. Various simplifications have
been proposed in the literature:

e Low albedo / low density hypothesis: one single scatter-
ing is consideredlv84, BIi82].

e Simpler scattering functions: Rayleighil[01, Kv84],
Gaussian PAT*04], Henyey-Greenstein Max94,
NND96], which are easier and faster to compute and
whose smooth variations present directional artifacts.

e Simplification into simple diffusion solvers: isotropic
scattering PKY *00], diffusion approximation $ta95
JMLHO1].

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

Only afew papers actually make use of Mie scattering to ren-
der atmospheric effectiREK*04, IW97. Only [REK*04]

use it for clouds, and only for local effects such as the glory
(the light transport is assumed to be forward-dominant).

The problem is that visual features of clouds (see bjg.
are due to different lighting modes directly or indirectyne
nected to the particular shape of the Mie scattering diagram
(see SectiorB.3): Glories and fogbows are essentially due
to single scattering and strongly depend on the backward
peaks of the phase function. “Pseudo-specular” reflection

Figure 2: Left: All light path categories we simulaté: 3 orders
of scattering(1}, , 15,), double scatteringl}, 1%), single scatter-
ing (11, 19), transparenc;(lg) ground-clouds radiosityRad). Right:

All effects we reproducea: diffuse reflectanceh: glory. c: fogbow.
d: pseudo-specular reflectance. diffuse transmittance: ground-

clouds inter-reflectiong: forward scattering.

The study of most probable pathBAT*04] is an inter-
esting way to focus on important features. This accounts for
the low-order scatterings, but it misses the diffusionaffe
Moreover, PAT*04] relies on Gaussian phase function.

Cloud optics has been widely studied in other fields (me-
teorology, applied optics, atmospheric sciences etcpata
ticular, the study of cloud droplet phase functioe([64]
coupled with cloud droplet size distributio@la74MVCO00Q]
are of interest to us.

3. Cloud optics

3.1. Multiple scattering in clouds

Multiple scattering has been extensively described inithe |
erature (see for instanc&@99). Let us recall the main prin-
ciples of interest to us (the following notation will be used
throughout the paper).

The material of a homogeneous cloud can be described
by the effective radiusof its dropletsre and thedensity
of dropletsper cube meteNy. These define thextinction
cross-sectioro = w3, the extinction coefficienk = Noa,
and theextinction function(i.e., the cloud transparency)
1(X) = e ** which is the probability to traverse the cloud
along a path of lengtlk without hitting a droplet. Thus, the
probability of hit withinx meters is 1-t(x), and its deriva-
tive s(x) = ke~ "X is the probability density of a hit exactly at
the end of a free path of length This also yields thenean
free path § = 1/k.

When hitting a particle, light can either be absorbed or
scattered. The albedo of cloud droplets is very close to 1 for
visible light,i.e.,light is not absorbed in clouds: all the light
that hits is distributed elsewhere. The probability thghti
hitting a droplet from directiom is scattered in direction’
is determined by the@hase function Ro,w'). Since water

and bright silhouettes are caused by the forward anisotropy droplets are spherical, this function is axisymmetric amd ¢

and are the effect of a few scattering events (2 to 10). The
overall brightness of clouds comes from diffuse illumioati
(high orders of scattering cancels directionalities in dire
agram). Thus, considering only diffusion, or only forward
scattering, or smooth scattering functions, forbids seali
And simply adding a Mie single scattering on top of a for-
ward [REK*04] or isotropic diffusion is not sufficient either.

be expressed in spherical coordina®¢6) with 6 = u/),a

Stratiform clouds usually hold betwedlg = 10° and 18
droplets per m having a radiuge = 2um to 15um. This
yields a mean free path/& of several meters (20m for
Ng = 3.16®m~2 andre = 7pum). Since a cloud spans hun-
dreds to thousands of meters in each direction, most rays are
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scattered several times before exiting the volume (for ke e
ample above, the no-hit probability is 10 for 200m and
10719 for 500m).

3.2. Droplet size distributions in clouds

a

T,he size of water droplets has a huge visual impact: for a Figure 5: Some features of stratiform clouds (real photographs).
given amount of water, the smaller the droplets the more | ¢ glory and fogbow.Middle: pseudo-specular effecRight:
opaque the cloud (half the size doubles the extinction co- sirong forward scattering.

efficient). The Mie function also varies with respect to the
droplets size. Low- and mid-level clouds are a mixture
of water droplets of different sizes. Literature in applied
optics and atmospheric sciences rely dnoplet size dis-
tribution (DSD) models. The modified Gamma distribu-
tion [Lev58 Dei69, Cla74 is well suited for cloud droplets.
Itis defined by:

No ryy-1 _ -«
()
r(y)rn n 510 15

r [um]

Figure 3: Example DSD.

