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Abstract

The sirmulation of natural phenomena such as clouds,
smoke, fire and water is one of the most important
research areas in computer graphics. In particular,
clouds play an important role in creating images of
outdoor scenes. The proposed method is based on the
physical simulation of atmospheric fluid dynamics which
characterizes the shape of clouds. To take account of the
dynamics, we used a method called the coupled map
lattice (CML). CML is an extended method of cellular
automaton and is computationally inexpensive. The
proposed method can create various types of cloudsand
can also realize the animation of these clouds. Moreover,
we have developed an interactive system for modeling
various types of clouds.

Keywords: Clouds, natural phenomena, simulation,
Coupled Map Lattice, cellular automaton, metaballs.

1. Introduction

Clouds play an important role when generating such
images as outdoor scenes, the earth viewed from outer
space and the visualization of weather information. The
cloud shape depends on the environment under which
they are formed, such as ascending air currents,
temperature and humidity. We often observe fascinating
cloud shapes. For example, cumulonimbi over the sea on
a hot day in summer and cirrocumuli at sunset in the fall
are extremely impressive. Therefore, many researchers
have been trying to create realistic images of clouds.

Clouds are classified into ten types, based on their
shape and altitude [1]. However, using previous methods
it was difficult to create the various kinds of clouds by
using a single algorithm. To address this problem, this
paper proposes a new method for modeling various types
of clouds. The basic idea of the proposed method is to
create clouds by simulating the physical process,
especially atmospheric fluid dynamics which characterize
the shape of clouds. There has been little research based

on physical simulation, since the exact simulation of
atmospheric fluid dynamics is very difficult and
computationally expensive. However, exact simulation is
not important in order to model visually convincing
clouds.

Our method simulates cloud formation using a
simplified numerical model, called the coupled map
lattice (CML). CML was originally developed by Kaneko
[2] and is an extended method of cellular automaton. The
advantages of using the coupled map lattice are that it is
easy to implement and the computational cost is small.
Yanagita et a. proposed a method for the modeling and
characterization of cloud dynamics using the coupled map
lattice [3]. Unfortunately, their method is not sufficient
for our purpose, since their aim was not to create realistic
images of clouds. Furthermore, in their paper, cloud
formation is simulated in two-dimensional space only.
Therefore, we extend their work and propose a new
method to create realistic images. Furthermore, we
propose an interactive system for cloud modeling. In this
system, the clouds created by our method are obtained as
a three-dimensional density distribution. Therefore,
realistic images can be generated by simulating various
optical phenomena such aslight scattering and absorption
due to cloud particles. The animation of clouds can also
be realized, since our method actually simulates the cloud
evolution.

2. Previous Work

Many methods for modeling the shapes and motion of
clouds have been proposed in computer graphics. These
can be classified into three categories.

The first of these simulates the physical process of
fluid dynamics [4] [5] [6]. Most of these methods require
a large amount of computation time. Stam, however,
developed a fast simulation method by simplifying fluid
dynamics [7]. He demonstrated the real-time animation of
smoke on a high-end workstation. His method is,
however, focused on the motion of smoke and the



possibility of the application of his method to modeling
various types of clouds is not discussed. Moreover, the
phenomenon known as phase transition is not taken into
account. Phase transition is important in the cloud
formation process; water vapor in the air becomes water
droplets, or clouds. In computer graphics, Kagjiya et a.
developed a method taking into account these phase
transition effects [8]. In this method, the atmospheric
fluid dynamics are solved numerically. However, this is
very complex and requires a great deal of computational
cost. Recently, Dobashi et al. developed a fast method
for simulating cloud motion using the idea of cellular
automaton [9]. Intheir method, however, the modeling of
various types of clouds seems to be difficult, since they
use an extremely simplified model for the physical
process of cloud formation. In fact, only cumulus clouds
are demonstrated in their paper.

The second approach is the heuristic approach. The
methods that take this approach use fractals [10] [11] [12]
[13], procedural modeling [14] [15] [16] [17] [18] [19],
qualitative simulation [20] [21] and stochastic modeling
[22]. These methods are computationally inexpensive and
much easier to implement. However, to employ these
methods, users have to adjust many parameters by trial
and error in order to create various kinds of clouds.

