A Fast Rendering Method of Clouds Using Shadow-View Slices
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ABSTRACT
Clouds make an important contribution when composing
images for various applications such as virtual outdoor
scenes. An efficient rendering method is proposed for the
rendering of clouds suitable for graphics hardware. Most
of the calculations for rendering clouds are processed by
texture operations in the graphics hardware. The method
creates images of clouds processing photo realism by
taking into account the single scattering of light, shadows
on the ground, and shafts of light through the clouds. It is
necessary to consider the light attenuation in the sun
direction and in the view direction to render the volume
data of the cloud density. These attenuations are
calculated in a single step, using a sectional technique
called “shadow-view slice”.
KEY WORDS
Clouds, Natural Phenomena, Atmospheric Effects,
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1. Introduction
Clouds play an important role when constructing
images for flight simulators, computer games, or outdoor
scenes. Their colors and shapes change both in time and
on the relative positions of the sun and the observer. The
density distribution of clouds must be defined in threedimensional space in order to create realistic images and
animations, that for example, are obtained in fluid
simulation [20].
This paper proposes a new method of cloud rendering
that can rapidly create realistic images, preferably in realtime. The method is suitable for animation of cumuluslike clouds, that are deep and extend over the whole sky
in a landscape. The method calculates cloud color, taking
into account the single scattering of the light, the shadows
on the ground and the shafts of light through clouds by
making most of graphics hardware capabilities. The
method is well suited to graphics hardware, especially the
pixel shader, since most of the process of rendering is in
the form of a texture operation in the graphics hardware.
The pixel shader is a programmable shader, which
processes pixel values.
It is necessary to consider the light attenuations in the
sun direction (from the sun to cloud) as well as the view
direction (from cloud to the viewpoint) for cloud
rendering. The method calculates these attenuations by
using surface slices facing mid-way between the sun

direction and the view direction. These slices are termed
“shadow-view slices” (SVSs). Slices of the volume data
of the cloud density are used to calculate the accumulated
attenuation ratio in the sun direction. Additionally, the
density of atmospheric particles depends on their height
above the ground. Thus the atmospheric density and the
accumulated attenuation ratio are stored as a single
texture in a pre-process, termed the “atmosphere texture”.
The atmosphere texture is mapped onto the SVS. The
intensity of light scattered in the SVS is then calculated.
The final image is created by blending a number of SVSs
in order to compute the total intensity of light scattered
towards the viewpoint.
In the following sections, Section 2 discusses previous
work related to cloud rendering. Section 3 describes
overview of the proposed method. Section 4 explains this
cloud rendering method using the shadow-view slices. In
Section 5 the proposed method is applied to creating
images of various scenes of clouds. Finally, Section 6
discusses the conclusion.

2. Previous Work
In order to display photo-realistic images of clouds, it is
desirable to a physical model, taking into account
scattering of light due to particles. Many such methods
have therefore been developed [4,7,8,13,14,19,24,26].
There are also a number of methods for generating shafts
of light [11,12,17,18,22,23,25]. Most of these use a raytracing algorithm or a scan-line algorithm. However these
methods require a few up to tens of minutes.
Dobashi et al. developed a fast method for rendering
realistic clouds with shafts of light using graphics
hardware [5]. In this method, clouds are rendered by using
a splatting method. To render shafts of light, they used
multi spherical shells. Their method calculates cloud color
by using metaballs. As rendering of clouds and shafts of
light are different processes, shafts of light are rendered
only below the base of clouds. But the proposed method
calculates the intensity of scattered light due to cloud and
atmospheric particles simultaneously in a single process.
Dobashi’s method computes light scattering point by
point, whereas the proposed method achieves this surface
by surface. Thus the proposed method is more suited for
hardware-acceleration since the main process of the
rendering method is treated as a texture calculation.
Dobashi et al. proposed a rendering method for