N(r)

N(r)=

This function describes the densiy(r) of droplets of
radiusr, with rn the characteristic radius of the distribu-
tion, y representing its broadness, aNg the total density
of dropletsI is the Gamma function. A cloud distribution is
thus only described by the three parametéysrn andy. In
terms of optical properties, the effective radius corresppo
ing to this distribution ise = (y+ 2)rn.

Measured parameters for all kinds of clouds can be
found in the literature. For stratiform clouds, we refer
to [MVCO0Q]. In the examples of this paper, we used val-
ues ofNy = 300cnT 3, y =2 andre = 7um. The resulting
DSD is shown on figur@. We consider this distribution to
be constant in space and time.
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Figure 4: RGB: efficient Mie phase function (loggray: pure Mie
(r = 20um). Note the undesired high frequency rippleset:Polar
plot of the function (log).

3.3. Scattering behavior

The phase functiorP,,(0) characterizing the scattering
caused by a water droplet of sizeat wavelength\ is ob-
tained by the Mie theoryBH98]. It is quite expensive to
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compute, highly dependent erandA, and its intensity os-
cillates strongly whei® varies. This is what makes the Mie
function so impractical, and probably why it is avoided in
CG cloud simulations.

Theeffective phase function(®) corresponding to a DSD
can be obtained by weighting and summing the phase func-
tions of the various droplet size®¢i64. We used Philip
Laven’s MiePlot softwarel[av] to pre-compute the effective
phase function for our droplet distributions (see Secsi@h

Besides the more accurate physics—which shows espe-
cially on the glory MSPS04— considering the DSD has
a very fortunate consequence: the high frequency ripples in
P »(8) vanish inP(8) (and, indeed, they are not observed in
real clouds). So, the effective phase function is a lot more
practical than the pure one.

Each feature of this function directly corresponds to an
important visual phenomenoM[n54, LL95, Cow] in the
cloud:

e Narrow forward there is a strong peak in the forward di-
rection. It corresponds to°5concentrating 51% of the func-
tion. It is responsible for thsilver lining on the silhouette
when the sun is behind the cloud, since a few scattering
events occur for these light paths (see figight).

e Wide forward This large lobe represents 48% of the scat-
tering. This part produces a fairly isotropic distributiwhen
several scattering events are accumulated. It also causes t
“pseudo-specularreflection in the antisolar azimuthal di-
rection on the top of the cloud layer, since less scattering
events are required for light paths in this direction to gét o
of the layer (see figs, middle).

e 39° backward peakThis peak is responsible for tHeg-
bow (or cloudbow, a bow where the contrast of the cloud
layer is enhanced. It is visually similar to the rainbow with
poor or no colors. This effect is caused by single scatter-
ing event occurring close to the cloud surface and represent
very little energy. It is more visible on mist and thin layers
(see fig 5, left).

e Backward peakThis 2°-wide peak is responsible for the
glory, a colored circle around the antisolar point which is
often seen from plane, and thatisolar spot which is gen-
erally masked by the shadow of the observer. These features
are caused by single scattering events occurring closeto th
cloud surface (see fif, left).
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4. Our model

As stated in the overview, we consider different categarfes
light paths. First, we separate the strong forward scateri
events Ffrom other scatteringsvents S\Ve then approxi-
mate light paths; (F*S)'F* asF* + 5;(S)', whereS' cor-
responds to a modified Mie model: the forward peak is em-
bedded into the extinction function (see Sectof).