The third approach is a type of image-based modeling.
Dobashi et al. used satellite images to create clouds such
as the typhoon as it appears viewed from space [23].
However, users of this method cannot create &l of the
desirable shapes of clouds, because this method requires
satellite images.

This paper addresses the problems of the previous
methods and proposes a new method for modeling
various kinds of clouds. Our method simulates the cloud
formation process using CML. CML has been used for
the analysis of several natural phenomena [2] [24] [25]
[26] [27] [28] [29] [30]. Yanagita et a. proposed a
method for simulating cloud formation using CML [3].
The purpose of their paper, however, is to clarify the
qualitative characteristics of the physical phenomenon
and not to create realistic images.

3. Overview of Our Method

We first need to explain about cloud shape and
formation in order to give abetter understanding of our
method before we give an overview of the process.

In general, clouds are classified by their appearance
into 10 different types [1]. Fig. 1 shows photographs of
representative clouds. Cumulus clouds are generally
dense and have a sharp outline (see Fig. 1(a)).
Cumulonimbus is an advanced stage of cumulus
development with considerable vertical extent, in the
form of amountain or huge towers (see Fig. 1(b)). Stratus
and stratocumulus are low-level clouds. Stratus is

generally a grey broadsheet with a fairly uniform sheet
appearance. Stratocumulus is a layer of cloud composed

of rounded masses, rolls, etc, which are clearly
identifiable elements. Nimbostratusisagrey cloud layer,
often dark. Altostratus and Altocumulus are mid-altitude
clouds. Altostratus is a sheet or layer of clouds with a
striated and uniform appearance, which totally or partially
covers the sky. Altocumulus is composed of rounded

masses, rolls, etc. Altocumulus is usually quite thin (Fig.

1(c)). Cirrus, cirrostratus and cirrocumulus are high-
altitude clouds, and consist almost entirely of ice particles.
Cirrus consists of detached clouds in the form of white,

delicate filaments or mostly white patches or narrow

bands. These clouds have a hair-like appearance, or a
silky sheen, or both. Cirrostratusis atransparent, whitish

cloud veil of hair-like or smooth appearance, totally or

partly covering the sky. Cirrocumulus is a thin white

patch, sheet or layer of cloud composed of very small

elements in the form of grains, ripples, etc. Cirrocumulus
is the high-altitude counterpart of altocumulus, and it has
species and varieties similar to those of altocumulus (see
Fig. 1(d)).

(c) altocumulus
Figure 1. Photographs of clouds.

(d) cirrocumulus

Alternatively, clouds can be classified into roughly two
different types based on the way that they are formed.
Clouds in the first type are known as cumuliform
(cumulus and cumulonimbus), and they are formed by
strong ascending air currents. The essential difference of
formation process between cumuli and cumulonimbi is
the strength of the ascending air currents. Clouds in the
second category are generated by the cooling down of
vapor that flows upward from the ground. In particular,
the patterns observed in the cell-like or roll-like shapes of
stratocumulus, atocumulus, and cirrocumulus are
generated by the Bénard convection. The differences
between them are their relative height and scale.
Cirrocumulus is generated in higher altitudes and the size



of the Bénard cell (see Section 4.2.2) in cirrocumulus is
smaller than that of altocumulus.

In our method, clouds are generated by simulating the
cloud formation using a scheme employing CML. The
simulation space is subdivided into three-dimensional
lattices. Fig. 2 shows our system for cloud
modeling/rendering. Firstly, the user specifiesthe types of
clouds desired and the conditions for the simulation, i.e.
the number of lattices, initial-conditions, the boundary
conditions and the parameters for the atmospheric
properties such as the viscosity and diffusion coefficient.
The cloud formation is simulated based on the specified
conditions using CML. During the simulation, the
distribution of the state values such as the temperature,
velocity and density of the clouds are visualized at every
time step. The user can change these conditions
interactively to control the shape of the clouds.

For generating cumulus or cumulonimbus, the
distribution of the ascending current and source of
humidity are specified, and then the velocity distribution
and humidity distribution are calculated using CML
method. The humid air moves upward due to the
ascending currents during the calculation. As a result,
clouds are formed by the phase transition. If we want to
generate layer-like cloud formations we simulate the
Bénard convection by inputting the difference in the
temperature in the vertical direction and generate clouds
by using the calculated velocity field.

