Modeling of Clouds from Satellite Images Using Metaballs
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Abstract

This paper proposes an image-based modeling of
clouds where realistic clouds are created from satellite
images using metaballs. The intention of the paper is for
applications to space flight simulators, the visualization
of the weather information, and the simulation of
surveys of the earth. In the proposed method, the density
distribution inside the clouds is defined by a set of
metaballs. Parameters of metaballs, such as center
positions, radii, and density values, are automatically
determined so that a synthesized image of clouds
modeled by using metaballs is similar to the original
satellite image. We also propose an animation method
for clouds generated by a sequence of satellite images
taken at some interval. The usefulness of the proposed
method is demonstrated by several examples of clouds
generated from satellite images of typhoons passing
through Japan.

1. Introduction

Recently, simulation of natural phenomena, such as
water, smokes, fire, clouds, have been attempted in
computer graphics[1][2][3][4]1[5]1[6][7]. Clouds play an
important role when generating images of outdoor
scenes, the earth viewed from outer space and the
visualization of weather information. This paper
proposes a method for modeling large scale clouds
viewed from space such as typhoon. A lot of methods
have been developed for modeling clouds and can be
classified into two groups.

Methods in the first group create clouds by
procedural modeling. Voss and Musgrave have tried to
create realistic clouds using fractals[8][9]. Gardner has

produced realistic images of clouds by using Fourier
synthesis[10]. However, this does not create a true
three-dimensional geometric model. Ebert et al. have
used solid texture to generate clouds in three
dimensional space[11]. They have also developed a
method combining metaballs and a noise function to
model clouds[12]. Sakas has modeled clouds by using
spectral synthesis[13], and Nishita et al. create clouds by
generating metaballs using the idea of fractals[6]. Using
these methods, however, creating clouds that the user
pictures in the mind is very difficult since a lot of
parameters have to be specified by trial and error. Stam
and Fuime have developed a simple method for
modeling clouds[14]. In their method, a user specifies
density values at several points in three dimensional
space. Then the density distribution of clouds is obtained
by interpolating the specified density values. Although
this method can create realistic clouds, it is impractical
to create large scale clouds viewed from space. Methods
for modeling a set of clusters of clouds have also been
developed. Musgrave creates typhoon by the procedural
approach[16]. Nishita et al. have modeled clouds to
generate realistic images of the earth viewed from
space[27]. In both these methods, however, clouds are
simply modeled by applying 2D fractals. The color and
shape of clouds change depending on both the viewpoint
and the position of the sun. These methods cannot
simulate such kind of effects.

Methods classified in the second group model clouds
by simulating the physical process of the clouds
forming[15][3][5]. In these methods, however, there is
often a high computational cost when simulating clouds
over the earth.

To address this problem, we propose a new method
for modeling three dimensional clouds based on a
satellite image. In recent years, many methods of



image-based rendering and/or modeling have been
developed in computer graphics[17][18][19][20][21]
[22]. The proposed method makes use of the
image-based approach to generate clouds. Lee et al. also
use satellite images to generate clouds in order to
visualize the weather information[23]. However, they
use polygons to model them, resulting in bad-looking
clouds. In the proposed method, the density distribution
of clouds is represented by using metaballs. Parameters
of metaballs (center positions, effective radii, and
density values) are determined automatically so that a
synthesized image of clouds modeled by metaballs
coincides with the satellite image. Together with the
satellite image, the proposed method makes use of the
fact that the color of clouds can be calculated by
integrating the scattered light due to particles in them.
Using this method, clouds with a shape and color similar
to real clouds can be automatically generated. Moreover,
this paper also proposes an animation method for clouds
generated by a sequence of satellite images. In order to
demonstrate the usefulness of the method, it is applied to
animations of the visualization of weather information
and the earth viewed from space.

In the following sections, the basic idea of modeling
clouds is described in section 2. Next, in section 3, the
details of the modeling method are discussed. In section
4, the method for animating the generated clouds is
proposed. And in section 5, several examples are
demonstrated. Finally in section 6, conclusions of the
paper and future works are discussed.

2. Basic Idea of Modeling Clouds from a
Satellite Image

Various representations can be used for modeling
clouds, such as voxels[15], procedural functions[12]
[16], and metaballs (or blobs)[5][6]. Using metaballs,
clouds can be animated easily by moving their centers.
Therefore, in this paper, metaballs are used to model
them as shown in  Fig. 1.

A density value at a point P in the cloud is given by
the following equation.