Furthermore we study the contributions 8f, 52,53
paths for a given outgoing direction of reflection or trans-

120 20 60

Modified Mie

Original Mie
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180 0

mission. The study of these modes is done on plane-parallel Figure 6: Reflectance BRDF of a slab with our modified-Mie

layers of thicknes$l with a homogeneous droplet distribu-

model (Top) and with the original ongBottom), both integrated

tion. Clouds are assumed to behave locally like slabs of such through Monte Carlo simulation. B 100m 8, = 70°. Colors rep-

thickness. We are looking for the intensltputgoing in di-
rectionV when a slab is lit from the sun direction .

resent the contribution of each order of scattering. Raswith our
model closely match the original. Note how 1+2 scatteringhia
modified-Mie model accounts for up to the fifth order in theyori

The O-scatter corresponds to the transparency and stronginal Mie (dashed lines)A: glory. B: fogbow.C: pseudo-specular

forward scattering (Sectiof.2). The single scattering con-
tribution can be obtained analytically (Secti#s3). The dou-

ble scattering is integrated thanks to an approximatios-Se
tion 4.4). Note that integrating the energy of these 3 modes
with our modified Mie model is equivalent on average to in-
tegrating paths with up to 5 scatters with the standard Mie
model. This is due to the fact that the strong forward scat-
tering event are embedded in the extinction function. We
treat the remainder (the"3mode) as diffuse, and we ob-
tain its importance via a simple 1D model (Sectib).

) . 2 _
The total reflectance and transmittance are used to obtain 9s=(1—Pf)Tr§, Ks=0sNo, Ts(X)=€

the amount of reflected/transmitted environment light (com
ing from the sky and from the ground). The computation of

reflection.

forward peak fo < 0;. For typical cloud value®; = 51%

for 8¢ = 5°. In paths containing at least oSsevent we ne-
glect the direction change fér eventsj.e.,scattering events
with 8 < B¢. This is equivalent to decreasing the extinction
cross section according # and canceling the peak of the
phase function. The phase function and extinction parame-
ters presented i8.1 are thus modified as follows:

Ps(8) = ~9 if B < 6 otherwise O

1-Pr)
1, sg(x)=kse™
ForP; = 51%, half of the events are implicitly accounted for
in the modified extinction, so we only have to treat exphcitl

inter-reflections between the cloud base and the ground is the other half. This doubles the mean free path and halves

treated in Sectiob.

Notation: LetV', T and N be the view direction, the light
direction, and the normal to the slabe(, the up or down
direction) at the considered illuminated locatidy, 6;, 6y,
are the angles betweevt and N, T and N, andV and
T. W =cosby, i = cosh. H = H/y andHy = H/py
are the thickness of the slab along the light and view di-
rection, respectively. The subscripts 0, 1, 2, &dmsre-
fer to light paths undergoing no scattering, single scatier
double scattering, three scattering events or more, or mul-
tiple scatteringi(e., 0+ 1+ 2+ 3"), respectively. The su-
perscriptsr andt indicate that we are computing the light
reflected by the slab or transmitted through the slab. Typi-
cally, we will consider” when the viewer and the light are
on the same side of the layer, ahdtherwise (see Figurd.

In the following sections, we estimate the contributions
15,15, 10,15, 15, 15,15, leading tol' = 15 + 11 +15 + 15, and
I"=1+15+15, . 1f V. T > 0thenl = I, otherwisel = ;.

4.1. Modified-Mie: forward scattering embedding

In order to treaf events separately froi@ events, we de-
fine a modified Mie model embedding the forward scatter-

ing. LetPs = %Tf(?f 2nsin(0)P(0)d be the weight of the

the number of scattering events per light ray.

The consequence of this approximation is aesror at
each extinction event. But since multiple scattering teiods
smooth out directionalities, this error is negligible fagtn
orders of scattering. Figushows a comparison between a
Monte Carlo simulation done with the original and the mod-
ified Mie scheme. Note that we do not apply this approxi-
mation for paths containing n® event, since the deviation
would not be negligibleF* paths (called O-scattel) are
instead incorporated into the transparency, see Seétin

In the following section we use our modified-Mie
model in place of the original one. That is, nota-
tion P(0), o, K, 1(X),s(X) representsPs,0g,Ks,Ts,Ss.
P stands for the strong forward peak function, with
P=(0) = B if <0 otherwise 0.

Pt

4.2. Transparency and O-scattering

Transparency is obtained using the extinction function. Us
ing the originalt(x) function provides the direct transmit-
tance ¢

log = T(HV)dv 1)
with &, the Kronecker function. Usings(x) adds the ef-
fect of strong forward scattering. We prefer to provide this

(© The Eurographics Association 2006.