atmospheric scattering effects at an interactive rate using
graphics hardware [6]. In their method, the simulation
space is divided into sampling planes. This method
requires two passes for computing attenuations in the sun
and the view directions.
A variety of other hardware-accelerated methods for
volume rendering have been developed [1,3,16,21,27].
Many of them use hardware texture mapping functions to
render volumes defined in voxels. However, when these
methods are applied directly to the rendering of clouds
and atmosphere, a huge volume data is required. The
proposed method uses volume texture for clouds, but uses
2D texture for atmosphere, since the density of
atmosphere depends on the height above the ground. The
intensity of light scattered is efficiently computed by
using both the volume texture for clouds and the 2D
texture for the atmosphere.
Harris and Lastra developed real-time cloud rendering
method [9]. However this method assumes that cloud is
static. Therefore, Harris et al. developed a fast rendering
method for dynamic clouds. This method computes both
the motion and the images of clouds on the GPU using 3D
textures [10]. The rendering algorithm of this method
requires two passes, and the method does not consider the
light scattered due to the atmospheric particles.
It is necessary to consider the light attenuation in both
the sun direction and the view direction in order to render
the volume data of the cloud density. Most of volume
rendering methods calculate these attenuations using
separate processes, computing the attenuations in two
passes. The first pass computes the attenuation in the sun
direction, whilst the second pass is for the attenuation in
the view direction. In this case, temporary volume data
are required for the accumulated attenuation ratio in the
sun direction. The proposed method calculates these
attenuations by using the slices facing a direction midway between the sun direction and the view directions.
This approach does not need the temporary volume data
for the accumulated attenuation ratio in the sun direction
and can render images faster than the two pass algorithms.
Zhang et al. and Kniss have proposed rendering methods
for volume data by using same slice for these attenuations
[15,28,29]. Zhang’s method uses a splatting algorithm and
Kniss uses a 3D texture renderer. But these methods did
not treat clouds scene. For rendering clouds, atmospheric
effects must be considered. The proposed method
calculates not only intensity of cloud including Mie
scattering effect but also corrects sampling interval by
using graphics hardware.

scatterings as a constant term. For shafts of light,
atmospheric particles are also taken into account. In the
earth’s atmosphere, the density of particles decreases
exponentially with their height above the ground. In this
paper, Mie scattering due to the atmospheric particles is
also considered.
As described previously, it is necessary to consider the
light attenuations in both the sun direction (from the sun
to cloud) and the view direction (from cloud to the
viewpoint). These attenuations are calculated by using the
shadow-view slice (SVS) facing mid-way between the sun
and the view directions. As shown in Fig. 1, the
simulation space is divided by a number of SVSs. For
calculating the intensity of light scattering on a SVS, the
density of cloud and atmospheric particles are required,
together with the light attenuation ratio from the sun to
the SVS. This attenuation ratio is denoted as the
“accumulated attenuation ratio in the sun direction”. This
is obtained by multiplying the attenuation ratio due to the
clouds particles with that due to the atmospheric particles.
The density of a slice of the volume data is projected
onto a surface for a rendering target called a “shadow
surface”. The accumulated attenuation ratio due to the
cloud in the SVS is then calculated and stored. The
shadow surface is set vertical to the sun direction. Shadow
surface is also used to render shadows on the ground of
the final image. On the other hand, the atmospheric
density can be calculated analytically, depending on the
height above the ground. And the accumulated attenuation
ratio in the sun direction due to the atmospheric particles
can be computed numerically by the atmospheric density.
In this case, these are stored as a single texture called
“atmosphere texture” in a pre-process, which is then
mapped onto the SVS as shown in Fig.1. The intensity of
light scattered on a SVS is calculated on the screen by
combining the cloud density of the volume texture, the
accumulated attenuation ratio due to the cloud of the
shadow surface, together with the density of atmospheric
particle and the accumulated attenuation ratio due to the
atmospheric particles of the atmosphere texture. The final
image is created by blending a number of SVSs on the
viewing ray to compute the total intensity of light
scattered towards the viewpoint on the screen.
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3. Overview of the Proposed Method
Clouds consist of particles, such as water droplets,
whose density distribution is non-uniform. The sizes of
the particles are relatively large, so that the particles have
strong forward scattering, known as Mie scattering. The
contribution of Rayleigh scattering is trivial in clouds.
Multiple scattering is important for scattering in the
clouds but their computational cost is very high. The
proposed method approximates the effect of the multiple
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Fig 1: Overview of the proposed method
When sampling with parallel planes, the sampling interval
and the phase angle between the sun direction and the

direction on the viewing ray are different on each viewing
ray. The proposed method utilizes the texture operations
for correcting the difference of sampling interval and
calculating Mie scattering on the viewing ray in each view
direction. The sampling intervals and the values of Mie
scattering are stored as textures referred to as “sampling
interval texture” and “Mie scattering texture”,
respectively. These textures are combined with the
volume texture of the cloud density, the atmosphere
texture and the shadow surface when calculating the
scattered light on the SVS. Eventually the scattered light
on a SVS is calculated by five textures.
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As shown in Fig. 2, denoting a point on the viewing ray
P , the following equation gives the intensity, I v , of the
light reaching the viewpoint.
I v = I back g view (T )
+ I sun ∫ ((β cl (α ) + k multi )ρ cl (t ) + β atm (α )ρ atm (h) )g view (t )g sun (s )dt,

(1)