P(P)= 24,/ (k). 1)

screen
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Figure 1: Geometry of clouds.

where N is the number of metaballs, g; the density at the
center of a metaball j, f the field function, and R; the
radius of the metaball. And r; is the distance between the
point P and the center position of a metaball, C;, that is,

r =|P—Cj|. We use the field function proposed by
Wyvill et al.[24]. That is,

6 4
f(r;.R)==4/9-(r,/R;) +17/9-(r,/R))
~22/9-(r, /R,) +1,

when r; <R, otherwise 0.

Determining parameters of the metaballs is equivalent
to solving an inverse problem of determining the density
distribution inside the clouds so that an image of
synthesized clouds is similar to a satellite image. The
problem is, however, very complicated and hard to solve.
Therefore, we assume that the multiple scattering can be
neglected. Furthermore, for modeling clouds, the
attenuation of light due to cloud particles is
approximated as a constant. Despite these assumptions,
there is no unique solution to the problem. Therefore,
the parameters of the metaballs are heuristically
determined as follows. First, each pixel of the satellite
image is classified into either cloud region or
background region. To do this, the satellite image is
converted to a monotone one. Then pixels with
intensities higher than a specified threshold are
identified as clouds. Next, one metaball is added at the
pixel with the maximum intensity in the cloud region.
After that, its radius and density at the center are
optimized and the approximated image is calculated
using the clouds modeled by metaballs. Then a new
metaball is added if the error between the satellite image
and the approximated image is greater than a specified
threshold. These processes are repeated until the error is
less than the threshold.

The overview of the proposed method is as follows.

1. Classifying the pixels in the satellite image into
either cloud regions or background regions.



2. Generating a metaball at the pixel with the
maximum intensity in cloud regions of the satellite
image.

3. Optimizing the radius and the density value at the
center of the metaball.

4. Calculating the approximated image using the
clouds modeled by metaballs.

5. If the error between the satellite image and the
approximated image is less than a specified
threshold, stop. Otherwise go to step 6 after
calculating the image of difference between the
satellite image and the approximated image.

6. Go to step 3 after generating a metaball at the pixel
with the maximum intensity in clouds regions of
the image of difference.

In the following sections, details of the method are
discussed.

3. Modeling Clouds Using Metaballs

In this section, the method for determining
parameters is proposed after describing the method for
calculating the error between the satellite image and the
synthesized image by using clouds modeled by
metaballs.

3.1 Calculating the Error between Satellite
Image and Synthesized Image

The parameters of the metaballs are determined so
that the mean square error between the satellite image
and the synthesized image is minimized, that is:

M
Err = iz (1" - I,)> — min, )
M5
where M is the number of pixels in the satellite image,
and " and I; are the intensity of the satellite image
and the intensity of the synthesized image at pixel i,
respectively. In the following, the calculation method of
Erris described.

As shown in Fig. 1, let the density be p(¢) at a point P
in the distance ¢ from the viewpoint P,. Then the
intensity /; is calculated by the following equation[25].

1,(M) = I, (M) exp(=1(L,,, 1)) + L, (MB(9, 1)
x [ p(t) exp(=t(t, 1) = T(s, M))dt ,
3)

where [, is the background color, A the wave length, L.,
the distance between the viewpoint P, and a point P,
B(¢,A) the phase function of cloud particles, ¢ the phase
angle between the viewing ray and the sun direction, 7,
the intensity of the sun light outside the atmosphere.
T(L,p,A) is the optical length from P, to P,. The optical
length is obtained by integrating the density of cloud

particles from P, to P,. Similarly, 1(¢) is the optical
length from P, to P, t(s) from P, to P (see Fig. 1). By
putting Eq. 1 into Eq. 3, the following equation is
obtained.

1,00 = 1) exp(~(L,,, 1)
+ L, OB 120,/ R,)
exp(—t(¢,A) —t(s,A))}dt , 4)

where,
; N
©(t,h) =cf; _Zlq,-f,- (r;, Rt , Q)
=

and c is the extinction coefficient. Since it is difficult to
determine the parameters of metaballs so that the
intensity of the satellite image coincides with the
intensity calculated by Eq. 4, it is approximated as
follows. First, the wavelength is neglected since
scattering of light due to cloud particles obeys Mie
scattering and the spectrum of scattering is not much
influenced. Therefore, the satellite image is converted to
a monotone one. Second, the attenuation terms
exp(-t(L,5,A)) and exp(-t(t,A)-1(s,A)) in Eq. 4 are
approximated as constants K; and ¥,. Note that these
approximations are only for modeling clouds. Then, the
following equation is obtained.