Bouthors A., Neyret F,, Lefebvre S. / Real-time realisticriination and shading of

Figure 7: Left: Single scatteringRight: Double scattering. Inte-
gral over all red paths is approximated by the value of theegre
path and a convolution.

term separately, taking into account the deviation of the
forward peak:
16 = Ts(Hv)Pr (By)

Note thatPF(9V|)KHV is the strong forward peak convolved
by the mean number of scattering, which equdts,. We
havely = 154+ 15¢ -

4.3. Single scattering

The amount of light getting out of the slab in directidh
after one scatter can be integrated analytically alongdiie r
as in Bli82] (see Fig.7, left):

cooM I dl «pe,
s /OH SoPOWTCE) o = TR (LTl +Hy)
= [ sGPET ) = SO ((H) — T(H)

4.4. Double scattering

In double scattering, photons are first scattered with ateang
Y, then follow a path_; > before being re-scattered with an
angle6,; — Y toward the viewer along a patlp eit: (see
fig. 7, right)

H
= [ 560) [ PSP~ Wt Lzeadican

In order to approximate the two last integrals, we use a com-

mon approximationREK*04]: the weight of all the paths

scattered by is considered to be constant owyerThe dou-

ble integral becomes(Ly exit) [y, P(W)P(6yi — Y)dw, which

yields simply the convolutio®® » P denotedP?(8,;). There-

fore, we can rewrité, as

KZPZ(GVI)M
v + 1y

_ KZPZ(SVI)UI

B —H

I3 = (I-1(H +H))

15 (T(Hv) —T(H))

4.5. 3" scattering

Since the cumulative phase function tends to become diffuse
for high orders of scattering, we assume a diffuse function
for I3+. Thus, we only have to determine the amount of to-
tal reflected and transmitted energy. For this we consider a
simple 1D model through the slab which gives us the esti-
mated transmittance and reflectaicandR; for each order
i=0,1,2 and in total (= m9. The details of our 1D model
are described in appendi and validated on figur8. This
model gives us the expressions s, To, T1, T2, Rms R1

and R, using the same input as for andl,. We can thus

(© The Eurographics Association 2006.
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Figure 8: Dots: values obtained with a Monte Carlo simulation
for various H values an@, = 30°. Areas:T; and R functions for
modes i= 0,1,2,3" (see appendid) fitted against the simulations.
The fitting is almost perfect.

computelz+ = Tms— To— Ty — T2 andR3+ = Rms— R1 — Ro.
Then, sincelz+ is considered diffuse, the solution for it is
simply m

Ay

13- = Rg+ 30 = Ta+

H
4y’

4.6. Sky and ground contribution

Sky and ground are secondary sources which contributes to
the illumination of the cloud. We take then into account in
several ways:

e Due to transparency, an observer can see the sky or the
ground through the cloud. Rendering is done with standard
blending. The alpha value of the cloud is given by t(Hy).

e The illumination of these wide secondary sources is mul-
tiply scattered inside the cloud layer. Due to the size of the
sources we consider this transport as diffuse, using trénsm
tanceTmsand reflectanc&ms

e Inter-reflections occur between the ground and the cloud
bottom, as detailed in the next section. We solve these-inter
actions in sectiorb and use the result to obtain the ground
illumination. For the sky illumination we use a standard sky
model [O’N05].

5. Radiosity simulation

To account for the effects of ground-clouds interaction, we
propose a efficient GPU-compliant radiosity algorithm be-
tween the ground and the clouds plane. The following sec-
tions describe our approach.

5.1. Light and reflectance data

We consider that the clouds bottom and the ground are two
parallel planes at distant¢e The input parameters are:

e Sun and sky colorsi.e., R,G,B intensities), and sun lo-
cation. Sky color might be defined by a sky shader (view
and sun dependent).

The ground texture, and a coefficielid estimating its
original illumination in order to interpret the texture as a
color reflectance fielgg(u, V).

The texture of cloud bottom diffuse reflectarmeg(u, v).

Itis obtained from the cloud height field using the diffuse
reflectance shad@®ms described in the previous section.
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e The texture of clouds bottom directional transmittance
(i.e.,transparencyJc(u, V). It is obtained from the cloud
height field using the functiofy 12 defined in appen-
dix A (1+2 orders are considered mainly directional due
to their strong forward scattering).

e The diffuse sourc&:(u,v) at the clouds bottom. It is ob-
tained from the cloud height field using the diffuse trans-
mittance shadeFs+ (described in appendik) multiplied
by the sun color, plus the overall transmittafiae mul-
tiplied by the sky color.

e The diffuse sourc&s(u,v) on the ground, which is the
ground illumination due to the sun and the sky (before
modulating by the ground reflectance).