After the simulation, we generate metaballs at the
lattice points in order to render the clouds. The center
density of each metaball is set to the density of the cloud
particles in the corresponding lattice. Then, images of the
clouds are generated by using the hardware-accelerated
rendering method proposed by Dobashi et a. [9]. Many
methods for rendering clouds have been proposed, and
some of them take into account multiple scattering
[5][8][13][31]. However, the main topic of this paper is
the modeling of cloud shapes, so it is enough for us to
consider only single scattering for a check on the cloud
shape. Therefore, we decided to use Daobashi’s method
sinceitisamethod that can create images very quickly.
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Figure 2. Our system for modeling/rendering
clouds.

4. Simulation of Cloud Formation Using
CML

We first explain the concept of the coupled map lattice
(CML), and then propose a simulation method for cloud
formation.

4.1 Coupled Map Lattice

CML is an extension of cellular automaton, and the
simulation space is subdivided into lattices. Each lattice
has several state variables, and their status is updated
depending on the variables on the adjacent lattices. The
main difference between CML and cellular automaton is
in the state of the variables. CML uses rea-value
variables, while cellular automaton uses discrete variables.

The advantages of the CML approach are as follows.
(1) The computational cost is small. (2) It is suitable for
parallel processing. (3) A small number of lattices are
sufficient to give qualitative simulations.

4.2 Modeling of Cloud Formation

To simulate fluid flow we have to consider the pressure,
the density and the viscosity of the fluid. The atmosphere
is a kind of compressible fluid, and its density changes
depending on time and space. However, this change is
very small, so we can assume that it is incompressible.
Let us denote the velocity vector as v, the pressure as p,

the density as r and the coefficient of viscosity asn, so
the Navier-Stokes equations are expressed as

Dv 1
—=-—gradp +nDy,
pt 9P &
divw = 0.
The second term of the above equation is called the
“continuity equation”, meaning that it expresses the
conservation of mass. Theterm Dv/Dt is a material

derivative operator.

Eq. (1) can be solved by numerical techniques, such as
the finite difference method. However, thisis very time-
consuming. In CML method, different approximated
models are constructed. The nodels are computationally
less than numerical techniques for solving the Navier
Stokes equations. The numerical model of cloud
formation for CML is described bel ow.

The simulation space is subdivided into lattices (see
Fig. 3). The number of lattices is Nx” Ny” Nz. Clouds are
formed as a bubble of air is heated by the underlying
terrain, causing the bubble to rise into regions of low
temperature. The phenomenon known as phase transition
then occurs, that is, water vapor in the bubble becomes
water droplets, or clouds. Therefore, the following factors
have to be taken into account. (1) Viscosity and pressure



effects, (2) the advection of the state values by the fluid
flow, (3) diffusion of water vapor, (4) thermal diffusion,
(5) thermal buoyancy, (6) the phase transition from vapor
to water. To simulate these factors, the velocity vector
v(X,Y, 2), the water vapor wy(X, Y, z), the water droplets
wi(X, ¥, 2), and the temperature (or the internal energy)
E(x,Y, z) are defined at each lattice point, where x, y and
zareinteger values (O£ x £N ,0£y £ N, OE£zE N,).

Cloud formation is simulated by applying the processes
described above for each time step. Parameters such as
viscosity ratio described below for the simulation are
constant over the simulation space. The numbers of
lattices (N,, N ,N,) aso affects the simulation result.

Each factor isformulated as follows.

(1) Viscosity and Pressur e Effect

The viscosity effect causes velocity diffusion. The
pressure effect requires the concept of the conservation of
mass, that is, the pressure term requires diw to be 0, the

incompressible fluid. We do not use this condition here,
since the inclusion of pressure variables requires more
complicated modeling, and so often makes it difficult to
construct a model using only loca interactions. Instead,
we introduce the discrete version of grad(diw). diw is

the mass flow of each lattice and grad(diw) is the flow

caused by the gradient of the mass flow around lattices.
The gradient of the pressure term, which depends on the
velocity field, gives rise to a change of the velocity field.
Let v _be the x component of the velocity v for the

current time step and v, be the x component of v for the
next time step. v, is calculated from the following

equation (Note that the y and z components are cal cul ated
inasimilar way).