0

where I back is the intensity of the background on the
viewing direction. g view is the attenuation ratio from P
toward the viewpoint. g sun is the attenuation ratio from
the top of space toward P . T is the distance between the
background and the viewpoint. I sun is the intensity of the
sunlight. β cl and β atm are phase functions of Mie
scattering due to cloud and atmosphere respectively. k multi
is a constant coefficient for approximating the multi
scattering in cloud. α is the phase angle between the sun
direction and the direction on the viewing ray. t is the
distance between the viewpoint and point P on the
viewing ray. ρ cl is the cloud density at point P . ρ atm is
the atmospheric density at point P . h is the height of
point P from the ground. s is the distance between point
P and the top of atmosphere. s depends on h and the
position of the sun. For the phase function β , we use the
Heney-Greenstein function described by Cornett [2]. g view ,
g sun , and β are given by the following equations.
g view (t ) = exp(− τ (t )), g sun (s ) = exp(− τ (s )),

(4)

i =1

g sun (s i ) = g sun _ atm (s i )g sun _ cl (s i )

4. Rendering of Cloud Scenes
4.1. Intensity Calculation of Clouds
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I v = I back g view (T ) + ∑ ∆I v (t i ),
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= g sun _ atm (s i ) Π exp(− k cl ρ cl (P j )∆s ),
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g view _ atm and

g view _ cl are the attenuation ratios in the

view direction due to atmosphere and cloud, respectively,
g sun _ atm and g sun _ cl are the attenuation ratios in the sun
direction due to atmosphere and cloud, respectively. katm
and k cl are coefficients of attenuation of atmosphere and
cloud, respectively. ρ atm and g sun _ atm are obtained from
the atmosphere texture. The atmosphere texture is
recreated when the height of the sun changes. ∆s is the
sampling interval in the sun direction. ∆s is uniform in
the all pixels in the shadow surface. ∆t is the sampling
interval in the view direction. ∆t is different in each pixel
p on the screen. The phase angle, α , depends on p on the
screen and the sun position. ∆t , β cl and β atm , depending
on α , are stored as “sampling interval texture” and “Mie
scattering texture”, respectively (see 4.4).
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Fig. 2: Intensity calculation of clouds
3(1 − g 2 )
(1 + cos 2 α )
β (α ) =
,
2(2 + g 2 ) (1 + g 2 − 2 g cos α ) 3 / 2

(3)

where τ is the optical length, and g is the coefficient that
depends on the state of particles and the wave length of
light. A numerical integration method is often used to
calculate Eq. 1 since it is difficult to obtain an analytical
solution. I v is calculated numerically by the integral of Eq.
1, using n SVSs as follows.

Here, we get equations from Eqs. 5, 6, and 7.
∆I SVS =

(8)

∆g view (t i ) = exp ((− k atm ρ atm (Pi ) − k cl ρ cl (hi ))∆t (p )),
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∆g sun _ cl (s i ) = exp (− k cl ρ cl (Pi )∆s ),
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satisfies

∆I v (ti ) = I sun ∆I SVS (ti )g view (ti ) . ∆I SVS and ∆g view are
calculated by a SVS on the screen. First, in order to
calculate ∆I SVS and ∆g view , ∆g sun _ cl is calculated by Eq.10

in the shadow surface. ρ cl is obtained from the volume
texture. ρ cl in the SVS is projected onto the shadow
surface, and g sun _ cl (si ) is obtained by multiplying
∆g sun _ cl (si ) by g sun _ cl (si −1 ) on each pixel in the shadow
surface. The

shadow surface

g sun _ cl (s0 ) has

been

initialized to 1.0. In the next stage, ∆I SVS and ∆g view are
calculated on the screen by Eqs. 8 and 9 using five
components: the volume texture ( ρ cl ), the shadow surface
( g sun _ cl ), the atmosphere texture ( ρ atm and g sun _ atm ), the
sampling interval texture ( ∆t ), and the Mie scattering
texture ( β cl and β atm ). The calculation of Eqs. 8, 9, and
10 are a main part of rendering. These can be processed
by texture operations using the pixel shader. The color of
final image is calculated by using ∆I SVS and ∆g view of
each SVS on the screen (see 4.3). Fig. 3 shows flow chart
of the proposed method.
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4.3. Blending method for calculation of
scattered light

(b) front-to-back traversal (Fig. 4 (b))

S i = S i −1 + α i* C i ,

blending
g sun_cl

between the normal to the SVS and Ve , Vs respectively,
a is a parameter to define the direction normal to the SVS.
a is assigned values of 1.0 ~ 2.0 to reduce the difference
of the sampling interval of each of the pixels of the screen.
The sampling interval in the sun direction is the same in
each pixel of the shadow surface because of the parallel
projection. However, the sampling interval in the view
direction is different in each pixel on the screen, due to
the perspective projection. Thus, the greater a is, the less
difference of the sampling interval on each screen pixel is.