- The sun contributior%(u,v) corresponds to direct
shadows obtained by multiplying the sun color by
Tc(u,v) (offset by theh.sin(6,) parallax) and multi-
plied by the Lambert reflectanced 6 ).

- The sky contributionSi¥(u,v) requires integrating
the incoming light on the hemisphere at every point
on the ground. This is explained in Sect®:3.

As an initialization, our algorithm starts by computing:
- The direct lighting on the ground (tlﬁ@(u,v) above).
- The indirect lighting on the groungg(u,v), which re-
quires the integration of the sky (tt@ky(u,v) above)
and the integration of the clouds bottom diffuse source

S(w,v).

Once the initialization is completed, our inter-reflectin
gorithm iterates multiple times to simulate light exchasmge
between the ground and the clouds. We now detail this algo-
rithm.

5.2. Inter-reflections iterative algorithm

To compute the inter-reflections, we associate two 2D tex-
ture buffers to both the ground and the clouds plaRe:
and Rg, which accumulate received light ; amiR;, dRg
which contains the light bouncing from every point af-
ter an iteration (light to be emitted at the next iteration).
These buffers are low resolution as inter-reflections are lo
frequency. At initialization,S5(u,v) is directly stored into
Rc, anddRg is set to the initial illuminated ground color
pG(u,v)(%(u,v) +S5(u,v)). We do not accumulate the di-
rect illumination (.e., the shadow map¥l (u,v) into Rg,
since cloud shadows from direct sun illumination are at high
resolution: at rendering time, the ground textyre(u, V)

will be multiplied by (S (u,v) + Rg).

At each pass (alternately from ground to clouds and
clouds to ground) and at each poift v) of the receiver,
we have to integrate over the hemisphere the leRemit-
ted by the other plane. The resulting amoknis added to
R(u,v), andEp(u,Vv) is stored intodR(u, V). It will be used
as the emitted light at the next iteration. The integrat®n i
explained in Sectiob.3.

These computations are done on the GPU using a pixel

shaderR and dR are updated simultaneously using multi-
ple render targets. MIP-mapped pyramids are automatically
generated by the GPU as well.

Note that all these textures are low-resolution, and only a
few iterations are necessary: at tifiteration the amount
of energy exchanged is roughty, wherep is the average
reflectance of the ground (assuming the cloud albedo is 1).
Typical country grounds have reflectance ranging frafn 0
to 0.2, so 2 iterations are often enough. Even with a snow
landscape requiring many inter-reflection passes, thesadi
ity computation remains fast enough for interactive clond a
imation (we used 8 for Figurgl.E).

5.3. Integration of light over the hemisphere

For each pointp = (ug, Vvp) of the receiveri(e., each pixel

of the buffer), we have to sum the emitted radiosity of all
the pixels(u,v) of the other buffedE weighted by the pixel
form factorF (up, Vo, U, v). Of course, this 4-fold loop is too
costly. Fortunately, integrating textures is a common prob
lem for which numerous solutions are available, such as
MIP-mapping.

In the spirit of [SP89, we consider areas of sim-
ilar contribution on which we assume the weight is
constant. We improve their method by choosing 3
square rings$,$,S3 of exterior size h,2h,8h cen-
tered on p. The form factors for these areas are
F(p,S1) = 0.5,F(p,S) = 0.3,F(p,S3) = 0.18. In fact
we will use weightsf; = 0.5, f, = 0.3, f3 = 0.2 to avoid
loosing energy. LefA;, Ay, Az be squares of sizh, 2h, 8h.
We haveSl =ALS =A— A1, =A3— Ao The av-
erage dE(A1),dE(A2),dE(Ag) of the texture dE over
the squares is obtained in one texture fett (u0,vO)
using the appropriate levdl in the MIP-map pyramid.
Note that using buffers with pixels of sizeis sufficient.
Then, the levels A and 3 will be used. The total integral
is thus E = f1dE(A)) + fa(3dE(Az) — 3dE(A7)) +
fa(§5E(As) — godE(A)),

i.e., E=v1dEp(u0,Vv0)+ vodE; (u0,v0) + v3dEsz(uo, v0)
withv, = 0.4,v, = 0.387,v3 = .213