V(% Y,2) =V, (XY, 2 +k,Dv (xy,2)+ k,grad(diw),, (2
where k isthe viscosity ratio and K, isthe coefficient of

the pressure effect. The second and the third terms are
1
By (% Y,2) =E(Vx(x+l %2 *v(x-1y,2)

XYL V(Y- 12ty (xy,zt]) ®
V(% Y,Z- D- 64 (xY,2),
aracldiv) =ZJy 6Ly 2y 0 12 2,y )
+—i[vy(x+1,y+l,z)+vy(x— 1y-1,2 - v (x 1y+1,2 @
- vy(x+1,y- 1,2V (x+Ly, z+1)+y (x- 1y, z- 1)
-V (X-1y,z+1)- v (x+1,y,z- 1)].

(2) Advection
The state values at the lattice point (x,y,z) are

transported to a new position (x +v .,y +v ,z +v,)=

(I +dx, m+dy, n+dz)after updating the velocity V by
using the equations described above, wherel, m, n arethe
integer portions anddx,dy,dzare the fractional portions
of x+v , Yy+V,, Z+Y, . The values are then distributed

to the adjacent lattices. As shown in Fig. 3, let eight
adjacent lattices be (I,mn), (I +1,mn) ., (I,m+1n) ,
(+1Lm+Ln),(,mn+D,(+Lmn+1), (I,m+1n+1)
and (1 +1,m+1n+1) and let dx be the distance between
the new position and the lattice (I, m,n) inthe x direction,
dy be the distance in the y direction, and dz be the
distance in the z direction. The weighted state values are
added to these eight lattices with weights of
(1-dx)(1- dy)(1- dz), dx(1- dy)1- d2) . (1- dx)dy
(1-d2) , dxdy(d- d2) , (1- dx)(1- dy)dz , (1- dx)dydz ,
dx(1- dy)dz and dxdydz , respectively.

It is possible that the simulation is unstable if the
following condition is not satisfied.

Vv,,V,,V, <1.0. ®

To address this problem, we tried to combine the
advection part of Stam's method [7] with ours. His
method is stable even if Condition (5) is not satisfied.
However, in our experiments, cloud-like shapes are not
formed under the conditions which do not satisfy
Condition (5) in our lattice size (see Section 5). We also
investigated the range of parameters including velocities

for getting a cloud-like shape, and we found that we need
not apply the advection part of Stam's method.

Figure 3. Advection process.

(3) Diffusion of Water Vapor

Diffusion of water vapor W, (X, Y, Z) is modeled by
using a discrete version of the diffusion equation, i.e.

W, (X, Y, 2) SWy (X% Y, D) +KawDWy (X ,2),  (6)
where k daw isthe diffusion coefficient for water vapor.
Dw, isthe difference of the water vapor per time step, and
is calculated in the same manner asin Eq. (3).



(4) Thermal Diffusion

Thermal diffusion is simulated by the discrete version
of the diffusion equation. Thus the following equation is
obtained.

E' (xy,2) =E(x Y, 2)+k, .DE(X, Y,2), 7
where k, . isthe coefficient of thermal diffusion and DE

is the difference in the temperature per time, and is
calculated in the same manner asin Eq. (3).
(5) Buoyancy

A lattice with higher temperature is subjected to aforce
in the upward direction. This results in an increase in the
z component of the velocity of the lattice. We assume that
the vertical velocity is incremented in proportion to the
temperature difference between the lattice and its
horizontal adjacent lattices. Therefore, the buoyancy
effect is simulated by the following equation.

V(% Y,2) =V, (X,Y,2) +—|Zb-{4E(X, y,2)- E(x+1Y,2) (8)

- E(x-1y,2)- E(x,y+12) - E(X,y-12)}.
where k_ is the coefficient affecting the strength of the

buoyancy force. We have tried other equations including
the vertical direction. But so far as we have experimented,
Eq. (8) fits best with known results on the actual
phenomena.
(6) Phase Transition

The amount of water droplets generated by the phase
transition is determined in proportion to the difference
between the maximum amount of water vapor and the
amount of water vapor in each lattice. The maximum
amount of water vapor for a unit volume d air is a
function of its temperature (see appendix for details).