N
I = 1,5, + 1, BOY&, [ 30,/ (7, R )t
=i

N
= ]bKl +15unB(¢)K22q_{F(kjaRJ’) 5
=

(6)

where ,
pout
F(r,-,Rj)=fP;€, S, R)dt (7

P/" and P the intersection point of the viewing ray
with the metaball j. F is the integrated function of the
field function f and can be calculated analytically[26].
To obtain the background intensity, /,, a satellinte image
without clouds is required. In this paper, it is obtained
by assembling the background regions of a set of
satellite images by hand. Then, the intensity, /;, of the
synthesized image can be calculated by Eq. 6. This can
be calculated incrementally every time a new metaball is
added. Let us assume 7/” is the intensity before adding
the metaball k and /" the intensity after adding it.
Then,

1 =1 4 LBOMGFOLR) . (®)

The second term in Eq. 8 is evaluated at the pixels
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Figure 2: Determination of center of
metaballs.

through which the viewing rays intersect the metaball .
Therefore, I; can be calculated with a small computation
cost, resulting in faster the optimization processes for
the parameters.

Using /; obtained by the above method, the error, Err,
between the satellite image and the synthesized image is
calculated. Metaballs are added repeatedly until the
error is less than a specified tolerance.

3.2 Determining Center of Metaball

When the number of metaballs becomes large, the
computation for generating images takes a long time.
Therefore, the number of metaballs should be as small as
possible. Depending on the position of the center of each
metaball, the number of metaballs changes for
representing the clouds within the tolerance. The
integrated function F' of the field function f has a peak
value at #=0 and decreases gradually as r; increases,
finally becoming zero at 7=R;. The number of metaballs
tends to be small when the center position is chosen
where the function F fits the intensity distribution of the
satellite image. The reason for this is that the intensity
distribution of cloud images is smooth and the
distribution around the pixel with the maximum intensity
is considered to be similar to the distribution of the
function F. Therefore, the center position is determined
on the viewing ray through the pixel with the maximum
intensity. In order to determine the center position in
three dimensional space, a base plane is set by the user
(see Fig. 2). The center point of the metaball is set to the
intersection point of the viewing ray with the base plane.
When the metaballs are already placed at the
intersection point, the intersection point of the viewing
ray with the metaballs is calculated and the center is set
to the nearest point as shown in Fig. 2. After one
metaball is generated, the image of the difference is
calculated. Then it is used for determining the center of

the next metaball in order to avoid the same pixel being
chosen for the center point.

3.3 Optimization of Radius and Density at
Center

The basic idea for calculating radius R, and density g,
at the center of the metaball £ is to search for the optimal
values by changing them little by little. Fig. 3 shows the
process for determining the radius and density. In Fig. 3,

intensity of
satellite image

integrated
distribution of
density of a metaball

(b)

©

optimal

density ¢ m
,

optimal radius R,

(d

Figure 3: Optimization steps for the
density and radius.
the base plane is parallel to the image plane and the
dotted curve indicates the function, F(q;, R;). For this



search, the upper limit R” for the radius is specified by
the user.

The radius R, and the density g; are determined to
minimize the difference of intensity between the
synthesized image and the satellite image at pixels inside
the radius of the metaball. In Fig. 3, the shaded areas
indicate the difference. First, an initial radius and density
are set to d and [, / F(0.0, §), respectively (Fig. 3(a)).

That is, the integrated value of the field function along
the ray through the center of the metaball coincides with
the intensity of the pixel corresponding to the center.
Next, the density is fixed and the optimal radius that
minimize the error is calculated by incrementing the
radius by d (Fig. 3(b)). Then, after making the density
smaller by w, the optimal radius is searched for again
(Fig. 3(c)). By making the density smaller, the radius
can be larger, hence one metaball can cover a larger area.
This results in reducing the number of metaballs. This
process is repeated until the optimal radius and density
are found (Fig. 3(d)). In this paper, d is set to the size of
one pixel and w is specified by the user. Note that a
metaball is deleted if the density becomes zero while
searching.

4. Animation of Clouds

In this section, an animation method for clouds is
proposed. First, clouds are modeled from satellite
images taken at a certain intervals. Then they are
animated by interpolating the parameters of the
metaballs.