6. Implementation and Results

Figure 9 validates our analytical reflectance model on two
different scenes. Note how the combination of our 3 modes
closely approximates the Monte-Carlo simulation. The er-
ror mostly comes from assuming that thé Scattering is
isotropic and from the double scattering approximatiog- Fi
ure 8 validates our 1D reflectance/transmittance model (the
fitting of our parameters is near perfect). We validated our
radiosity algorithm against an analytical case (squanedlo

For the cloud field, we rely on 512 512 animated
textures precomputed on the CPU using advected tex-
tures Ney03. We display the cloud surface as a height field

(© The Eurographics Association 2006.
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120° 90° 60° T o " o 30°

180° 0° ° 0°

Figure 9: Comparison of our backward multiple scattering
approximated model against Monte-Carlo photon tracihgft:

H =100m 6, = 70°. Right: H = 5m, 6, = 80°. Areas:Contribu-
tion of each order of scatterin@lue line: Monte-Carlo result.

Figure 10: Close-up views on reproduced cloud featutesft: fog-
bow.Right: glory (6-fold zoom of the left image).

(i.e.,a geometric patch) that is build on the fly on the CPU

from the texture. The clouds height vary from 0 to 500m and 7. Conclusion and future work

they span several km. When the observer is on the ground

and see the clouds from below, we display the cloud bottom We presented a method to render cloud layers in real-time
using a textured quad. When viewed from below, the shader providing all expected optical features, as well as inter-

used at each pixel of this mesh renders reflections with the ground, which was not feasible with ex-
I'Csun+ TmLCsky+ RmLCyround isting methods. However, our model is restricted to strat-

When viewed from above, the shader renders iform clouds. We would like to carry on this approach
I"Csun+ Rm<Csky+ TmCqyround to all kinds of animated cloudy skieg.{.,cumulonimbus

I' sumsl§ (section4.2), I} (section4.3), I} (section4.4) and storms or congestus fields), and from any point of view. This

|:‘.3+ (sectiond.5). The latter depends O, which useSTms, method should be easily transposable to ice-content-strati

To, Ty and T, (appendixA). The same dependencies apply form clouds, where only the phase function differs.
for the calculation of". The radiosity algorithm makes use
of Rms, To, T1, To, T3+ andTms (appendixA). The parameters
sent to the shaders in order to compute these values are:
e V, T, andN. Since single and double scattering are lo-

We assumed that the rays always pass through the cloud
bottom. This neglect interesting behaviors at the cloudssid
We plan to explore better estimation for these configuration

cal events, we use the local normal of the surfac®afor Relying on geometry for clouds is very efficient as com-
I1 andl,. Because multiple scattering is a global process, we pared to the massive overdraw caused by methods with
useN = Z forlg:. sliced volumes. Still, it lacks the blurry effect on the silh

e The textureh(u,v) used to estimatkl, plus scaling factors ette. We aim at adapting Gardner’s techniqGaf8g for

in the 3 directions. that.

e Sun, Sky color€sun, Cskyand ground illumination texture

The accuracy of our model could be further improved: the
pseudo-specular part is slightly underestimated (seefig.
and yields overdarkened parts on top of the cloud. This is
because the diffuse modg: does not fully match the real
behavior well in thin areas, where it keeps some anisotropy.

Cground-
e Phase functionBs(8), P (8) andP?(8) as textures.
e The whole set oB,-dependent parameters needed Tor
ansR;, passed as a 2D texture (we used the ones listed in
appendixB).

At each frame we construct and send the cloud scene to Radiative transfer can be improved as well. We did not
the GPU, we run on GPU the radiosity simulation described Consider the inter-reflections between different partshef t

in section5, we render the background (sky or ground), then cloud (which us.ually brightgns creases), and bereenrdiffe
the cloud layer using our color+transparency shaders. ent clouds. Aerial perspective should be taken into account
for distant interactions. Also, the interaction with a rftat-
The implementation is done on a PC with an NVIDIA  ground has yet to be treated.