4.2.1 Cumulusand Cumulonimbus
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Figure 4. Simulation of cumulus and

cumulonimbus.

Fig. 4 shows the concept for generating cumulus and
cumulonimbus. These clouds are formed due to strong
ascending currents. The air currents transport water vapor

from near the ground to form clouds. These air currents
are generated by various mechanisms, such as
temperature rising on the ground, the collision of warm
and cold air fronts, changes in pressure, airflow over
mountains, the approach of a front or the arrival of an
area of low pressure or a typhoon. So it is difficult to
formulate this process. Therefore to simulate this
mechanism the user specifies the region supplying air
currents and vapor per time step, as shown in Fig. 4. We
call the region that supplies water vapor and air currents
per time step a vapor source. A vapor source is used as
the boundary conditions of the ascending air currents. The
strength of the air current is determined by specifying its
mean value. Furthermore, the strength of the air currents
can be time-variable, and given by 3-dimensional Perlin
noise(X, y, and time step t) to simulate the turbulence in
the actua air currents [32]. We found from our
experiment that noise makes air currents more turbulent
and leads to the formation of clouds more like
cauliflowersthan constant air currents.

To create cumulus clouds, we set a vapor source over a
wide range at the bottom surface of the simulation space.
For cumulonimbus, we set a vapor source in a small area
to generate local strong air currents. Although there is
ascending air current, we assume that the temperature
distribution does not change. This is because of some
effects such as the heat diffusion and the heat expansion
soften the change of temperature. Therefore, for cumulus
and cumulonimbus simulations, physical factors taken
into account are the viscosity and pressure effect, the
advection, the diffusion of water vapor, and the phase
transition (see Table 1).

The user can create clouds from cumulus to
cumulonimbus by adjusting the strength of the air
currents and its variation defined by Perlin noise. The
horizontal wind velocities can be specified as the external
force to make clouds flow. The number of lattices in
vertical direction, N , can be smaller for creating

cumulus clouds than that used to simulate cumulonimbus
clouds. In our experiment, almost double the number of
lattices was used for the cumulonimbus structure. For the
velocity field of simulation space, a random initia-
condition is adopted. The temperature is linearly
decreased from the bottom to the top of the simulation
space.

Fig. 5 shows distributions of the state variables in the
cumulus and the cumulonimbus simulation. Distributions
of the state variables are demonstrated. Figs. 5(a) and (d)
show the vapor source pattern (top view), Figs. 5(b) and
(e) the velocity fields (side view), and Figs. 5(c) and (f)
the distribution of water droplets and vapor(side view).
These distributions are displayed interactively, and the
user can change the parameters used in the simulation to
modify the cloud shapes and motion.



Table 1. Classification of cloud types based on their formation process.

cloud types classification Height factorsof formation

Cumulus strength of base at 2000m viscosity, pressure, advection,
Cumulonimbus | ascending current diffusion of water vapor, phase transition
Stratocumulus | size of Bénard cell below 2000m viscosity, pressure, advection,

Altocumulus 2000 ~ 6000m diffusion of water vapor, heat diffusion,
Cirrocumulus above 6000m buoyancy, phase transition

(a) vapor source

o

(d) vapor source

(e) velocity

(f) water vapor and droplets

Figure 5. Distributions of state variables in cumulus and cumulonimbus simulation. (a) (b) (c):
distributions for cumulus. (d) (e) (f): distributions for cumulonimbus. In (c) and (f), major components
of upper part and lower part (stripes) are water droplets (i.e., clouds) and vapor, respectively.

4.2.2 Stratocumulus, Altocumulus, Cirrocumulus

convection

Ny \\\—‘g

Vgpor source
a‘D(\)/apor distribution y
Figure 6. Simulation of stratocumulus,

altocumulus, and cirrocumulus.

This subsection describes a method for creating
stratocumulus, altocumulus and cirrocumulus. Fig. 6
shows the idea of the simulation for creating these kinds
of clouds.

The Bénard convection is important for altocumulus,
cirrocumulus, and stratocumulus formation. Bénard
convection is often observed in a vessel full of water

when itsbottom is heated. Water near the bottom expands
and its density decreases so it begins to rise. On the other
hand, water near the top begins to move downward and as
a result circulation of water occurs between the bottom
and the top in the vessel. This circulation iscalled Bénard
convection. The convection creates a cell-like pattern
caled a Bénard cell (see Figs. 7(b) and (c)). For the
stratocumulus, altocumulus and cirrocumulus formation,
each block of clouds corresponds to a Bénard cell.