In traditional morphing techniques, the user specifies

flow curves

@)

segments. However, this method is not applicable to the
animation of clouds. Clouds in one image move
according to the flow of the atmosphere, resulting in the
clouds in the next image. Therefore, their movement
cannot be expressed just by interpolating the feature
points. Although the flow analysis of the atmosphere is
required for obtaining the exact movement of clouds,
this computation is too expensive. So, in the proposed
method, the user inputs the flow as Bezier curves by
observing a sequence of satellite images. Fig. 4(a) shows
an example of flow curves specified by the user. Using
these, a flow vector at the center of a metaball is
calculated as follows (see Fig. 4(b)). First, the minimum
distance d; and closest point P from the center point to
each Bezier curve are calculated. If the distance d; is
less than a specified distance D, the Bezier curve affects
the movement of the metaball. Then tangent vector v, at
the closest point is calculated. The flow vector v at the
point is defined as the weighted sum of the tangent
n
vectors, that is, v =) w,v, . n is the number of Bezier
k=1
curves inside the domain of influence. The weights, wy ,
is calculated as follows.
First, contribution ratio, ay, is calculated by:

d, Y
0 = 1.0—(3) (d, <D)_ ©
0.0 (d, > D)

Then the weight, wy, is calculated by normalizing a;,
that is,

flow curves

flow vector

(b)

Figure 4: Calculation of flow vectors.

the features of images by using points or line segments
and intermediate images are generated by taking
correspondence between these feature points or line



w, =a, /ﬁlaj. (10)
J=

Each metaball moves toward the flow vector v at the
center of the metaball. In order to realize the smooth
transition from one image to the next image, each
metaball is faded in and out by changing the density at
the center. If all the metaballs are faded in/out at the
same time, one can see “cross dissolve” in the transition.
To avoid this, different ones are faded in and out
randomly at different times.

S. Examples

Fig. 5 shows examples of clouds using satellite
images viewed from space. Fig. 5(a) is an infrared image
of a typhoon taken from the meteorological satellite,
“HIMAWARI”. Fig. 5(b) shows clouds modeled by
metaballs. By comparing Fig. 5(a) with Fig. 5(b), it can
be seen that the proposed method can generate clouds
similar to those in satellite images. Fig. 5(c) shows the
same clouds viewed from a different viewpoint. Since
clouds are modeled in three dimensional space, they are
seen from different viewpoints and shadows are cast on
Japan. Note that, to generate Figs. 5(b) and (c), the color
of the clouds are calculated by taking into account the
single scattering of light, i.e. by using Eq. 4. As shown
in Figs. 5(c). Theninfrared image used here is available
on the internet —, and was recorded at 18:00 on
September 15, 1995.

In this example, the number of metaballs is 8506 and
the calculation time for generating the clouds is 13
seconds using Silicon Graphics Indigo2 MAXIMUM
IMPACT (195 MHz MIPS R10000). The calculation
time for generating Fig 5(b) is 3.7 minutes on the same
machine.

Next, the proposed method is applied to the making
of animations. We made two. For these animations,
thirteen satellite images were used to generate clouds
and nine hundred images were produced by using the
method described in section 4. Fig. 6 shows images from
the one, entitled “Weather Report”, that visualizes
weather information. In this animation, the movement of
a typhoon passing across Japan is visualized. These
examples show that the proposed method can generate
realistic clouds even if the viewpoint is varied.

Fig. 7 shows examples of the animation of the earth
viewed from space. In this animation, the position of the
sun changes. The color of the earth is calculated by
taking into account the effect of the scattering of both
sunlight and sky light due to the atmosphere by using the
method developed by Nishita et. al.[27]. In Fig. 7(a), the

! Several sites provide satellite images. For example,
http://www.jwa.go.jp/gms.html.

sun is behind the viewer, turning the color of the clouds
red. In Figs. 7(b) and (c), the sun is above the clouds.
And finally in Fig. 7(d), the sun is hidden behind the
earth. These examples show that the optical effects can
be simulated since 3D clouds are generated. These
effects cannot be simulated just by mapping the satellite
image as textures.

6. Conclusions

By using metaballs, a method for modeling clouds in
three dimensional space from a single satellite image has
been proposed. By making use of a satellite image of
real clouds, the proposed method can generate clouds
with authentic shape and color. We have also proposed
an animation method for clouds modeled by metaballs.
Using the proposed method, 3D clouds are generated
and they can be viewed from arbitrary directions. The
color of the clouds can be calculated by simulating the
optical effects. Furthermore, to animate clouds, they are
generated from a series of satellite images and shapes of
clouds at each frame are obtained by interpolating them.

There are several future projects that remain: (1) In
order to increase realism by adding various plausible
fine features, some kind of turbulence model such as the
one used in [14] or [12] should be included. (2) To
model clouds more accurately, methods for the
estimation of the height of clouds from satellite
images[23] should be incorporated. (3) Extending the
proposed method to generate clouds from photographs
taken from the ground will be useful for modeling
clouds such as cumulonimbi.
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(b) clouds modeled by metaballs. (b)

Figure 6: Examples of the visualization
of weather information.

(c) clouds viewed from different viewpoint.

Figure 5: Clouds generated from a
satellite image.