Quadro FX 1400. At resolution 1024768, an image in . . . .

which 50% of the pixels are covered by clouds (intermedi-  Still, we were able to achieve real-time rendering on de-
ates between the two images of Fig.C) runs at 18 FPS. tailed scenes while reproducing the main features of clouds
One major bottleneck during clouds animation is the update aspect. Such complex lighting effects where not possible

of the 512x512 height field geometry. When clouds are not With previous methods, and we believe our approach opens
animated, the frame rate increases to 40 FPS. promising avenues of future work toward realistic realeim

. - ) cloud rending.
Our results are illustrated in Figutd and in the compan-

ion video. They show the various expected features includ-
ing “pseudo-specular” reflection (Figl.C), “silver lining”
(Fig. 11.A, 11.D), fogbow (fig.10, left) and glory (fig.10,
right) , and the radiosity effects including water sky and We would like to thank the anonymous reviewers, Chris Co
ice blink(Fig.11.A right, 11.E). See figuré for comparison for his helpful comments, and Nelson Max for his reviews
with real photographs. and useful discussions.
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"_7 — ]
A. Top: Final rendering of clouds topl contribution, sky contribution 1+ 1> contribution, ~ B. View from under the clouds without
ground contributionBottom: Final rendering of clouds bottom;, sky, b+ 11 +12 and ground  (top) and with radiosity botton).
contributions. (see Figurg)

D.Left: Sun through the clouds, seen from the grolRight: Clouds in full day light, seen from the ground.

E.Left and right: Two instances of thevater sky / ice blinkeffect. Clouds located just above the water appear darkan tbove ice or sand.

Figure 11: Results obtained at 18 to 40 fps w2 x 512 clouds animated heightfields and 3 to 10 pairs of radiosityges.

(© The Eurographics Association 2006.
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Appendix A: 1D models
| X

X XR !
i
!

$H} x=Txy [y |21
!

XT |

| xT

1(H) Toa(H)T2n(H)

Figure 12: Left: 1D multiple scattering model, where X is the
incoming intensityRight 1D single scattering model, 1D double
scattering model.

Multiple scattering Let us assume we know the trans-
mittance Tms(H) of a slab of heightH through multiple
scattering. The reflectance Rns(H) = 1 — Tms(H). A 2H
slab can be seen as two slabs of heightstacked to-
gether. Ifx is the amount of light traversing the interface
between the two layers in the transmissive direction, we
havex = Tms(H) 4 XRés(H) whose solution is = #{H)
(see Fig.12, left). The amount of light transmitted by the
2H layer is what is left fromx after traversing the sec-

ond layer. Thusims(2H) = % By induction, we get

Tms(H) = WB—DB with B = Tms(1m). We findp by fitting
against a Monte Carlo simulation (see apperigix

But isotropic approximation is valid for a large thickness
H only. Below a certain critical thickness (several hundred
meters in our case)ims(H) does not fit the real behavior
which becomes strongly dependent@&nWe found experi-
mentally that this error can be well corrected by an exponen-
tial factor. We use

Tims(H) = (b+ (1—b)e™ ) 5

whereb andc are correction parameters depending@pthat
we fit against a Monte Carlo simulation (see appeiland
Fig. 8).

Single and double scatteringFor the single and double
scattering approximation, we consider a 1D column hold-
ing particles with an extinction functiort(x) = e % and
sc(X) = Kee™ ¥ (see Figl2, right). In the 1D case, light can
only be scattered in 2 directions: reflective (coefficienbr

transmissive (coefficiert). With this model, the 1D single
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scattering solution is
H

TiH) = /Sc(l)ottrc(HfI)dI:tHsc(H)
0

H

Ri(H) = /sc( Yo" te()dl = (1 Te(2H))
Transmittance froom double scattenng can happen ei-
ther by double-backward or double-forward scattering.
T2(H) = Ta(H) +T2b( ) With

Toa(H) = /sC se(K)tte(H — k)dk dI
= 2(KctH) (H)

Twn(H) = /Sc /Sc k—1)rtc(H —1)dl dk

= 4 (1+ (2HKe — 1)1c(2H))Tc(3H)
Reflectance from double scattering can happen when being
scattered backward then forward or vice-versa.

Ry(H) = 2/ / —Ktre(k)dk dI

= Ert (1— (2HKc+ 1)te(2H))
Here again, thé,-dependent parameteks, t andr are fit
against Monte Carlo simulation (see apperiliand Fig.8).
As for b andc, these parameters account for the bias result-
ing from modeling a 3D phenomenon with a 1D model. That
is why they vary withg;, and whyr # 1 —t.

Transparency is directly given by the extinction function:
To(H) =1(H)

Appendix B: Used values

Here is an example set of parameters used in appeniix

the DSD used in the examplése., Ny = 300cni 3, y = 2
andre = 7um. We obtained them by running several photon
tracing simulations at relevant valuestbfand®, and fitting

the parameters by optimization. The fitting is very good, as
displayed on figur®.

B =0.9961 (constant).

6 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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