The Bénard convection can be simulated by using
CML. All of the six factors described in Section 4.2 are
used for this simulation. In this case, not only water vapor
and droplets but also the temperature is transported
according to the velocity field. For Bénard convection,
the buoyancy and temperature data are important. We do
not have to set the ascending air currents as boundary
conditions. As shown in Fig. 6, the vapor distribution to
create cloudsis specified after the Bénard convection cell
is formed, and then vapor sources are selected where
ascending air currents exist (see Fig. 6). Subsequent air
currents due to the Bénard convection transport water
vapor and clouds are formed after the phase transition.

The type of the stratocumulus, altocumulus and
cirrocumulus clouds is determined by their altitude and



size. If the size of the Bénard cell is large, stratocumulus
clouds are formed. Otherwise cirrocumulusclouds will be

generated. The size of the Bénard cell is controlled by

changing the simulation parameters. By making the flow

horizontal, we can make not only cell-like clouds but also
roll-like clouds. In order to generate the roll-like Bénard
cells, we need to set a horizontal wind flow while the

Bénard cells are generating. We make the clouds flow in
a part of the ascending current after the convection is

generated. The longer we set the time that the clouds flow,
the smaller the space between the clouds becomes.

Fig. 7 shows the simulation of the Bénard convection.
Fig. 7(a) shows the result of simulation in the two-
dimensional case. The number of latticesis 60 20. Figs.
7(b), (c) and (d) show the simulation of the Bénard cells
in three dimensions, as viewed from above. Fig. 7(d)
shows the simulations of the roll-like Bénard cells. The
Bénard cells are created in 200-300 time steps. The
number of latticesis 50° 50” 8. The stratocumulus cloud
coversalarge areain the sky. To simulate this effectively,
we generate the clouds in a finite region and the pattern
generated is repeated. The boundaries between the
repeated patterns are seamless, since the conditions of the
side boundaries for the simulation space are periodic.
Initial-condition of velocity field and temperature in
simulation space is the same as the one for cumulus and
cumulonimbus.
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Figure 7. Simulation of Bénard convection.

(b) Bénard cell

4.3 Interactive M odeling System

Fig. 8 shows our interactive system for modeling
clouds. This system consists of three windows: parameter
window, menu window, and preview window.

It is troublesome to input a lot of parameters for
generating each type of clouds. In our system, the user
selects theicon of desired cloud type. Then default values

of the parameters corresponding to the selected cloud
icon are displayed (see Fig. 8). Using the parameter
window, the user can specify the simulation parameters
described in the previous sections.

During the simulations proceeds, intermediate results
are displayed in the preview window. In thiswindow, the
user can preview the distributions of temperature,
velocities, or densities of water vapor/water droplets, at
every time step. The user specifies one of them to be
displayed. For example, in Fig. 8 the preview window
shows the density distribution of vapor and clouds. The
horizontal or vertical cross-section of the distribution is
displayed. The distribution of vapor source can be also
displayed. To input the distribution of vapor source, user
can choose one of the methods described in Section 4.2.
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Figure 8. Interactive system for modeling clouds.
5. Examples

Figs. 9 and 10 show the images generated by our
method. Fig. 9(a) is the cumulus, and 9(b) is the
altocumulus. Figs. 10(a), (b) and (c) show development
process of cumulus. Clouds are generated and growing.
The images at every 100 steps are shown. Figs. 10(d), (e)
and (f) show development process of cumulonimbus.
Clouds develop upward strongly. The images at every
200 steps are shown.

Figs. 11 and 12(see color plate) show the result images.
Fig. 11 shows the examples of the clouds formed by the
ascendant air current. Fig. 11(a) is the cumulus, and Fig.
11(b) is the cumulonimbus. Fig. 11(c) shows the same
clouds that are used in Fig. 11(b), but the altitude of the
sun islow. As shown in Fig. 11(a), the sky is dotted with
relatively small clouds. On the other hand, as shown in
Fig. 11(b), the tower-like cloud is generated by the strong
ascendant current. The clouds are obtained as the three-
dimensional density distribution of water droplets. So we
can simulate the optical effects using the distribution,
such as light attenuation, resulting in different images of
clouds depending on the position of the sun.

