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a b s t r a c t

Clouds play an important rolewhen synthesizing realistic images of outdoor scenes. The realistic display of
clouds is therefore one of the important research topics in computer graphics. In order to display realistic
clouds, we need methods for modeling, rendering, and animating clouds realistically. It is also important
to control the shapes and appearances of clouds to create certain visual effects. In this paper, we explain
our efforts and research results tomeet such requirements, together with related researches on the visual
simulation of clouds.

© 2017 Published by Elsevier B.V. on behalf of Zhejiang University and Zhejiang University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Clouds are important elements when synthesizing images of
outdoor scenes to enhance realism. Many methods have therefore
been continuously proposed for visual simulation of clouds from
the very beginning of the history of computer graphics (Blinn,
1982;Max, 1986; Gardner, 1985). Thesemethods are used inmany
applications such as flight simulators, movies, computer games,
and so on.

There are several important factors for creating realistic im-
ages of clouds. The first one is the shapes. The shapes of clouds
are defined by three-dimensional density distribution of cloud
particles, or water droplets. We need a method for synthesizing
a realistic distribution of the cloud particles. Once we have the
realistic distribution, we need a method that can compute realistic
colors of clouds, taking into account attenuation and scattering
of light inside the clouds. This requires the simulation of interac-
tions between light and the small particles, which is usually time-
consuming. Moreover, when we want to synthesize animation of
clouds, we also need a method that can compute complex but
fascinatingmotions of clouds. Finally, efficiency and controllability
are also important factors for applications in computer graphics,
such as movies and computer games.

There are tremendous numbers of previous work to meet such
requirements descried above. In this article, we review some of
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those previouswork and introduce our continuous efforts formod-
eling, rendering, and animating clouds realistically. Our inverse
approach for visual simulation of clouds is also explained.

2. Modeling clouds

In order to display realistic clouds, the density distribution of
clouds requires to be defined. Manymethods have been developed
for this purpose. There are two major approaches to the modeling
of clouds: a procedural approach and a physically based approach.

Procedural modeling is the most popular approach to modeling
clouds and some kind of noise functions are usually used. Voss
used the idea of fractals for modeling clouds (Voss, 1983). Gardner
proposed a method using textured ellipsoids for visual simulation
of clouds (Gardner, 1985). Ebert et al. developed amethod combin-
ing metaballs and a noise function (Ebert, 1997). Sakas modeled
clouds by using spectral synthesis (Sakas, 1993). Schpok et al.
have developed a real-time system for the procedural modeling of
clouds (Schpok et al., 2003). A more detailed explanation of the
procedural modeling of clouds can be found in Ebert (2003). These
methods can generate realistic clouds, but many parameters are
required to be specified by trial and error to synthesize realistic
clouds.

Clouds can be generated by physically based simulation of
the cloud formation process. Kajiya and Herzen solved atmo-
spheric fluid dynamics, numerically, for modeling cumulonimbus
clouds (Kajiya and Herzen, 1984). Miyazaki et al. proposed a
method for modeling various types of cloud by using the method
called a coupled-map lattice, being an extended version of cellular
automata (Miyazaki et al., 2001). They also proposed a method for
simulating the cloud formation process by improving the method
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Fig. 1. Modeling of clouds using satellite images. The left image shows a typhoon
synthesized by using the inset image. The right image shows a different typhoon
viewed from space.

Fig. 2. Modeling of clouds from photographs. Three types of clouds in the synthetic
image aremodeled from the corresponding photographs shown in the inset images.

proposed by Kajiya and Herzen (1984). By using these methods,
realistic clouds can be created and these can also be used for
animating clouds (see 4). However, one of the problemswith these
methods is that the computational cost is very high.

The above problems can be resolved by employing an image-
based approach, that is, modeling clouds from photographs of real
clouds. Since taking multiple photographs of clouds from different
directions is usually difficult, the image-based methods for mod-
eling clouds use a single image as an input (Dobashi et al., 1998,
2010; Yuan et al., 2014). The purpose of these image-basedmodel-
ing methods is not to reconstruct the exact shapes of clouds in an
image but to use it as a guide to generate clouds that look similar to
those in the image. We have developed the method for modeling
large-scale clouds by using infrared satellite images (Dobashi et al.,
1998). We used metaballs to represent the density distributions of
clouds and the parameters of metaballs were automatically ad-
justed so that the resulting synthesized clouds became similar
to those in an infrared satellite image. The method can generate
realistic images of a typhoon viewed from space, as shown in Fig. 1.
The method, however, is not suitable for photographs taken from
the ground, where we need to remove the effects of the sunlight
illumination and the background sky.

We then developed a method that synthesized clouds from a
photograph taken from the ground (Dobashi et al., 2010). This
method can generate three types of cloud: cirrus, altocumulus,
and cumulus. Examples of the synthetic clouds generated by this
method are shown in Fig. 2. The method initially creates an image
of the sky by estimating the sky colors behind the clouds in the
photograph. Then, the intensity and the opacity of the clouds are
calculated by comparing the input photographwith the sky image.

Fig. 3. Important factors that affect the intensity of clouds.

We developed three methods using the intensity and the opacity
for generating the three types of cloud, respectively. Cirrus clouds
are very thin and self-shadows are seldom observed. Therefore,
we modeled cirrus as a two dimensional texture. Altocumulus
is also thin, but self-shadows are observed. Therefore, a three-
dimensional density distribution must be defined. We used meta-
balls to define the density distribution and the parameters of the
metaballs were determined by using the intensity and opacity
information. Finally, for cumulus clouds, the method initially gen-
erates a surface shape of the clouds by calculating the thickness at
each pixel by using the opacity information. The density inside the
shape is then generated, employing a procedural approach. Yuan
et al. (2014) also proposed an image-based method for modeling
cumulus clouds by improving our method.

3. Rendering clouds

The best way to compute realistic colors of clouds is to simulate
optical phenomena that happen inside clouds. Since clouds are
collections of small water droplets, scattering and absorption of
light due to cloud particles are the most important factors. The
atmosphere also affects the appearance of the clouds.

Let us first describe important factors that determine the col-
ors of clouds (see Fig. 3). When the light reaches a point inside
clouds, the light is scattered by the cloud particle and reaches the
viewpoint. When the light is scattered only once before reaching
the viewpoint, it is called single scattering component. However,
inside the clouds, the light is scattered multiple times as shown
in the figure. The multiple scattering component is also important
for clouds. Furthermore, since the clouds are surrounded by the
atmosphere, the light is also scattered and attenuated by the at-
mospheric particles. Such atmospheric effects are also important
for the appearance of the clouds. Finally, the light behind the
clouds also reaches the viewpoint through the clouds. These factors
should be taken into account to compute realistic colors of clouds.

Manymethods have been proposed for rendering clouds taking
into account these physical phenomena. Let us review previous
methods by classifying them into real-time and offline methods.

3.1. Real-time rendering of clouds

Real-time methods usually use GPUs to accelerate the compu-
tation involved in the rendering process. Stam used a 3D hard-
ware texture mapping function to display gaseous objects (Stam,
1999). With the help of the high-end graphical workstation, the
method can generate realistic images in real-time by combining
3D textures and advecting cloud textures by using the method
developed by Max et al. (1992). We proposed a splatting method
to render clouds interactively (Dobashi et al., 2000). The method
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