S i = Ci + α i S i −1

(volume texture)(shadow surface)

ρcl

the case of Fig.4 (b) ( Ve ⋅ Vs < 0 ), front-to-back traversal is
used. In the both cases, the attenuation ratio in the sun
direction is calculated in an ascendant order, depending
on the distance from the sun. The shadow surface is set
vertical to the sun direction. The direction normal to SVS
is defined to be θ e : θ s = 1 : a , where θe , θs are the angles

The color of the image is calculated using the following
blending methods.
(a) back-to-front traversal (Fig. 4 (a) )

(atmosphere texture)
(sampling interva l
⊿t
texture)
(Mie scattering
βcl β atm texture)

ρcl

depending on whether the angle between the view
direction and the sun direction is obtuse or acute (see Fig.
4). In Fig.4, Ve is the vector in the view direction, Vs is
the vector in the sun direction. In case of Fig.4 (a)
( Ve ⋅ Vs ≥ 0 ), back-to-front traversal is employed, and in

N
SVSs

where Ci is color in i th SVS (i.e. I sun ∆I SVS ), α i ,
attenuation ratio in the view direction in i th SVS (i.e.
∆g view ), α i* , accumulated attenuation in i th SVS, and Si ,
blended color from first SVS to i th SVS.
θe

Σ⊿I v N

α i* = α i −1α i*−1
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Fig. 3: Flow chart of the proposed method

4.2. Shadow-View Slice
The proposed method calculates the accumulated
attenuation ratio due to the cloud in the sun direction on
the shadow surface and the intensity of light scattered
toward the viewpoint on the screen by the SVS,
respectively. Temporary volume data is not required for
the accumulated attenuation ratio in the sun direction.
SVS is not necessarily vertical to the sun direction or the
view direction. In the method, the order of projecting the
slice onto the screen changes, depending on the positions
of the sun and the viewpoint. That is, the order is changed

θs
(b)

Fig. 4: Shadow-view slice (SVS) (a) Ve ⋅ Vs ≥ 0 , (b)
Ve ⋅ Vs < 0 , the numbers denote the traversal order
of slices.

4.4. Correcting Sampling Interval and Mie
Scattering Calculation
For the perspective projection onto the screen, the
sampling interval and the phase angle for Mie scattering
are different for each ray to the viewpoint (see Fig.5).
These values are used for calculating the intensity of light
scattered in Eq.5. Thus the sampling intervals and values
of the phase function of Mie scattering are stored as

“sampling interval texture” and “Mie scattering texture”,
respectively. The sizes of these textures are same as that
of the screen. The scattered light to the viewpoint is
calculated using these textures. These textures must be
updated whenever the sun position or the viewpoint
changes. Calculating the sampling intervals and the values
of Mie scattering are also fast when using the pixel shader.
phase angle for Mie scattering
on each ray from viewpoint
screen

sampling interval

Fig. 5: Sampling intervals and phase angles of
each ray to viewpoint

5. Results
Fig. 6 shows images generated by the proposed method.
Fig. 6 (a) shows the example of cumulonimbus
development. Fig. 6 (b) shows examples of the cumulus
development process in the daytime. Shadows on the
ground move with clouds. Fig. 6 (c) shows cumulus
development in the evening. The shafts of light pass
through the clouds. In Figs. (a), (b) and (c), the numbers
of SVSs are 261, 353 and 366, respectively. These images
are generated in 1.3 fps, 1.0 fps and 0.9 fps, respectively.
The proposed method is several times faster than
Dobashi’s method [5]. In order to create volume data for
these images, we use cumulus dynamics simulation
methods [20]. The number of voxels are 128x128x128 for
Fig.6 (a) and 256x256x64 for Figs.6 (b) and (c).
These images are rendered by a desktop PC (Pentium 4
2.7GHz, ATI FireGL X1 AGP Pro). We implemented the
proposed method by the DirectX 9.0 and the pixel shader
2.0. Floating point textures are used for all 2D textures.

6. Conclusion
In this paper, an efficient rendering method for clouds
is proposed. The space is divided into sampling planes
called “shadow-view slices” (SVSs). The light attenuation
in the sun direction and in the view direction is calculated
in a single step using the SVS technique. Most of the
calculations for rendering clouds are processed by texture
operations in the graphics hardware. The method creates
images of clouds processing photo realism by taking into
account the single scattering of light, shadows on the
ground, and shafts of light through the clouds.
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(b) Cumulus in daytime

(c) Cumulus in evening
Fig.6: Result images