Fig. 12 shows the examples of clouds formed in the
high altitudes. Fig. 12(a) is the altocumulus and Fig.



12(b) is the cirrocumulus. We can model these clouds by
simulating various sizes of Bénard cells. Fig. 12(c) shows
the same clouds that are used in Fig. 12(b), but the
atitude of the sun is changed, beautiful images of clouds
at sunset are generated.

(a) cumulus
r’

[~ S
(b) altocumulus
Figure 9. Examples (1).
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Figure 10. Examples of cloud development (left:
cumulus, right: cumulonimbus).

To generate these figures, we set the following number
of lattices and parameters. Cumulus and cumulonimbus
are generated near the surface of the earth to a height of
2[km]. In our simulation, we set the lattice size to 20[m],
and the number of latticesis 256~ 256 40 for Fig. 11(a),

200" 100" 100 for Figs. 11(b) and 11(c). The nurrbers of
lattices are chosen considering the cloud appearance and
the computational cost for the simulations. The diffusion
coefficient of vapor is set to 2.4" 10'5[m2/s], the velocity
of the ascendant current is set to 1-10[m/s], and the time
step is set to 3-5[g]. As for the temperature distribution,
the temperature at the surface of the earth is considered to
be 300[K], and the temperature falls by 0.6[K] for each
100[m] step in altitude. The calculation time for one time
step of simulation is about 10[s] for Fig. 11(a), about 8[s]
for Fig. 11(b).

In the case of altocumulus, we consider the layer with a
thickness of 400[m] located in height of 3[km] from the
surface of the earth. We set the lattice size to 20[m], and
the number of lattices to 256" 256 10 for Fig. 12(a),
256 256  5for Figs. 12(b) and (c). And we set one time
step to 5[s], and the heat diffusion coefficient to
3.73" 10°%[cal/cm sK]. The calculation time for one time
step simulation is about 2[s] for Fig. 12(a), 1[s] for Fig.
12(b).

The images are rendered by Dobashi’s method [9].
Rendering times for these images are less than 30[s]. We
use HP Visualize (Pentiumlll 1GHz) with fx10 as a
graphics accelerator card.

6. Conclusion

We have proposed a method for modeling various
types of cloud by simulating the cloud formation
processes using a coupled map lattice (CML). Based on
this simulation method we have constructed an interactive
system for modeling/rendering varioustypes of cloud. By
employing our method, the user can interactively create
many types of cloud such as cumulus, cumulonimbus,
stratocumulus, altocumulus, and cirrocumulus. The main
features of our method are as follows.

(1) The computational cost of the simulation is
inexpensive since we use CML. Our method reflects
the characteristics of the atmospheric fluid dynamics
and the computational cost is smaller than that of
numerical methods such as finite differential methods
and finite element methods.

(2) Various kinds of cloud can be created by physical
simulation using CML. There are several physical
parameters to control the behavior of atmospheric fluid.
By adjusting these parameters, the user can create the
desired types of cloud. In this system, the user can
specify the initial values for the simulation and can
change boundary conditions during the simulation. The
distributions of internal variables such as vapor,
velocity, temperature, and water droplets (clouds) are
visualized in this system.

(3) Since the resulting clouds are obtained as a three-
dimensiona density distribution of clouds, realistic



images of clouds can be displayed that take the light
scattering due to cloud particles into account. Clouds
are rendered efficiently by making use of graphics
hardware.
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Appendix

Phase Trangition

The amount of water droplets is proportional to the
difference between the maximum amount, Wmax, of water
vapor W, and the amount of water droplets W, of each
lattice. That is, the amount of water droplets created at
each time step is computed by the following equation.

*

Wi =W Fa(Wy - Winax ),
WO =W, - @ (W, - W), (A.2)
E =E- Q(Wy - Wna ),

where a isthe phase transition rate. Q is the latent heat.

Wmax IS afunction of the temperature T[K] and is given by
the following equation:

w__ (T) = 217.0exp[19.482 - 4303.4/(T - 29.5)]/T. (A.2)
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